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ABSTRACT

The plant pathogen Pectobacterium atrosepticum encounters a stressful environment when it
colonizes the plant apoplast. Chief among the stressors are the reactive oxygen species (ROS)
that are produced by the host as a first line of defense. Bacterial transcription factors in turn use
these signals as cues to upregulate expression of virulence-associated genes. We have previously
shown that the transcription factor PecS from P. atrosepticum binds the promoters that drive
expression of pecS and pecM, which encodes an efflux pump, to repress gene expression. We
show here that addition of oxidant relieves repression in vivo and in vitro. While reduced PecS
distorts promoter DNA on binding, oxidized PecS does not, as evidenced by DNasel
footprinting. PecS oxidation is reversible, as shown by an oxidant-dependent quenching of
intrinsic tryptophan fluorescence that is completely reversed on addition of reducing agent.
Cysteine 45 positioned at the PecS dimer interface is the redox-sensor; reduced PecS-C45A
causes less DNA distortion on binding compared to wild-type PecS, addition of oxidant has no
effect on binding, and PecS-C45A cannot repress gene expression. Our data suggest that reduced
PecS distorts its cognate DNA on binding, perhaps inducing a conformation in which promoter
elements are suboptimally aligned for RNA polymerase binding, resulting in transcriptional
repression. In contrast, oxidized PecS binds promoter DNA such that RNA polymerase may
successfully compete with PecS for binding, allowing gene expression. This mode of regulation
would facilitate induction of the PecS regulon when the bacteria encounter host-derived ROS in

the plant apoplast.
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Introduction

Reactive oxygen species (ROS) are generated as by-products of aerobic metabolism. An
excess of such species can damage cellular components, including proteins, nucleic acids, and
lipids, a condition referred-to as oxidative stress.” For those reasons, ROS are also generated
during the defenses mounted by an organism, be it plant or animal, in response to an invading
pathogen.” However, pathogenic bacteria exploit these signals as cues to induce their own
response to the host defenses. Upon sensing ROS, bacterial cells activate the expression of genes
involved in neutralization of oxidative free radicals and genes encoding repair systems; this
response is often controlled by transcription factors that can directly sense the presence of ROS
or metabolites associated with ROS production.”*

Bacterial transcription factors belonging to the MarR (Multiple Antibiotic Resistance
Regulators) family have been implicated in gene regulation in response to oxidative stress and in
regulation of genes that encode virulence factors. Typically, these transcription factors mediate
regulatory function by binding to the shared operator/promoter regions of marR and a gene
oriented divergently from the marR gene as well as to other genes in their regulons. MarR
proteins either repress or activate expression of their target genes, a regulatory function that is
modulated in presence of small molecule ligands or redox-active compounds.’

PecS, a MarR family transcription factor, is a master regulator of virulence gene expression in
the enterobacterium Dickeya dadantii, a causative agent of soft-rot disease in a variety of plant
species.”” D. dadantii PecS controls a number of virulence genes, including genes encoding
degradative enzymes such as pectinases. It also represses expression of the divergent pecS and
pecM genes; PecM is an efflux pump through which the antioxidant indigoidine is exported, and

failure to export indigoidine attenuates virulence, demonstrating the importance of an efficient



antioxidant response.® The signal to which D. dadantii PecS responds to regulate gene activity
has not been reported.

Repression of divergent pecS-pecM genes by PecS has also been demonstrated in Klebsiella
pneumoniae, Agrobacterium fabrum, Streptomyces coelicolor, Vibrio vulnificus, and in the
phytopathogen Pectobacterium atrosepticum, which causes soft-rot and black-leg disease in
potato.g'” In all these cases, urate (and in some cases xanthine as well) was shown to bind PecS,
as a result of which DNA binding was attenuated and pecS-pecM expression was increased.
Urate and xanthine are generated by plant xanthine dehydrogenase, which contributes to ROS
formation when the host mounts a defense against a bacterial infection; urate in addition
functions to prevent oxidative damage to plant cells.”” "> Mammalian xanthine oxidase is likewise
involved in ROS production in response to infection, with the attendant accumulation of urate.’
Invading bacteria may therefore sense accumulation of these purine metabolites to augment their
own defense and promote host colonization.

Soft-rot phytopathogens such as D. dadantii and P. atrosepticum colonize the plant apoplast,
where they encounter mildly acidic pH (pH 5-6.5), nutrient limitation, and plant-derived ROS,
among other environmental signals.”” The bacteria alkalinize the apoplast by producing acetoin,
which raises the pH to ~8, the pH at which pectinases have their optimal activity.”® We recently
reported that P. atrosepticum PecS responds to pH by altering its mode of DNA binding;”* at
neutral pH, PecS distorts DNA and represses the pecS promoter, while mildly alkaline pH
(pH~8) leads to deprotonation of a specific histidine, causing significant attenuation of DNA
distortion (but not binding affinity) and derepression of gene activity. This suggests that while
PecS proteins may respond to a common inducing ligand, they may have evolved to respond to

additional signals to optimize function.



We show here that P. atrosepticum PecS also directly senses oxidative stress, which has not
been previously reported for PecS proteins. Oxidation of a specific cysteine that is situated at the
PecS dimer interface attenuates the DNA distortion that is imposed by reduced protein, and
addition of oxidant leads to derepression of gene activity in vivo. We propose that P.
atrosepticum PecS modulates gene expression by altering core promoter topology in response to
ROS and that it has evolved to sense multiple signaling cues to mediate differential gene

expression most effectively.

