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Abstract

Enhancer binding proteins (EBPs) are key players of ¢>*-regulation that control
transcription in response to environmental signals. In the anaerobic microorganism
Desulfovibrio vulgaris Hildenborough (DvH), orp operons have been previously shown
to be coregulated by c>*-RNA polymerase, the integration host factor IHF and a cog-
nate EBP, OrpR. In this study, ChlP-seq experiments indicated that the OrpR regulon
consists of only the two divergent orp operons. In vivo data revealed that (i) OrpR
is absolutely required for orp operons transcription, (ii) under anaerobic conditions,
OrpR binds on the two dedicated DNA binding sites and leads to high expression
levels of the orp operons, (iii) increasing the redox potential of the medium leads to a
drastic down-regulation of the orp operons expression. Moreover, combining func-
tional and biophysical studies on the anaerobically purified OrpR leads us to propose
that OrpR senses redox potential variations via a redox-sensitive [4Fe-4S]%* cluster
in the sensory PAS domain. Overall, the study herein presents the first characteriza-
tion of a new Fe-S redox regulator belonging to the >*-dependent transcriptional
regulator family probably advantageously selected by cells adapted to the anaerobic

lifestyle to monitor redox stress conditions.

KEYWORDS
anaerobes, Desulfovibrio, enhancer binding protein, iron-sulfur protein, redox sensor,
transcriptional regulator

by o factors and the formation of open promoter complexes (Zhang
et al., 2002). The o factors are directly responsible for promoter recog-

Transcription initiation is a highly regulated step of gene expression and
is essential for the cells response to environmental changes (Werner
& Grohmann, 2011). Bacterial transcription initiation is regulated by
a complex network of cell signaling pathways, which culminates in the

recruitment of RNA polymerase (RNAP) to specific promoter regions

nition and they are the targets of transcription activator proteins that are
required for DNA melting to make a transcription competent open pro-
moter complex. There are two families of ¢ factor, based on sequence
homology and the mechanism of action: ’° and 6°*. Upon binding to the

promoter, while the RNAP-67° holoenzyme spontaneously forms an open
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FIGURE 1 OrpR collaborates with 6°*-RNA polymerase to orchestrate the simultaneous expression of the divergent orp operons. OrpR
is composed of three domains: an N-terminal PAS, a central AAA*-type ATPase, and a C-terminal HTH DNA-binding domains. Schematic
representation of the orp operons (orp5-orp4-orp3 and orp7-orp8-orp9) and the OrpR encoding gene is shown. The position of o>*and ¢’°
promoters is indicated and the OrpR-binding regions are indicated by hatched rectangles

promoter complex, the RNAP-6>* holoenzyme rarely spontaneously con-
verts to an open complex (Glyde et al., 2017). Transcriptionally competent
open complex formation by the 6°* holoenzyme requires the action of
activators bound remotely upstream from the transcription starting site.
These activators, also called bacterial enhancer-binding proteins (bEBPs),
belong to the AAA" ATPase family whose members are associated with
a diverse range of cellular activities. ATP hydrolysis by bEBPs is then re-
quired for the isomerization from the closed complex to the open com-
plex (Bose et al., 2008). The > subunit of bacterial RNA polymerases
recognizes and binds regulatory conserved elements composed of GG
-24 and TGC -12 elements upstream from the transcription starting site
and bEBPs usually bind to a specific conserved upstream activating se-
quence (UAS) (Buck et al., 2000). bEBPs generally consist of three do-
mains: an N-terminal sensory domain that perceives the signal, a central
AAA* domain responsible for ATP hydrolysis, and a C-terminal DNA
binding domain (Bush & Dixon, 2012). Since bEBPs bind relatively far up-
stream of the transcriptional start site, DNA bends in order for the central
AAA* domain to interact with the RNA polymerase using ATPase activity
to activate transcription (Gao et al., 2020). While the AAA* and the DNA
binding domains are well conserved in bEBPs, the sensing domain exhibits
a great diversity. Sensory domains belonging to different domain families
such as RR (Response Regulators), PAS (Per, ARNT, and Sim), XyIR-N, V4R
(Vinyl 4 Reductase), and GAF (cGMP-specific phosphodiesterases, ade-
nylyl cyclases, and FhlA) have been described (Bush & Dixon, 2012). This
variety of sensory domains allow bEBPs to respond to a wide range of sig-
nals through different mechanisms that regulate negatively or positively
bEBPs activity by modulating the DNA binding, the ATPase activity, or the
interaction with RNA polymerase (Shingler, 2011).

The highest number of bEBPs with relation to genome size is ob-
served in anaerobic sulfate-reducing Deltaproteobacteria and this
is probably linked to the variety of their ecological niches (Kazakov
et al., 2015). They are ubiquitous in anoxic habitats and are charac-

terized by the ability to gain energy for biosynthesis and growth by

coupling oxidation of organic compounds or molecular hydrogen to
the reduction of sulfate into sulfide (Zhou et al., 2011).

Desulfovibrio vulgaris Hildenborough (DvH) is a well-established
model to study the complex physiology and stress responses of an-
aerobic sulfate-reducing microbes (Zhou et al., 2011). The adaptative
responses of Desulfovibrio species to various environmental condi-
tions and stresses (oxidative, metals, salts, heat shock, starvation,
alkaline pH, pressure, and syntrophy), as revealed by a variety of
integrated systems biology approaches, led to the conclusion that
these microorganisms use several strategies to cope with adverse
environmental conditions such as shifting energy metabolism, set up
of oxidative-stress responses and activation of stress-specific path-
ways (Amrani et al., 2016; Benomar et al., 2015; Cadby et al., 2016;
2017; da Silva et al., 2015; Figueiredo et al., 2012; Korte et al., 2014;
Lietal., 2014; Nair et al., 2015; Rajeev et al., 2015; Ramel et al., 2013;
Varela-Raposo et al., 2013; Wilkins et al., 2014; Yurkiw et al., 2012;
Zhou et al., 2011, 2013, 2017). The adaptative responses can be spe-
cific and fast, thanks to the transcriptional control.

