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Abstract

Desulfovibrio fructosovorans, a sulfate-reducing bacterium, possesses six gene clusters encoding six
hydrogenases catalyzing the reversible oxidation of H, into protons and electrons. Among them, Hnd is an
electron-bifurcating hydrogenase, coupling the exergonic reduction of NAD" to the endergonic reduction of
a ferredoxin with electrons derived from H,. It was previously hypothesized that its biological function
involves the production of NADPH necessary for biosynthetic purposes. However, it was subsequently
demonstrated that Hnd is instead a NAD*-reducing enzyme, thus its specific function has yet to be
established. To understand the physiological role of Hnd in D. fructosovorans, we compared the hnd
deletion mutant with the wild-type strain grown on pyruvate. Growth, metabolites production and
comsumption, and gene expression were compared under three different growth conditions. Our results
indicate that hnd is strongly regulated at the transcriptional level and that its deletion has a drastic effect
on the expression of genes for two enzymes, an aldehyde ferredoxin oxidoreductase and an alcohol
dehydrogenase. We demonstrated here that Hnd is involved in ethanol metabolism when bacteria grow
fermentatively and proposed that Hnd might oxidize part of the H, produced during fermentation
generating both NADH and reduced ferredoxin for ethanol production via its electron bifurcation

mechanism.
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Introduction

Sulfate reducers belonging to the &-Proteobacterial genus Desulfovibrio are ubiquitous in anoxic
habitats and employ a respiratory metabolism with sulfate as the terminal electron acceptor. Molecular
hydrogen plays an important role in the energy metabolism of these bacteria which can switch from
respiration to fermentation. Depending on the growth conditions, H, can be used as the sole energy source
during respiration or produced in order to oxidize reduced electron carriers to maintain the continuous
conversion of the substrates during fermentation (Thauer et al., 2007, Fauque et al., 1988, Rabus et al., 2013).
This ability of Desulfovibrio to consume and produce hydrogen is exploited during syntrophic associations

anaerobic environments (Bryant et al., 1977, Stolyar et al., 2007, Meyer et al., 2013a, Meyer et al., 2013b).

Hydrogenases, the key enzymes involved in the metabolism of molecular hydrogen, catalyze the
reversible oxidation of H, into protons and electrons. Most of the known hydrogenases are iron-sulfur proteins
and are classified into two main distinct families according to the two metal atoms at their active site, the
[NiFe]-hydrogenases (Volbeda et al., 1995, Higuchi et al., 1997) and the [FeFe]-hydrogenases (Peters et al.,
1998, Nicolet et al., 1999). These enzymes are widely distributed in Bacteria and Archaea as well as in

unicellular eukaryotes (Vignais et al., 2001, Vignais & Billoud, 2007, Benoit et al., 2020).

The versatility of the Desulfovibrio H, metabolism is due to a complex hydrogenase system composed
of several different enzymes located in different cellular compartments (Thauer et al., 2007, Pereira et al.,
2011, Baffert et al., 2019). The number, the type and the cellular location of these enzymes vary considerably
from one Desulfovibrio species to another (Pereira et al., 2011, Baffert et al., 2019) and this diversity makes the
role of these various hydrogenases difficult to determine. Forty years ago, a model for the growth of
Desulfovibrio in lactate medium in the presence of sulfate, the “hydrogen cycling model”, was proposed (Odom
& Peck, 1981). In this model, electrons and protons produced by lactate oxidation are used by a cytoplasmic
hydrogenase to produce H,. After the diffusion through the cytoplasmic membrane, H, is re-oxidized by a
periplasmic hydrogenase contributing to the proton gradient across the membrane used for ATP synthesis. The
electrons generated by this oxidation are then returned to the cytoplasm through several integral membrane

complexes where they are used for sulfate reduction. Since then, several models for energy conservation in
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Desulfovibrio have been proposed in which, in addition to the H, recycling pathway, there is another H,-
independent pathway involving a direct electron transfer from the donor to the acceptor (Keller & Wall, 2011,

Noguera et al., 1998, Sim et al., 2013).

In Desulfovibrio fructosovorans, our biological model, three hydrogenases have been already
characterized: Hyn, a periplasmic [NiFe]-hydrogenase (Hatchikian et al., 1990, Rousset et al., 1990); Hyd, a
periplasmic [FeFe]-hydrogenase (Casalot et al., 1998) and Hnd, a cytoplasmic [FeFe]-hydrogenase (Malki et al.,
1995, de Luca et al., 1998, Kpebe et al., 2018). D. fructosovorans genome analysis revealed the presence of
three genes clusters encoding three additional putative hydrogenases (Baffert et al., 2019): a membrane-
bound Ech-type hydrogenase, a cytoplasmic trimeric [FeFe]-hydrogenase Hnt similar to the electron-bifurcating
hydrogenase from Thermotoga maritima (Schut & Adams, 2009), and a [FeFe] cytoplasmic hydrogenase
showing similarity with the putative sensory [FeFe]-hydrogenase HydS from T. maritima (Chongdar et al., 2018)
or the Hfs hydrogenase from Thermoanaerobacterium saccharolyticum (Shaw et al., 2009). The specific
function of these six enzymes is not yet clearly established in D. fructosovorans. Marker-exchange mutagenesis
was performed to determine the role of hydrogenases in the energy metabolism of the bacterium (Malki et al.,
1997, Casalot et al., 2002a, Casalot et al., 2002b). Results clearly indicated an effect of the depletion of
hydrogenases on the growth behavior of D. fructosovorans. However, it was difficult to hypothesize on the
physiological implications of each hydrogenase due to enzymatic compensation processes as the result of the
deletion of the genes encoding one, two or three hydrogenases (Malki et al., 1997, Casalot et al., 2002a,