Materials and Methods

Purification of PecS and mutant proteins

PecS (originally cloned from P. atrosepticum SCRI 1043; ECA_RS10035) was purified after
overexpression in E. coli BI21(DE3)pLysS with an N-terminal His,-tag as previously
described.”” The PecS mutants were constructed by whole-plasmid PCR using the recombinant
plasmid harboring the P. atrosepticum pecS gene as a template. Cys45 was substituted with Ala
using primers C45A-Fwd 5'-CTCAGGCGAGCAGCTGTGCTTATGGATCAGCGTCTGGA-3'
and C45A-Rev 5'-AAGCACAGCACGTCGCCTGAGGCGTCCAATCG-3" whereas Cys81 was
replaced with Ala using C81A-Fwd 5-GCACCGCATGCTCTTAGTCCGACCGAACTCTTC-
3" and C8lA-rev 5-CGGACTAAGTCGATGCGGTGCACCTGCAC-3" (mutated codons
boldfaced). The PCR products were transformed into E. coli Topl0 cells after digestion with
Dpnl, and integrity of the variants was verified by DNA sequencing. Both mutant proteins were
overexpressed in E. coli BL21(DE3)pLysS and purified as described for wild type PecS.”” The
purity was confirmed by SDS-PAGE gel electrophoresis and the concentration estimated by

Micro BCA Protein Assay Kit (Pierce) using bovine serum albumin (BSA) as standard.



To investigate the effect of oxidizing agents on the oligomeric state of PecS proteins, 15 pM
reduced protein was incubated with different concentration of hydrogen peroxide (10 uM, 50

uM, 100 uM, 500 uM, and 1 mM), cumene hydroperoxide (CHP), and tertiary butyl
hydroperoxide (TBP) for 15 minutes at 4 °C. The air-oxidized protein and reduced protein were
used as controls. The reversibility of disulfide bond formation was assessed by addition of 20
mM f-mercaptoethanol to oxidized proteins. Samples were then analyzed by SDS-PAGE and the

gels stained with Coomassie Brilliant Blue.

Thermal shift assay

For determination of thermal stability, proteins (10 uM) were diluted in TSA buffer (50 mM
Tris-HCl pH 7.4, 100 mM NaCl, and 5X SYPRO Orange dye (Invitrogen)). Fluorescence
emission induced by binding of the dye to the hydrophobic core of unfolded protein was
measured at a temperature range of 2-90 °C in one-degree increment on an Applied Biosystems 7500
Real-Time PCR instrument (SYBR green filter).”” To assess the effect of oxidizing agent on thermal
stability, PecS protein was incubated with different concentrations of hydrogen peroxide or CHP prior to
thermal stability measurement. The total florescence intensity measured was corrected for buffer
contributing to the signal and data were analyzed using Sigma Plot 9 by fitting the sigmoidal part of

melting curve to a four-parameter sigmoidal equation. The T, values are the average from three

independent experiments (+SD) each determined from three technical replicates.

Intrinsic fluorescence measurement
A Jasco FP-6300 spectrofluorimeter was used to record the fluorescence emission spectra from
280 nm to 440 nm after exciting protein samples at 280 nm. PecS (10 pM) was added to FL

buffer (40 mM Tris-HCI pH 7.4, 0.2 mM EDTA, 0.1% Brij58, 100 mM NaCl, and 10 mM
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MgCl,) in a 0.5 cm path-length cuvette. To oxidize the protein, H,O, was added at various
concentrations to the reaction mixtures, which were then incubated for 15 min. To assess
reversibility of oxidation, protein was first equilibrated with oxidizing agent and then
dithiothreitol (DTT) was added to reduce the protein. The fluorescence spectra were plotted

using KaleidaGraph 4.0 after correcting observed fluorescence profile for dilution.

DNA binding

Electrophoretic mobility shift assay (EMSA) was performed to assess the DNA binding of
PecS and the effect of oxidant. The 92-bp (pecO) sequence containing the pecS-pecM intergenic
region was amplified and labeled with *°P at the 5°-end using T4 polynucleotide kinase. EMSA
was performed as previously described.”” To determine the effect of oxidation, PecS (2.5 nM)
was incubated with increasing concentration of H,O, or CHP for 15 min and then mixed with 0.1
nM *P-labeled pecO in a binding buffer (50 mM Tris (pH 7.4), 200 mM NaCl, 0.05% Brij58, 20
pg/mL BSA, and 4% glycerol). Complex and free DNA was separated by electrophoresis on 8%
non-denaturing gels and complex formation analyzed by phosphorimaging software

(ImageQuant 1.1).

DNase I footprinting

The DNase I footprinting was performed as reported.” Briefly, binding reactions containing 30
ng (14 nM) 6-FAM (6-carboxyfluorescein)-labeled 317 bp DNA probe including the pecS-pecM
intergenic region were incubated for 15 min with or without reduced protein (28 nM) in binding
buffer (50 mM Tris (pH 7.4), 200 mM NaCl, 0.05% Brij58, 20 ug/mL BSA, and 4 % glycerol),

followed by DNase I digestion. The DNA fragment used for footprinting was longer than the one



used for EMSA since signal from the ends of the DNase I-digested fragment is lost due to
sample processing and injection artifacts and to ensure the existence of unprotected DNA
flanking the footprint. For analysis of effect of oxidation, proteins were treated with 2 mM H,0,
prior to incubation with DNA. The digested DNA was extracted by phenol-chloroform-isoamyl
alcohol (25:24:1) and ethanol precipitated and dissolved in 10 pl Hi-Di formamide. Digested
DNA was diluted in 10 pl formamide to a final concentration of 0.2 ng/mL and 1 pl of 1:10
diluted LIZ-500 size standard (Applied Biosystems) was added. DNA fragments were analyzed
using an ABI 3130 automated capillary sequence analyzer. All electropherograms were
processed using GeneMapper 4.1 software. Hypersensitive cleavage was quantitated by adding
the intensity of identified hypersensitive sites and normalizing against the sum of an equivalent
number of peaks whose intensity did not change on protein addition. The extent of cleavage was
then normalized to DNase I-digested DNA to which no PecS was added; data are presented as

the average of at least three independent experiments (with standard deviations).