Characterization of the 6>* regulome in DvH showed the presence
of 37 genes encoding putative c>*-associated bEBPs. Despite their
high number in DvH and other Desulfovibrio species, only a few bEBPs
have been functionally studied. This includes the two-component reg-
ulatory system NrfS-NrfR that regulates nitrite and nitrate reduction
(Cadby et al., 2017; Rajeev et al., 2015), NorR involved in nitrosative
stress response (Varela-Raposo et al., 2013), DVU2956 controlling
biofilm formation (Zhu et al., 2019), and OrpR (also called DVU2106)
that, under anaerobic conditions, activates the transcription of genes
putatively involved in cell division (Fiévet et al., 2011). The gene en-
coding OrpR is located between two divergent operons, orp3-orp4-
orp5 and orp7-orp8-orp9 and collaborates with ¢°#-RNA polymerase
and the integration host factor (IHF) to orchestrate the simultaneous
expression of the divergent orp operons (Fiévet et al., 2011, 2014)

(Figure 1). OrpR is composed of the typical three domains found in
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bEBPs, the N-terminal sensory domain, the central AAA" domain, and
the C-terminal DNA binding domain. Interestingly, the sensory domain
of OrpR belongs to the ubiquitous PAS domain family (Méglich et al.,
20009) that has been described to detect signals via a bound cofactor
(Taylor & Zhulin, 1999) and regulates processes as diverse as nitro-
gen fixation in rhizobium (David et al., 1988), phototropism in plants
(Christie et al., 1998), circadian behavior in insects (Nambu et al., 1991)
and gating of ion channels in vertebrates (Morais Cabral et al., 1998).
The signal sensed by OrpR and how it is perceived are important
missing points to be addressed. In this study, we showed that OrpRis
absolutely required for the expression of both orp operons under an-
aerobic conditions. We further demonstrated that OrpR undergoes
a switch from active to inactive state when the redox potential of the
medium increases and we identified that the signal sensed by OrpR
as the redox potential rather than the O, molecule itself. This switch
is controlled by the PAS domain and requires three conserved cys-
teine residues. Spectroscopic studies revealed that the PAS domain
binds a redox-sensitive [4Fe—4S]2+ cluster which can be converted
into a [3Fe-4S]** cluster when a mild oxidant is added. Finally, we
reported ChlP-seq analysis to define the DvH OrpR regulon.
Altogether, these results lead us to propose a mechanistic model
in which the bEBP OrpR of DvH senses redox potential variations to

cope with environmental changes encountered by anaerobic bacteria.
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2 | RESULTS
2.1 | OrpRis aredox sensor

We previously showed, using Escherichia coli as a host, that OrpR collabo-
rates with 6°*-RNA polymerase to activate expression of both orp5-orp4-
orp3 and orp7-orp8-orp9 operons under anaerobiosis (Fiévet et al., 2011).
Here, we further confirm such conclusion in vivo in DvH. Hence, when
grown under anaerobiosis, a DvH mutant in which orpR was inactivated
by transposon insertion (ThOrpR) did not show the presence of the Orp4
and Orp9 proteins while both proteins were produced in the wild-type
strain (Figure 2). In order to identify the signal sensed by the OrpR regu-
lator, we monitored the expression of two OrpR regulated genes, orp4
and orp9, in different growth conditions. We then determined by qRT-
PCR the expression of orp4 and orp9 genes when cells were exposed to
continuous sparging of oxygen (0.02%), an environmental condition in
which DvH was still able to grow (Fievet et al., 2015). Figure 3a showed
that when cells were cultured under continuous 0.02% O, sparging, ex-
pression of orp4 and orp9 genes was drastically decreased when com-
pared with anaerobic growth conditions. Western blot experiments
using antibodies against Orp9 further confirmed that cells grown under
continuous 0.02% O, sparging exhibited a strong decrease in Orp9 pro-

duction (Figure 3c). These results indicate that OrpR was inactive under
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FIGURE 2 OrpRisrequired for the production of Orp4 and Orp9 proteins. 25 pg of total protein extract prepared from wild-type and
TnOrpR null mutant strains were analyzed by Western blot using antibodies against Orp9 (A) and Orp4 (B). The proteins Orp4 (31 kDa) and
Orp9 (50 kDa) are indicated by arrows. The star indicates a dimeric form of Orp4. Quantification was carried out with Fiji (arbitrary units
AlU) and statistical analysis was performed with Student's test, ****p < 0.0001 and ***p < 0.001. Data represent mean values of three

biological replicates
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FIGURE 3 Increase of the medium redox potential leads to strong down-regulation of orp operons expression. (A) Relative gene

expression by qRT-PCR of orp4 (grey), orpR (light grey) and orp9 (black) after growth of the wild-type strain in the presence of 0.02% oxygen
sparging vs anaerobic conditions. (B) Relative gene expression by gRT-PCR of orp4 (grey), orpR (light grey) and orp9 (black) after growth of
the wild-type strain in the presence of nitrogen sparging vs anaerobic conditions. The average of three independent biological samples is
shown, with standard deviations calculated from biological replicates. The number of transcripts under anaerobic condition was taken as
a reference for each sample. (C) Twenty-five micrograms of total protein extract prepared from wild-type strains grown under anaerobic
conditions or in the presence of N, and oxygen sparging (0.02%) (measured redox potential E, = -280 mV) were analyzed by Western
blot using antibodies against Orp9. (D) Twenty-five micrograms of total protein extract prepared from wild-type strains grown under
pure anaerobic culture (measured redox potential E, = =455 mV) or under syntrophic growth of DvH growth with Methanosarcina barkeri
(measured redox potential E, = -260 mV) were analyzed by Western blot using antibodies against Orp9. Quantification was carried out
with Fiji arbitrary units (AlU) and statistical analysis was performed with Student's test, ****p < 0.000, ***p < 0.001 and **p < 0.01. Data
represent mean values + standard deviation of three biological replicates