Casalot et al., 2002b, Rousset et al., 1991).

We recently produced and purified a recombinant form of Hnd and showed that it is an electron-
bifurcating hydrogenase that simultaneously reduces two different electron acceptors, NAD® and a
ferredoxin in the presence of H, (Kpebe et al., 2018), despite it being previously described as an NADP*-
reducing enzyme (Malki et al., 1995, de Luca et al., 1998). Flavin-based electron bifurcation is an important
mechanism of energy conservation, mainly found in anaerobic microorganisms, coupling an endergonic
redox reaction to an exergonic redox reaction (Buckel & Thauer, 2018a, Buckel & Thauer, 2018b). This

tetrameric enzyme is encoded by the hnd operon, in which hndA and hndC encode the NAD-dependent unit
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and hndD encodes the [FeFe]-hydrogenase subunit, which is closely related to the hydrogenase Cpl from
Clostridium pasteurianum (Malki et al., 1995). The function of the product of the hndB gene is unknown.
This cytoplasmic Hnd complex catalyzes, in vitro, the coupled endergonic reduction of ferredoxin and the

exergonic reduction of NAD" by the oxidation of H, (Kpebe et al., 2018).

Initially, it was hypothesized that the biological function of Hnd involves the production of NADPH
necessary for biosynthetic purposes (de Luca et al., 1998) but because it was subsequently determined that
Hnd is in fact a NAD*-reducing enzyme (Kpebe et al., 2018), its specific function has yet to be established. In
order to understand the involvement of the electron-bifurcating Hnd hydrogenase in the energy-generating
metabolism in D. fructosovorans, we compared the hndD deletion mutant strain (SM4) (Malki et al., 1997)
with the wild-type strain grown on different pyruvate-containing media. Our results indicate that Hnd is not
essential for the bacterial growth when pyruvate is used as the carbon source, and that this hydrogenase is

involved in ethanol metabolism when bacteria grow fermentatively.

Results

Growth of D. fructosovorans on pyruvate-containing media

The growth of the wild-type strain and the SM4 strain, in which the hndD gene encoding the
hydrogenase catalytic subunit of Hnd is deleted (Malki et al., 1997) was measured in batch cultures (Figure
1). Two different growth conditions were compared, both containing 25 mM pyruvate as the only source of
energy: a medium containing 20 mM sulfate as electron acceptor (PS20 medium, respiratory condition) and
a medium without any electron acceptor (PSO medium, fermentative condition). Since growth during
fermentation is very slow compared to sulfate respiration, the cells were also grown under a third condition
in which they grow faster on a medium that contains a limiting concentration of sulfate (PS2 medium
containing 2mM sulfate, mixed culture condition). In each condition, there were no striking differences
among the growth curves of the two strains (Figure 1). However, growth yields as well as doubling times of

both strains are significantly different under the three conditions (Table 1). In the fermentative condition,
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the growth is slow for both strains but even slower for the mutant strain, with a doubling time of 369 h for
the WT compared to 519,5 h for the mutant. However, the overall growth yield of the mutant is unaffected,
because a similar maximum absorbance around 0.70 at 600 nm is reached for the two strains that
correspond to 6.7/6.9. 10° cells/mL. In the respiratory condition (PS20), the growth is faster and both
strains behave similarly: the growth reaches a maximum absorbance of 1.3-1.4 at 600 nm (1.33-1.41. 10°
cells/mL) and the generation time is around 20 h for the WT strain and 15h for SM4. Under sulfate-limited
conditions, the growth exhibits two different phases, a rapid one (phase 1, until around 40 h) before the
sulfate is exhausted (see Figure S1 for the quantification of sulfate) and a slow one (phase 2, from around
40 h to 110 h) in which there is no more sulfate in the medium. While the generation times of phase 1
measured for both strains are similar to those of the respiratory condition, those of phase 2 are much
faster than that of the fermentation condition and in this phase, the growth of the mutant strain is slightly
slower than that of the WT strain. Taken together, these results indicate that Hnd is not essential for
bacterial growth under either fermentative or respiratory conditions when pyruvate is used as the carbon
source and that in the SM4 mutant, the generation time is affected only when there is no sulfate in the

medium (fermentative condition or phase 2 of the mixed condition). On the other hand, biomass yields

(maximum cell counts/mL) are not affected at all in the mutant regardless of the growth conditions.