Fluorescence microscopy

The gene encoding dIEGFP, which is a destabilized version of enhanced green fluorescent
protein that reduces in vivo half-life, was expressed under control of the pecS promoter (pecO) in
plasmid pACYC184.”” The pACYC184_EGFP_pecO construct and expression vector harboring
the relevant pecS gene variant were co-transformed into E. coli BI21(DE3). Cells were grown in
LB containing 30 ug/mL chloramphenicol and 100 ug/mL ampicillin at 37 °C to ODy, of 0.5-0.6
with or without IPTG (0.3 mM). For analysis of the effect of oxidant, cells were treated with 250
uM H,0, at ODg, ~0.3 and again exposed to H,O, (250 uM) after 15 min. The cells were

harvested by centrifugation and resuspended in fresh LB medium at OD ~1.0. About 5 mL of



culture was deposited on a glass slide and observed using DIC (Differential Interference
Contrast) and fluorescence microscopy. Images were acquired using a Leica DM6B-Z
deconvolution microscope with 63X, 1.40-numerical aperture oil immersion objective lens. A
GFP filter with excitation range 480/40 and emission range 527/30 was used for recording EGFP
fluorescence. Images were captured by a Hamamatsu-Flash4-CL camera 16-bit with exposure
time of 1 s. Phase contrast and fluorescence images were processed using Leica application suite

X (LAS X). Representative examples of at least three experiments are shown.

In vitro transcription

To mimic the divergently oriented pecS-pecM gene pair, a DNA template was created in which
mTagBFP2 (codon-optimized sequence synthesized with flanking Nrul and Kasl sites) was
ligated to the pACYC184_EGFP_pecO construct such that EGFP is under control of the pecS
promoter and mTagBFP2 is downstream of the pecM promoter. The final construct
(pACYC184_EGFP_pecO_mTagBFP2) was verified by sequencing. A 294 bp DNA containing
the entire intergenic region and extending 144 bp upstream into the coding region of EGFP1 and
67 bp downstream into the coding region of mTagBFP2 was amplified by PCR using the final
construct as a DNA  template  with  forward  primer  Invitro-Fw  5'-
GATGAACTTCAGGGTCAGCTTGCCGTAGGTG-3" and reverse primer Invitro-Rev 5'-
CGGTGCCCTCCATGTACAGCTTCATGT-3'. Transcription was initiated as follows: 25 nM of
the PCR-amplified DNA (EGFP_pecO_mTagBFP2) fragment was incubated with reduced or
oxidized dimeric protein at different molar ratios (protein:DNA) for 30 min at room temperature
in binding buffer (50 mM Tris (pH 7.4), 200 mM NaCl, 0.05% Brij58, 20 ug/mL BSA, and 4%

glycerol) followed by addition of NTPs (0.25 mM each of ATP, CTP, and GTP,0.01 mM UTP,
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and 0.5 puCi o -*P-UTP), 1X E. coli RNAP reaction buffer, and 0.05 U of E. coli RNAP
holoenzyme (New England Biolabs). Reaction mixtures were incubated at 37 °C for 35 min. The
reactions were terminated by addition of 10 mM EDTA and 73 bp **P-labelled DNA fragment
was added as recovery marker prior to sample processing. Transcripts were purified by phenol-
chloroform extraction and subjected to electrophoresis on 5% denaturing polyacrylamide gels.
The resultant run-off transcripts were quantified by phosphorimaging software (ImageQuant

1.1). Experiments were performed in triplicate.

Results

Potential redox-active cysteines in P. atrosepticum PecS

P. atrosepticum PecS is a member of the urate-responsive subfamily of MarR proteins. Like
other members of this family, PecS responds to urate by a mechanism involving attenuation of
DNA binding.”"" P. atrosepticum PecS negatively auto-regulates its own expression and that of
the divergently oriented pecM gene by binding two sites in the pecS-pecM intergenic region at
neutral pH (Fig. 1A), and urate induces gene expression in vivo.” This genomic locus is
conserved in a number of phytopathogens belonging to the gamma-proteobacterial family
Enterobacteriaceae (including D. dadantii and P. atrosepticum), in the alpha-proteobacterial
family Rhizobiaceae (e.g., A. fabrum), and in Streptomycetaceae (e.g., S. coelicolor)?' In D.
dadantii, PecM is implicated in efflux of the antioxidant indigoidine, which is required to
prevent oxidative stress imposed by the plant defense.”

Although P. atrosepticum PecS shares significant sequence homology with other PecS
homologs, it contains three cysteine residues per monomer (C45, C56, and C81), which is

atypical for PecS proteins (Fig. 2). To map the position of cysteine residues in PecS, a three-
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Figure 1. A. Genomic locus illustrating divergent pecS and pecM genes. The 63 bp intergenic
region contains two 18 bp palindromic sequences identified as sites for PecS binding, each a few
bp upstream of the respective start codons.”” B. Model of P. atrosepticum PecS (GMQE 0.59)
based on template SDD8 (HucR-E48Q; 31% identity), a urate-responsive MarR variant from
Deinococcus radiodurans” Model was generated in SwissModel in automated mode and
illustrated using PyMol. One monomer is in dark green with identified cysteines in yellow; the
other subunit is in pale green with cysteines in pale yellow. Recognition helices (a5/a5') are

identified. C. Cys45 is predicted to reside in a pocket lined by hydrophobic residues.