microaerobic condition. Surprisingly, we found that when cells were ex-
posed to continuous sparging of nitrogen (100%), OrpR was also inac-
tive. Hence, the level of transcription of orp4 and orp9 genes and the
production of Orp9 protein were drastically reduced when compared to
the levels in cells grown under anaerobic conditions without sparging of
nitrogen (Figure 3b,c). As control, we checked that under N, and O, spar-
ging conditions, the amount of orpR transcripts and OrpR protein was not
decreased (Figures 3a,b and S1). We then measured the redox potentials
of the medium of DvH cultures grown in the three conditions described
above. Redox potential (E, values given vs SHE) was -425 mV for anaer-
obic conditions, while it was =280 mV and -290 mV under continuous
0.02% O, and N, sparging, respectively. This suggests that the increase
of the redox potential of the medium is sufficient to inactivate OrpR.
During anaerobic syntrophic co-culture of DvH with Methanosarcina

barkeri, a growth condition during which the orp genes are not expressed

(Scholten et al., 2007) and the Orp proteins are not produced (Figure 3d),
the redox potential of the growth medium was -260 mV. This is consist-
ent with our results, and suggests that OrpR is inactivated by an increase
in redox potential of the medium and not solely by the O, molecule.
Altogether, these data allowed us to suggest that (1) OrpR senses
the redox potential of the medium, (2) increasing redox potential

abolishes OrpR activity.

2.2 | The N-terminal PAS domain senses the
signal and is required to control OrpR activity

To investigate the role of the OrpR PAS domain, we constructed
a truncated version of OrpR in which the PAS domain was deleted
(strain OrpRAPAS). The production of Orp9 in the DvH OrpRAPAS
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FIGURE 4 The OrpR PAS domain and cysteines residues are required for sensing cellular redox variations. (a) Western blot analysis of
wild-type, TnOrpR, OrpRAPAS and OrpRmutCys mutant strains grown under anaerobic conditions (-) or in the presence of 0.02% oxygen
sparging (+) using antibodies against Orp9. 25 pg of total protein extract was loaded onto the gel. (b) Quantification of the Orp9 protein
(50 kDa indicated by an arrow) in the different strains under anaerobic conditions or in the presence of 0.02% oxygen sparging. Errors bars
indicate + SD of three independent experiments. Statistical analysis was carried out with Tukey's test, ****p < 0.0001 and ns no significant

mutant strain grown under anaerobic conditions or in the presence
of 0.02% O, was monitored. Figure 4 shows that in cells grown under
anaerobic conditions, the DvH OrpRAPAS and the OrpR WT strain pro-
duced the Orp9 protein (however with a 30% lower production in the
OrpRAPAS compared to the WT strain, Figure 4b), indicating that the
PAS domain of OrpR is not required to activate 5°*-RNA polymerase.
In cells grown under 0.02% oxygen sparging, the OrpRAPAS strain still
produced a large amount of Orp9 protein which contrasts with the
WT situation (Figure 4). These results indicate that in absence of the
PAS domain the expression of orp operons is constitutive whatever
the redox potential of the medium. These data also suggest that DNA
binding seems to occur independently of the PAS domain. We con-
clude that the PAS domain perceives the signal and acts negatively to

control the activation of cs“-dependent transcription.

2.3 | The conserved cysteines are required for the
function of the PAS sensor domain

Sequence alignment of OrpR homologs from various anaerobic
Deltaproteobacteria was performed and allowed us to identify C52,
Cé61, and Cé65 as fully conserved residues in the PAS domain of the
DvH OrpR (Figure S2). To determine whether the conserved cysteine
residues are required for the function of the PAS domain, we con-
structed a DvH mutant strain, OrpR_mutCys, in which the three con-
served cysteine residues (C52, Cé1, and C65) were substituted by
serine residues. Production of the Orp9 protein in the OrpR_mutCys
strain was observed whatever the media's redox state, as it was de-
scribed for the OrpRAPAS strain (Figure 4). It should be noted that the
higher and lower amounts of OrpRAPAS and OrpR_mutCys proteins,
respectively, do not affect the Orp9 production (Figures S3 and 4).

These results indicate that the conserved cysteine residues of the PAS

domain are important for the function of the PAS domain.

2.4 | The sensing PAS domain binds a Fe-S cluster

To investigate how the PAS domain senses the redox potential varia-
tions, OrpR was overproduced with a histidine tag either homologously
in DvH or heterologously in E. coli. Protein was purified under anaero-
bic conditions to homogeneity and analyzed by spectroscopic methods.
Anaerobically purified samples displayed a straw brown color which was
lost upon exposure to air, after buffer-exchange or sample concentration
steps. Both OrpR samples produced in DvH or E. coli exhibited a similar
absorption visible spectrum with absorption bands around 410 nm and
320 nm suggesting the presence of either a [4Fe-4S] or a [3Fe-4S]
cluster (Figures 5a and 6a). Fe-S clusters can exist on several oxidation
states and can be either diamagnetic or paramagnetic, the latter being vis-
ible by EPR spectroscopy. Anaerobically purified OrpR samples were EPR-
silent, which together with the visible absorption spectrum supports the
presence of a diamagnetic (S = 0) [4Fe-4S]%** cluster in the PAS domain
(Figures 5b and 6b). We estimated the amount of Fe-S centerincorporated
into OrpR from the absorbance at 410 nm using an extinction coefficient
of 15 000 Mt.cm™, a typical average for values found for [4Fe-4S] clus-
ters (Lippard & Berg, 1994). The anaerobically purified samples contained
between 0.3 and 0.5 [4Fe-45]?* cluster per polypeptide chain (average of
five preparations). Furthermore, after reduction with dithionite, anaerobi-
cally purified OrpR overproduced in E. coli showed a drastic absorbance
decrease at 410 nm (Figure 6éa), which could be interpreted as either a
reduction of the [4Fe-4S]?" into [4Fe-4S]'* cluster and/or as cluster deg-
radation. By EPR spectroscopy, a dithionite-reduced sample produced a