Impact of hnd deletion on metabolite production and consumption

To evaluate the impact of hndD deletion on D. fructosovorans physiology, we compared pyruvate
consumption as well as acetate, ethanol and H, production (Figure 2). The pyruvate is completely
consumed, with the rate depending on the initial sulfate concentration in the medium: the more sulfate
there is, the faster the consumption. Pyruvate consumption and acetate production are not significantly
different between the two strains on PS20 and PS2 media whereas, in the absence of sulfate, both pyruvate
and acetate are respectively consumed or produced slowly by the mutant than by the WT strain. However,
there is a striking difference between the two strains in terms of the production of ethanol (Figure 2). Both

strains produce ethanol only during mixed and fermentation conditions. In both conditions, the mutation
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significantly affects the ethanol formation, since the SM4 mutant produces less ethanol than the WT strain
(4 times less in fermentation condition and 10 times less in mixed growth condition). The highest level of

produced ethanol is reached under fermentation conditions for both strains.

There is also a notable difference in H, production between the two strains (Figure 2). There is no
H, production in respiratory conditions for either strain. Under fermentation conditions, however, H,
production is more than twice as high in the mutant as in the WT strain. Under mixed conditions, the
amount of H, in the headspace at the end of the exponential phase is 1.5 times higher for SM4 than for the
WT strain. However, the H, amount at the end of the growth is identical for both strains due to differences
of production kinetics. Collectively, these results show that the SM4 mutant strain is affected under mixed
and fermentation conditions but not under respiratory conditions, suggesting that Hnd has a role in
fermentative metabolism. Under fermentative conditions, the mutant produces more H, and less ethanol
than the WT strain, indicating that H, and ethanol production pathways are therefore affected in the
mutant. In this study, all subsequent analyses were performed on strains grown under respiration and
mixed conditions because under fermentation conditions, growth is very slow and very little cellular

material is obtained.

Impact of hnd deletion at the protein level

Coomassie-blue-stained SDS-PAGE was used to compare the soluble protein pattern of the WT and
SM4 strains grown under mixed or respiratory conditions. At the end of the exponential phase of growth,
total soluble proteins were prepared and migrated on SDS-PAGE (Figure 3A). The bands indicating
significant differences in protein levels between the two strains were cut out from the gel and the proteins
were identified by mass spectrometry (Figure 3B and Table S1 for complete list of identified proteins). As
shown in Figure 3, the protein profiles are different for the two strains. Three bands (1, 2 and 3) that were
significantly more intense in the WT strain than in the mutant strain were analyzed. Results are reported in

Figure 3B in which only proteins identified with the highest score in each gel band are reported (for a
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complete list of identified proteins, see Table S1). The most striking difference concerns band 1
corresponding to a protein whose gene has been annotated as iron-containing alcohol dehydrogenase
(Adh) (locus tag: DesfrDRAFT_3929). The intensity of this band suggests that this protein is very strongly
produced in the WT strain whereas it is almost absent in the mutant strain under both growth conditions.
Similarly, the analysis of band 3 (Figure 3) reveals the presence of a protein whose gene is annotated as
aldehyde ferredoxin oxidase (Aor) (locus tag: DesfrDRAFT_2487). Band 2 (Figure 3) corresponds to the
HndC subunit of Hnd. The intensities of the Adh and Aor bands in Figure 3 suggest that the amount of these

two enzymes is greater in the WT strain grown in PS2 medium than in PS20.

Expression of hnd on pyruvate medium

Metabolite production analysis suggests that Hnd has a role in fermentative metabolism.
Expression of hndD was determined in the WT strain using RT-gPCR under both mixed and respiratory
conditions. Figure 4 shows that hndD expression is much higher (by a factor of 80) in cells grown in PS2
than in PS20. Hnd production was followed by western blot (Figure 5A). While the enzyme is detected in
bacteria that grew under mixed conditions (PS2), it is not detected in those that grew in respiration
condition (PS20). The same profile of Hnd production is obtained when D. fructosovorans used a limiting

concentration of fumarate or sodium thiosulfate as electron acceptor instead of sulfate (Figure S2).