dimensional model was generated. The model suggests that C45 is located at the pivot point of
the long a2 helices that form the scaffold for the dimer interface, facing a hydrophobic pocket

lined mainly with leucine residues, C56 is near the C-terminus of a2, and C81 is in the loop
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Figure 2. Alignment of MarR homologs. Secondary structure elements are based on the structure

of D.

radiodurans HucR.* Representative PecS protein sequences are shown, along with

sequences of select oxidant-sensing MarR proteins. HucR and PecS belong to the urate-

responsive MarR subfamily (bracket).?’ Cysteine residues in P. atrosepticum PecS identified by

red boxes, those in other MarR proteins by orange boxes. Sequences are truncated by a few

amino acids at their C-termini.

between helices a3 and a4 that are part of the DNA-binding lobe (Fig. 1BC). The comparison of

sequence and model of P. atrosepticum PecS with well-characterized peroxide-sensing

regulators such as OhrR, MexR, and MgrA shows that the cysteine residues of PecS are in
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different positions; notably, C45 is conserved in K. pneumoniae PecS (Fig. 2). The shortest
distance between pairs of cysteine residues is between C45 and C45' from each monomer (~12
A), suggesting that any disulfide bond formation would require marked conformational changes.
By comparison, Xanthomonas campestris OhrR forms an inter-subunit disulfide bond between

C22 and C127' upon oxidation; these cysteines are separated by 15.5 A in reduced OhrR

Effect of oxidation on conformation of PecS

Reduced PecS exists as a non-covalently linked dimer in solution, as determined by size
exclusion chromatography.”” To investigate the effect of oxidants on oligomeric state of PecS,
purified PecS (15 uM) was treated with different concentrations of inorganic (H,0,) and organic
oxidizing agents (cumene hydroperoxide (CHP) and fert-butyl hydroperoxide (TBP)) and
separated using non-reducing SDS-PAGE. The oxidation of PecS resulted in formation of
intermolecular disulfide bonds, as evidenced by the appearance of dimeric and oligomeric
species; PecS was oxidized at similar concentrations by both organic and inorganic oxidants, and
the addition of B-mercaptoethanol to oxidized protein lead to conversion of all dimeric and
multimeric species to monomeric form, indicating reversible disulfide linkages (Fig. 3AB).

To identify possible disulfide-bonding residues, we created two mutants, PecS-C45A and
PecS-C81A. C45 is located at the dimer interface (helix a2) and C81 in the loop between helix
a3 and o4 (Fig. 1B); C45 was targeted for mutagenesis as the predicted ~12 A distance between
C45/C45' suggested it as the most likely residue to participate in inter-monomer disulfide
bonding (and it is conserved in K. pneumoniae PecS), and C81 was targeted due to its predicted
surface exposure within the DNA-binding lobe and most likely participation in inter-dimer

disulfide bond formation. As shown in Fig. 3C, oxidation of PecS-C45A also gave rise to both

14



Pecs PecS

Mw Red Air 01 05 10 0.1 05 01 05 Mw  Red Air H,0, TBP CHP H,0, TBP

H,0, TBP  CHP

PecS-C45A

s > & >
Mw Air o0 0° 0”4 0¥ 000> 40 0% 0% o> 4O

H,0, CHP TBP

E 0.30 T T T T
—— PecS (DTT) PecS (DTT)
0.25 OxPecS (DTT) —— 10 uM H,0,

—&— 50 uM H,0,
—s— 100 uM H,0,
- ~~- 500 UM H,0,
-===-1mMH,0,
—e— 2mMH,0,
—&— 5mMH,0,
—4— OxPecs (DTT)

0.20

Fluorescence
[=]
[
w

300 320 340 360 380 400
Wavelength (nm)

Figure 3. Oxidation of PecS. A. Reduced and oxidized PecS resolved on 15% non-reducing
SDS-PAGE gels. Oxidants are identified at the bottom, with concentrations (in mM) at the top.
Red, reduced; Air, exposed to air. Monomer (Mono), dimer (Di), and oligomer (bracket)
identified at the right. The migration of PecS reflects its calculated Mw of ~20 kDa plus ~3 kDa
the N-terminal Hiss,-tag. B. Reversibility of multimer formation by addition of f3-
mercaptoethanol. Oxidants are identified at the top (0.5 mM). C-D. Oxidation of PecS-C45A (C)
and PecS-C81A (D). Oxidants are identified below the gels, with concentrations (in mM) at the

top. E. Fluorescence spectrum of reduced PecS (black line) and PecS incubated with increasing
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concentrations of H,0,. Oxidized PecS subsequently re-reduced with DTT is shown in turquoise

(filled diamond).

dimeric and multimeric species. Since C81/C81' are on opposite faces of the dimer and the
predicted distance between C56 and C56' is ~35 A, we surmise that the dimeric species is a
trans-dimer between C56 and/or C81 in two monomers in separate PecS dimers. PecS-C81A
also yielded both dimeric and multimeric species on oxidation (Fig. 3D); while dimeric species
may be due to disulfide-bonding of C56/C56' in frans-dimers or to disulfide-linked C45/C45' in a
cis-dimer, the presence of oligomeric species implies the formation of C45/C45' disulfide bonds.
In all cases, most of the protein remained monomeric.

To examine the impact of oxidation on the conformation of wild-type PecS, we measured

intrinsic tryptophan fluorescence. P. atrosepticum PecS contains two tryptophans, W24 in al

(within the urate-binding pocket) and W65 at the N-terminus of a3, and the fluorescence
spectrum reveals peak fluorescence around 336 nm (Fig. 3; black line). The oxidation of PecS
with increasing concentration of H,O, (10 pM to 5 mM) resulted in gradual quenching of
intrinsic fluorescence intensity, which shows that oxidation imposes a change in the local
environment of one or both tryptophan residues. Notably, the observed decrease in fluorescence
intensity was fully reversible upon treating the oxidized protein with DTT (Fig. 3; turquoise
filled diamonds)). The complete reversibility also indicates that reduced fluorescence was not
due to loss of protein as a result of precipitation.