weak anisotropic signal (g-values = 2.05, 1.91, and 1.89) consistent with a
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FIGURE 5 OrpR binds a Fe-S cluster. UV-Visible and EPR signatures of OrpR produced in DvH. (a) UV-visible absorption spectrum of
anaerobically purified OrpR homologously produced in DvH. Cuvette pathlength 1 mm contained 90 uM of protein sample (concentration
determined using a standard colorimetric BCA assay) in 200 mM Tris, 500 mM NaCl, 350 mM imidazole, 10% glycerol, pH 7.5 (elution buffer).
(b) EPR spectra of anaerobically purified OrpR homologously produced in DvH, as-isolated (green line), exposed to 2 molar equivalents O,
(blue trace) or to 2 equivalents DCPIP (black line). Inserts: Zoom on the g ~ 4.3 signal (S = 5/2 Fe%*species) and on the g ~ 2.01 signal (S = 1/2
[3Fe-4S]"). The number of molar equivalents of oxidant is given according to the concentration of the [4Fe-4S)?* cluster (80 uM) present in
the purified OrpR sample (200 pM). The [4Fe-45]?* concentration was estimated from the absorbance at 410 nm in a freshly purified sample.
The sample was frozen at 1 min after addition of air-saturated buffer or DCPIP solution. Recording conditions: Microwave frequency,

9.48 GHz, microwave power, 10mW (or 0.4 mWfor the g = 2.01 signal), modulation amplitude, 1 mT (Inserts: 2mT and 0.5mT for the g = 4.3
and g = 2.01 signals, respectively), modulation frequency, 100 kHz, temperature 15 K, number of accumulations: 10-25. Spectra were
normalized by considering dilution factor of the sample and the number of accumulations to allow direct comparison of EPR signal amplitude

[Colour figure can be viewed at wileyonlinelibrary.com]

reduced (S = 1/2) [4Fe-4S]** center (Guerrini et al., 2008) (Figures éb and
S4). However, this signal accounted for only 10% of the initial [4Fe-4Fe]?*
center, thus suggesting that large absorbance decay at 410 nm was mainly
due to Fe-S cluster instability in the presence of dithionite. This behavior

has been already reported for other [4Fe-4S] transcriptional factors such

as FNR and NreB (Esbelin et al., 2012; Miillner et al., 2008). Thus, all these
results suggest that as-purified OrpR produced in DvH or E. coli likely har-
bors a diamagnetic (S = 0) [4Fe-4S]?* cluster.

The behavior of the [4Fe-4S]?* cluster exposed to O, was eval-

uated by EPR and UV-visible spectroscopies. EPR-spectrum of



FIEVET ET AL.

0.40

WILEY—2Z

0.354 anaerobically purified OrpR
T dithionite-treated OrpR

0304 |

0.25+

Absorbance

(b)

as-purified

1 L 1 ¥ 1 L 1 L] T . T
300 400 500 600 700 800
Wavelength (nm)

reduced 191
/
|
1.89
1 * T * T *, T ~ T
300 320 340 360 380

Magnetic field (mT)

FIGURE 6 UV-Visible and EPR signatures of purified OrpR produced in Escherichia coli. (A) UV-visible absorption spectra of as-purified
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conditions: 9.48 GHz, microwave power 10mW, modulation amplitude 1 mT, modulation frequency 100 kHz, temperature 15 K

purified OrpR sample exposed to air is shown in Figures 5b and S4.
Only a derivate peak at g ~ 4.3 was observed, consistent with high
spin (S = 5/2) Fe** species likely coming from dismantling of the
[4Fe-4S)?* cluster (Figures 5b and S4). Furthermore, the absorbance
decay at 410 nm observed on the absorption spectra suggests full
degradation of the Fe-S cluster upon exposure to air with a half-life
constant of about 10 min under these conditions (Figure S5). Next,
the behavior of the OrpR [4Fe-4S]?* cluster of OrpR was investi-
gated when treated with a mild oxidant such as DCPIP (Emszs =
+ 220 mV against + 840 mV for 02). In the DCPIP-treated sample,
an intense pseudo-axial signal developed at g = 2.015 and 2.005
which can be attributed to an oxidized (S = 1/2) [3Fe-4S]** species
(Figures 5b and S4). The [3Fe-4S]" species was also observed after
OrpR oxidation with ferricyanide (E% ;5 = + 420 mV) (Figure S6)
but was clearly absent in the O,-treated sample (Figures 5b and S4).
Also, the derivate peak at g ~ 4.3 coming from high spin (5 = 5/2) Fe%*
species, with additional EPR lines at 9.5, 6.8, 4.6, 4.27, and 4.16, was
also observed in the DCPIP-treated sample and was more intense
than in the O,-treated sample (Figure 5b). All these results indicate
that anaerobically purified OrpR likely contains a redox-sensitive
[4Fe-4S]%" cluster, which dissembles in vitro into [3Fe-4S]** and
Fe3* species when treated with mild oxidants such as DCPIP or ferri-

cyanide, while O, induces further degradation of Fe-S cluster.

