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Abstract

Some carboxydotrophs like Rhodospirillum rubrum are able to grow with CO as their sole source of
energy using a Carbone monoxide dehydrogenase (CODH) and an Energy conserving hydrogenase
(ECH) to perform anaerobically the so called water-gas shift reaction (WGSR) (CO + H,O-> CO; +
H,). Several studies have focused at the biochemical and biophysical level on this enzymatic system
and a few OMICS studies on CO metabolism. Knowing that CO is toxic in particular due to its binding
to heme iron atoms, and is even considered as a potential antibacterial agent, we decided to use a
proteomic approach in order to analyze R. rubrum adaptation in term of metabolism and management
of the toxic effect. In particular, this study allowed highlighting a set of proteins likely implicated in
ECH maturation, and important perturbations in term of cofactor biosynthesis, especially metallic
cofactors. This shows that even this CO tolerant microorganism cannot avoid completely CO toxic
effects associated with its interaction with metallic ions.

Significance

This proteomic study highlights the fact that even in a microorganism able to handle carbon monoxide
and in some way detoxifying it via the intrinsic action of the carbon monoxide dehydrogenase
(CODH), CO has important effects on metal homeostasis, metal cofactors and metalloproteins. These
effects are direct or indirect via transcription regulation, and amplified by the high interdependency of
cofactors biosynthesis.



1. Introduction

Purple nonsulfur photosynthetic bacteria such as Rhodospirillum rubrum (R. rubrum) are particularly
interesting for biotechnological applications owing to their great versatility in term of metabolism.
They are able to grow aerobically or anaerobically in the dark, photosynthetically in the absence of
oxygen, autotrophically or heterotrophically using a wide variety of substrates and electron acceptors.
In particular, R. rubrum has been selected by the European Space Agency (ESA) for its photo-
assimilation of volatile fatty acids in the bio-regenerative life support system (MELiISSA) aimed at
recycling gas and solid wastes during long distance space flights [1]. Besides, R. rubrum is also highly
interesting due to its ability under anaerobic conditions to directly produce H, from CO as sole energy
source via the water-gas shift reaction (WGSR) (CO + H,O-> CO2 + H,) that is linked to ATP
production [2]. In biotechnological applications, this metabolism is also used to produce
polyhydroxyalkanoates (PHA), the yield of which is highly increased by the addition of other carbon
sources like acetate, in the dark or with light [3]. In this organism, acetate can be assimilated via three
different routes: the citrate malate cycle, the ethylmalonyl-CoA pathways and a pathway implicating
the ferredoxin-dependent pyruvate synthase (PFOR) [3, 4]. However, this bacterium cannot grow with
acetate alone and requires a source of energy such as light. When CO is added (for example with
syngas), it can be used as a carbon and energy source in a rather additive manner [3].
Microbial utilization of CO appears more and more common in bacteria or archaea, either in aerobic or
anaerobic conditions and, depending on the microorganism, allows the production of hydrogen,
methane, ethanol, butanol, acetic or butyric acid as well as carbon assimilation into biomass (proteins,
biopolymers such as PHA...). Several studies have focused at the biochemical and biophysical level
on the essential enzymatic system involved in WGSR in hydrogenogenic carboxydotrophs species
such as R. rubrum or Carboxydothermus hydrogenoformans. This multiprotein complex is composed
of two key nickel enzymes: a monofunctional [NiFe]-carbon monoxide dehydrogenase (CODH),
which catalyzes CO oxidation to CO,, releasing electrons used for the reduction of two protons to
yield Hy, the latter reaction being catalyzed by a CO-tolerant membranous energy-conserving [NiFe]-
hydrogenase (ECH). This CO-oxidizing complex contains also CooF, a ferredoxin that transfers
electrons from CODH to hydrogenase. The genes coding for these proteins are clustered in two
operons: the cooMKLXUH operon coding for ECH and downstream, the cooFSCTJ operon encoding
the ferredoxin CooF, the CODH CooS and three maturation proteins, namely CooC, Coo T and CoolJ
involved in nickel insertion into the CODH active site [5-7]. These two operons are under the control
of the heme-dependent CO-sensing transcriptional activator CooA present downstream the cooFSCTJ
operon.
However, no global approach (transcriptomics, proteomics, metabolomics) have focused on the
identification of other potential maturation factors (hydrogenase maturation, synthesis and insertion of
the iron sulfur clusters...).
In organometallic chemistry, CO binding to transition metals is well known. Indeed, CO is a good
ligand for m-electron-rich metals. It is an unsaturated soft ligand able to donate c-electrons to the metal
and to accept metal dr-electrons by back bonding. Coordination complexes can be formed directly
from CO gas and metal but often require a reducing agent when starting from the metal salt or oxide.
For example in aqueous buffer, nickel or cobalt salts can be reduced by sodium dithionite and form in
presence of CO the homoleptic complexes Ni(CO), or Co(CO),. Another example among the
multitude includes formation of mixed complexes like Mg(0O3).(CO),, a neutral magnesium carbonyl
complex with CO binding to the Mg?* center [8]. In biology, binding of CO to metal in porphyrin-like
structures is common with the probably best-known example being CO binding to heme and especially
to hemoglobin as it is the case in CO intoxication. Other examples include cobalt porphyrin which is
none other than a derivative of cobalamin or vitamin B12, and the example cited above of mixed
magnesium complex suggests that even chlorophyll derivatives with their magnesium ion might be
affected [9]. CO is also able to bind to copper like in tyrosinase or hemocyanin and this binding is even
used as a tool to investigate O, interactions [10]. In addition, CO also affects iron-sulfur with labile
position or with a [3Fe-4S] cluster like in aconitase, fumarase or glutamate synthase, or more complex
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clusters in nitrogenases, NiFe or iron only hydrogenases [11-15]. All this suggests that in theory, most
if not all transition metals used in biological systems could be the target of CO if a labile position is
present in their coordination sphere. The susceptibility of all these cofactors to CO (and the stability of
the complex formed) is going to be protein dependent in term of CO access, metal coordination sphere
(nature and arrangement) and metal oxidation state that is often in equilibrium and changes during
electron transfer mechanisms.
CO is well known for its toxic effect and several studies based on omic approaches have focused on its
ability to act as an antibacterial agent in particular with CO releasing molecules (CORM) [16-18]. The
role of CO as a key signaling molecule especially in higher eukaryotes is also well documented
suggesting a more complex action [19] and a parallel is done between NO and CO as detailed in Watts
et al. ‘s review [20]. Indeed these two molecules have similar chemical properties especially in term of
binding affinity to transition metal and mode of coordination (both acting as m acidic ligand). Data on
NO interactions at the molecular level are much more documented and for example, NO is able to
mobilize iron from ferritin perturbing intracellular iron homeostasis [21].
Consequently, a class of proteins going to have a broader impact if affected are transcriptional
regulators. Indeed several of them act as (or are associated with) gaseous ligand sensors, metal, cellular
redox poise or aerobic/anaerobic conditions through a mechanism often based on heme, iron-sulfur
cluster or mononuclear metal binding. As a few examples, one can cite CooA or RcoM regulation by
CO (which is their main physiological role), Zur, Nur and Fur regulation by Zn?*, Ni** and Fe®,
respectively, redox poise / oxygen/ oxidative stress sensing by heme (FixLJ) or iron-sulfur cluster
(IscR, SoxRS system) [22-26]. Interaction of CO with the metal ions may perturb all the proteins they
regulate. For example, Fur regulates at least 90 proteins in E. coli [27] and transcriptomics studies with
CORM derivatives in E. coli have indeed highlighted Fur activity perturbation.
Nevertheless, several bacteria including the hydrogenogenic carboxydotroph Rhodospirillum rubrum
are able to grow with CO as their unique source of energy and/or carbon source. We therefore
performed a proteomic study in order to analyze
1) R. rubrum metabolic adaptation including the induction of CODH and its maturation
machinery, a CO resistant hydrogenase as well as potential yet unidentified maturation
proteins
i) its management of the general toxic effect of CO interaction with metals in comparison
with non-carboxydotrophs.

2. Materials and methods

2.1. Strain and Culture conditions

The R. rubrum strain UR2 used in this study was a kind gift from L.M. Rubio. Glycerol stocks were
aerobically grown in 5 mL of MN medium supplemented with 3g/L of yeast extract and 3 g/L of
casamino acids to give the SMN medium (adapted from [28]) for several days at 30°C, 180 rpm.
R.rubrum UR2 was then grown under anaerobic photoheterotrophic conditions in 50 mL malate
ammonium (MN) medium in gas-tight flasks for 4 days. These anaerobic cultures were used to
inoculate ten 15 mL-cultures in RRNCO medium (2 ug of biotin,

2.8 mg of H3BO3;, 20 mg of Na;EDTA, 4 mg of ferric citrate, 1 mg of Na,MoO,, 250 mg of
MgS0,4.7H20, 132 mg of CaCl,.2H20, 1 g of NH4CI, .6 mg of NiCl,, 1.0 g of yeast extract, 2.1 g of
morpholinopropanesulfonic acid (MOPS), and 0.82 g of sodium acetate per liter, pH 7.1) at 30°C
under photoheterotrophic conditions in 30 mL-flasks [29]. When the ODggo nm reached about 1.0
(corresponding to the stationary phase in these conditions), 50 uM NiSO4 and 500 uM Na,S were
added to all cultures (adapted from [29]) as the enzyme CODH and the ECH hydrogenase are
supposed to be highly induced upon CO exposure, and require Ni and sulfur in their metallic clusters.
Note that Na,S also warrants a reductive environment. Five cultures were then sparged with CO for 30
min at t, and tign (and left with an initial small overpressure < 1 bar), after addition of 125 uM
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NaHCOg3; pH 8.0. 24h after CO exposure, the ten cultures (+/- CO) were harvested by centrifugation
(5 000 rpm, 20 min), and frozen in liquid nitrogen. For activity measurement, at the end of the culture,
samples of 1 ml or 5 ml were centrifuged, the supernatant discarded and the pellet frozen in liquid
nitrogen.

2.2. Activity measurements
2.2.1. CO oxidation activities

CO oxidation measurements on “whole fresh cells” were performed as a control of the correct CO-
induction of the cooFSCTJ operon. 5 pL of cell culture were injected in gas-tight cuvettes containing 1
mL of CO-saturated 100 mM MOPS pH 7.5, 12 mM methyl viologen and 1 mM DTT. CODH activity
was assayed at 25 °C in triplicates, by following the reduction of methyl viologen at 604 nm [e=13.6
mM™ cm™. CODH activity unit is expressed as nanomoles of CO oxidized per minute.

For measurement on “frozen roughly permeabilized cells”, cell pellets from 1 ml samples were
resuspended with 100 pL of buffer (TrisHCI 50 mM, DTT 10 mM, dithionite 10 mM, pH 8.5; final
volume around 145 pL). 1,5 pL from each sample was injected into 1 mL of buffer TrisHCI 50 mM,
Methyl Viologen 12 mM, DTT 1 mM, saturated with CO. Measures were performed on three different
cultures for each condition and in triplicate for CO induced.

2.2.2. Hydrogenase activity measurement

Cell pellets from 5 ml samples were resuspended in a glovebox by addition of 100 puL of BugBuster®
Protein Extraction Reagent (Millipore) and 350 pL of TrisHCI 50 mM pH 8.5 buffer (final volume
around 550 pL). 20 puL from CO exposed and 50 pL from control samples were injected into 1 mL of
TrisHCI 50 mM Methyl Viologen 12 mM, DTT 1 mM, saturated with H,. Measures were performed in
triplicate.

2.2.3. 3-hydroxybutyrate dehydrogenase activity measurement

Cell pellets from 5 ml samples were resuspended with the equivalent of 66 puL per mL culture DO 1 of
BugBuster® Protein Extraction Reagent (Millipore) and incubated 1 h at room temperature. Samples
were then centrifuged at 15 000 rpm during 30 minutes, and the supernatants frozen until further use.
500 pL of Buffer (HEPES 100mM pH 7,6; MgCI2 10mM ; KCI 100mM ; Triton X-100 2%, preheated
at 37°C), 370 pl of water (preheated at 37°C), 10 ul of a mix 1/1 freshly prepare phenazine
methosulfate (6 mM in DMSO)/iodonitrotetrazolium (20 mg/ml in DMSO), 60 puL of NAD" at 20
mg/ml and 50 uL of soluble fractions of each sample were mixed in a 1 mL cuvette.

NADH formation is measured indirectly by following at 500 nm the tetrazolium salt reduction
resulting in the formation of a red formazan. After 3 minutes stabilisation the background is measured
(ADO/min). 10 pL of substrate 3-hydroxybutyrate 1 M are added and the slope recorded between 300
and 400 s. Measures were performed in duplicate on 3 different cultures for each condition.

2.3. Protein extraction and quantification

The washed bacterial pellets were extracted with 200 pl of lysis solution (7 M urea, 2 M thiourea, 15
mM spermine base, 15 mM spermine tetrahydrochloride, 10 mM Tris (carboxyethyl) phosphine
hydrochloride and 2% (w/v) Brij96). This detergent was selected for its ability to extract membrane
proteins [30]. After extraction at room temperature for one hour, the extracts were clarified by
centrifugation (15000 g 15 minutes), the supernatants collected and their protein concentration
determined by a modified Bradford assay [31]. The protein extracts were stored frozen at -20°C until
use.



2.4. Shotgun approach

For the shotgun proteomic analysis, the samples were included in polyacrylamide plugs according to
Muller et al., with some modifications to downscale the process [32]. To this purpose, the
photopolymerization system using methylene blue, toluene sulfinate and diphenyliodonium chloride
was used [33].

First, a sample dilution solution (8M urea in 200mM Tris HCI, pH 8) was prepared. Then, the dye
solution (0.5 mM methylene blue in sample dilution solution) was prepared. The other initiator
solutions consisted in a 1 M solution of sodium toluene sulfinate in water and in a saturated water
solution of diphenyliodonium chloride. The ready-to-use polyacrylamide solution consisted of 1.2 ml
of a commercial 40% acrylamide/bis solution (37.5/1) to which 100 ul of diphenyliodonium chloride
solution, 100 pl of sodium toluene sulfinate solution and 100 pl of water were added.

Protein samples (30 ug each) were first diluted to a 5 pl final volume with sample dilution solution in
a 500 pl conical microtube (Eppendorf). To this solution, 4 ul of dye solution then 3 pl of acrylamide
solution were then added and mixed by pipetting. 100 pl of water-saturated butanol were then layered
on top of the samples, and polymerization was carried out under a 1500 lumen 2700K LED lamp for 2
hours, during which the initially blue gel solution discolored. At the end of the polymerization period,
the butanol was removed, and the gel plugs were fixed for 2x1 hr with 200 pl of 30% ethanol 2 %
phosphoric acid, followed by a 30 minutes wash in 30% ethanol. The fixed gel plugs were then stored
at -20°C until use.

2.5. 2D gel analysis

Two-dimensional electrophoresis was performed essentially as described previously, using homemade
pH 4-8 pH gradients in the first dimension and a 11.5% polyacrylamide gel (160x200x1.5 mm)
operating at pH 8.05 with the taurine system in the second dimension [34, 35]. This system allowed an
easy analysis of low molecular weight proteins, as described earlier [35]. 150 pg of proteins were
loaded on the first dimension IPG gel. Protein detection and image analysis were performed as
described previously [36]. Spots were selected for further mass spectrometry analysis if their U value
in the Mann-Whitney U test was <2 in the control vs. +CO comparison. No threshold filter was
applied, as this has been shown to lead to discarding relevant data [37].