To assess the effect of oxidation on PecS stability, we determined thermal stability of reduced
and oxidized protein by differential scanning fluorometry. The intensity of fluorescence emission

induced by binding of SYPRO orange dye to hydrophobic regions of unfolded protein was
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measured as a function of temperature (Fig. 4AB). The oxidation of PecS with lower
concentration (10 uM and 100 uM) of H,O, or CHP resulted in a modest decrease in the melting
temperature of PecS (Tm = 50.0 £ 0.4 °C) by ~2-4 °C, with the greatest decrease in Tm seen on
oxidation with CHP, whereas exposure of PecS to higher oxidant concentration (1 mM or 2 mM)
led to further decrease in melting temperature by ~8-10 °C (Table 1). Taken together, these data
suggest that oxidation induces a change in the conformation of PecS by both inorganic and
organic oxidants, with the organic oxidant CHP impacting the stability of PecS somewhat more

efficiently at lower concentrations.
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Table 1. Thermal stability of reduced and oxidized PecS

Oxidants Tm (°C)

None 482+0.3
H,0, (50 uM) 47903
H,0, (100 pM) 46903
H,0, (1 mM) 42704
H,0,(2 mM) 392+03
CHP (50 pM) 45103
CHP (100 uM) 452 +03
CHP (1 mM) 437+04
CHP (2 mM) 41403

Oxidation of PecS attenuates DNA distortion
The effect of oxidation on DNA binding by PecS was determined by electrophoretic mobility

shift assays (EMSA) performed under reducing and oxidizing conditions. Previously, we have
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shown that reduced PecS binds pecO (92 bp), consisting of the pecS-pecM intergenic region with
high affinity (K,= 1.0 + 0.1 nM) and specificity at neutral pH.”” While conformational changes
in oxidized PecS were inferred based on changes in Trp fluorescence and thermal stability,
oxidation of PecS with H,O,or CHP (10 uM - 2 mM) did not affect complex formation by PecS
appreciably, except at very high concentration of oxidizing agents where binding was
compromised (Fig. 4CD).

To examine the DNA binding by oxidized PecS more carefully, we used DNase I footprinting
and determined digestion patterns using fragment analysis.”” A 317 bp fluorescently labeled
DNA containing the pecS-pecM intergenic region was incubated with or without PecS before
DNase I digestion. As reported previously, reduced PecS (28 nM, representing a PecS:DNA ratio
of 2:1) protected two areas, S1 and S2, spanning from -18 to +4 (23 bp) and from -57 to -34 (24
bp), relative to the start codon of the PecS open reading frame (and with S2 encompassing
sequence 5 bp upstream of the start codon for PecM; Fig. 5A E). Marked hypersensitive cleavage
sites flanking each protected region were observed at positions -64, -33, -32, -26, -25, and +6,
implying that reduced PecS induces significant DNA distortion upon binding. To note, both
protected areas correspond to the predicted palindromes and are identical to the previously
reported sites, including hypersensitive cleavage sites.””

The footprint of oxidized PecS showed an identical protection pattern compared to reduced
protein, indicating that specificity was not compromised on oxidation (Fig. 5B). However,
hypersensitive cleavage sites were absent, even though complete protection of both palindromes
was observed at the same concentration (28 nM) required for complete protection by reduced
PecS. A key conclusion from these observations is that only reduced PecS induced marked DNA

distortion upon binding.
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Figure 5. DNase I footprints of reduced and oxidized PecS. A. DNase I digestion of pecS-pecM
intergenic DNA without (green) or with reduced WT PecS (28 nM, representing a stoichiometric
ratio of PecS:DNA of 2:1; magenta). Two protected regions (S1 and S2) identified by brackets.
B. DNase I digestion of DNA without (green) or with oxidized WT PecS (28 nM; magenta). C.
DNase I digestion of DNA without (green) or with reduced PecS-C45A (28 nM; magenta). D.
DNase I digestion of DNA without (green) or with oxidized PecS-C45A (28 nM; magenta). The

y-axis (in arbitrary units) is constant in panels A-D, as reflected in comparable heights of peaks
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at the far left and far right, where cleavage was unaffected by protein addition. E. Expanded view
of protected pseudopalindromic sites S1 and S2 from panel A; sequence is shown, and
palindromes are underlined. Translational start sites for PecM (-63) and PecS (defined as +1)
marked with green lines above the sequence. Hypersensitive cleavage imposed by PecS binding
is identified by asterisks. Experiments were performed under stoichiometric conditions

([DNA]>>Kd). Representative of at least three independent experiments.

Footprinting performed with both reduced and oxidized PecS-C45A (28 nM) showed a similar
protection pattern as for wild-type PecS (Fig. SCD). The complete protection suggests that the
reaction was performed under stoichiometric conditions ([DNA]>>Kd) as for wild-type PecS.
Notably, the flanking hypersensitive sites were present at identical positions as for WT PecS,
except that hypersensitive cleavage was less pronounced, and complete protection was observed
at the same protein concentration. These data suggest that DNA binding by reduced PecS-C45A
was associated with less pronounced DNA distortion and that DNA binding by PecS-C45A was
insensitive to oxidation. Accordingly, we infer that oxidation of C45 is required for changes in
the DNA-binding mode of wild-type PecS (loss of DNA distortion) to be manifest.