Cytoplasmic extracts of the WT strain at the early stationary phase grown in PS2 or PS20 medium were
migrated on a Blue-Native gel electrophoresis followed by in-gel detection of hydrogenase activity (Figure
5B). An activity band, corresponding to Hnd (Kpebe et al., 2018), is visible when the strain grew under
mixed condition but not under respiratory condition, which is consistent with the higher hndD gene
expression and the higher protein production under mixed condition than under respiration. Taken
together, these results demonstrate that the expression of hnd operon is not constitutive and is strongly
regulated at the transcriptional level, and that hnd expression is much higher under mixed condition than

respiratory condition suggesting that the enzyme has a role in fermentative metabolism.
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aor and adh gene expression

The expression of adh and aor genes was analyzed by RT-qPCR to determine if the difference in the
amount of the two enzymes in both strains was due to a difference in their gene expression (Figure 4). In
the WT strain, as for the hnd gene, adh and aor expressions are much higher when bacteria grow in mixed
condition than in respiration (increased by a factor of 13 for adh and 10 for gor) indicating a transcriptional
regulation. However, the expression of both genes is strongly decreased in the mutant strain, with almost
no expression of either gene being detected. Gene expression analysis shows that the deletion of the hndD
gene drastically impacts the expression of both adh and aor genes, which is consistent with the findings of

the proteomics analysis.

Adh level in the periplasmic FeFe-hydrogenase deletion strain

Haveman et al. pointed out that, in DvH, in the mutant strain deleted of the periplasmic FeFe-
hydrogenase, the adh gene is strongly downregulated (Haveman et al., 2003). We compared, using SDS-
PAGE, the production of Adh by the D. fructosovorans WT strain with the mutant strain that is deleted of its
periplasmic FeFe-hydrogenase (SF mutant) (Casalot et al., 2002b) to verify whether, as in DvH, the deletion
of this hydrogenase in D. fructosovorans has an impact on the level of Adh (Figure S3). In contrast to what
was observed in the DvH hydrogenase mutant (Haveman et al., 2003), the amount of Adh in the SF strain is
comparable to that present in the WT strain. Furthermore, the SF strain grows as well as the WT strain on
PS2 medium (Figure S4). These results suggest that the regulatory mechanisms involved are different in the

two Desulfovibrio species.

Complementation of the hnd deletion
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In order to confirm that the phenotype of the SM4 deletion strain resulted from the absence of the
Hnd hydrogenase, complementation analyses were performed. The growth of the complementation strain
SM4/pBGhnd6 on PS2 medium is similar to that of WT and SM4 strains (Figure S3). The hnd operon is
expressed from the pBGhnd6 plasmid in the SM4 strain, as can be observed in Figure 6A showing the
relative quantification of hndD mRNA levels measured by RT-qPCR. However, in the SM4/pBGhndé6 strain,
the expression level does not reach that of the WT strain. Western blot analysis indicates that whereas the
level of HndD is very high in the WT strain grown under mixed culture conditions, it is lower in the
complementation strain (Figure 5A). Quantification of the intensity of the band corresponding to HndD for
the complementation strain on PS2 is almost 2.5 times less intense than for the WT strain. Similarly, the
complementation strain produces an intermediate amount of ethanol between that produced by the WT
and SM4 strains (Figure 6B). Taken together, these results indicate first that the expression of hnd from the
pBGhnd6 plasmid does not fully complement the SM4 strain but also that the low expression of hnd

partially restores ethanol production in this strain.

Discussion

In this study, D. fructosovorans WT strain was compared to the SM4 mutant strain lacking Hnd (AhndD)
(Malki et al.,, 1997) in order to get new insights into the physiological role of this electron-bifurcating
hydrogenase when the bacteria grow on pyruvate as a carbon and energy source, under respiratory (PS20
medium) and fermentative (PSO medium) conditions. We have also tested a mixed culture condition (PS2
medium) using a limiting sulfate concentration, making it possible to reach a higher growth rate as compared
to the fermentative condition. After sulfate depletion, the metabolism switches from respiration to
fermentation. Under this condition, the hnd operon is much more expressed than in the respiratory condition
(PS20 medium) (Figure 4). The increase in expression level is followed by an increase in enzyme production as

revealed by western blot and in-gel hydrogenase activity detection (Figure 5). This suggests that Hnd