2.6. Mass spectrometry analysis
2.6.1. 2D gel-based proteomics

In gel washing, reduction, alkylation and dehydration were performed with a robotic protein handling
system (MassPrep Station, Waters, Milford, USA). The gel plugs were washed twice with 50 uL of 25
mM ammonium hydrogen carbonate (NH4HCO3) and 50 pL of acetonitrile. The cysteine residues were
reduced by 50 puL of 10 mM dithiothreitol at 57°C and alkylated by 50 uL of 55 mM iodoacetamide.
After dehydration with acetonitrile, the proteins were cleaved in gel with 10 pL of 6.5 ng/uL of
modified porcine trypsin (Promega, Madison, WI, USA) in 25 mM NH4HCO3. The digestion was
performed overnight at room temperature. The generated peptides were extracted with 40 puL of 60%
acetonitrile in 0.1% formic acid. Acetonitrile was evaporated under vacuum and samples were
resuspended with 6 pL of 0.1% formic acid.

NanoLC-MS/MS analysis was performed using a nanoACQUITY Ultra-Performance-LC (Waters
Corporation, Milford, USA) coupled to the TripleTOF 5600 (Sciex, Ontario, Canada).

The nanoL.C system was composed of ACQUITY UPLC® CSH130 C18 column (250 mm x 75 pm
with a 1.7 um particle size, Waters Corporation, Milford, USA) and a Symmetry C18 precolumn (20
mm x 180 um with a 5 um particle size, Waters Corporation, Milford, USA). The solvent system
consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). 4
pL of sample were loaded into the enrichment column during 3 min at 5 pL/min with 99% of solvent
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A and 1% of solvent B. Elution of the peptides was performed at a flow rate of 300 nL/min with a 8-
35% linear gradient of solvent B in 9 minutes.

The TripleTOF 5600 (Sciex, Ontario, Canada) was operated in positive mode, with the following
settings: ionspray voltage floating (ISVF) 2300 V, curtain gas (CUR) 10, interface heater temperature
(IHT) 150, ion source gas 1 (GS1) 2, declustering potential (DP) 80 V. Information-dependent
acquisition (IDA) mode was used with Top 10 MS/MS scans. The MS scan had an accumulation time
of 250 ms on m/z [400;1250] range and 100 ms on m/z [150;1800] range in high sensitivity MS/MS
mode. Switching criteria were set to ions with charge state of 2-4 and an abundance threshold of more
than 500 counts, exclusion time was set at 4 s. IDA rolling collision energy script was used for
automatically adapting the CE. Mass calibration of the analyzer was achieved using peptides from
digested BSA. The complete system was fully controlled by AnalystTF 1.7 (Sciex). Raw data collected
were processed and converted with MSDataConverter in .mgf peak list format.

For protein identification, the MS/MS data were interpreted using a local Mascot server with
MASCOT 2.6.2 algorithm (Matrix Science, London, UK) against an in-house database containing all
Rhodospirillum rubrum entries from UniProtKB/SwissProt (version 2019 12, 3,985 sequences) and
the corresponding 3,985 reverse entries. The database was generated using the database toolbox from
Mass Spectrometry Data Analysis (MSDA, publicly available from https://msda.unistra.fr). Spectra
were searched with a mass tolerance of 15 ppm for MS and 0.07 Da for MS/MS data, allowing a
maximum of one trypsin missed cleavage. Trypsin was specified as enzyme. Carbamidomethylation of
cysteine residues and oxidation of methionine residues were specified as variable modifications.
Protein identifications were validated with at least two peptides with Mascot ion score above 30.

2.6.2. Shotgun proteomics

In gel washing, reduction, alkylation and dehydration were performed with a robotic protein handling
system (MassPrep Station, Waters, Milford, USA). The gel plugs were washed twice with 50 pL of 25
mM ammonium hydrogen carbonate (NH4,HCO3) and 50 pL of acetonitrile. The cysteine residues were
reduced by 50 puL of 10 mM dithiothreitol at 57°C and alkylated by 50 pL of 55 mM iodoacetamide.
After dehydration with acetonitrile, the proteins were cleaved in gel with 10 pL of 70 ng/pL of
modified porcine trypsin (Promega, Madison, WI, USA) in 25 mM NH4HCO;. The digestion was
performed overnight at room temperature. The generated peptides were extracted with 40 pL of 60%
acetonitrile in 0.1% formic acid. Acetonitrile was evaporated under vacuum and samples were
resuspended with 78 pL of 0.1% formic acid in order to obtain a final concentration of 450 ng/pLL.
NanoLC-MS/MS analysis was performed using a nanoACQUITY Ultra-Performance-LC (Waters
Corporation, Milford, USA) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany).

The nanoLC system was composed of ACQUITY UPLC® CSH130 C18 column (250 mm x 75 pm
with a 1.7 um particle size, Waters Corporation, Milford, USA) and a Symmetry C18 precolumn (20
mm x 180 um with a 5 pum particle size, Waters Corporation, Milford, USA). The solvent system
consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).
300 ng of peptides sample was loaded into the enrichment column during 3 min at 5 pL/min with 99%
of solvent A and 1% of solvent B. Elution of the peptides was performed at a flow rate of 450 nL/min
with a 1-35% linear gradient of solvent B in 79 minutes.

The Q-Exactive Plus was operated in data-dependent acquisition mode by automatically switching
between full MS and consecutive MS/MS acquisitions. Full-scan MS spectra were collected from 300
- 1,800 m/z at a resolution of 70,000 at 200 m/z with an automatic gain control target fixed at 3 x 10°
ions and a maximum injection time of 50 ms. The top 10 precursor ions with an intensity exceeding 2
x 10° ions and charge states > 2 were selected from each MS spectrum for fragmentation by higher-
energy collisional dissociation. Spectra were collected at a resolution of 17,500 at 200 m/z with a fixed
first mass of 100 m/z, an automatic gain control target fixed at 1 x 10° ions and a maximum injection
time of 100 ms. Dynamic exclusion time was set to 60 s. Raw data were converted into mgf files using
the MSConvert tool from ProteomeWizard (v3.0.6090; http://proteowizard.sourceforge.net/).



For protein identification, the MS/MS data were interpreted using a local Mascot server with
MASCOT 2.6.2 algorithm (Matrix Science, London, UK) against the previously described in-house
database. Spectra were searched with a mass tolerance of 10 ppm for MS and 0.07 Da for MS/MS
data, allowing a maximum of one trypsin missed cleavage. Trypsin was specified as enzyme.
Acetylation of protein n-termini, carbamidomethylation of cysteine residues and oxidation of
methionine residues were specified as variable modifications. Identification results were imported into
Proline software (http://proline.profiproteomics.fr/) for validation. Peptide Spectrum Matches (PSM)
with pretty rank equal to one were retained. False Discovery Rate was then optimized to be below 1%
at PSM level using Mascot Adjusted E-value and below 1% at Protein Level using Mascot Mudpit
score.

2.6.3. Label Free Quantification

Peptides  Abundances were extracted thanks to Proline software version 2.0
(http://proline.profiproteomics.fr/) using a m/z tolerance of 10 ppm. Alignment of the LC-MS runs was
performed using Loess smoothing. Cross Assignment was performed within groups only. Protein
Abundances were computed by sum of peptides abundances (normalized using the median).

Proteins were considered as significantly different if their U value in the Mann-Whitney U test was <2
in the control vs. +CO comparison. No threshold filter was applied, as this has been shown to lead to
discarding relevant data [37].

2.7. Pathways analysis

KEGG Mapper — Search Pathway tool was used to map on various metabolic pathways the proteins
identified by mass spectrometry in our study [38]. The pathways are general pathways onto which the
proteins theoretically present (genome based) in R. rubrum are usually highlighted in green rectangles
with an added red border for the list of identified proteins with no weighting option. Filtering was
performed before generating the Tables. All the proteins in Supplementary Table 1 and 4 were
therefore used as proteins present in the proteome and all the proteins in Supplementary Table 2 and
4 as up or down-regulated ones. Up and down-regulated proteins were analyzed separately. The data
have then been combined and color coded to yield a single figure for each pathway. The analysis was
completed by bibliographic study especially for protein not included in pathways.

2.8. ICP-AES metal ion analysis

15 ml of R. rubrum culture exposed or not to CO were centrifuged at 5000 rpm for 10 minutes. 5.4 ml
of the supernatant were mineralized in the presence of 0,6 ml nitric acid (65%) at 60°C for 1hour. The
cell pellet was washed in PBS supplemented with 10 mM EDTA before being lysed and mineralized
with 1.2ml of 65% nitric acid for 3h at 60°C; the volume was completed to 6 mL with pure water.
Metal concentration was analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (Shimadzu ICP 9000 with mini plasma torch in axial reading mode). Standard solutions of Ni,
Co, Mo, Mg, and Fe for atomic absorption spectroscopy (Sigma Aldrich) were used for quantification
(calibration curve between 1.9 to 5000 pug L™ in 10% HNO3 (Fluka)). The analyses were performed
on three cultures from each condition (with or without CO) and each result was normalized to the
number of bacteria as estimated from the OD at 650nm.

3. Results and discussion

3.1. Proteome of R. rubrum grown under anaerobic light conditions

Shotgun experiments on cell extracts from R. rubrum grown with acetate under anaerobic light
conditions allowed us to identified 1572 non-redundant proteins (Table 1 in Supplementary Data)
which represents around 41% of the 3852 predicted proteins including 50 encoded on a megaplasmid
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(or more than 39% of the 3985 sequences found in UniprotKB database). This number is considerably
higher than the proteomic study performed on this organism by Mastroleo et al. in 2009 who identified
932 non-redundant proteins for cultures in aerobic dark conditions. This is of the same order as the
1725 proteins identified by Leroy et al. in 2015 in a study aiming at understanding acetate
photoassimilation in R. rubrum or the 1823 proteins identified by Bayon-Vicente et al. in 2020 for R.
rubrum grown on acetate or succinate, with various amounts of bicarbonate and varying light intensity
[4, 39, 40]. Comparing our data with the study of Leroy et al., 573 proteins are encountered only in our
study and 726 in theirs and comparing with the recent study of Bayon et al., around 730 proteins are
found only in one of the studies (241 only in our study and 592 in theirs). Therefore, combining the
four studies allows the confirmation of the expression of two-thirds of the proteins predicted from the
genome, but in very different physiological conditions. Moreover four additional proteins (Q2RMU9,
Q2RWTO0, Q2RX52 and Q2RSAO0), not detected in our shotgun approach were identified following a
2D approach (see below).

As shown in Supplementary Figure 1 and 2 for example carbon metabolism or amino-acid synthesis,
which are essential pathways using abundant proteins, are extremely well covered.

3.2. Comparative proteomic studies of R. rubrum exposed or not to carbon monoxide: shotgun
approach

Anaerobic cultures of R.rubrum growing in the light with acetate were sparged or not with CO gas
upon a period of 24 hours. It was chosen to start with an early stationary phase in order to minimize
the important metabolic changes occurring during exponential /stationary phase transition. Among the
1572 protein identified both with and without CO, 435 were differentially expressed considering a
Mann-Whitney U test inferior or equal to 2, corresponding in the experimental scheme to a p-value
below 0.05. More precisely, 187 proteins were up-regulated and 248 down-regulated (Supplementary
Table 2)

3.3. Comparative proteomic studies of R. rubrum exposed or not to carbon monoxide: 2DE
approach

Mass spectrometry analysis after 2DE is a complementary approach to direct shotgun. Indeed, some
proteins are not easily detected in shotgun but most importantly, 2DE approach allows the detection of
proteins regulated at the posttranslational level whereas their total amount may be stable.

The same extracts as those used for the shotgun experiment were used for the 2DE approach and 2200
spots were detected on average on the different gels. The aim of this experiment being to identify
differently modulated proteins after CO exposure and not to determine R. rubrum proteome, only
significantly-varying spots (U test <2) plus spots suspected to correspond to post-translationally
modified forms of varying proteins were selected, cut and analyzed (Figure 1A and 1B, and
Supplementary Figure 3 and 4 for the complete set of gels (control and CO exposed cultures,
respectively). The quantitative data for 2D gels analysis are also presented in Supplementary Table 3.
The 98 significantly varying spots plus one invariant corresponded to 77 non-redundant proteins, 10
proteins being identified from 2 different spots and 6 from 3 different spots. 27 proteins are up-
regulated and 46 proteins down-regulated plus 4 proteins that are both up or down-regulated depending
on the spots from which they have been identified (Supplementary Table 4).
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Figure 1: Figure 1 Panels A and B: Proteomic analysis of total cell extracts by 2D electrophoresis

Total cell extracts of R. rubrum cells were separated by two-dimensional gel electrophoresis. The first
dimensions covered a 4-8 pH range and the second dimension a 5-200 kDa range. Total cellular proteins (150
pg) were loaded on the first dimension gel. Spots that are significantly changed in their intensities by exposure
to CO are shown. The colors have been chosen only for legibility purposes. The splitting of the figure in two
parts has also been made only for legibility purposes.

3.4. Pathways analysis

The KEGG mapper tool was used to analyze more precisely the pathways or sub-pathways in which
the varying proteins are implicated. Supplementary Table 5 summarizes the number of proteins up
and down-regulated as well as the number of proteins detected (full proteome). In the categories
Metabolic pathways (rru01100), Biosynthesis of secondary metabolites (rru01110), Microbial
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metabolism in diverse environments (rru01120), Carbon metabolism (rru01200) and Biosynthesis of
amino acids (rru01230) we found almost twice less up-regulated than down-regulated proteins,
suggesting a strong impact of CO on the global metabolism.

3.4.1. Central metabolism
Carbon metabolism

Concerning carbon metabolism, the proteins are associated for example with Pyruvate metabolism
(rru00620), Carbon fixation in photosynthetic organisms (rru00710), Glyoxylate and dicarboxylate
metabolism (rru00630), Propanoate and Butanoate metabolism (rru00640). Regarding the latter
pathway, Polyhydroxyalkanoates (PHA) and in particular polyhydroxybutyrates (PHB) are used by
many bacteria as a carbon and energy storage molecule [41]. When needed PHBs are mobilized to give
back acetyl-CoA. This metabolism is connected to butanoate metabolism. With CO, four enzymes
implicated in PHB synthesis from acetyl-CoA (Q2RXR6 (Acetyl-CoA acetyltransferase), Q2RXR7 (3-
oxoacyl-[acyl-carrier-protein] reductase), Q9RDT6 (PHA synthase) and Q2RRN2 (Poly(R)-
hydroxyalkanoic acid synthase, class 1)) are down-regulated at least in one of our approaches (See
Figure 2) (See Table 1 for a list of the varying proteins discussed in the text).
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Figure 2: main metabolic network of R. rubrum central carbon metabolism
The proteins upregulated after CO exposure are written in orange and the ones downregulated in purple. The
protein Q2RWUS5 (Fructose-1,6-bisphosphate aldolase) is identified in three different spots varying in opposite

direction on 2D gels and is written in cyan
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Table 1: List of proteins significantly modulated by CO exposure and discussed in the manuscript. For
the complete lists of proteins regulated by CO and identified by shotgun or 2D gel based proteomic

analyses see Supplementary Table 2 and 4, respectively.