In contrast, footprinting carried out with reduced and oxidized PecS-C81A (28 nM) did not
show any protection, suggesting reduced affinity and/or loss of specificity (data not shown). At
higher concentration (140 nM), reduced PecS-C81A did protect a site corresponding to that of
wild type PecS, indicating that specificity was retained (Fig. 6A). Since no protection was
detectable using 28 nM PecS-C81A, but complete protection was seen at 140 nM protein, we
infer that the apparent binding constant of PecS-C81A for this DNA must be >28 nM (as a Kd of

28 nM or lower would result in at least 50% protection using 28 nM protein), but lower than 140
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nM. However, ultra-hypersensitive cleavage sites were observed at the positions where wild-type
PecS induced hypersensitive cleavage, suggesting very pronounced DNA distortions imposed by
binding of PecS-C81A. In contrast, at the same concentration, oxidized PecS-C81A did not
induce any DNA distortion as evidenced by absence of hypersensitive cleavage. Quantitation of
hypersensitive cleavage confirms the key inferences made by visual inspection, namely that
oxidation of both wild-type PecS and PecS-C81A results in loss of hypersensitive cleavage, and
that hypersensitive cleavage observed with PecS-C45A is reduced relative to wild-type PecS and
insensitive to oxidation (Fig. 7AB). These observations are consistent with the interpretation that
it is oxidation of C45 that induces a protein conformation that does not lead to DNA distortion.
The conservation of palindromic sequences suggests PecS recognition by direct readout, likely
accomplished by major groove binding of recognition helices. However, analysis of the pecS-
pecM intergenic region and flanking coding sequences using DNAshape predicts that PecS
binding sites are characterized by very narrow minor grooves (by comparison to the 5.8 A width
in ideal B-form DNA) and therefore a widening of the opposing major grooves, a feature that is
not seen in the surrounding sequence (Fig. 7C). Such intrinsically narrow DNA minor grooves
locally enhance negative electrostatic potential and have been associated with the binding of
positively charged (mainly Arg) residues.”” Indeed, the “wing” component of the wHTH motif
(B2-B3; Fig. 2) would be expected to contact the minor groove.” The exact mode of binding
notwithstanding, the analysis suggests that PecS also uses DNA shape recognition for

identification of cognate sites.
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Figure 6. DNase I footprint of PecS-C81A. A. DNase I digestion of DNA without (green) or with
reduced PecS-C81A (140 nM; magenta); lower panel shows the same region, except with an
expanded y-axis and hypersensitive sites truncated to illustrate protected region. B. DNase I
digestion of DNA without (green) or with oxidized PecS-C81A (140 nM; magenta). Asterisks
indicate the positions of hypersensitive cleavage seen with reduced protein. Representative of at

least three independent experiments.
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Figure 7. Features of PecS binding sites. A-B. Quantitation of hypersensitive cleavage sites. The
relative intensity of hypersensitive sites identified in Figs. 5 and 6 was totaled and normalized to
the intensity of the same sites in DNA to which no PecS was added. Error bars represent standard
deviation. C. Predicted values of minor groove width as a function of base pair (tick marks every
10 bp). The pecS-pecM intergenic sequence and flanking coding sequences were analyzed by
DNAshape, which predicts intrinsic DNA structural features using a Monte Carlo approach.”’
Horizontal lines represent the palindromic sequences identified in Fig. SE, and arrowheads

identify hypersensitive cleavage sites.

PecS-mediated response to oxidants in vivo
PecS-mediated repression of pecS promoter activity was assessed using a transcriptional
reporter in which enhanced green fluorescent protein (EGFP) was expressed under control of the

pecS promoter (pecO).”? E. coli cells harboring this construct (pACYC184_EGFP-pecO) as well
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as pET100-pecS in which pecS expression was not induced by addition of IPTG showed ample
EGFP expression (Fig. 8B). Induction of pecS expression by IPTG resulted in reduced
production of EGFP and no green fluorescence was observed (Fig. 8C). Notably, addition of
H,0, to IPTG-induced cultures restored green fluorescence (Fig. 8D). These data indicate that
the repression of the pecS promoter that is imposed by PecS under reducing conditions is
relieved on addition of oxidant. By contrast, IPTG induction of neither pecS-C45A nor pecS-
C81A led to repression of EGFP production (Fig. 9B,D). This is consistent with attenuated DNA
distortion imposed by PecS-C45A, as evidenced by reduced hypersensitive cleavage (Figs. 5C
and 7A), and with the inference that the affinity of PecS-C81A for cognate DNA is reduced

compared to wild-type PecS.
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A E. coliBL21(DE3)

B EGFP + PecS (not induced)

C EGFP + PecS (+ IPTG)

D EGFP + PecS (+ IPTG) with H,0,

DIC EGFP

Figure 8. Only reduced PecS represses the pecS promoter in vivo. Phase contrast (left) and
fluorescent micrographs (right) are shown. A. E. coli BL21 harboring no plasmids. B-D. E. coli
BL21 transformed with pACYC184_EGFP-pecO and pET100-pecS. B No IPTG induction. C. With
IPTG induction of pecS. D. With addition of H,O, along with IPTG induction. DIC, differential
interference contrast. The scale bar in (A) represents 25 wm and is the same for all micrographs.