hydrogenase plays a role under fermentative conditions.
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Deletion of the hndD gene leads to a drastic decrease in the expression of the two genes adh
(DesfrDRAFT_3929) and aor (DesfrDRAFT_2487) on PS2 medium, coding respectively for proteins annotated as
iron-containing alcohol dehydrogenase (Adh) and aldehyde ferredoxin oxidoreductase (Aor) (Figures 3 and 4).
Alcohol dehydrogenases are a group of oxidoreductases that catalyze the interconversion of alcohols to
aldehydes or ketones. They are ubiquitous and most of them are NAD- or NADP-dependent enzymes. The size
and metal content of Adh vary (for reviews, see (Gaona-Lopez et al., 2016, Radianingtyas & Wright, 2003, Reid
& Fewson, 1994)). Adh3929 from D. fructosovorans shows high sequence identity with iron-containing alcohol
dehydrogenases from various bacteria (52 % with the iron-containing Adh (Gl 56552492) from Zymomonas
mobilis for example) and contains a conserved iron-binding motif (GX,HX,AHX,GXsPHG where X denotes any
amino acid). Adh3929 is highly expressed in D. fructosovorans (Figures 3 and 4) and it has been shown
previously that it is one of the most abundant enzyme in Desulfovibrio (Haveman et al., 2003, Ramos et al.,
2015). Ramos et al. purified Adh1 (DVU2405) from D. vulgaris Hildenborough (DvH), which has 81 % sequence
identity to Adh3929, and showed that this enzyme is NAD-dependent and uses ethanol as substrate (Ramos et
al., 2015). Aor are tungsten-containing enzymes sensitive to O,. They catalyze the reversible oxidation of an
aldehyde to the corresponding acid using a ferredoxin. Aor2487 from D. fructosovorans shows 37% sequence
identity with Aor from Pyrococcus furiosus whose crystallographic structure has been solved (Chan et al.,
1995). These two enzymes Adh and Aor can therefore be involved in the same metabolic pathway since the
product of one can be the substrate of the other. Taken together, our data reveal that Hnd is involved in
ethanol metabolism when D. fructosovorans grows in pyruvate under mixed conditions, which led us to
propose a model in which the hydrogenase Hnd would oxidize part of the H, produced during fermentation
generating both NADH and reduced ferredoxin as a result of its electron bifurcation mechanism (Figure 7). H,
production results from the release of reducing power in the absence of terminal electron acceptors, enabling
the oxidation of pyruvate. In this model, pyruvate would be converted into acetate by the two enzymes
pyruvate:ferredoxin oxidoreductase and acetyl-CoA synthase. H, could be produced by the membrane
hydrogenase Ech from reduced ferredoxin, which would contribute to the electrochemical proton gradient for
ATP synthesis. This model proposes that the role of the Hnd hydrogenase would be to produce reducing

equivalents (NADH and reduced ferredoxin) from H,, allowing the production of ethanol by Adh3929 and
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Aor2487. The lower H, production of the WT compared to the SM4 mutant strains is also in agreement with

the hypothesis that the physiological role of Hnd when pyruvate is present is thus to consume H,.

The determination of the hydrogenase activity, both H,-production and H,-oxidation, on total soluble extracts
of WT and SM4 mutant strains grown under mixed condition (PS2) shows that both activities are strongly
decreased in the mutant strain (Table S2). It is our assumption that the increased H, release in strain SM4
(Figure 2) is due to a lack of consumption by Hnd, not an overproduction by Ech. Preliminary proteomic results
demonstrate that Ech expression does not vary based on strain or growth condition (data not shown), and
there is no indication that its activity would differ between the two strains. In strain SM4, when Hnd is not
present, the H,-production activity measured in the soluble fraction is 44 times less than when is it present in
the WT strain (Table S2). Moreover, H,-oxidation activity shows that strain SM4 consumes 18 times less H, than

the WT (Table S2) most likely due to the lack of Hnd in this strain.

The recently characterized electron-bifurcating hydrogenases were isolated from the anaerobic bacteria
Thermotoga maritima (Schut & Adams, 2009), Acetobacterium woodii (Schuchmann & Miiller, 2012), Moorella
thermoacetica (Wang et al., 2013), and Ruminococcus albus (Zheng et al., 2014). In the acetogenic bacteria A.
woodii and M. thermoacetica which can produce acetate from CO, with H, as the reductant, these enzymes
were found to catalyze the reduction of ferredoxin and NAD" with H,. NADH and reduced ferredoxin are used
for CO, reduction and to contribute to the ion gradient across the membrane (Schuchmann & Miiller, 2012,
Wang et al., 2013). In R. albus and T. maritima, which are glucose fermenting bacteria, trimeric HydABC
hydrogenase mediates H,-production by coupling the endergonic reduction of protons with NADH to the
exergonic reduction of protons with reduced ferredoxin (Schut & Adams, 2009, Zheng et al., 2014). R. albus, a
rumen bacterium, fermentatively produces acetate, ethanol, CO, and H, in pure culture and in this high H,-
condition, H, is mainly generated via a ferredoxin-dependent hydrogenase (HydA2). However, R. albus
redirects carbon flux from ethanol production to the more energetically efficient pathway of acetate
production when it grows in co-culture with a hydrogenotrophic bacterium that keeps the H, partial pressure
sufficiently low through interspecies hydrogen transfer. Under this low H,-condition, only acetate, CO, and H,

are produced. The acetate-only pathway generates more ATP per mole of glucose and equimolar amounts of
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NADH and reduced ferredoxin, which are then re-oxidized via the electron-confurcating HydABC hydrogenase
to produce H, (Zheng et al., 2014, Greening et al., 2019). D. fructosovorans, like R. albus, also produces acetate,
H,, ethanol and CO, (not measured in this study) when growing on pyruvate in the absence of an electron
acceptor. In DvH, ethanol is also a minor product of pyruvate fermentation (Ramos et al., 2015, Traore et al.,
1981) and the electron flow is redirected towards ethanol when H, accumulates at the expense of the
energetically more favourable production of acetate (Ramos et al., 2015). However, in R. albus, HydABC is
responsible for the production of H, when the pH, is kept very low whereas in D. fructosovorans, under
fermentative conditions, Hnd is involved in the consumption of H, when H, accumulates allowing the reduction

of NAD" for ethanol production.