Shotgun

accession | description ratio p value | coverage # or 2D
CO/ ctrl (%) peptides gel

P31894 Iron-sulfur protein CooF 2,23E+07 | 6,16E-05 | 45 10 Shotgun
P31895 Carbon monoxide-induced hydrogenase 1,48E+08 | 2,38E-05 | 66 26 Shotgun
P31896 Carbon monoxide dehydrogenase 2,37E+03 | 9,77E-06 | 93 67 Shotgun
P31896 Carbon monoxide dehydrogenase 2,70E+01 | <E-04 32 17 2D Gel
P31896 Carbon monoxide dehydrogenase 2,60E+01 | <E-04 37 18 2D Gel
P31896 Carbon monoxide dehydrogenase 1,16E+02 | <E-04 35 18 2D Gel
P31897 Carbon monoxide dehydrogenase accessory protein CooC 9,64E+07 | 1,05E-04 | 71 18 Shotgun
P31897 Carbon monoxide dehydrogenase accessory protein CooC 3,73E+00 | <E-04 39 9 2D Gel
P31897 Carbon monoxide dehydrogenase accessory protein CooC 2,93E+00 | <E-04 39 9 2D Gel
P31897 Carbon monoxide dehydrogenase accessory protein CooC 1,74E+00 | 4,80E-03 | 24 6 2D Gel
P72316 CooM 1,76E+06 | 3,65E-02 | 3 3 Shotgun
P72317 CooL 1,52E+07 | 3,87E-04 | 63 8 Shotgun
P72318 CooX 8,41E+06 | 5,52E-04 | 54 7 Shotgun
P72319 CooU 2,11E+07 | 1,03E-04 | 72 14 Shotgun
P72320 CooT 2,22E+07 | 6,53E-04 | 61 3 Shotgun
P72320 CooT 2,13E+01 | 2,50E-03 | 61 3 2D Gel
P72321 CooJ 2,54E+07 | 2,06E-04 | 42 4 Shotgun
P72322 CooA 8,28E+06 | 5,23E-05 | 32 7 Shotgun
P77937 CooK 1,81E+06 | 4,48E-02 | 5 2 Shotgun
Q2RMQ6 | Transcriptional regulator, BadM/Rrf2 family 8,20E-01 |4,11E-02 | 30 4 Shotgun
Q2RMQ8 | Molybdopterin biosynthesis protein 5,22E-01 | 3,58E-03 | 26 5 Shotgun
Q2RMR3 | Ferric uptake regulation protein 2,18E+00 | 6,32E-05 | 19 3 Shotgun
Q2RMS8 | CBS domain protein 1,14E+00 | 2,35E-02 | 22 7 2D Gel
Q2RMS8 | CBS domain protein 7,88E-01 | 2,90E-03 | 21 7 2D Gel
Q2RNHO | Nitrogen-fixing NifU-like 1,51E+00 | 7,05E-04 | 35 5 Shotgun
Q2RNHO | Nitrogen-fixing NifU-like 5,39E-01 | 1,40E-03 |39 7 2D Gel
Q2RP67 | Phasin 1,11E+00 | 5,50E-02 | 65 11 2D Gel
Q2RP67 | Phasin 7,80E-01 | 2,60E-03 | 61 9 2D Gel
Q2RPC9 | Uncharacterized protein 1,08E+06 | 2,34E-05 | 21 3 Shotgun
Q2RPDO0 | TonB-dependent receptor 1,98E+01 | 2,70E-04 | 60 29 Shotgun
Q2RPD1 | Twin-arginine translocation pathway signal 3,44E+05 | 1,17E-02 | 13 2 Shotgun
Q2RQL4 | Basic membrane lipoprotein 6,02E-01 | 2,85E-04 | 61 13 Shotgun
Q2RR75 | Iron-regulated ABC transporter membrane component SufB 1,15E+00 | 3,37E-02 | 29 9 Shotgun
Q2RR76 | FeS assembly ATPase SufC 1,79E+00 | 1,23E-02 | 32 8 Shotgun
Q2RR78 | Cysteine desulfurase 1,41E+00 | 7,28E-05 | 53 14 Shotgun
Q2RRH6 | FeoA 6,29E+00 | 9,21E-06 | 42 3 Shotgun
Q2RRN2 | Poly(R)-hydroxyalkanoic acid synthase, class | 4,57E-01 | 4,09E-05 | 49 22 Shotgun
Q2RRP5 | Ribulose bisphosphate carboxylase 1,26E+00 | 2,93E-02 | 49 15 Shotgun
Q2RSN8 | Molybdopterin-guanine dinucleotide biosynthesis MobB region 6,86E-01 | 5,17E-02 | 34 5 Shotgun
Q2RSU7 | 5-methylthioribulose-1-phosphate isomerase 7,72E-01 | 3,95E-04 | 17 4 Shotgun
Q2RT62 | Magnesium transport protein CorA 3,56E-01 | 1,95E-02 | 6 2 Shotgun
Q2RTI5 | Superoxide dismutase 6,42E-01 | 5,00E-04 | 23 5 2D Gel
Q2RU10 | Putative depolymerase 6,66E-01 | 1,69E-02 | 19 4 Shotgun
Q2RU56 | Molybdenum-pterin binding protein 1,66E+01 | 1,72E-03 | 61 2 Shotgun
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Q2RUE4 | Transcriptional regulator, ArsR family 1,98E+00 | 2,15E-03 | 8 2 Shotgun
Q2RUV7 | Trimethylamine-N-oxide reductase (Cytochrome c) 5,75E-01 | 1,89E-02 | 50 33 2D Gel
Q2RUWO | Cytoplasmic chaperone TorD 4,00E+00 | 3,06E-08 | 60 9 Shotgun
Q2RVI17 | 3-hydroxybutyrate dehydrogenase 4,50E-01 | 3,10E-03 | 19 4 Shotgun
Q2RVS8 | Xanthine dehydrogenase, molybdenum binding subunit apoprotein | 3,86E-01 | 5,42E-03 | 6 4 Shotgun
Q2RVZ1 | Pyruvate formate-lyase 1,57E+00 | 5,16E-02 | 4 3 Shotgun
Q2RWI7 | Molybdenum ABC transporter, periplasmic binding protein 1,83E+00 | 2,88E-04 | 59 14 Shotgun
Q2RWI7 | Molybdenum ABC transporter, periplasmic binding protein 1,29E+00 | 2,70E-03 | 50 11 2D Gel
Q2RWQ9 | Chemotaxis sensory transducer 4,31E-01 | 2,71E-03 | 4 2 Shotgun
Q2RWU5 | Fructose-1,6-bhisphosphate aldolase 1,37E+00 | 1,10E-03 | 11 4 2D Gel
Q2RWUS5 | Fructose-1,6-bhisphosphate aldolase 8,53E-01 | 2,80E-03 | 36 14 2D Gel
Q2RWU5 | Fructose-1,6-bhisphosphate aldolase 6,16E-01 | 4,00E-04 | 30 10 2D Gel
Q2RWU9 | Extracellular solute-binding protein, family 5 7,69E-01 | 4,30E-03 | 19 11 2D Gel
Q2RXL6 | Formate dehydrogenase alpha subunit 7,26E-01 | 2,02E-02 | 49 25 Shotgun
Q2RXM7 | Aldehyde ferredoxin oxidoreductase 9,03E+00 | 8,85E-03 | 4 Shotgun
Q2RXN2 | Carbamoyltransferase HypF 3,66E+00 | 2,92E-06 | 16 Shotgun
Q2RXN4 | Hydrogenase maturation factor 8,33E+00 | 4,06E-07 | 40 Shotgun
Q2RXNS5 | Hydrogenase expression/formation protein HypE 6,55E+01 | 5,06E-06 | 49 13 Shotgun
Q2RXR6 | Acetyl-CoA acetyltransferase 7,59E-01 | 2,80E-03 | 63 18 2D Gel
Q2RXR7 | 3-oxoacyl-[acyl-carrier-protein] reductase 8,24E-01 | 2,00E-03 | 60 11 2D Gel
Q2RXR7 | 3-oxoacyl-[acyl-carrier-protein] reductase 7,30E-01 | 2,30E-03 | 44 8 2D Gel
Q9RDT6 | PHA synthase 4,63E-01 | 6,34E-05 | 30 15 Shotgun

Q2RWU9 (Extracellular solute-binding protein, family 5) and Q2RQL4 (Basic membrane lipoprotein)
are two proteins associated with PHB granules and are up and down-regulated, respectively [42]. On
the other hand, PHB degradation involves in particular an activator of depolymerisation Phasin and a
depolymerase [43]. In our study, Phasin (Q2RP67) has 2 spots which vary in opposite direction in 2DE
approach and the more acidic one (likely the modified form) is down regulated in the presence of CO.
The protein Q2RVI7 (3-hydroxybutyrate dehydrogenase) also implicated in the PHB cycle (Figure 2)
is down-regulated and a loss of activity (3-hydroxybutyrate + NAD" gives acetoacetate + NADH + H")
has been confirmed experimentally on cell extracts (Table 2). We also detected Q2RU10 (Putative
depolymerase, PhaZ1) as down-regulated but contrary to Phaz2 (Q2RNZ5) this protein is supposed to
be periplasmic [44]. R. rubrum seems therefore to have decreased or stopped its PHB synthesis and
use. This is quite different from Revelles et al.’s study in which they exposed R. rubrum to syngas (a
mixture of CO, CO; and H,) and still observed PHB synthesis as probed by isotope labelling [3]. Yet,
the syngas they used is composed of 40% CO whereas we sparged our culture with pure CO and an
initial small overpressure (<1 bar).

Table 2: Enzymatic activity measurement. Measurements were performed as stated in the Materials
and Methods section. The values correspond to the activity of 1 mL culture normalized to 1 OD.

Standard Standard

Mean | deviation| Mean |deviation| CO/

control | control CO CO control t test
3-hydroxybutyrate dehydrogenase activity
(nmoles of hydroxybutyrate oxidized min™) 6.5 0,61 4.2 0.29 0.65| 0.0009
CODH activity (nmol of CO oxidized min™) 2.43 0,38 1005 62 413| 2.10E-08
Hydrogenase activity (nmoles of H2 oxidized
min™) 0 0 1.2 0.29
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Ribulose 1,5-biphosphate carboxylase (Q2RSU7, 5-methylthioribulose-1-phosphate isomerase) protein
is also down-regulated suggesting that CO, fixation decreased after exposure to high CO
concentration. However, another protein (Q2RRP5, Ribulose bisphosphate carboxylase) also annotated
as Rubisco, is on the contrary upregulated (Figure 2). Pyruvate-flavodoxin oxidoreductase (Q53046,
PFOR) also implicated in CO, fixation is invariant

A protein annotated as pyruvate formate lyase (Q2RVZ1, PFL) is up-regulated but the formate
dehydrogenase H subunit alpha (Q2RXL6) the activity of which is known to be CO sensitive is down-
regulated.

CO related metabolism, enzymes involved in WGSR

It is well known that CODH is overproduced after CO exposure in R. rubrum. As a control CO
oxidation activity was therefore directly checked on whole cells at the end of the culture. The activities
were about 0 and 300 U/mL for the negative controls and the CO-exposed cultures, respectively (1 U =
1 nmole CO oxidized per min). In our shotgun study we can observe that CooS (P31896, Carbon
monoxide dehydrogenase), CooF (P31894, Iron-sulfur protein) and the six proteins of the hydrogenase
complex (CooM (P72316), CooK (P77937), CooL (P72317), CooX (P72318), CooU (P72319) and
CooH (P31895, Carbon monoxide-induced hydrogenase)) are indeed largely produced after CO
exposure as well as the CO-responsive transcription factor CooA (P72322) (see Figure 3 for coo
operon and CODH/ECH complex). Note that CooA is a transcription activator, the activity of which is
enhanced by conformational changes triggered by CO binding to its heme so its regulatory function
does not necessarily imply a change in protein level [45]. The proteins CooS is also significantly
increased on 2D gels.

. D=0

cooM cooK cool cooX cooU cooH cooF cooS cooCcooTcool) cooA

CO+H,0 CO,+2H*

Figure 3 : R. rubrum coo cluster and the corresponding proteins

Panel A : the cooMKLXUH and cooFSCTJ operons are represented as well as cooA encoding the CO
responsive transcription regulator acting on the two coo operons. Corresponding protein names are written
above the sequence. All the proteins associated are up-regulated.

Panel B : Schematic view of Coo proteins implicated in the water-gas shift reaction : the Carbon monoxide
dehydrogenase (CODH), its maturation proteins, transcription regulator as well as the CO induced energy
conserving hydrogenase (ECH).
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CODH dimer possesses three classical Fe;S, clusters and two atypical NiFe;S, clusters forming the
active sites. The active site biosynthesis is a multistep process that starts with the insertion of Fe and S
atoms, to form a Fe4S, cluster, likely performed by the Suf machinery and it is worth noting that the
Suf machinery is indeed induced after CO exposure. The following step is the insertion of the Ni atom
thanks to the three nickel-binding proteins: CooC (P31897), CooT (P73320) and CooJ (P73321) that
are greatly induced in shotgun analysis and also in 2D gel approach for CooC and CooT, and this
despite the large excess of nickel present in the growth media. Another interesting point deals with the
different spots observed on 2D gels for CooS (P31896) and CooC, highlighting post-translational
modifications with all forms increased. However, a more specific study will be required to determine
precisely the nature of these modifications

Three different [NiFe]-hydrogenases have been described in R. rubrum: the CO-linked ECH involved
in WGSR, a formate-linked hydrogenase and a H; uptake hydrogenase. The six subunits of the CO-
linked ECH are highly up-regulated, only two proteins (Q2RXM4 and Q2RXM?2) of the formate-
linked hydrogenase are detected and are invariant, and no protein were detected for the uptake
hydrogenase Hup (Figure 4).

Formate-linked hydrogenase locus

Rru_A0302 Rru_A0315 Rru_A0326

Fe AFOR-N MoaA
XRE hyd FocB Q2RXM7 FdhH Q2RXLS

hypB hypE hypD hypF hyfD hyf8 hyfG  hyfC hyfE  hyfF hyft  hyfA hyfR
hypC hyfH hycl/hyfK

H,-uptake hydrogenase locus

Rru_A1161 Rru_A1170

hupA  hupB hupC hupD hupH hupK hypB hupR
hupF hypA

Figure 4: R. rubrum formate-linked and uptake hydrogenase locus.

Grey, green, orange and purple arrows represents genes encoding proteins that are respectively not detected,
invariant, up-regulated or down-regulated after CO exposure.

The gene names below the clusters correspond to Escherichia coli or Pectobacterium atrosepticum
denomination for the formate-linked hydrogenase (pyruvate formate-lyase) and to Rhodobacter capsulatus
denomination for the H,-uptake hydrogenase [48, 52].

Above the cluster of the formate-linked hydrogenase are the names of the encoded proteins: XRE
‘transcriptional regulator XRE family;

Fe hyd : [FeFe] hydrogenase; FocB: formate transporter; AFOR-N: Aldehyde ferredoxin oxidoreductase; FdhH:
formate dehydrogenase; MoaA: GTP 3',8-cyclase.