2.5 | Oxidized forms of OrpR are able to bind DNA

To investigate whether the redox status of OrpR might influence
its OrpR DNA binding ability, we performed electrophoretic mobil-
ity shift assay (EMSA) experiments. Biotin-labeled DNA fragment

containing the OrpR DNA binding site previously determined (Fiévet
et al, 2011) was incubated in anaerobiosis with increasing con-
centrations of anaerobically as-prepared [4Fe-45]%" OrpR form or
treated with either DCPIP or air. Figures 7a,b, and S7a show that
as-prepared OrpR and oxidant-treated OrpR were both able to bind
their DNA target (Figures 7a,b, and S7a). It should be noted that at
high OrpR concentration and whatever the OrpR redox status, the
unbound DNA fraction was unchanged and a slower rate DNA mi-
gration is observed (Figures 7a,b and S7a). As a control, BSA protein
was not able to bind on the OrpR DNA target (Figures 7a,b and S7a,
lanes 1). The affinity of the interaction between OrpR and DNA was
then determined in anaerobically as-prepared [4Fe-45]%* OrpR form
untreated, or treated with either DCPIP or air (Figures 7c,d and S7b).
K values of 227 + 57 nM for holo-OrpR, 111 + 38 nM for air-treated
OrpRand 162 + 62 nM were obtained and are within the same order
of magnitude (Figures 7c,d and S7b) whatever the redox state of the
Fe-S cluster. Altogether these data suggest that the OrpR redox sta-

tus does not influence the interaction between OrpR and DNA.

2.6 | ldentification of OrpR target genes in vivo

Last, we investigated whether OrpR regulates other targets than
the two orp operons. In order to study in vivo the genes that com-
pose the OrpR regulon, ChlP-seq analysis was carried out on ex-
ponential grown DvH cells using polyclonal anti-OrpR antibodies.
Immunoprecipitated DNA was then sequenced by lllumina MiSeq
technology as previously described (Fioravanti et al., 2013; Pini
et al., 2015). Using an arbitrary 76 bp-long paired-end sequencing
reads, we identified three main enriched DNA sequences (Figure 8a).
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FIGURE 7 OrpR DNA binding ability. (a) Electrophoretic Mobility Shift Assay (EMSA) of 5 fmoles of biotin-labeled DNA fragments
containing the OrpR binding site incubated with 5 uM of BSA (lane 1), without OrpR protein (lane 2) and with increasing concentrations (nM)
of OrpR purified under anaerobic conditions (lanes 3 to 11). (b) Electrophoretic Mobility Shift Assay (EMSA) of 5 fmoles of biotin-labeled
DNA fragments containing the OrpR binding site incubated with 5 uM of BSA (lane 1), without OrpR protein (lane 2) and with increasing
concentrations (nM) of O,-treated OrpR (lanes 3 to 13). (C and D) Affinity of as prepared- or O,-treated OrpR to DNA. The quantification of
band intensities was determined by measuring the fluorescent signal of the unbound DNA (100% corresponding to the DNA fluorescence
without protein, lanes 2). The fraction of DNA bound was then determined using the following expression: 100%—unbound DNA. The
fraction of DNA bound was plotted vs the concentration of OrpR and the values of the K of 227 + 57 nM for as prepared-OrpR (C)

and 111 + 38 nM for O,-treated OrpR (D) were obtained by fitting the data with the “one site binding” equation in OriginPro 8,5. Data

correspond to two or three biological replicates

Visualization of these 3 peaks using Integrative Genomic Viewer
(Fioravanti et al., 2013) showed that the highest DNA enrichment
(second peak surrounded by a dashed black line in Figure 8a) was
split into two regions on both sides of the gene encoding OrpR,
mapping to the promoter regions of the two orp operons (Figure 8b).
These two enriched DNA sequences contained the conserved 17-
bp imperfect palindromic site (GGGCGYRTTTTGCGCCC) previously
shown as target of OrpR in vitro (Fiévet et al., 2011). The two other
minor peaks mapped to the promoter region of DVU1258 encod-
ing a glutamine synthetase and to the intergenic region between
DVU2956 and DVU2958 encoding a ¢°*-dependent transcriptional
regulator and a putative membrane protein, respectively (third peak
surrounded by the dashed line in Figure 8a). c>*-dependent pro-
moters were identified upstream DVU1258 and DVU2958 (Kazakov
et al., 2015) as well. We then measured by qRT-PCR the expression
of DVU1258, DVU2958, and both orp genes orp5 and orp7 as posi-
tive controls. Expression of DVU595, which is under the control of a
c7°-dependent promoter, was measured as a negative control both
in wild-type and TnOrpR null mutant strains (Figure 8c). We found
that the expression of DVU0595, DVU1258, and DVU2958 genes
were similar in wild-type and TnOrpR null mutant which did not pro-
duce OrpR while, as control, the expression of the two orp genes was

strongly downregulated in the TnOrpR null mutant (Figure 8c).

Altogether, these results showed that OrpR directly binds in vivo
to the two orp operon promoter regions which are the sole genes
that it regulates.

3 | DISCUSSION

bEBPs tightly regulate the o>*-dependent transcription in response
to environmental signals (Bush & Dixon, 2012). Recent works have
shed light on the diversity of mechanisms used by bEBPs to activate
o>*-dependent in response to the signals perceived. Interestingly an-
aerobic bacteria such as DvH are relying on many different bEBPs for
their adaptation. The present study expands the diversity of bEBPs
since we propose that OrpR is a new type of 6°*-dependent regula-
tor using an Fe-S cluster-containing PAS domain for redox-sensing
in anaerobic bacteria.