Representative of at least three independent experiments.
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A EGFP + PecS-C45A (not induced

25 pm
L

B EGFP + PecS-C45A (+ IPTG)

C EGFP + PecS-C81A (not induced

D EGFP + PecS-C81A (+ IPTG)

DIC

EGFP
Figure 9. Neither PecS-C45A, nor PecS-C81A repress the pecS promoter in vivo. Phase contrast
(left) and fluorescent micrographs (right) are shown. A-B. E. coli BL21 harboring
pACYC184_EGFP-pecO and pET100-pecS-C45A without (A) or with IPTG-induction (B). C-D. E. coli
BL21 harboring pACYC184_EGFP-pecO and pET100-pecS-C81A without (C) or with IPTG-induction
(D). DIC, differential interference contrast. The scale bar in (A) represents 25 um and is the same for

all micrographs. Representative of at least three independent experiments.
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Oxidation-responsive transcriptional regulation by PecS

To examine further how PecS oxidation impacts its function as a transcriptional repressor, a
DNA construct was created in which divergent run-off transcripts of 144 and 67 nt would be
generated by E. coli RNA polymerase, with each transcript produced under control of the pecS
and pecM promoters, respectively. An in vitro transcription assay was performed in which
reduced or oxidized PecS was incubated with the DNA template, transcription was initiated by
addition of NTPs and E. coli RNA polymerase holoenzyme, and transcripts were identified by
denaturing polyacrylamide gel electrophoresis (Fig. 10). In the control experiment, which was
performed without addition of PecS, the two transcripts of expected length (144 and 67 bp) were
generated. Notably, the intensity of both transcripts was gradually reduced on addition of
increasing concentrations of reduced PecS, suggesting that transcription was repressed by PecS
(Fig. 10A,C). Consistent with the presence of two binding sites in the pecS-pecM DNA,
repression was most efficient at a ratio of dimeric PecS:DNA of 2:1. In contrast, the oxidized
protein failed to repress transcription, as two transcripts were generated at an abundance
comparable to the control (Fig. 10B,C). Similarly, neither PecS-C45A, nor PecS-C81A were able
to repress transcription in vitro regardless of whether the proteins were reduced or oxidized (Fig.
11). These data are consistent with the interpretation that DNA distortion imposed by PecS is
required for efficient repression of the pecS and pecM promoters, and the observed repression is

consistent with that observed in vivo.
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Figure 10. Only reduced PecS represses transcription in vitro. A-B. Denaturing gels showing
transcripts formed in vitro using a DNA template from which two run-off transcripts are
produced. Transcripts are produced under control of either pecS or pecM promoters, as identified
at the left. RM is recovery marker. Molar ratios of dimeric PecS:DNA are identified at the top;
Red, reduced protein; Ox, oxidized protein; 0, no PecS. C. Relative transcript levels at the
indicated ratios of reduced (Red) or oxidized (Ox) PecS:DNA; transcript levels are reported
relative to reactions without PecS (dotted line). Transcript levels from individual reactions are
calculated relative to the recovery marker. This procedure corrects for any differences in loading.
Reactions were performed in triplicate. Asterisks indicate statistically significant difference

based on a Student’s t-test; *, p< 0.05; **, p<0.01).
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Figure 11. Neither PecS-C45A, nor PecS-C81A repress transcription in vitro. Denaturing gels
showing transcripts produced under control of either pecS or pecM promoters, as identified at the
left. RM is recovery marker. Molar ratios of dimeric PecS:DNA are identified at the top; Red,

reduced protein; Ox, oxidized protein; 0, no PecS.

Discussion

Distinct conformations of promoter DNA in complex with reduced or oxidized PecS

Hypersensitive DNA cleavage by DNasel indicates enhanced accessibility of the enzyme to
specific sites, an accessibility that is attributable to PecS-mediated DNA distortions. Since the
hypersensitive cleavage, and by extension the DNA distortion, is attenuated on oxidation of
wild-type PecS and PecS-C81A, but not on oxidation of PecS-C45A (Figs. 5 and 6), we infer

that it is oxidation of C45 that leads to the altered binding mode. C45 is near the pivot point of
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the long a2 helices that form the scaffold for the dimer interface (Fig. 1B). A disulfide bond
between C45 and C45' from the other monomer could account for the reversible dimeric species
observed on oxidation (Fig. 3AB), and the ~12 A distance between these residues suggests that
disulfide bond formation would require substantial conformational changes; such conformational
changes could result in the reduced thermal stability and tryptophan fluorescence that is
associated with PecS oxidation (Figs. 3C and 4AB). As noted above, very marked
conformational changes occur on disulfide bond formation in X. xampestris OhrR.” However, in
Bacillus subtilis OhrR, the initial oxidation of a target cysteine to form an unstable sulfenic acid
may be followed by further oxidation to sulfonic or sulfinic acid in absence of disulfide-bonding
partner.”® The precise oxidation products notwithstanding, our data indicate that C45 oxidation
leads to an altered DNA binding mode that is not associated with transcriptional repression. The
very marked hypersensitive cleavage seen in DNA bound by reduced PecS-C81A implies an
even more extensive DNA distortion compared to that imposed by wild-type PecS; C81 is in the
loop between 03 and a4, and its substitution may result in a disposition of recognition helices
that requires further DNA distortion for binding. Accordingly, the reduced affinity of PecS-
C81A may be a result of DNA binding energy being expended on this additional DNA distortion.

That changes to the dimer interface can result in attenuated DNA binding has been previously
reported for other MarR proteins. For example, the location of C45 near the crossover point of
scaffold helices is reminiscent of the position of a pH-sensing histidine in HucR from
Deinococcus radiodurans. In the case of HucR, a decrease in pH causes protonation of this
histidine, a consequence of which is charge repulsion between the histidines from each monomer

and that DNA binding is reduced.” Similarly, substitution of a glutamine in Staphylococcus

aureus MepR that is also located in the middle of the scaffold helices (a1l in this case) markedly
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reduces DNA binding affinity as it precludes optimal orientation of recognition helices.” In case
of MepR, this mutation is among several that are associated with multidrug resistance, as MepR
controls expression of gene encoding the efflux pump MepA. Taken together, we suggest that
oxidation of C45/C45" in P. atrosepticum PecS causes structural changes in the dimerization
region that are transmitted to the DNA-binding lobes.