As for CODH, the biosynthesis of [Ni-Fe]-hydrogenase active site is a multistep process involving at
least six strictly conserved accessory proteins, namely HypABCDEF, in addition to a specific protease
cleaving the C-terminal tail (Hycl in E. coli, HyfK in Pectobacterium atrosepticum) [46-48]. In some
bacteria such as Rubrivivax gelatinosus, hyp genes potentially responsible for CO-induced ECH
maturation are clustered next and among the coo genes [49]. This is not the case for R. rubrum but
searching for homologies, we could find four clustered genes hypE (Q2RXNS5), hypD (Q2RXN4),
hypC (Q2RXNS3) and hypF (Q2RXN2) in close proximity to the gene cluster encoding the formate-
linked hydrogenase (Figure 4). While the hydrogenase in this cluster does not seem to be up-regulated
(2 invariant proteins detected), the HypDEF proteins are highly up-regulated (HypC was also found
up-regulated but being identified with a single peptide, it has been discarded) after CO exposure. This
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tends to show that in R. rubrum the same maturation machinery would be used for both formate-linked
hydrogenase and ECH maturation while the Hj,-uptake enzyme possesses its own maturation
machinery (Figure 4). Besides, it suggests the existence of a co-regulation mechanism between ECH
and the HypCDEF proteins expression. There is next to the four hyp genes a XRE family
transcriptional regulator (Q2RXNG6) but its function cannot be determined by homology. On the other
hand, looking at the genomic sequence upstream of hypF, it was possible to find a CooA binding site
similar to the ones determined for the CODH and ECH operons (Figure 4) [50, 51]. R. rubrum
possesses two hypA and two hypB paralogs. One hypA and one hypB belongs to the H, uptake
hydrogenase Hup cluster (Figure 4) and the corresponding proteins are not detected [52]. The other
hypA gene is isolated and its protein not detected, and the second hypB is located in the formate-lyase
cluster and the protein is invariant. However, HypA and HypB are both involved in nickel insertion
into [NiFe]-hydrogenases and in E. coli at least, these two proteins are dispensable when high nickel
concentration is present.

CODH and hydrogenase activities were checked on permeabilized cells and cell lysate, respectively in
order to back up the proteomics results (Table 2).

3.4.2. Metal metabolism and regulation

Our proteomic study revealed that different proteins implicated in the homeostasis of various transition
metals such as iron, nickel, cobalt or molybdenum were perturbed by CO exposure.

Metal Transporters and sensors

Q2RRH6 (FeoA) is largely up-regulated (6 folds). The feoA gene is followed by one gene homologous
among others to feoB from E coli, and preceded by one annotated also as feoA but which is not
homologous at least to feoA from E. coli. FeoA is implicated in ferrous iron transport and is regulated
in E. coli by the metalloregulator Ferric Uptake Regulator (Fur) controlling iron acquisition systems
and the fumarate and nitrate reduction regulator (FNR) controlling the aerobic/anaerobic transition in
facultative anaerobes, Fe being mainly present as Fe** under anoxygenic conditions [53, 54].

Q2RPD1 (Twin-arginine translocation pathway signal) is a periplasmic iron siderophore/cobalamin-
binding protein ABC transporter. It is homologous to E. coli ferrichrome ABC transporter/ iron(l11)
hydroxamate binding protein (encoded by fhuD), to the ferric enterobactin-binding periplasmic protein
(encoded by fepB), and to vitamin B12 (cyano-cobalamin) (encoded by btuF). Q2RPDO (TonB-
dependent receptor) is a TonB-dependent outer membrane transport system that typically acts in series
with the above permeases. Q2RPDO is homologous to FecA (ferric citrate transport protein), BtuB,
FepA, or FhuA for example, all associated with iron or cobalt transport. Q2RPC9 (Uncharacterized
protein) is an uncharacterized protein annotated as a Fe transport with no strong homology with any
known protein, and contains a DUF2478 domain that is often found in proteins near the molybdenum
ABC transporter (MobA, MobB and MobC). These three clustered proteins are all highly up-regulated
(3.5 10°, 20 and 1.1 10° folds, respectively). One can note that the following genes (Rru_A3222 and
Rru_A3223) encode for proteins (Q2RPC8 (Transport system permease protein) and Q2RPC7 (ABC
transporter component)) not detected in our experiment but corresponding to the permease
membranous domain and the ATP binding subunit, respectively. BtuF gene is usually isolated in the
genome whereas on the contrary fhu and fep genes are very often organized in operons with the other
subunits of the permease (membrane component and ATP binding subunit) like this is the case here,
suggesting that this is indeed one of these two iron chelated transport systems which is up-regulated
[55].

The protein Q2RU56 (Molybdenum-pterin binding protein) annotated as a molybdate transporter is
highly up-regulated and the ModA (Q2RWI7, Molybdenum ABC transporter, periplasmic binding
protein) transporter of molybdate is also slightly up-regulated both in shotgun and 2DE experiments
(1.8 and 1.3 folds, respectively).

Q2RMS8 (CBS domain protein) is homologous to CorC from E. coli (CorC-HIlyC family), with the
same genomic context (apolipoprotein, PhoH-like downstream). It contains a FAD binding site and is
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annotated in E. coli as a magnesium and cobalt efflux protein [56-58]. In our study, we observed one
spot up and the other down-regulated (1.1 and 0.8 folds, respectively) suggesting a change in the level
of post-translational modification of this subunit upon CO exposure.

Q2RT62 protein (Magnesium transport protein CorA) is down-regulated (0.35 folds). CorA is a
primary Mg®* transporter which also mediates non specific import of Ni** and Co®* [59]. Like in R.
rubrum, the gene for CorA protein stands alone in the genome of E. coli or Shigella flexneri even if it
works in a transporter system in association with other Cor proteins including CorC [56].

It is worth noting that several ABC transporters predicted to transport metallic ions also varied after
CO exposure but the nature of the metal is hardly identifiable by using homology predictions.

One can note that the protein NikA (Q2RS18) belonging to the nickel transport system and detected in
our study is invariant in agreement with the study of Watt and Ludden that showed that Ni-import is
CO-independent [60].

Chemotaxis sensory transducer like Q2RWQ9 (chemotaxis methyl-accepting receptor) has a
hemerythrin-like domain and is down regulated after CO exposure.

Regulators

Several transcription factors regulating metal homeostasis are affected by CO exposure.

The Fur-like family includes several metal uptake regulation proteins such as Fur (for Fe(ll) uptake),
(Nur (for Ni(lI1) uptake), Zur (for Zn(1l) uptake) or Mur (for Mn(ll) uptake), as well as the Irr (iron
response regulator) and the H,O,-sensing regulator PerR. In the family, three metallic sites can be
encountered (a metal specific sensing site, an accessory metal-binding site often occupied by Zn?* and
a structural binding site), but they are not all always present. Moreover, the ligands may vary (in amino
acid identity and position) between the different classes but also sometimes in the same functional
class making the classification challenging [22, 61]. R. rubrum genome encodes three proteins of the
Fur family: Q2RMT4 and Q2RT34 that are invariant and not detected, respectively, and the up-
regulated Q2RMR3 (2.2 folds). As shown on the alignment sequence (Figure 5) performed with well-
characterized members of the different classes, we can postulate that Q2RMT4 and Q2RT34 are Fur
and Zur proteins, respectively [62-65]. Concerning Q2RMR3, even if it is highly homologous to the
atypical PerR from Leptospira interrogans devoid of a structural metal-binding site, it seems that it is
rather an Irr protein as suggested as well by phylogenetic analyses in alpha-proteobacteria [66-69].
Most of the time, the Fur-like family proteins regulate the intracellular concentration of metals and
some proteins containing these metals [61, 69]. For example, Nur regulates the nikABCDE gene
operon (nickel transporter) in Streptomyces coelicolor, represses the FeSOD and induces the NiSOD in
the presence of nickel [23]. Irr proteins are distinct in the way that they sense heme and not directly
Fe?* iron. Here like Irr in Rhizobium leguminosarum, the protein does not have the N-terminal heme
regulatory motif (HRM) but only internal histidine residues [67]. Irr proteins are quite unstable and
rapidly degraded when heme is present especially when the HRM motif is present [70]. When the
HRM site is absent, heme binding rather promotes oligomerization and impedes DNA binding and
hence prevents the repressor capacity of Irr [71]. On the contrary, for Fur the presence of iron
promotes its binding to DNA.
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Figure 5 : Sequence alignment of Fur-like proteins.

Q2RMT4_RR, Q2RT34_RR and Q2RMR3_RR: the three Fur-like proteins from Rhodospirillum rubrum.
Fur_PA Pseudomonas aeruginosa(Q03456); Fur_CJ Campylobacter jejuni (POC631); Fur_VC Vibrio cholerae
(A5F6G4); Fur_EC Escherichia coli (POA9A9); Mur_RM Rhizobium meliloti (Q92LL6); Mur_RL Rhizobium
leguminosarum (O07315); Nur_SC Streptomyces coelicor (Q9K4F8); Zur_EC Escherichia coli (POAC51);
Zur_MT Mycobacterium tuberculosis (P9WN85); PerR_L.i Leptospira interrogans (Q72QS5); PerR_BS
Bacillus subtilis (P71086); PerR_SP Streptomyces pyogenes (P72567); Irr_RL Rhizobium leguminosarum
(Q8KLUL); Irr_BJ Bradyrhizobium japonicum (085719).

Green, cyan and yellow indicates the amino acid residues experimentally shown to be implicated in metal
binding and grey conserved ones. Green metal sensing site cyan accessory site and yellow the cysteine residues
implicated in the structural site or disulfide bridge. For Irr, the magenta indicate CP in the HRM motif (Heme
regulatory motif) that binds heme but is not always conserved and green the His residues implicated in heme
binding. [62-67, 69, 102-107].

Q2RUE4 (Transcriptional regulator, ArsR family) (the protein is also annotated now as a Protein-
tyrosine-phosphatase) is up-regulated (2 folds). Genes downstream encode for proteins annotated as
arsenite transporter, and then arsenical resistance operon transacting repressor ArsD and arsenite
transporting ATPase which is invariant. The same genomic organization is present in some other
bacteria. ArsR/smtB-like repressors bind to the operator/promoter and seem to dissociate in the
presence of metal ions, allowing transcription of the proteins generally involved in metal-ions efflux
and/or detoxification. The arsR/smtB family includes transcription repressors responsive to Ag**, Cu'*,
Cd*, Co™, Ni**, Pb?*, Zn?*, As**, and Bi*".
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There are “Cross-homologies” between proteins from different species and the metal type sense by
these regulators or transport proteins is difficult to identify. Besides, for this type of regulator, their
status (loaded or not loaded with metal) is probably more meaningful than the raw amount of protein.

Metallic ions content

In order to strengthen our hypothesis that CO has perturbed metal homeostasis we proceeded to ICP-
AES quantification. As shown in Table 3, after CO exposure, iron and molybdenum are significantly
increased and decreased in the bacteria, respectively. Concerning iron, this increased intracellular
accumulation even resulted in a partial depletion of the medium. For molybdenum, the proportion of
intracellular metal compared to the medium is not high enough to have a visible effect on culture
medium concentration. The higher iron accumulation correlates well with the increased of several iron
transporter and storage molecules as detected by proteomics.

Table 3 :ICP-AES measurements. Measurements were performed as stated in the Materials and
Methods section. An equivalence of 10° bacteria per 1 ODgsp was used.

Concentration in Standard Standard
UM in the Mean deviation deviation Ratio
supernatants control control Mean CO CcO COlctrl t test

Co 0,15 0,034 0,18 0,040 1,25 0,30
Mg 1930 77 1900 92,4 0,98 0,67
Fer 24,6 1,7 19,1 1,15 0,78 0,01
Mo 5,5 0,44 4,8 0,60 0,87 0,17
Ni 30,4 79 40,3 2,9 1,33 0,15
Cu 0,03 0,000 0,03 0,010 0,83 0,42
Zn 0,95 0,045 0,79 0,080 0,83 0,05
Mn 0,07 0,012 0,07 0,012 1,00 1,00

Metal in the cells Standard Standard

(nmoles of Mean deviation deviation Ratio

ions/10° bacteria) control control Mean CO CcO COlctrl t test
Co 0,022 0,006 0,016 0,002 0,69 0,20
Mg 53,3 5,06 41,2 7,1 0,77 0,08
Fer 2,4 0,068 4,3 0,39 1,78 0,01
Mo 0,20 0,012 0,11 0,015 0,57 0,00
Ni 0,20 0,094 0,13 0,009 0,63 0,31
Cu 0,016 0,006 0,019 0,003 1,19 0,48
Zn 0,11 0,008 0,12 0,008 1,10 0,16
Mn 0,000 0,000 0,000 0,000

3.4.3. Cofactors biosynthesis

Proteins modulated by the CO exposure are involved in various cofactors biosynthetic pathways. One
can cite: i) Carotenoid biosynthesis (rru00906) (Supplementary Figure 5) with 3 proteins down-
regulated, ii) Ubiquinone and other terpenoid-quinone biosynthesis (rru00130) (Supplementary
Figure 6) with 2 down and 1 up-regulated proteins, iii) Porphyrin and chlorophyll metabolism
(rru00860) (8 down and 2 up-regulated proteins including one up-regulated in the shotgun experiment
but down-regulated in the 2 DE one with 2 spots) (Supplementary Figure 7), and iv) Riboflavin
metabolism (rru00740) (Supplementary Figure 8) with 5 down-regulated proteins out of the 7
detected in our experiments.
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Porphyrin and chlorophyll metabolism

Focusing on the porphyrin and chlorophyll metabolisms (Supplementary Figure 7), the down
regulated proteins map mainly on the beginning of heme synthesis and probably up to
uroporphyrinogen Il1, the branching point to the cobalamin (vitamin B12) pathway. The end of the
heme synthesis pathway and the chlorophyll part seems much less affected. Remarkably, chlorophyll
implicates a Mg porphyrin contrary to the classical heme that binds Fe, which is a good target for CO
binding.

Cobalamin synthesis

Concerning cobalamin synthesis, two pathways historically identified as aerobic (cob) and anaerobic
(chi) exist in bacteria [72]. However, the distinction is not so clear-cut. Some bacteria possess both, but
for example in R. rubrum, the chi pathway is incomplete and the cob pathway is able to function even
in the absence of oxygen in particular with the flavoprotein CobZ [73]. Along the complete pathway
starting from amino-levulinate, 5 proteins are down-regulated. (Supplementary Figure 7). Cobalamin
is an important cofactor for many enzymes, such as methyltransferases, isomerases or reductases [74].
Besides, affecting cobalamin synthesis may in turn impact for example chlorophyll synthesis by
depriving Mg-protoporphyrin IX-monomethylester oxidative cyclase (Q2RNF3) of its cofactor even if
we did not observe any change at the proteins level [75]. Cobalamin is also important for the S-
adenosyl methionine (SAM) regeneration necessary for the various enzymes relying on it for substrate
methylation, as indeed one of the two existing pathways relies on a cobalamin dependent methionine
synthase (Q2RUG64 in R. rubrum) [76]. Furthermore, hydrogenobyrinic acid synthase (CobZ) necessary
for cobalamin synthesis is an enzyme containing heme, Flavin and Fe-S cofactors [77]. These few
examples highlight the high interdependency of these cofactors biosynthesis (See Figure 6).