Previous studies using E. coli as host organism described that OrpR
is required to initiate transcription of the orp genes (Fiévet et al., 2011).
Here, we show that OrpR is active in vivo under anaerobic standard
growth conditions because a DvH mutant strain lacking OrpR (ThOrpR)
was not able to express the orp genes in anaerobiosis. Also, ChIP seq
experiments validated that the two orp operons were the direct and

specific targets of OrpR. bEBPs are known to modulate the expression
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(white box) and TnOrpR null mutant (grey bars) strains. The average of three independent biological samples are shown. The amount of each

transcript in the wild-type strain was taken as reference

of their target depending on environmental conditions, thus we aimed
at determining the signal perceived by OrpR. Here, we provide data
indicating that OrpR senses redox potential increase rather that the
oxygen concentration since flushing DvH strains with 0.02% oxygen,
but also with pure N2, abolished the expression of the OrpR regulated
genes. Measuring the redox potential of the medium under 0.02%
oxygen and pure N, sparging, revealed that inactivation of OrpR was
linked to the increase of the redox potential by about +140 mV (such
redox change might be a consequence of the H,S elimination by the
gas flow used in sparging conditions). Altogether, OrpR can be viewed
as a bEBPs that is able to activate 6>*-dependent transcription at low
redox potential in physiological conditions and which is inactive when
the redox potential of the medium increases.

OrpR obeys the general observation that many N-terminal do-
mains of bEBPs are sensory domains (Shingler, 2011). Hence, we
showed that the mutant DvH strain, OrpRAPAS, possessing OrpR
lacking its N-terminal domain had lost the conditional expression of
the orp genes, since Orp9 was produced in all the conditions tested,
that is, constitutively.

Biochemical and biophysical analyses of OrpR allowed us to bring

some clues on how the signal is perceived by the OrpR PAS domain.

Hence, UV-visible and EPR spectra of the anaerobically purified
OrpR showed that it likely binds a [4Fe-45]?* cluster. In almost all
Fe-S proteins, Fe-S clusters are covalently bound to the protein via
the ligands which are thiolates from cysteinyl residues. Interestingly,
sequence alignment of OrpR homologs from various anaerobic
Deltaproteobacteria points out C52, Cé1, and Cé5 as fully con-
served residues in the PAS domain suggesting that the Fe-S center is
located in the sensory domain. A structural model of the PAS domain
shows that these three conserved cysteine residues C52, Cé1, and
C65 are located within 5-8 A from each other which is compatible
with the binding of a Fe-S cluster (Figure S8). In the case of other
redox sensor protein families characterized so far, the [4Fe-4S]%*
cluster is coordinated by four cysteines and occasionally by three
cysteines and an aspartate (Barth et al., 2018). It should be noted
that an aspartate or a glutamate residue in position 54 in DvH OrpR
sequence is also conserved in OrpR homologues and it is in proxim-
ity for binding the Fe-S cluster (within 6 A distance of the cysteines
triad) (Figure S8). Further structural, biochemical, and spectroscopic
characterizations of the purified mutants will be necessary to un-
ambiguously assess the coordination mode of the [4Fe-4S]?* cluster
in the PAS domain. The fact that the Fe-S cluster is important for
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OrpR signal perception was strongly suggested, thanks to the con-
struction of the OrpR mutant, OrpR_mutCys, in which the three con-
served cysteines have been replaced by serine residues. Indeed, the
OrpR_mutCys mutant DvH strain did not perceive the signal and thus
constitutively produced Orp9. Therefore, this work is the first report
of a bEBP using a Fe-S cluster-containing PAS sensory domain. This
is also the first illustration that like aerobes, anaerobic microorgan-
isms can use Fe-S binding proteins as redox sensors.

Further characterization of the OrpR Fe-S cluster by spec-
troscopic methods indicated that the cluster is sensitive to O,.
Interestingly, using DCPIP or ferricyanide as milder oxidants, the
[4Fe-4S]?* cluster underwent an oxidation process and dissociated
into [3Fe-4S]™ and Fe* species. Preliminary experiments indicate
that the [3Fe-4S]'* species is transient, contrary to the Fe3* spe-
cies that is stable over time in the conditions tested (not shown).
Whether the appearance of a [3Fe-4S]** intermediate results from
a degradative oxidative process due to the use of chemical oxidants,
or if it is a physiological intermediate in the redox stress sensing
mechanism, remains unknown so far. Further in vivo and in vitro
studies will address this issue.

In this study, we showed that OrpR can be ranked among
bEBP, such as NorR or DmpR, whose sensory domain prevents
o>*-dependent transcription (D’Autréaux et al., 2005; Shingler &
Pavel, 1995). Hence, truncation of the PAS domain of OrpR allowed
Orp9 to be expressed in conditions under which the full length OrpR
did not. Such negative control of the PAS domain leading to an in-
active bEBP can arise by modulating the activity of the other two
domains, the AAA" ATPase domain and the DNA binding domain,
via structural rearrangements (D'Autréaux et al., 2005; Lazazzera
et al., 1996). The EMSA experiments showed that the affinity of the
interaction between OrpR and its DNA target is unchanged even
after oxidative treatment (which changed the redox status and/or
on the stability of the OrpR Fe-S cluster). Thus, we ruled out that
perception of the signal alters drastically DNA binding activity.
Functional and structural consequences of the signal sensing on
OrpR protein remain to be determined.

Altogether, the present data enabled the proposal of a working
model for the OrpR-dependent regulatory mechanism. OrpR binds
in vivo to the dedicated DNA binding sites. Under anaerobic growth
conditions generating low redox potential of the medium, OrpR is
under a reduced form that binds to dedicated DNA binding sites,
has a [4Fe-4S]%" cluster in the PAS domain and is able to activate
6>*-RNA polymerase. Increase of medium redox potential induces
an OrpR oxidized form, very likely affecting the redox state and/or
stability of its Fe-S cluster, which leads to the inability of OrpR to
remodel the 6°#-RNA polymerase-promoter complex and to its inca-
pacity to activate transcription.