Oxidized PecS protects two sites in the pecS-pecM intergenic region, but binding is not
associated with hypersensitive cleavage (Fig. 5B). By contrast, DNA binding by reduced PecS
requires a conformational change in the DNA that leads to enhanced DNasel cleavage (Fig. 5A).
Since mobility of PecS-DNA complexes is unaffected by amino acid substitutions or addition of
oxidant (Fig. 4CD and data not shown), and since substantial DNA bending should be associated
with detectable retardation of the resulting complex in DNA of the length used here,” we
surmise that PecS does not induce a net DNA bend. The 38 bp distance between the centers of
palindromes (Fig. 5SE) suggests that two PecS dimers bind on opposite faces of the DNA duplex,
assuming B-form DNA. Such asymmetry of binding, which is also reflected in the footprint
(each protected region being flanked by either one or two hypersensitive sites) could produce
two bends that are out of phase with the helical repeat, resulting in no net bend. An alternate
explanation is that PecS primarily imposes a change in twist.

The ability of transcriptional regulators to induce differential changes in promoter architecture
that correlate with gene activity has been previously reported. For example, structural studies of
the E. coli copper efflux regulator CueR, a member of the MerR protein family, reveal that
changes in DNA conformation due to protein binding result in realigning of core promoter
elements for differential gene expression.” The repressor conformation of CueR under-twists the

DNA to shorten the promoter element by ~3 A to prevent gene transcription, and the DNA
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under-twisting and bending is reflected in DNase I hypersensitive sites in the CueR/DNA
complex. These changes to promoter DNA topology were proposed to impose an energetic
barrier to transcription.”” > We speculate that PecS may likewise impose conformational changes
in promoter DNA that adversely affect the ability of RNA polymerase to bind or initiate
transcription, but only under reducing conditions. When PecS is oxidized, DNA binding is no
longer associated with significant changes in DNA conformation, allowing RNA polymerase to
displace PecS (Fig. 12).

The possibility that PecS uses shape recognition (indirect readout; Fig. 7C) for identification of
cognate sites is intriguing for a variety of reasons. It may relax the specific sequence requirement
and allow interaction with more degenerate sequences, a feature characteristic of D. dadantii
PecS.” Such plasticity may facilitate the development of novel regulatory circuits. It also
suggests that environmental factors, including acid and oxidative stress, which influence DNA
topology, have the potential to alter DNA binding and in turn gene regulation by PecS.* ¥
Analysis of the extent to which PecS can repress transcription from the pecS/pecM promoters in
covalently closed circular DNA of varying superhelical density could prove instructive in this

context.

Physiological relevance

The success of plant pathogens relies on their ability to adapt to the hostile environment that
characterizes the host tissue. The plant responds to invading bacteria by production of ROS that
are for example generated by plasma membrane-bound NADPH oxidase and by the enzyme
xanthine dehydrogenase, which resides in the peroxisomal matrix (Fig. 12). Xanthine oxidase,

which is also found in the cytoplasm, converts hypoxanthine to xanthine and xanthine to urate
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Figure 12. Conformations of PecS-bound promoter DNA control gene expression. Reduced PecS
(green) induces DNA distortion at neutral pH, resulting in repression of pecS/pecM genes prior
to infection of a plant host (left). Upon colonization of the plant apoplast (center), bacteria
produce acetoin to raise the pH and they encounter ROS produced by the host. Under these
conditions, oxidized PecS binds DNA to generate a conformation compatible with RNA
polymerase binding, allowing transcription and production of PecS and PecM. Examples of ROS
sources are plasma membrane-bound NADPH oxidase (orange oval) and xanthine oxidase
(gray), which resides in the peroxisomal matrix (right). Lipoxygenase (LOX) enzymes generate

lipid hydroperoxides (LOOH) from polyunsaturated fatty acids (PUFA).
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along with ROS production, and both xanthine and urate accumulate when the enzyme is
active.” In addition, lipid hydroperoxides derived from polyunsaturated fatty acids (PUFA) have
been reported to contribute to anti-microbial defenses.”” The comparable concentrations at with
both inorganic (H,0,) and organic (CHP) oxidants oxidize PecS in vitro (Figs. 3 and 4) raises the
possibility that PecS responds to different types of oxidants in the plant apoplast. The structure
model of PecS suggests that Cys45 is predicted to face a very hydrophobic pocket that is lined by
mostly leucine residues (Fig. 1C). These structural features would be consistent with oxidation of
Cys45 by organic hydroperoxides such as the lipid hydroperoxides (oxylipins) that are formed in
the course of the host defense,” an inference that is supported by the efficient oxidation of PecS
by organic oxidants in vitro (Figs. 3 and 4).

For phytopathogens such as P. atrosepticum, the onset of virulence gene expression begins
with alkalinization of the plant apoplast, which is required for optimal function of pectinase
enzymes.® Another urgent matter is to mount a defense against host-generated ROS. Our data
suggest that P. atrosepticum PecS responds to several cues that characterize the host
environment. Notably, both an increase in pH and protein oxidation is associated with a change
in DNA binding that enables RNA polymerase to displace PecS while urate-binding results in
attenuated DNA binding.”” By responding to several distinct signals that originate in different
cellular locations, the outcome may be more efficient induction of the PecS regulon. While the
D. dadantii PecS regulon has been characterized and shown to include numerous virulence
genes,’ PecS orthologs from different species are likely to control a distinct set of genes,
reflecting a rapid evolution of gene regulatory networks.” It would therefore be of interest to

compare the PecS regulons from the related phytopathogens D. dadantii and P. atrosepticum.
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