Heme %
Homocysteine S-adenosyl
<:| homocysteine
I ; SAM dependent
F ijj ﬁ enzymes A
Methionine :> S-adenosyl
methionine
Bacteriochlorophyll l U
SAM radical enzymes
Cobalamm Mo cofactors ‘

) ) o
FMN .
L

Figure 6: cofactors biosynthesis interdependency.

This figure is a scheme of the interdependency between various cofactor biosynthesis and is not intended to be
exhaustive. Arrows represent branches of the different pathways with grey arrows: no proteins detected; green
arrows: the proteins detected are invariants; orange and purple arrows: at least one of the detected proteins are
up- or down-regulated respectively (See Supplementary Figures 7, 8 and Figure 7 below for more details).
Yellow squares: iron-sulfur clusters; brown hexagons: flavins; blue circles: cobalamin; orange diamonds:
hemes; red stars and triangles: SAM (S-adenosyl methionine) in the context of SAM radical and SAM
dependent (methyl transferase) enzymes.Note that colored forms indicate the presence and not the number of
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these cofactors; the three red triangles in cobalamin synthesis are just there to highlight an important number of
such proteins.

It is worth mentioning that cobalamin is also implicated directly or indirectly, in gene expression
regulation. Indeed, in several photosynthetic bacteria, RNA-based Co-riboswitches regulate the
synthesis of proteins implicated for example in cobalamin or carotenoids synthesis [78]. Several
riboswitches respond to the different forms of cobalamin (methylcobalamin and adenosylcobalamin)
as well as to their photolytic derivative (hydroxocobalamin) [79]. Moreover, in some photosynthetic
bacteria like Rhodobacter capsulatus, AerR when it binds cobalamin, acts as an anti-repressor of CrtJ
preventing the binding of this transcription repressor to various promotors [80]. A decrease in
cobalamin synthesis could therefore result in the perturbation of various proteins transcriptional
regulation.

Riboflavin metabolism

Concerning riboflavin metabolism, all the enzymes from GTP to FMN and FAD are moderately down-
regulated (fold-change between 0.48 and 0.86) (Supplementary Figure 8). Note that the enzyme
corresponding to EC. 3.1.3.104 has not yet been identified in R. rubrum. Many redox enzymes use
FAD or FMN and may therefore be affected by such an inhibition in term of regulation, stability or
merely function. In particular, one can cite the previously mentioned flavoprotein CobZ implicated in
cobalamin biosynthesis (Figure 6).

Molybdopterin cofactor biosynthesis

Concerning the molybdopterin cofactor (Moco) biosynthesis and its derivatives, proteins homologous
to most of the ones described by Leimkuihler et al. or Zupok et al. for Escherichia coli are annotated in
R. rubrum [81, 82]. In the pathway, MoaB (Q2RXS2), MoaD (Q2RQI4), MoaE (Q2RQI3), MoeA
(Q2RS73) are invariant, and MobB (Q2RSN8) and MoeB (Q2RMQ8) slightly down-regulated (Figure
7). The role of MobB is not very clear but MoeB participates with IscS to the regeneration of the
thiocarboxylate group on MoaD which itself is essential in association with MoaE to form the
dithiolated molybdopterin intermediate [82]. The organization of the corresponding genes on R.
rubrum chromosome is quite different from the one in E. coli, and even from the one in R. capsulatus
which is phylogenetically closer (alphaproteobacteria) [83]. Except for a cluster MobAMoaCDE, other
proteins implicated in molybdopterin cofactor biosynthesis are individually located.
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Figure 7: Molybdenum cofactors biosynthesis

This figure was made based on KEGG mapper (https://www.genome.jp/kegg/mapper.html) rru00790 Folate
biosynthesis with modifications according to Leimkuhler S and Zupok A [81, 82]. Green rectangles represent
enzymatic functions to which KEGG program has associated at least one protein from R. rubrum; the red
borders around the green rectangles indicate that these proteins were identified in our proteome (2D and shotgun
approaches). Purple and orange rectangles indicate down- and up-regulated proteins with their uniprot reference.

The proteins encoded by the cluster around moeB are interesting. Q2RMQ6 is a transcriptional
regulator belonging to the BadM/Rrf2 family; Q2RMQ?7 is a cysteine synthase and Q2RMQ9 is a
hypothetical protein but contains an IPR027396 DsrEFH-like and IPR003787 Sulphur_relay DrsE/F-
like domain. DsrE is a small soluble protein involved in intracellular sulfur trafficking and delivery to
the sulfite reductase which is a molybdoenzyme [84]. Q2RMQ6 and Q2RMQ8 are down regulated (0.8
and 0.5 folds, respectively), Q2RMQ?7 invariant and Q2RMQ9 not detected.

Rru_A1287 is predicted to code for a trimethylamine-N-oxide reductase/Dimethylsulfoxide reductase
(cytochrome c¢) (Q2RUV7, TMAO/DMSO reductase, TorA), Rru_A1284 for the cytoplasmic
chaperone TorD (Q2RUWO0), Rru_A1283 for a membrane-bound tetraheme cytochrome TorC
(Q2RUW1) and Rru_A1282 for the two component transcriptional regulator TorR (Q2RUW2).
Whereas Q2RUV7 (TMAO reductase) protein was down-regulated and Q2RUW1 (TorC) protein
invariant, TorD (Q2RUWO) chaperone which is essential for molybdopterin insertion in the dimethyl
sulfoxide reductase family was up-regulated [85]. This suggests that even if the molybdoprotein is
down-regulated, its maturation machinery properly seems stimulated. Another moaA protein
(Q2RXL5, not detected in our study) is next to the molybdo-protein formate dehydrogenase.

We therefore decided to look more precisely at molybdopterin binding proteins as, in some cases, a
lack of their cofactor may alter their stability or modify their regulation. Several of them varied in
abundance. However, it is difficult with R. rubrum to be sure of their “identity” as the genome
annotations are mainly automatic and the experimental data very scarce.

Q2RVS8 which is down regulated (0.4 folds) in our conditions after CO exposure, could correspond to
a Xanthine dehydrogenase, molybdenum binding subunit or rather to an aerobic carbon-monoxide
dehydrogenase large subunit found in some carboxydotrophic bacteria. Aerobic CODHs are members
of the Xanthine oxidoreductase family and catalyze the oxidation of CO to CO, under aerobic

22


https://www.genome.jp/kegg/mapper.html
https://www.genome.jp/kegg/mapper.html

conditions using a quinone as electron acceptor. This enzyme complex is composed of three subunits
and contains a FAD, two [2Fe-2S] clusters as well as a binuclear Mo-Cu active site. Using the well-
characterized three subunits of the enzyme from Oligotropha carboxidovorans for Blast analyses
against R. rubrum, we could indeed identified the three contiguous proteins Q2RVS7 (FAD binding
subunit), Q2RVS8 (molybdenum binding subunit), and Q2RVS9 (Iron-sulfur binding subunit) (See
Supplementary Figure 9). However, Q2RVS7 and Q2RVS9 are invariant and not detected,
respectively. Unexpectedly, an aerobic CODH is probably present in R. rubrum, even under anaerobic
conditions.

Q2RXMT7 the gene of which is located in the formate hydrogenlyase cluster (Figure 4) is annotated as
aldehyde ferredoxin oxidoreductase and is highly induced (9 folds).

In the same cluster, the formate dehydrogenase alpha subunit (Q2RXL6) which is part of the formate
hydrogenlyase complex, is slightly down-regulated (0.73 folds) and this protein is known to be CO
sensitive.

Molybdo-proteins are relatively scarce in proteomes (around 14-19 in E. coli for example) [86]. In R.
rubrum, based on sequences, we identified 9 potential molybdopterin cofactor binding proteins, one
not detected in our proteome and the eight remaining ones up or down regulated. Even if their function
is unclear, we can pinpoint that this class of protein is over represented among varying proteins. These
variations could be directly associated with the defect in Moco biosynthesis that could for example
decrease protein stability or be a regulation of the apoprotein synthesis. Indeed, as for cobalamin, FMN
and SAM, it exists riboswitches fixing molybdenum cofactor (Moco-riboswitches) that are often
located upstream of genes encoding molybdate transporters, molybdenum cofactor biosynthesis
enzymes, and even proteins that use Moco as a coenzyme [87]. Besides Rosenthel and colleagues
showed that molyddate itself up-regulates E. coli hydrogenase-3 and formate dehydrogenase, and
repress the transcription of modABC operon [88]. In our case, we have less formate dehydrogenase
and ModA is up-regulated like if there was less molybdenum at least bio-available in the cells after CO
exposure.

Iron-sulfur clusters

Iron-sulfur clusters form an important category of cofactors, playing central roles in the cell as
prosthetic groups for electron transfer in many key proteins or even implicated in transcriptional
regulation and sensing. Three types of iron-sulfur cluster biogenesis machinery have been described in
the literature: the primary system ISC, typically found in bacteria and eukaryotes, the NIF machinery
found in nitrogen-fixing organisms and the SUF machinery. The SUF system is similar to the ISC one
but is described as operative under stress conditions (iron starvation or oxidative stress) in some
bacteria such as E. coli. However, the SUF system is also described as the sole iron-sulfur cluster
biogenesis system in archaea, cyanobacteria and some gram-positive bacteria [89]. The SUF system is
composed of the SUFBCD complex onto which iron-sulfur clusters are transiently assembled and the
two-component cysteine desulfurase complex, SufSE, which mobilizes sulfur from L-cysteine. Finally,
the carrier SufA delivers Fe-S clusters to target apo-proteins [90]. In R. rubrum, the suf locus
sufRBCDSEA is present. The cysteine desulfurase SufS is up-regulated in our study (Q2RR78, 1.4
folds). This tends to indicate that upon CO exposure, the bacterium needs to use cysteine to generate
elemental sulfur usable for new iron-sulfur clusters. This hypothesis is also supported by the fact that
two other proteins in the suf operon are also up-regulated (Q2RR75, sufB 1.15 folds and Q2RR76,
sufC 1.8 folds), even if, SufD (Q2RR77) is invariant.

Q2RNHO, annotated as a Nitrogen-fixing NifU-like protein is up-regulated in shotgun but down-
regulated in 2D-gel approach suggesting that the protein is regulated both in term of total amount as
detected by the shotgun experiment and by post-translational modifications (note that one or several
up-regulated spots of the protein are probably missed on the 2D-gel). However, the protein shows
some strong homologies with NfuA with the C151XXC154 signature motif for the binding of an
intermolecular 4Fe4S cluster. NfuA is a protein involved in iron-sulfur cluster biogenesis under severe
conditions and is up-regulated via IscR under conditions of iron depletion or oxidative stress in E. coli
[91]. NfuA can transfer its [4Fe-4S] cluster to apoproteins, and thereby intervenes in the maturation of
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Fe/S proteins or act as a scaffold/chaperone for damaged Fe/S proteins. The gene upstream of the one
coding for Q2RNHO encodes a protein similar to UspA (Universal stress protein, Q2RS59) the
induction of which occurs in E. coli whenever conditions cause for example growth arrest. The protein
is also up-regulated in our study after CO exposure.

3.5. Comparison with other studies

As mentioned in the introduction, several OMICS studies have already been performed to study CO
metabolism in carboxydotrophs or the potential of CO as a bactericidal agent in the model bacterium
E. coli for example.

Carboxydotrophic microorganisms are able to use CO as energy and/or carbon source and produce
methane (methanogens), acetate (acetogens) or hydrogen (hydrogenogens), or to reduce sulfate
(sulfate-reducers). Diender et al. performed a proteomic analysis on the methanogen
Methanothermobacter marburgensis which highlighted a higher abundance of proteins involved in
redox metabolism when cells were grown in H,/CO, plus CO, including the universal stress protein
(usp) also found up-regulated in our study [92]. Curiously, many of these proteins are rather known to
respond to oxidative stress whereas CO is a strong reductant. Rajeev et al. performed a transcriptomic
analysis on Desulfovibrio vulgaris [93]. The study showed that CO differentially alters the expression
of many genes coding for proteins implicated in electron transfer activities. However, although D.
vulgaris is able to grow but very slowly with CO as a sole source of energy this gas is toxic to this
bacterium as it is for most other sulfate-reducing bacteria [94]. Moon et al. performed a proteomic
study on the hydrogenogenic archaeon Thermococcus onnurineus NAL to analyze its metabolism on
different carbon source (CO, formate, starch) [95]. They showed that in CO condition, some stress
response proteins like alkyl hydroperoxide reductase, thioredoxin peroxidase, NAD(P)H:rubredoxin
oxidoreductase and rubrerythrin were induced. Besides, the Moco synthesis is also down-regulated and
iron transport altered. More recently, Fukuyama et al. performed a whole transcriptome analysis on
another hydrogenogenic carboxydotroph: Carboxydothermus pertinax [96]. The data show that C.
pertinax switches its metabolism by altering massively the expression of a low number of gene clusters
including ferrous iron transport (23).

Due to the low solubility of CO in aqueous solutions, its intracellular concentration is usually not
sufficient to exert an antimicrobial action. Molecules releasing CO directly inside the bacteria (or the
cells) have therefore been developed (CO releasing molecules, CORM) [97].

Many OMICS studies have been performed in particular on E. coli to better understand CORM
toxicity, knowing that in plus of CO these molecules contains a metallic atom (often Ru) that can also
contribute to the observed toxicity [98]. For example, the transcriptomic study of Davidge et al.
showed that key aerobic respiratory complexes are affected which is rather expected as heme is a well-
known binding site for CO [99]. However, the transcription of several genes encoding proteins
associated with metal metabolism, transport and homeostasis, are also affected. Their transcriptomic
data probabilistic analysis hinted at several global transcriptomic regulator including Fis (Factor-for-
inversion stimulation protein), FNR, Fur and Cpx. Several members of these regulator families are also
modified at the protein level in our study. Wareham et al. showed that the response of E. coli to CO is
global with regulation of more than 20% of the genome (central energy metabolism, amino acid
synthesis and in particular sulfur amino acid, and iron acquisition via the implication of ArcA (Aerobic
respiration control protein), FNR or PdhR (pyruvate dehydrogenase)) [97]. They observed important
variations between aerobic and anaerobic cultures. With CORM, free iron pool is depleted and more
siderophores are excreted. The bacteria respond as if CO induced a transition to a more anoxic-like
state. As another example, the study of Wilson et al clearly showed by transcriptomic that CO release
mainly affects iron acquisition and utilization, zinc homeostasis and global stress responses, and this
even in a heme-deleted E. coli mutant [17]. Most of the iron systems up-regulated in their study are
also affected in the same way in R. rubrum (fecl, fep ou fhu, tonB). Except tonB, these proteins are
supposed not to be regulated by Fur in E. coli. Even if heme is an important target of CO, this study
clearly showed that it is not the only one. In 2019, Carvalho et al. made a metabolomic study on E. coli
exposed to CORM-3 molecule. They showed that the toxicity resulted in particular from the inhibition
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of the glutamate synthase and two enzymes of the TCA cycle (aconitase, and fumarase) which are all
bearing iron-sulfur clusters, with a labile position (note that Escherichia coli contains three distinct
fumarases one of which does not contain an iron-sulfur cluster). The authors suggest that CO targets
their metallic centers. They also showed that CO triggers a perturbation in redox homeostasis.