In the WT strain, the expression profile of the three genes hndD, adh and aor is conserved in both PS2 and
PS20 media (although adh has an expression level that is about twice that of the two genes in PS2) (Figure
4) and shows that their expression is much higher in the mixed condition than in the respiration condition.
Adh and Aor are thus overproduced when Hnd is overproduced. Their expression is thus strongly regulated
at the transcriptional level, but the mechanism of regulation involved remains to be elucidated. Likewise,
the molecular basis of the strong drop in adh and aor expression in the mutant has not yet been
deciphered. The drop of Adh level in the SM4 mutant is specific for the deletion of hnd in D. fructosovorans
and is not observed when another FeFe-hydrogenase gene is deleted (in the SF mutant, Figure S3) whereas
in DvH, in the periplasmic FeFe-hydrogenase deleted strain, adh expression decreases drastically. It should

be noted that DvH does not contain any electron-bifurcating hydrogenases.

We propose that the regulation of hnd expression might be under the control of Rex, which has been
described as a global redox-sensing transcriptional repressor that is controlled by the intracellular NAD*/NADH
ratio, a critical indicator for the redox state of the cell. NADH disrupts the interaction of Rex with its respective
binding sites, proposed to be induced by a conformational change in the N-terminal domains of the Rex
homodimer depending on NAD* or NADH binding (Park et al., 2018, Christensen et al., 2015, Brekasis & Paget,
2003).Rex has been shown in several bacteria to regulate genes for central metabolism, for proteins involved in

energy conversion and in a variety of metabolic processes (Ravcheev et al., 2012). The presence of a predicted
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Rex-binding site in the upstream untranslated region of the hnd operon (Figure S5) suggests that its expression
might be controlled by the intracellular NAD"/NADH redox state. In DvH, Rex was demonstrated to be a
transcriptional repressor of sat, a gene encoding for a sulfate adenyl transferase which is involved in sulfate
respiration. Surprisingly, sat transcript levels were highest when the cells were grown with pyruvate in the
absence of sulfate, with the highest levels being found in the Arex strain, suggesting that Rex induces the
expression of genes encoding for proteins that are involved in scavenging sulfate and those that are implicated
when the preferred electron acceptor is limiting (Christensen et al., 2015). In D. fructosovorans, a putative rex
gene (DesfrDRAFT_2623) encodes a 24.8 kDa protein that shows 47 % sequence identity with the Rex repressor
from Thermotoga maritima whose crystallographic structure has been solved (Park et al., 2018). In the
anaerobic hyperthermophile bacterium Caldicellulosiruptor bescii, structural genes for the NiFe Ech-type
hydrogenase and the FeFe Hnd-type hydrogenase are members of the Rex regulon (Sander et al., 2019,
Ravcheev et al., 2012). This suggests that Rex may play an important role in H, metabolism in this bacterium. In
D. fructosovorans, the involvement of the putative Rex regulator remains to be determined experimentally. In
contrast, a Rex binding site was not found in the promoter of aor2487 and adh3929, suggesting that although
the expression profile of these three genes is similar, their expression is not under the control of the same

regulators.

As already mentioned, D. fructosovorans harbors a gene cluster for a putative H,-sensing [FeFe]-
hydrogenase, called Hfs or HydS (DesfrDRAFT_3590) whose mechanism has yet to be elucidated. This type
of hydrogenase appears to have a regulatory role and the hydrogenase domain containing a non-canonical
active site (Chongdar et al., 2018) is fused to a C-terminal PAS domain. The sensory function of HydS has
been predicted based on the presence of this PAS domain (Greening et al., 2016). PAS domains are widely
utilized for various signal transduction and sensory functions (Henry & Crosson, 2011) and are frequently
found in signal transduction cascades involving serine/threonine protein kinases and phosphatases.
Transcriptional studies of R. albus have provided some insights into the regulatory function of HydS (Zheng
et al., 2014). In this bacterium, the genes encoding for HydS are co-transcribed with the transcriptional
repressor Rex and the ferredoxin-dependent [FeFe]-hydrogenase HydA2, whereas there—is—an genes

encoding the electron-bifurcating hydrogenase HydABC are located on a separate operon (Zheng et al.,
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2014). It is likely that HydS, in tandem with Rex, is sensing the NADH/NAD" ratio of the cell via the H, partial
pressure, with the ratio being higher at high H, concentrations, and modulating the transcription of genes
so that the NADH/NAD" ratio is balanced (Zheng et al., 2014). Greening et al. also proposed that in R. albus,
FeFe-hydrogenases are regulated by HydS as a result of direct H,-sensing (Greening et al., 2019). It is of
note that the presence of a hydS gene in the genome of Desulfovibrio species is always correlated with the
presence of hnd genes (Baffert et al., 2019). The coexistence of multimeric [FeFe]-hydrogenases and HydS
is also found in other H,-forming bacteria such as in Thermoanaerobacterium saccharolyticum,
Thermoanaerobacter tengcongensis and Thermotoga maritima (Chongdar et al., 2018, Pan et al., 2003,
Shaw et al., 2009, Soboh et al., 2004) however the extent of the role of HydS in the regulatory cascade still

needs to be clarified.