In this study, together with our previous results (Fiévet et al., 2011,
2014), we demonstrate that OrpR is absolutely required for the tran-
scription of two operons, flanking the OrpR coding gene, under anaer-
obic conditions by directly binding to their promoter regions. These
results are in agreement with the previous 6°*-dependent regulome

analysis in DvH showing that in most cases the bEBP-encoding genes

are co-localized with their cognate 5°*-dependent promoter (Kazakov
etal., 2015). In the case of OrpR, the ChlIP-seq analysis performed here
clearly demonstrates that OrpR binds in vivo on the imperfect palin-
drome motif previously determined in vitro (GGGCGYRTTTTGCGCCC)
located upstream the two orp operons (Fiévet et al., 2011). These
results bring experimental validation of our previous in silico analy-
sis showing that this conserved palindromic binding sequence of orp
operons are the two sole targets of OrpR (Fiévet et al., 2011). Thus,
the morphological defects observed in DvH cells when OrpR is in-
activated (Fiévet et al., 2011) are only linked to the decrease in the
amount of the Orp proteins. The role of the Orp proteins is however
still unclear, a hypothesis being that they intervene directly or indi-
rectly in a cell division process (Fiévet et al., 2011). As increasing the
medium redox potential switches off orp transcription, we can assume
that the Orp proteins are mainly associated with the anaerobic life-
style. Considering that most of the Orp proteins are Fe-S proteins,
it is tempting to propose that OrpR participates in an adaptative re-
sponse developed by anaerobic bacteria to save energy and avoiding
biosynthesis of fragile Fe-S clusters-containing proteins under oxida-
tive stress conditions. The regulator OrpR seems to be restricted to
species harboring Orp proteins which belong to §-Proteobacteria ex-
hibiting various metabolisms such as the sulfate- and sulfur-reducing
bacteria and some syntrophic bacteria. As suggested before, the ORP
system may have originated from Archaea and later radiated into
Bacteria through horizontal gene transfer (Scholten et al., 2007). The
increase in the O, concentration of the Earth's atmosphere about 2.5
billion years ago confronts anaerobic microorganisms with deleterious
oxidation processes and increasing redox potential. These conditions
forced anaerobes to develop mechanisms to detect and cope with O,
and redox stress conditions. It is probably in this context that the &-
Proteobacteria advantageously added the regulatory OrpR system to-
tally linked to the anaerobic lifestyle.

4 | EXPERIMENTAL PROCEDURES
4.1 | Strains and growth conditions

Strains used in this study are listed in Table S1. E. coli TG1 strains
were grown in Luria-Bertani (LB) medium at 37°C with the appro-
priate antibiotic when required (0.27 mM for ampicillin, 0.15 mM
for chloramphenicol). Cultures of DvH were grown in medium PC
(Postgate et al., 1984) supplemented with 0.17 mM kanamycin or
0.15 mM thiamphenicol when required, at 33°C under anaerobic
conditions. Anaerobic work was performed in an anaerobic chamber
(COY Laboratory Products or MBraun) filled with a 10% H,-90% N,
mixed-gas atmosphere. Solutions were made anoxic by flushing with
N, for removal of O,. Solutions, glass, and plastic materials were
equilibrated for at least 12 hr inside the anaerobic chamber before
use. Syntrophic co-cultures of DvH and M. barkeri were performed
in Hungate tubes in the dark at 33°C under shaking (200 rpm) in
CCM medium (Walker et al., 2009) amended with 30 mM lactate.
The headspace of the Hungate tube was filled with 80% H,-20%
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CO,. Co-cultures were established by inoculating 10% (vol/vol) of an
exponentially growing culture of DvH and 10% (vol/vol) of an expo-

nentially growing culture of M. barkeri.

4.2 | Plasmid construction for protein production
in DVH
Plasmids pBMC6P;HisOrpR, pBMC6P;OrpRAPAS, and
pBMC6P,OrpRmut-cys were constructed by first PCR amplifica-
tion of the 250bp of the dvu3171 promoter from DvH chromsomal
DNA using promcyc_Hindlll and promcyc_SallNdel. The correspond-
ing PCR fragment was digested by Hindlll/Sall enzymes and sub-
cloned into the Hindlll and Sall sites of the plasmid pBMC6 to obtain
PBMC6P_,. The appropriated primers described in Table S2 were
used to amplify orpR and orpRAPAS genes from DvH genomic DNA.
The obtained PCR products and the pBMCé6P_, plasmid were di-
gested with Ndel and Sacl restriction enzymes and ligated into the
multiple cloning site of the plasmid to get pPBMC6P;HisOrpR and
pPBMC6P,OrpRAPAS, respectively. For all constructs, successful
ligations were confirmed via DNA sequencing and subsequently in-

troduced in DvH cells by electroporation.

4.3 | Site-directed mutagenesis

Simultaneous mutations of Cys52, Cysé61 and Cysé5 residues from
OrpR were generated by using pPBMC6P;HisOrpR as the PCR tem-
plate and the Q5 site-directed mutagenesis kit from Biolabs. All the
primers used for mutagenesis (Table S2) were designed using the on-
line NEB primer design software NEBaseChanger™, mutations were
confirmed by DNA sequencing and subsequently electroporated
into DvH cells.

4.4 | ChlIP-Seq experiments

DvH cells were grown until OD .. of approximately 0.4 to 0.5
in medium C. Protocol was performed as previously published
(Fioravanti et al., 2013; Pini et al., 2015) except for the sonication
step that was performed using a Bioruptor (Diagenode) for 10 min
(Interval 30 sec + 30 sec; Intensity HIGH).