We can notice that in many respect, our results highlighted a response of R. rubrum similar to that of
E. coli after exposure to CO or CORM molecules. Our experimental conditions have forced this
response as we intentionally exposed R. rubrum to a high CO concentration (100% CO, almost 1 atm
of overpressure). R. rubrum can grow, in the dark even with 100% CO in the headspace but the
doubling time is inversely related to CO concentration [29]. R. rubrum ECH is highly CO tolerant but
nonetheless in crude membrane, inhibition starts to appear above 60% CO in the headspace [100]. We
can notice that out of the five enzymes described by Revelles et al., as involved in CO, fixation with
syngas in R. rubrum, two are invariant (Q2RQS7, 2-oxoglutarate synthase and Q53046, Pyruvate-
flavodoxin oxidoreductase (PFOR)), and one is down-regulated (Q2RSU7, 5-methylthioribulose-1-
phosphate isomerase) (Figure 2) [3]. This strongly suggests that in our conditions, R. rubrum has not
increased its CO/CO, assimilation capacity in response to CO addition, at least at the time of the
sampling. Moreover, as described above, the “toxic” effect observed for R. rubrum is also visible at
least partially with other carboxydotrophs (metal homeostasis perturbation and triggering of stress
response proteins) suggesting that all these organisms even if able to use CO for growth cannot avoid
part of the toxic effect of CO.

4. Conclusions

In conclusion, carboxydotrophs, and in particular R. rubrum, seem to have evolved specific enzymes
like CODH and some enzymes more resistant to CO such as ECH hydrogenase, in order to convert the
CO and recover the energy resulting from this reaction. R. rubrum has also evolved systems to protect
some of its enzymes like the CowN protein that prevents damage to the nitrogenase in the presence of
CO [101].

However, even if the CODH itself plays a role in CO detoxification, our study clearly shows that metal
homeostasis and metallic cofactor are affected in particular concerning Fe, Co, and Mo. One could also
expect proteins dealing with Ni to change; however, a high concentration of 50 uM of Ni was used in
the medium. Increasing metal concentration in the culture medium could therefore be beneficial and
adding synthesis intermediates like vitamin B12 for example, might also help if the bacterium
possesses an appropriate uptake system. It is also worth noting that CODH, CooF, and ECH that are
strongly CO-induced contain many iron-sulfur clusters, and may contribute to deplete or at least
decrease the iron and sulfur pools, which could explain the up-regulation of the suf operon.

Moreover, as summarize in Figure 6, the syntheses of several cofactors are interdependent and a
defect in one pathway may end-up affecting all of them. Studies at the molecular level would be
interesting to understand the precise effect of CO binding. For example, it is often claimed that CO
affects iron-sulfur clusters but unlike NO, there is a lack of experimental data. It would be of great
interest to study more precisely at the molecular level whether transcription regulators such as Fur are
directly disturbed by the binding of CO. As well, the perturbation in molybdenum cofactor
biosynthesis could be linked either to a direct interaction of CO with Mo or just to a defect of one
enzyme in its biosynthesis pathways. Addressing these issues would be the next step in the
understanding of CO toxicity that may decrease the efficiency of biological WGSR, or CH,4 or PHB
production by carboxydotrophs.

Data Availability

The shotgun mass spectrometry data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD025489 and 10.6019/PXD025489 [108]. The
mass spectrometry datasets generated during the 2-D gel approach are available from the
corresponding authors on reasonable request.
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Q2RNMS9 Rru_A3472 [Nucleoid-associated protein Rru_A3472 GN=Rru_A3472 PE=3 SV=1 9,65E-07 0 2,11E-02 24,3 2
Q2RRYS Rru_A2310 [Cytochrome c family protein GN=Rru_A2310 PE=4 SV=1 1,25E-06 0 3,08E-03 10,42 2
Q2RU12 Rru_A1583 |Chemotaxis sensory transducer GN=Rru_A1583 PE=4 SV=1 1,80E-06 0 2,47E-02 8.4 4
Q2RVQ1 Rru_A0993 [Transcriptional regulator, NifA, Fis family GN=Rru_A0993 PE=4 SV=1 1,94E-06 0 7,32E-05 3,17 2
Q2RUWS Rru_A1276 |ATP-cone GN=Rru_A1276 PE=4 SV=1 2,21E-06 0 4,43E-03 579 2
Q2RX46 Rru_A0494 |[Phytoene synthase GN=Rru_A0494 PE=4 SV=1 2,87E-06 0 3,09E-04 5,56 2
Q2RXL8 Rru_A0322 |[Peptidase M52, hydrogen uptake protein GN=Rru_A0322 PE=4 SV=1 2,88E-06 0 7,35E-04 12,34 2
Q2RQHO Rru_A2828 |Uncharacterized protein GN=Rru_A2828 PE=4 SV=1 3,13E-06 0 2,15E-01 11,83 2
Q2RTBO Rru_A1835 [Butyryl-CoA dehydrogenase GN=Rru_A1835 PE=3 SV=1 3,24E-06 0 1,45E-05 8,44 2
Q2RQS3 Rru_A2725 |Multi-sensor hybrid histidine kinase GN=Rru_A2725 PE=4 SV=1 3,35E-06 0 6,41E-04 24 2
Q2RXI2 Rru_A0358 [Heme oxygenase GN=Rru_A0358 PE=4 SV=1 3,37E-06 15 2,21E-02 10,5 2
Q2RXP1 Rru_A0299 [Glutamine amidotransferase class- GN=Rru_A0299 PE=4 SV=1 3,53E-06 0 3,35E-03 15,83 2
Q2RQ53 Rru_A2945 |[Uncharacterized protein GN=Rru_A2945 PE=4 SV=1 4,05E-06 0 7,07E-03 18,29 2
Q2RNV7 Rru_A3394 |Uncharacterized protein GN=Rru_A3394 PE=4 S 4,17E-06 0 2,02E-02 21,1 3
Q2RR06 Rru_A2642 |Alpha/beta hydrolase fold GN=Rru_A2642 PE=4 SV=1 5,91E-06 0 6,49E-03 7,87 2
Q2RNS56 Rru_A3645 |NAD-depend protein d: [ PE=3 SV=1 1,33E-05 15 2,62E-02 12,35 2
Q2RPF6 Rru_A3194 [SMF protein GN=Rru_A3194 PE=4 SV=1 4,12E-02 0 3,13E-04 26,74 8
Q2RSN4 Rru_A2061 [Uncharacterized protein _GN=Rru_A2061 PE=4 SV=1 5,31E-02 0 9,30E-03 19,61 3
Q2RP X6 Rru_A3024 [Prolyl 4-hydroxylase, alpha subunit GN=Rru_A3024 PE=4 SV=1 7,56E-02 0 4,67E-04 25,48 5
Q2RTC8 Rru_A1817 |[TPR repeat GN=Rru_A1817 PE=4 SV=1 9,57E-02 0 1,49E-02 10,26 9
Q2RS37 Rru_A2258 |[Uncharacterized protein GN=Rru_A2258 PE=4 SV=1 9,66E-02 0 2,40E-03 15,64 4
Q2RV51 Rru_A1193 [Dinitrogenase iron-molybdenum cofactor biosynthesis GN=Rru_A1193 PE=4 SV=1 1,14E-01 0 9,68E-04 37,14 3
Q2RRF3 Rru_A2492 |[Glycosyltransferase, group 1 GN=Rru_A2492 PE=4 SV=1 1,22E-01 0 4,75E-04 13,75 2
Q2RVJ3 Rru_A1051 [NS5-carb inoimidazole ril tide synthase GN=purK PE=3 SV=1 1,22E-01 0 5,90E-03 16,48 3
Q2RX19 Rru_A0522 [Response regulator receiver domain protein (CheY) GN=Rru_A0522 PE=4 SV=1 1,27E-01 0 1,64E-03 26,02 2
Q2RRY6 Rru_A2309 [NADH peroxidase GN=Rru_A2309 PE=4 SV=1 1,43E-01 0 2,28E-03 73,1 31
Q2RXD1 Rru_A0409 [Alanine GN=alr PE=3 SV=1 1,44E-01 2 7,45E-02 30,75 7
Q2RV52 Rru_A1192 |[Ubiquinol-cytochrome c reductase iron-sulfur subunit GN=Rru_A1192 PE=4 SV=1 1,52E-01 0 8,09E-08 31,91 5
Q2RNC5 Rru_A3576 [UDP-glucuronate 5'-epimerase GN=Rru_A3576 PE=4 SV=1 1,98E-01 0 2,21E-03 17,91 4
Q2RRF6 Rru_A2489 |[Catalase GN=Rru_A2489 PE=4 SV=1 2,12E-01 0 6,60E-04 15,29 4
Q2RWV4 Rru_A0940 [DNA repair protein RecN_ GN=Rru_A0940 PE=3 SV=1 2,67E-01 0 1,44E-02 16,46 6
Q2RPM5 Rru_A3125 |[Glycosyltransferase, group 1 GN=Rru_A3125 PE=4 SV=1 2,74E-01 0 1,32E-03 8,37 3
Q2RVWO Rru_A0934 [Uncharacterized protein GN=Rru_A0934 PE=4 SV=1 2,74E-01 0 1,37E-06 22,69 8
Q2RVE8 Rru_A1176 [Histone deacetylase superfamily GN=Rru_A1176 PE=4 SV=1 2,83E-01 0 1,26E-05 49,12 7
Q2RQ54 Rru_A2944 |ArgK protein GN=Rru_A2944 PE=4 SV=1 2,83E-01 0 1,11E-04 6,27 2
Q2RWG8 Rru_A0723 [Amine oxidase GN=Rru_A0723 PE=4 SV=1 3,20E-01 0 5,54E-04 8,24 2
Q2RSH6 Rru_A2119 [Molybdopterin oxidoreductase GN=Rru_A2119 PE=3 SV=1 3,32E-01 2 4,87E-02 10,89 6
Q2RQQ1 Rru_A2747 |[Short-chain dehydrogenase/reductase SDR _GN=Rru_A2747 PE=4 SV=1 3,38E-01 0 4,63E-05 14,62 3
Q2RQE7 Rru_A2851 |[Uncharacterized protein GN=Rru_A2851 PE=4 SV=1 3,42E-01 0 4,34E-02 26,12 3
Q2RTVO Rru_A1645 [Uncharacterized protein GN=Rru_A1645 PE=4 SV=1 3,42E-01 0 4,28E-06 10,48 2
Q8GDEL___|Rru_A2996 | Cobalt-precorrin-5B C(1)-methyltransferase GN=chiD PE=3 SV=1 3,45E-01 0]  3.31E-04 13,45 2
Q2RY66 Rru_A0124 |Putative diguanylate phosphodiesterase (EAL domain) GN=Rru_A0124 PE=4 SV=1 3,51E-01 0 6,65E-04 7.35 4
Q2RWD4 Rru_A0757 |Isochorismatase hydrolase GN=Rru_A0757 PE=4 SV=1 3,55E-01 0 1,08E-05 33,51 3
Q2RT62 Rru_A1883 [Magnesium transport protein CorA GN=corA PE=3 SV=1 3,56E-01 1 1,95E-02 6,04 2
Q2RPT9 Rru_A3061 [l iz protein _GN=Rru_A3061 PE=4 SV=1 3,66E-01 0 1,42E-04 7,84 2
Q2RNU6 Rru_A3405 [S-(l glutathione ydrog GN=Rru_A3405 PE=3 SV=1 3,85E-01 0 2,87E-04 16,13 5
Q2RVS8 Rru_A0966 [Xanthine dehydrogenase, molybdenum binding subunit apoprotein GN=Rru_A0966 PE=4 SV=1 3,86E-01 0 5,42E-03 6,1 4
J2RT68 Rru_A1877 |[Lipoyl synthase GN=lipA PE=3 SV=1 3,91E-01 0 8,32E-03 9,55 2
Q2RWW1 Rru_A0580 [OsmC-like protein GN=Rru_A0580 PE=4 SV=1 4,10E-01 0 4,92E-04 47,22 4
Q2RY92 Rru_A0098 |Cystathionine gamma-synthase GN=Rru_A0098 PE=3 SV=1 4,29E-01 0 9,78E-04 18,36 5
Q2RWQ9 Rru_A0632 |Chemotaxis sensory transducer GN=Rru_A0632 PE=4 SV=1 4,31E-01 0 2,71E-03 3,94 2
Q2RY31 Rru_A0159 [Exodeoxyri 7 large subunit GN=xseAPE=3 SV=1 4,32E-01 0 5,93E-05 8,38 3
Q2RU23 Rru_A1572 |Methylmalonyl-CoA epimerase GN=Rru_A1572 PE=4 SV=1 4,34E-01 0 5,12E-02 47,76 4
Q2RPJ5 Rru_A3155 |[Uncharacterized protein _GN=Rru_A3155 PE=4 SV=1 4,38E-01 1 1,52E-02 9,55 2
Q2RVH3 Rru_A1071 [Adenylate/guanylate cyclase GN=Rru_A1071 PE=4 SV=1 4,47E-01 0 1,05E-03 19,26 9
Q2RVI7 Rru_A1057 GN=Rru_A1057 PE=4 SV=1 4,50E-01 0 3,10E-03 19,31 4
Q2RQR9 Rru_A2729 [Uncharacterized protein GN=Rru_A2729 PE=4 SV=1 4,52E-01 0 1,03E-02 38,5 6
Q2RSRO Rru_A2035 [Phosphate binding protein, putative GN=Rru_A2035 PE=4 SV=1 4,54E-01 1 9,07E-03 9,47 2
Q2RRN2 Rru_A2413 [Poly(R) ic acid synthase, class | GN=Rru_A2413 PE=4 SV=1 4,57E-01 0 4,09E-05 48,66 22
Q2RU16 Rru_A1579 [Lipoprotein-releasing system ATP-binding protein LolD 1 GN=loID1 PE=3 SV=2 4,60E-01 2 7,12E-02 25,22 3
QIRDT6 __ |Rru_Al816 |PHAsynthase GN=phaCRr PE=4 SV=1 4,63E-01 o] 6,34E-05 30,41 15
Q2RRZ2 Rru_A2303 [Deoxyrit hosphate aldolase GN=deoC PE=3 SV=1 4,68E-01 0 2,30E-03 36,97 6
Q2RQN8 Rru_A2760 [Uncharacterized protein GN=Rru_A2760 PE=4 SV=1 4,69E-01 0 1,22E-03 26,67 2
Q2RSL3 Rru_A2082 [Hemerythrin HHE cation binding region GN=Rru_A2082 PE=4 SV=1 4,75E-01 0 5,12E-03 26,79 4
Q2RWE1 Rru_A0750 [Peptide chain release factor 1 GN=prfA PE=3 SV=1 4,82E-01 0 1,64E-04 19,77 5
Q2RRH2 Rru_A2473 [PAS/PAC sensor signal transduction histidine kinase GN=Rru_A2473 PE=4 SV=1 4,82E-01 0 1,99E-03 5,09 3
Q2RTCO Rru_A1825 [Riboflavin biosynthesis protein RibD _GN=Rru_A1825 PE=3 SV=1 4,85E-01 0 4,01E-06 9,26 3
Q2RN96 Rru_A3605 |Iron-sulfur cluster binding protein GN=Rru_A3605 PE=4 SV=1 4,85E-01 0 1,45E-04 4,45 2
Q2RXK6 Rru_A0334 |[Transcriptional regulator, LysR family GN=Rru_A0334 PE=3 SV=1 4,89E-01 0 3,42E-04 8,12 2
Q2RYCY Rru_A0061 [Purine and other phosphorylases, family 1 GN=Rru_A0061 PE=4 SV=1 4,93E-01 0 4,06E-03 32,23 6
Q2RQN4 Rru_A2764 |Uncharacterized protein GN=Rru_A2764 PE=4 SV=1 4,94E-01 0 3,14E-04 8,18 3
Q2RRI1 Rru_A2464 di di GN=Rru_A2464 PE=4 SV=1 4,94E-01 0 9,96E-04 6,18 2
Q2RQI7 Rru_A2811 |Ribosomal protein S12 i ferase RimO  GN=rimO PE=3 SV=1 4,97E-01 0 5,89E-04 16,1 5
Q2RQ87 Rru_A2911 [ABC-type uncharacterized transport system auxiliary component-like GN=Rru_A2911 PE=4 SV=1 4,97E-01 0 1,85E-04 39,9 5
Q2RN79 Rru_A3622 [Uncharacterized protein GN=Rru_A3622 PE=4 SV=1 5,05E-01 0 1,70E-04 4,41 3
Q2RXD7 Rru_A0403 hort-chail ydrog: ductase SDR__GN=Rru_A0403 PE=4 SV=1 5,08E-01 0 2,76E-03 75,53 13
Q2RNRO Rru_A3441 [Transcriptional regulator, PadR family GN=Rru_A3441 PE=4 SV=1 5,09E-01 1 6,54E-03 58,33 8
Q2RP NS5 Rru_A3115 [ATPase GN=Rru_A3115 PE=4 SV=1 5,17E-01 0 1,17E-03 7,33 2
Q2RY89 Rru_A0101 [Uncharacterized protein GN=Rru_A0101 PE=4 SV=1 5,17E-01 0 4,69E-03 16,84 2
Q2RU15 Rru_A1580 |GCN5-related N-acetyltransferase GN=Rru_A1580 PE=4 SV=1 5,18E-01 1 1,21E-02 17,93 2
Q2RQTI Rru_A2709 [Thioesterase superfamily GN=Rru_A2709 PE=4 SV=1 5,21E-01 0 6,77E-04 18,67 2
Q2RMQ8 Rru_A3793 [Molybdopterin biosynthesis protein GN=Rru_A3793 PE=4 SV=1 5,22E-01 0 3,58E-03 25,83 5
Q2RXK1 Rru_A0339 [Short-chain dehydrogenase/reductase SDR GN=Rru_A0339 PE=4 SV=1 5,25E-01 0 4,71E-05 11,03 2
Q2RQF5 Rru_A2843 |Flagellar basal-body rod protein FlgG  GN=Rru_A2843 PE=3 SV=1 5,26E-01 0 1,12E-04 42,53 6
Q2RXJ4 Rru_A0346 [CRISPR-associated protein, CT1974 family GN=Rru_A0346 PE=4 SV=1 5,28E-01 0 3,45E-03 25,1 5
Q2RSA2 Rru_A2193 [Abcl protein GN=Rru_A2193 PE=4 SV=1 5,29E-01 0 4,67E-05 20,58 7
Q2RSR6 Rru_A2029 [Serine O It ferase  GN=Rru_A2029 PE=4 SV=1 5,37E-01 0 1,51E-03 26,38 5
Q2RVF1 Rru_A1093 [Uncharacterized protein GN=Rru_A1093 PE=4 SV=1 5,42E-01 0 1,93E-04 6,45 2
Q2RTQ8 Rru_A1687 |[Inositol monophosphatase GN=Rru_A1687 PE=4 SV=1 5,45E-01 0 3,08E-03 29,41 6
Q2RRMS5 Rru_A2420 [Transferase hexapeptide repeat GN=Rru_A2420 PE=4 SV=1 5,46E-01 0 7,15E-04 52,91 5
Q2RPH7 Rru_A3173 [Transcriptional regulator, TetR family GN=Rru_A3173 PE=4 SV=1 5,52E-01 0 9,50E-03 15,49 2
Q2RWC2 Rru_A0769 [Extracellular solute-binding protein, family 1 GN=Rru_A0769 PE=4 SV=1 5,52E-01 2 1,40E-02 19,31 4
Q2RT29 Rru_A1916 [Ferredoxin GN=Rru_A1916 PE=4 SV=1 5,55E-01 2 1,30E-01 18,11 2
Q2RY29 Rru_A0161 [10 kDa chaperonin _GN=groS PE=3 SV=1 5,60E-01 1 1,76E-02 71,15 6
Q2RNY4 Rru_A3367 |Cob(l)yrinic acid a,c-diamide adenosyltransferase GN=Rru_A3367 PE=3 SV=1 5,60E-01 0 1,31E-05 25,58 4
Q2RNY9 Rru_A3362 [Uroporphyrinogen-Ill C-methyltransferase GN=Rru_A3362 PE=3 SV=1 5,62E-01 0 1,34E-03 20,96 5
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Supplementary Table 4: Quantitative and identification data for proteins identified as modulated through the 2D gel-based proteomic analysis.
For proteins represented by multiple spots, they are numbered from the most basic to the most acidic