In DvH, an hexameric NADH dehydrogenase/heterodisulfide reductase complex Hdr-Fix is involved
in ethanol metabolism. Strains mutated in genes that encode the proteins of this complex also produce a
reduced amount of ethanol compared to the WT strain during pyruvate fermentation (Ramos et al., 2015).
The Hdr-FIx complex is proposed to be essential for NADH oxidation during growth on ethanol, probably
using an electron bifurcation mechanism that leads to the reduction of a ferredoxin and a small protein,
DsrC, involved in sulfate reduction, whereas during fermentation, the complex would function in the
opposite direction reducing NAD" for ethanol production (Ramos et al., 2015). In D. fructosovorans, the 7
genes encoding this complex are present in the genome immediately downstream of the adh gene
(desfrDRAFT_3930 to 3936), suggesting that it may also be involved in ethanol metabolism but its role in D.

fructosovorans remains to be determined.

In conclusion, we demonstrated that the electron-bifurcating hydrogenase Hnd is involved in
ethanol metabolism in D. fructosovorans in pyruvate medium under fermentative conditions. The deletion
of the hnd gene has a drastic effect on the expression of both adh and aor genes. Although the link
between the deletion of hnd and the decrease in the expression of both adh and aor as well as the
regulatory mechanisms at play remain to be understood, this study nevertheless provides a significant

advance in the function of Hnd in D. fructosovorans.
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Experimental procedures

Bacterial strains and growth conditions.

The WT strain of Desulfovibrio fructosovorans DSM 3604 (Ollivier et al., 1988) and the two mutants, SM4
and SF strains, which are deleted of hndD encoding the hydrogenase catalytic subunit of Hnd (AhndD, Cm®)
(Malki et al., 1997) or of hydAB encoding the small and large subunits of the periplasmic [FeFe]-
hydrogenase (AhydAB, Gm®) (Casalot et al., 2002b), respectively, were used in this study. To complement
the deletion strain SM4, the pBGhnd6 plasmid containing the entire hnd operon including the promoter
region (600 bp) was constructed and used to transform the SM4 strain as previously described (Kpebe et

al., 2018) to produce the SM4/pBGhnd6 strain.

Strains were grown anaerobically at 37°C in different media. The basal medium (pH 6.8) contains 25 mM
sodium pyruvate, 8 mM NH,CI, 1.3 mM CaCl,, 17.1 mM NacCl, 6.7 mM KCIl, 2.1 mM MgCl, and trace
elements (Rousset et al., 1998) and corresponds to the PSO medium. Na,SO, was added to the basal
medium to obtain the PS20 medium containing 20 mM sulfate. MgCl, and CaCl, in the basal medium were
replaced by 1 mM CaS0O, and 1 mM MgS0O, to obtain the PS2 medium containing 2 mM sulfate. Prior to
inoculation, 20 mM KH,PO, pH 6.8, 2.5 mM Na,S and 10 mM NaHCO; were added. Thiamphenicol (35
pg/mL) or gentamicin (20 pg/mL) were added to the SM4 or SF mutant culture media. The media were

inoculated with 5% (v/v) of fresh cultures.

Hydrogen production measurement

Cells were grown in 100 mL bottles containing 90 mL of PSO, PS2 or PS20 medium. The media were
inoculated with fresh cultures of WT or SM4 strains grown on PS2 medium. Each culture was done in
triplicate. For H, quantification, 100 pL of headspace gas was removed periodically using a gastight syringe
and injected into a gas chromatography system (Agilent 7820A) equipped with a thermal conductivity

detector and a GS-Carbonplot 115-3133 column (30 m, 530 um, 3 um), using nitrogen as the carrier gas, at
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a flow rate of 8.2 ml/min, an oven temperature of 30 °C and a detector temperature of 200 °C. The H,

production is expressed as micromols of H, accumulated in the headspace.

HPLC analysis

Acetate production, pyruvate and ethanol consumption were followed by HPLC. The analysis was
performed on the same D. fructosovorans cultures as those used to measure H, production and as those
used for the growth curves. 1 mL of culture samples were collected at different growth phase, centrifuged
at 14 100 g for 6 min to remove the cells, filtered through a 0.22 um filter and stored at -20°C until use.
Immediately before the analysis, 10 pL of H,SO, 0,5 M were added to 490 uL of sample to obtain a final
concentration of 10 mM of H,SO, and the samples were centrifugated for 5 min. The analysis was carried
out on an Agilent 1200 HPLC system equipped with a refractometer (Agilent Technologies). Acetate,
ethanol and pyruvate separation was achieved with an Agilent Hi-Plex H column (300 x 7.7mm) set at 50 °C.
25 uL of samples were injected. The compounds were eluted with 10mM sulfuric acid mobile phase at a

flow rate of 0.6 mL.min™.