4.5 | Protein production and purification

Homologous productions of proteins in DvH strains were performed
in 20 L of PC medium. Cells were cultured until the optical density at
600 nm reached 0.8 to 0.9. Heterologous productions of proteins in
E. coli were obtained as follows: 1 mM isopropyl p-d-thiogalactoside
(IPTG) was added to an exponentially growing culture at 37°C of
recombinant E. coli strains in 2 L of LB medium containing 100 pg/

ml ampicillin and grown for additional 4 hr at 37°C. Proteins were

purified anaerobically in an anaerobic chamber with identical purifica-
tion protocols. The bacterial pellet of OrpR was resuspended in buffer
A (50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 10% glycerol) and con-
taining 40 mM imidazole, DNase | (Roche), and cOmplete™ protease
inhibitor EDTA free (from Roche Applied Science). Cell suspensions
were disrupted two times in a chilled (4°C) French press (Thermo-
FA-080A) at 1,200 psi. Cell lysates were clarified by ultracentrifuga-
tion (45,0008 for 80 min at 4°C). After filtration of the supernatant
across a 0.2 um filter, the soluble proteins were loaded onto a 5 ml Ni-
Sepharose affinity column (His Trap HP, GE Healthcare) equilibrated
with buffer A containing 40 mM imidazole. OrpR poly-histidine tagged
proteins were eluted with buffer A containing 350 mM imidazole.
Protein concentration was determined using a BCA Pierce™ 660 nm
Protein Assay (Thermo) colorimetric kit, using bovine serum albumin
as standard. Purity of the fraction was checked by SDS-PAGE. Protein
concentration was also estimated from absorbance measurement at
280nm using a calculated extinction coefficient of 16 000 M™L.cm™
based on the protein sequence (https:/web.expasy.org/protparam/).
Values found were in good agreement with the protein concentration
deduced from BCA protein assays.

4.6 | Western blotting experiments

DvH cells were grown in PC medium until the OD,, reached 0.4-0.6.
To prepare samples, 0.5 OD,, units of DvH cultures were centrifuged
and the pellets were resuspended in 50 pl of 2X loading buffer (120 mM
Tris-HCI pH 6.8, 20% of glycerol and 0.2% of bromophenol blue) sup-
plemented with 0.69 mM SDS and 10 mM DTT. Then, samples were
boiled for 10 min. After separation by electrophoresis in 12.5% SDS
polyacrylamide gel, proteins were transferred onto a nitrocellulose
membrane followed by blocking of the membrane with PBS containing
3% BSA and 0.5% Tween-20 for 1 hr at room temperature. After three
washes in PBS buffer containing 0.1% of Tween-20, the membrane
was incubated overnight with polyclonal rabbit anti-Orp4 diluted at
1:2,500 and anti-Orpé and anti-Orp9 serums used at 1:25,000. All
rabbit polyclonal antibodies have been generated by Agro-Bio from
purified proteins. The membrane was then washed three times in PBS
buffer supplemented with 0.1% of Tween-20 and incubated 1 hr at
room temperature with an HRP-conjugated anti-rabbit secondary
antibody from Thermo Scientific (1:2,500). After two washes in PBS
buffer supplemented with 0.1% of Tween-20 followed by two washes
in PBS buffer, SuperSignal® West Pico Chemiluminescent Substrate
kit (Thermo Scientific) was used for detection according to the manu-
facturers’ instructions. The signal detection was realized by using
ImageQuant LAS 4000 mini from GE Healthcare.

4.7 | Electrophoretic mobility shift assays for
DNA binding

DNA fragment containing the OrpR binding site was amplified by
PCR with the biotin-labeled primers prom2107b and prom2107comp
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shown in Table S2. EMSAs were performed using lightShift
Chemiluminescent EMSA Kit (Thermo Scientific). The different redox
states of OrpR were incubated at room temperature in 10 mM Tris
pH 7.5, 100 mM KClI, 50 ng/ul poly(dl-dC), and 0.05% Nonidet P-40
binding buffer with 5 fmoles of the biotin-labeled DNA fragment for
30 min. Reactions were then resolved by a pre-run electrophoresis
in a 5% agarose gel in TBE buffer (450 mM Tris, 450 mM borate, and
0.01 mM EDTA). The samples were blotted onto a 0.45-um Biodyne
B nylon membrane and then cross-linked to the membrane using a
312 nm UV Transilluminator (Uvitec) for 1 min. Membranes were
processed as recommended in the Chemiluminescent Nucleic Acid
Detection Module Kit (ThermoScientific). For EMSAs in presence of
as-purified OrpR with or without DCPIP, all steps described previ-
ously were performed in an anaerobic chamber (COY Laboratory
Products or MBraun). O,-treated OrpR was obtained by incubating
as-prepared OrpR 30 min under aerobic conditions before incuba-
tion. EMSAs experiments with O,-treated OrpR were performed in

aerobic conditions.

4.8 | Biophysical experiments

EPR spectroscopy experiments were performed on a Bruker Elexsys
E500 spectrometer fitted with an Oxford Instruments ESR-900
helium gas flow for cryogenic temperature studies. UV-Visible ab-
sorption spectra were recorded on a Lambda-25 Perkin-Elmer and
Uvikon (Kontron Instruments) spectrophotometers. All experiments
were performed on freshly purified samples under anaerobic condi-
tions (JACOMEX glovebox, pO, < 2 ppm). The purified protein was
kept in the elution buffer and conserved at 4°C under anaerobic
conditions for a few days when necessary. Depending on the puri-
fication, elution buffer was 50 mM Tris-HCI pH7.5, 500 mM NacCl,
350 mM imidazole, 10% glycerol for the recombinant His-tagged
(N-terminus) OrpR. Purified OrpR samples were reduced by add-
ing small aliquots of fresh stock solution of dithionite (at about
100 mM dissolved in a pH 8-buffered solution) or oxidized anaero-
bically by adding small aliquots of 2, 6-dichlorophenolindophenol
(DCPIP; EO'szs = +220 mV vs SHE), potassium hexacyanoferrate
() (K,[Fe(CN),]; Eo’szs = 420 mV vs SHE) solutions. DCPIP and
ferricyanide stock solutions were prepared at 10 mM in deionized
water. Air-saturated buffer solution at 20°C (the concentration of O,
dissolved in the buffer solution was estimated to 220 uM according
to reference (Crack et al., 2004) was added directly to the sample
in a sealed EPR tube and quickly frozen in cold ethanol inside the

glovebox prior to storage in liquid nitrogen.
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