: Exclusive
. Protein - Percentage
Pm‘e,"? ratio CO/ctrl p value Protein name Protein accession numbers molecular “"'qf'e sequence
identifier y peptide
weight (Da) coverage
count

acat 0,759 0,0028 | Acetyl-CoAacetyltransferase Q2RXR6| Q2RXR6_RHORT 40190,6 18 63%
accC 0,674 0,0004 _|Biotin Q2RYDS| Q2RYDS_RHORT 72789,9 16 21%
Ahcy 0,861 00015 | Adenosylhomocysteinase Q2RNQ7| Q2RNQ7_RHORT 50 617,3 5 12%
AhpC 1,234 0,0004 | Alkyl hydroperoxide reductase/ Thiol specific antioxidant Q2RUH6| Q2RUH6_RHORT 20587.8 15 74%
aldo/1 1,369 0,0011  |Fructose-1,6-bisphosphate aldolase Q2RWUS| Q2RWU5_RHORT 38154,7 4 11%
aldo/2 0,853 0,0028 Fructose-1,6 aldolase Q2RWUS| Q2RWU5_RHORT 38154,7 14 36%
aldo/3 0,616 0,0004  |Fructose-1, aldolase Q2RWUS| Q2RWU5_RHORT 38154,7 10 30%
APRT 1,484 0,0036 | Adenine phosphoribosyltransferase Q2RWT4| APT_RHORT 18312,9 7 45%
ATPB 1,185 0,0084 | ATP synthase subunit beta P05038| ATPB_RHORU,Q2RV18| ATPB_RHORT 50852,7 20 62%
ATPE 1,251 0,0237 | ATP synthase epsilon chain P05442| ATPE_RHORU,Q2RV17| ATPE_RHORT 143071 5 52%
BamA 0,75 0,0042  |Quter membrane protein assembly factor BamA Q2RU01| Q2RUO1_RHORT 87285,2 28 39%
bchx 0,878 0,0043 | Chlorophyllide reductase iron protein subunit X Q2RQ20| Q2RQ20_RHORT 33799.2 14 46%
BFRR 1,426 0,0021 Bacterioferritin Q2RSAD| Q2RSAD_RHORT 18042,3 4 33%
CBL 0,831 0,0005 | Cystathionine beta-lyase Q2RTY2| Q2RTY2_RHORT 42 687,2 11 35%
cbs/1 1,139 0,0235 _ |CBSdomain protein Q2RMIS8| Q2RMS8_RHORT 349630 7 22%
chs/2 0,788 0,0029 _[CBSdomain protein Q2RMS8| Q2RMS8_RHORT 349630 7 21%
CH105 0,778 0,0189 10 kDa chaperonin Q2RW\5| Q2RW\VS_RHORT 10211,1 7 64%
ch601 1,263 00194 |60 kDa chaperonin 1 Q2RY28| CHE01_RHORT 570447 23 56%
ch602 1,254 0,0098 |60 kDa chaperonin 2 Q2RW\VA4| CH602_RHORT 57636,4 15 50%
cold shockl 0,612 0,0007 | Cold-shock DNA-binding protein family Q2RNN9| Q2RNN9_RHORT 21559,9 12 58%
cold shock2 0,561 0,0171  |Cold-shock DNA-binding protein family Q2RU74| Q2RU74_RHORT 7316,3 3 68%
CooC/1 3,734 <0,0001 _[Carbon dehydrogenase accessory protein CooC P31897| 0OOC_RHORU,Q2RUGS| Q2RUGS_RHORT 27762,9 9 39%
CooC/2 2,929 <0,0001 _[Carbon dehydrogenase accessory protein CooC P31897| 0OOC_RHORU,Q2RUGS| Q2RUGS_RHORT 27762,9 9 39%
Cool'3 1,736 0,0048 _|Carbon monoxide dehydrogenase accessory protein CooC P31897| COOC_RHORU,Q2RUG6| Q2RUGE_RHORT 277629 6 24%
CooS/1 27 <0,0001 _|Carbon monoxide dehydrogenase P31896| COOS_RHORU,Q2RUG7| Q2RUG7_RHORT 66 854,4 17 32%
Co0S/2 26 <0,0001 _|Carbon monoxide dehydrogenase P31896| COOS_RHORU,Q2RUG7| Q2RUG7_RHORT 66 854,4 18 37%
CooS/3 116 <0,0001 _|Carbon monoxide dehydrogenase P31896] COOS_RHORU,Q2RUG7| Q2RUG7_RHORT 66854,4 18 35%
CooT 21,312 0,0025 |CooT P72320] P72320_RHORU,Q2RUGS5| Q2RUG5_RHORT 7096,0 3 61%
crtf 0,677 <0,0001 |F osporene-O-methyit Q2RQ18| Q2RQ18_RHORT,Q8GDC7| Q8GDC7_RHORU 42 4477 14 33%
DHOM 0,656 0,0047 _|Homoserine dehydrogenase Q2RRN5| Q2RRN5_RHORT 45046,3 13 36%
DPS 1,324 0,004 [Ferritin and Dps. Q2RXK7| Q2RXK7_RHORT 17 661,8 8 60%
DSTOR 0,575 0,0189 | Trimethylamine-N-oxide reductase ochrome ¢) Q2RUV7| Q2RUV7_RHORT 89 341,5 33 50%
efp 137 0,0022 _|Elongation factor P Q2RVG7| EFP_RHORT. 207984 7 42%
ETF 1,136 0,0022 _|Electron transfer flavoprotein Q2RPS2| Q2RPS2_RHORT 314477 8 39%
ETFB/1 1,342 0,0026 _|Electron transfer flavoprotein beta-subunit Q2RPS3| Q2RPS3_RHORT 26 644,4 7 33%
ETFB/2 2,138 <0,0001 |Electron transfer flavoprotein beta-subunit Q2RPS3| Q2RPS3_RHORT 266444 9 41%
fabG/1 0,824 0,002 3-oxoacyl-[acyl-carrier-protein] reductase Q2RXR7| Q2RXR7_RHORT 25834,7 11 60%
fabG/2 0,73 0,0023 |3-oxoacyl-[acyl-carrier-protein] reductase Q2RXR7| Q2RXR7_RHORT 25834,7 8 44%
Flagellin 1,188 0,0019 Flagellin Q2RRB1| Q2RRB1_RHORT 30682,8 10 41%
FliK 0,668 0,0017 Flagellar hook-length control protein Q2RWZ3| Q2RWZ3_RHORT 60791,8 17 49%
FMN-Red 0,621 0,001 NADPH- FMN reductase Q2RPR7| Q2RPR7_RHORT 20022,2 8 55%
GAPDH/ 1 0,605 0,0017 | Glyceraldehyde-3-phosphate dehydrogenase Q2RXWS8| Q2RXW8_RHORT 35583,5 8 26%
GAPDH/2 0,789 0,003 1y 3 dehydrog Q2RXW8| Q2RXW8_RHORT 35583,5 16 61%
GAPDH/3 0,86 0,0008 _|Gh 3 deh Q2RXWS8| Q2RXW8_RHORT 35583,5 18 66%
GInJ 0,435 0,0023 _ |Nitrogen regulatory protein P-II Q2RVB4| Q2RVBA_RHORT,Q9AM71| Q9AM71_RHORU 122833 4 3%
hemB 0,757 0,0013 | Delta-aminolevulinic acid dehydratase Q2RTA8| Q2RTA8_RHORT 36 476,1 7 23%
hemC 0,858 0,0019 _ |Porphobilinogen i Q2RND3| Q2RND3_RHORT 34 156,7 13 42%
His8/1 1,157 0,0048 _|Histidinol-phosphate aminot Q2RP86| HIS8_RHORT 39049,8 5 15%
His8/2 1,607 <0,0001 _|Histidinol-phosphate aminotransferase Q2RP86| HIS3_RHORT 39049.8 5 17%
His8/3 1,2 0,0024 _|Histidinol-phosphate aminotransferase Q2RP86| HIS8_RHORT 39049,8 8 271%
IPG 0,821 0,0473__|4-hydroxy hylbut-2-en-1-yl di synthase (flavodoxin) | Q2RWEA| ISPG_RHORT 407854 11 32%
Lacl 0,798 0,0037 _|Periplasmic binding protein/ Lacl transcriptional regulator Q2RUQ8| Q2RUQ8_RHORT 35 656,3 16 51%
Leul 1,25 0,0338 | 2-isopropylmalate synthase Q2RT17| LEU1_RHORT 61147,4 2 4%
LHA 1,654 0,0021 _|Light-harvesting protein B-870 alpha chain P02947| LHA RHORU,Q2RQ24| Q2RQ24_RHORT 7107,7 2 29%
MDH 1,155 0,0444 | Malate dehydrogenase Q2RV34| MDH_RHORT 33479,2 14 58%
modA 1,29 0,0027 | Molybdenum ABCtransporter, periplasmic binding protein Q2RWI7| Q2RWI7_RHORT 26 899,6 11 50%
Nifu 0,539 0,0014 | Nitrogen-fixing NifU-like Q2RNHO| Q2RNHO_RHORT 194732 7 39%
NPD 0,546 0,0007 _|2-nitropropane di NPD Q2RVIR4| Q2RMR4_RHORT 51374,2 13 33%
NPR/1 0,368 0,001 NADH peroxidase Q2RRYS| Q2RRYS_RHORT 58 619,7 13 29%
NPR/2 0,31 <0,0001 [NADH peroxidase Q2RRYS| Q2RRYS_RHORT 58 619,7 18 36%
NuoC/1 0,847 0,0005 |NADH-quinone oxidoreductase subunit C Q2RU38| NUOC_RHORT 24847,1 12 66%
NuoC/2 0,585 0,0005  |NADH-quinone oxidoreductase subunit C Q2RU38| NUOC_RHORT 24847,1 8 43%
NuoD 1,448 0,001 NADH-quinone oxidoreductase subunit D Q2RU37| NUOD_RHORT 44279,6 4 11%
PAL 2,07 00025 _|Peptidoglycan-associated protein Q2RVE9| Q2RVES_RHORT 17 124,7 3 22%
PepSY 1,197 0,0135  |Propeptide, PepSYamd peptidase M4 Q2RQ86| Q2RQ86_RHORT 26870,1 13 60%
PFK 0,783 0,0003 _|ATP-dependent i Q2RVJ7| Q2RVJ7_RHORT 38 860,4 15 52%
phasin/1 1111 0,055 Phasin Q2RP67] Q2RP67_RHORT,Q8GD50] Q8GD50_RHORU 17538,0 11 65%
phasin/2 0,78 0,0026 _[Phasin Q2RP67| Q2RP67_RHORT,Q8GD50] Q8GD50_RHORU 17538,0 9 61%
PNTAA 0,723 <0,0001 [NAD(P) transh subunit alpha part 1 POCL86| PNTAA RHORU,Q2RSB2| PNTAA RHORT 40276,7 13 37%
PSPA 0,867 0,0002__[Phage shock protein A PspA Q2RV26| Q2RV26_RHORT 25278,9 11 50%
g2rmu9 0,246 <0,001 U ized protein_OS=Rhodospirillum rubrum Q2RMU9| Q2RMU9_RHORT 14952,4 3 22%
q2rr88 0,856 0,0008 _|Uncharacterized protein OS=Rhodospirillum rubrum Q2RR88| Q2RR88_RHORT 35007.8 12 43%
q2rrt9 (fgt) 1,971 0,0049 inding protein, family 5 Q2RRTY| Q2RRTY_RHORT 59 050,9 6 17%
q2rsp8/1 1,134 0,0005 ing protein, family 1 Q2RSP8| Q2RSP8_RHORT 37902,0 6 22%
q2rsps/2 0,639 0,0011 ing protein, family 1 (Q2RSP8| Q2RSP8_RHORT. 37902,0 7 26%
q2rsp8/3 0,306 0,0051 |Extracellular solute; ing protein, family 1 Q2RSP8| Q2RSP8_RHORT 37902,0 6 22%

Supplementary Table 4: Quantitative and identification data for proteins identified as
modulated through the 2D gel-based proteomic analysis. For proteins represented by multiple
spots, they are numbered from the most basic to the most acidic
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Supplementary Table 5: List of the pathways in which regulated proteins are encountered.
Pathways in which no more than one protein is found either as up or down regulated were omitted.
Note that a protein can be accounted for in several different pathways.

Proteome

KEGG pathway (shotgun and 2D)|Up |Down

rru00010 Glycolysis / Gluconeogenesis 31 1 8
rru00020 Citrate cycle (TCAcycle) 23] 2 1
rru00030 Pentose phosphate pathway 19 4 6
rru00051 Fructose and mannose metabolism 13 4 5
rru00061 Fatty acid biosynthesis 4] 2 1
rru00071 Fatty acid degradation 12 1 3
rru00072 Synthesis and degradation of ketone bodies 3] 0 2
rru00130 Ubiquinone and other terpenoid-quinone biosynthesis 5 1 2
rru00190 Oxidative phosphorylation 26 4 3
rru00220 Arginine biosynthesis 12 2 1
rru00230 Purine metabolism 38 7 8
rru00240 Pyrimidine metabolism 23 3 3
rru00250 Alanine, aspartate and glutamate metabolism 23 4 5
rru00260 Glycine, serine and threonine metabolism 26 1 4
rru00270 Cysteine and methionine metabolism 31 1 12
rru00280 Valine, leucine and isoleucine degradation 23 1 6
rru00290 Valine, leucine and isoleucine biosynthesis 16 2 1
rru00300 Lysine biosynthesis 13 0 2
rru00310 Lysine degradation 11 1 3
rru00330 Arginine and proline metabolism 16 2 3
rru00340 Histidine metabolism 15| 4 3
rru00350 Tyrosine metabolism 6 1 3
rru00360 Phenylalanine metabolism 8 2 3
rru00362 Benzoate degradation 9 1 2
rru00380 Tryptophan metabolism 11 1 4
rru00400 Phenylalanine, tyrosine and tryptophan biosynthesis 19 2 3
rru00401 Novobiocin biosynthesis 3 1 2
rru00450 Selenocompound metabolism 10 1 2
rru00520 Amino sugar and nucleotide sugar metabolism 23 7 2
rru00521 Streptomycin biosynthesis 10 0 2
rru00540 Lipopolysaccharide biosynthesis 13 3 0
rru00541 o-Antigen nucleotide sugar biosynthesis 16 3 2
rru00561 Glycerolipid metabolism 10 2 1
rru00562 Inositol phosphate metabolism 6 0 3
rru00620 Pyruvate metabolism 38 3 5
rru00630 Glyoxylate and dicarboxylate metabolism 36 6 9
rru00633 Nitrotoluene degradation 3 2 0
rru00640 Propanoate metabolism 23] 3 7
rru00650 Butanoate metabolism 24 1 7
rru00670 One carbon pool by folate 10 2 1
rru00680 Methane metabolism 25| 6 7
rru00710 Carbon fixation in photosynthetic organisms 17 3 8
rru00740 Riboflavin metabolism 77 0 5
rru00760 Nicotinate and nicotinamide metabolism 100 1 3
rru00770 Pantothenate and CoAbiosynthesis 15| 2 2
rru00790 Folate biosynthesis 100 2 2
rru00860 Porphyrin and chlorophyll metabolism 39 2 8
rru00900 Terpenoid backbone biosynthesis 14 0 3
rru00906 Carotenoid biosynthesis 5 0 3
rru00920 Sulfur metabolism 150 1 3
rru00970 Aminoacyl-tRNAbiosynthesis 24 1 5
rru01100 Metabolic pathways 502| 62 94
rru01110 Biosynthesis of secondary metabolites 261 23 57
rru01120 Microbial metabolism in diverse environments 137 13 30
rru01200 Carbon metabolism 91 10 22
rru01210 2-Oxocarboxylic acid metabolism 23 4 2
rru01212 Fatty acid metabolism 20 3 3
rru01230 Biosynthesis of amino acids 110| 12 21
rru01240 Biosynthesis of cofactors 97 9 23
rru01501 beta-Lactam resistance 10 1 3
rru02010 ABCtransporters 58 6 13
rru02020 Two-component system 68 8 10
rru02024 Quorum sensing 37 3 10
rru02030 Bacterial chemotaxis 31 1 3
rru02040 Flagellar assembly 24 1 2
rru02060 Phosphotransferase system (PTS) 5 2 0
rru03010 Ribosome 50| 7 1
rru03018 RNAdegradation 14 7 1
rru03430 Mismatch repair 11 0 3

Supplementary Table 5: List of the pathways in which regulated proteins are encountered.
Pathways in which no more than one protein is found either as up or down regulated were omitted.
Note that a protein can be accounted for in several different pathways.
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Supplementary Figure 1 : Carbon metabolism (rru(01200)
This figure was made with KEGG mapper
(https://www.genome.jp/kegg/mapper.html), red arrows representing the proteins

found in our study (shotgun and 2D approaches) and green the proteins predicted
based on the genome but not experimentally detected.
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Supplementary Figure 2 : Biosynthesis of amino acids (rru01230)

This figure was made with KEGG mapper
(https://www.genome.jp/kegg/mapper.html), red arrows representing the proteins
found in our study (shotgun and 2D approaches) and green the proteins predicted
based on the genome but not experimentally detected.
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Supplementary Figure 3: Raw 2D images obtained from control
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Supplementary Figure 4: Raw 2D images obtained from CO-treated cultures
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CAROTENOID BIOSYNTHESIS
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Supplementary Figure 5 : Carotenoid biosynthesis (rru00906)

This figure was made with KEGG mapper
(https://www.genome.jp/kegg/mapper.html). Green rectangles represent enzymatic
functions to which KEGG program has associated at least one protein from R.
rubrum; the red borders around the green rectangles indicate that these proteins were
identified in our proteome (2D and shotgun approaches). Purple rectangles indicate
down-regulated proteins with their uniprot reference.
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Supplementary Figure 6 : Ubiquinone and other terpenoid-quinone

biosynthesis (rru00130)
This figure was made with KEGG mapper

(https://www.genome.jp/kegg/mapper.html). Green rectangles represent
enzymatic functions to which KEGG program has associated at least one
protein from R. rubrum; the red borders around the green rectangles indicate
that these proteins were identified in our proteome (2D and shotgun
approaches). Purple and orange rectangles indicate down-regulated and up-

regulated proteins respectively, with their uniprot reference.




I PORPHYRIN AND CHLOROPHYLL METAB 0LISM|

Femitin-Fe Trassfernn-Fe

o
-
HT‘ B gt J?»»o | ad
Q2RSA0— AAd
© t O Apotmstimin
Aofenitin Dibgebro-heme dl

I grenrem |
NaN O Heme dl
Uroporphyrn | - -
12,18 (76 }
g F m
suohsem — Coproporphyriogen]  Copeoporphyrin |
45-Dioxopentazoate >0
o Uroporphyrinogenl

Coproporphygia 11l

Unprghoca 1
Copeopor
_;Agmﬁx a1l

Heme O
O—{117%5} O Hems A
90 BiliverdinIXs
>0 Biliverdin X
+—0 5.0x0-Sbilirsbin

spontinests.

Proto-
e i

(Ansercbic ,-mnyg: {1334} Q32
Siolybochlorn R %{m o
Mg-protoporphymin IX I
t 21101 Cockiomy o o}
e - - B e
| (e | (e Dt

OPmcomin3B | pathway) ) - ‘;’:—m’O -
o NPT (ETEE e O e en

ZnBackro-
cHoropkydla

o
D-Urcbikin

138, . ot X 3
RN S LUcbitin

13-Ox0-Mg.rom) x LSterobilizogen O
O -

121583 0114138) &Eﬁ&fﬁmp i}e?"
i

Divinylpeons. Q1371310 Prowchlorophyllide

<my,lffmd- (B | i
12-Ethg =
it o o

12.Diethyd 3vin.
backnochlorophylbie d

XY FEED) EERR)

Bactno-
chlorophyllc

Glycine, thre: O { BehK O
2, threonine P e
(B Emgmar e e
Bacterio- QGermgenah,
3 Hydroxyethyl. chiorophyllide b _bacteriochlorophyllide b
choopyhdls

251133] o o
Bac

¥ a2k wrio-
cllorophyllt

— Esim—>o—{iEii—»o

0 o Bacte:
coropylides SemSiigiie s corofylla

00860 42121
(c) Kanehasa Labortones

Supplementary Figure 7 : Porphyrin and chlorophyll metabolism (rru00860)
This figure was made with KEGG mapper
(https://www.genome.jp/kega/mapper.html). Green rectangles represent enzymatic
functions to which KEGG program has associated at least one protein from R.
rubrum; the red borders around the green rectangles indicate that these proteins were
identified in our proteome (2D and shotgun approaches). Purple, orange and cyan
rectangles indicate down-regulated, up-regulated, and down-and up-regulated
proteins, respectively, with their uniprot reference.
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IRIBOFLAVIN METABOLISM I
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Supplementary Figure 8 : Riboflavin metabolism (rru00740)

This figure was made with KEGG mapper
(https://www.genome.jp/kegg/mapper.html). Green rectangles represent enzymatic
functions to which KEGG program has associated at least one protein from R.
rubrum; the red borders around the green rectangles indicate that these proteins were
identified in our proteome (2D and shotgun approaches). Purple rectangles indicate
down-regulated proteins with their uniprot reference.
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Supplementary Figure 9 : Blast and CLUSTAL 2.1 multiple sequence alignment
The Blast search and clustal alignment were performed on KEGG server https://www.genome.jp/tools-

bin/blastplus)
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Bocg:0cas_c21300 hypothetical protein 5.6 5.9
Q2RVS8 Versus CoxL from
Oligotropha caboxydovorans
Top 10 v Clear | [ Select operation v Exec|
§:0CAS_pHCG300310 coxL; CO-dehydrogenase large chain Coxl k03520 513 2e-170
g:0CAS_c07520 xdhB; xanthine dehydrogenase, molybdoprotein...  K13482 192 2e-52
®ocg:0cAs_c23840 xdhA2; xanthine dehydrogenase molybdenua-bin...  K11177 166 8e-44
®ocg:0cAs_c06300 putative isoguinoline 1-oxidoreductase subun... K18030 52.4  8e-08
panC; pantoate-beta-alanine ligase PanC k01918 35.0  0.014
pdhA; pyruvate dehydrogenase E1 component su... K00161 31.6  0.15
I«; OCAS_c06440 putative protein-L-iscaspartate 00573 281 2.2
Bocg:0cas_c14110  tolC; outer membrane efflux protein TolC K12340 27.3 4.3
@ ocg:0CAS_co6430 ATPase family protein 273 4.4
B ocg:0cAS_c30830 hypothetical protein 6.9 5.3
Q2RVS9 Versus CoxS from

Oligotropha caboxydovorans

Top 10 v | Clear | [Select operation Exec

B ocg:ocas, _pHCG300300 coxS; CO-dehydrogenase small (haln CoxS k03518 173 le-55
putative xanthine dehydrogenase iron-sulfur-... K13483 141 le-42

.ocg OCAS, mezso putative isoquinoline 1-oxidoreductase subun... K18029 119 le-34

AS_c07530 xdhAl; xanthine dehydrogenase, flavoprotein . K13481 111  8e-30
AS_c07370 cysW; ABC transporter, sulfate transport per... K02047 28.5  0.18

AS_c14110 tolC; outer membrane efflux protein TolC K12340  27.3  0.44
B ocg:0cas_c20370 mrcA; penicillin-binding protein 1A K05366 26.9  0.63
a AS_c01690 hypothetical protein 0.3 a3
AS_c32930 argF; ornithine carbamoyltransferase ArgF Koo611 23.9 5.7
®ocg:0cAs_c26410 h1dE; bifunctional protein D-beta-D-heptose ... K03272 23.5 8.5

Q2RVS9
ocg_OCAS_pHCG300300

Q2RVS9

- -MPMVSMTVNGEVVSGEVETRTLLVDFLRHTLGLTGTHVGCDTSQCGACVIHMNGVAVK
MAKAHIELTINGHPVEALVEPRTLLIHFIREQQNLTGAHIGCDTSHCGACTVDLDGMSVK

s, 1%EE X S5 EREE, X% EEE KL KREEE L EEEE . LK. KX

SCSVLTVMAEGAEILTIEGLSGNGPGDALHPMQEAFREHHGLQCGFCTPGMVMTALDLVA

0cg_OCAS_pHC

Q2RVS9
0cg_OCAS_pHCG300300

SCTMFAVQ ITTIEGMAA--PDGTLSALQEGFRMMHGLQCGYCTPGMIMRSHRLLQ

%, oEx o wEEE, . W EE EE REEEXE KEEEE.E . K,

RDPDPDEAAIRRGLEGNICRCTGYHNIVKAVREGASRLREAGRAAAQ-
ENPSPTEAE IRFGIGGNLCRCTGY@IIVKAIQYAMKINGVPF EEAAE
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