Ethanol quantification with an enzymatic kit

When indicated, ethanol production in the growth medium was determined with an enzymatic kit
from Boehringer Mannheim/R-Biopharm according to the manufacturer instructions. This method is based
on quantifying NADH formed from ethanol through the combined action of Adh and aldehyde

dehydrogenase.

Sulfate determination

The concentration of sulfate was measured using a turbidimetric method previously described
(Marietou et al., 2009), based on the reaction of sulfate with barium chloride, resulting in the precipitation
of barium sulfate. At different growth times, 5 mL culture samples were harvested, 0.22 um filter-sterilized
and stored at 4°C. 100 uL of these samples were added to 900 pL of conditioning agent (10.2 mM glycerol,
6 mM concentrated HCI, 22.3 mM NacCl, 1.7 % ethanol) and 100 pL of 1 M barium chloride. The solution was

then vortexed for 30 s and incubated at room temperature for 45 min to allow the precipitation of barium
17
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sulfate. The absorbance of the solution at 420 nm was determined and the concentration of sulfate in the

samples was calculated from the calibration curve prepared using standard solutions of sodium sulfate.

Separation of proteins by SDS-PAGE

D. fructosovorans cells were grown in 1L bottles containing 900 mL medium, harvested at the end
of exponential phase of growth by centrifugation. The cell pellet was resuspended in buffer Tris-HCl 20 mM
pH 7.6 supplemented with protease inhibitors (SIGMAFAST™ Protease Inhibitor Cocktail Tablet, Sigma-
Aldrich), DNase | (Roche) and Lysozyme (Sigma-Aldrich). Cells were disrupted by two passages through a
chilled French press cell at a pressure of 100 MPa. After an ultracentrifugation at 200 000 g for 45 min at
4°C, proteins were separated on 10% polyacrylamide denaturing gels (SDS-PAGE) using a mini VE
electrophoresis apparatus (Amersham Pharmacia). After migration, gel was stained with Coomassie blue
staining solution (20% ethanol, 10% acetic acid and 0.15% Coomassie blue R250) and destained by soaking

for at least two hours in a solution of ethanol/acetic acid/water (20:10:70 vol/vol/vol).

Blue-Native gel (BN-gel) electrophoresis and in-gel hydrogenase activity detection

D. fructosovorans cells were grown in 1L bottles containing 900 mL medium, harvested at the end
of exponential phase of growth by centrifugation. Periplasmic extract was removed from the soluble
sample to avoid periplasmic hydrogenase activity bands on the BN gel. The cell pellet was resuspended in 5
mL TRIS-HCL 50 mM pH 9, sodium carbonate 170 mM, EDTA 50 mM and incubate 30 min at 30°C under
gentle agitation (100 RPM). After centrifugation for 20 min at 20000 g, the incubation step was repeated
another time in the same condition. The cell pellet was then used to prepare the soluble extract as
described for the SDS-PAGE. BN gels were performed on 5-13% acrylamide gradient gel, according to the
method of Schagger (Schagger et al., 1994, Schigger & von Jagow, 1991), as described by Le Laz et al.
(2014) (Le Laz et al., 2014). In-gel hydrogenase activity was detected as described previously by Kpebe et al.

(2018) (Kpebe et al., 2018) using methyl viologen as electron acceptor.

Western immunoblots
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D. fructosovorans cells were grown in 100 mL bottles containing 90 mL of PS2 or PS20 medium.
When indicated, sulfate was replaced by 2 or 20 mM sodium thiosulfate, or 4 or 40 mM sodium fumarate.
Cells were harvested at late exponential phase or stationary phase of growth. Cells were disrupted at 100°C
for 10 min in a loading buffer in the presence of 215 mM B-mercaptoethanol, 15 mM DTT and 2 % SDS and
the extracts were centrifuged at 14 000g for 10 min. Soluble proteins in the supernatant were quantified
with the Bio-Rad protein assay based on Bradford dye binding method, using bovine serum albumin (BSA)
as a standard. Proteins were separated by 10% SDS-PAGE and electrotransferred to a nitrocellulose
membrane (Fastblot, Biometra). The membrane was blocked for 1 h in TBST (500 mM Tris-HCl pH 7.5, 1.5 M
NaCl, 0.2% Tween 20) containing 5% skim milk and incubated overnight at 4°C with a 5000-fold dilution of
the primary rabbit anti-HndD antibody in the same buffer. After three 10 min washes in TBST, the
membrane was developed using a 1/20 000 dilution of horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody for 1 h and the ECL western blotting detection reagents (Amersham). The primary anti-
HndD antibody was generated by Eurogentec from a rabbit immunized with gel purified his-tagged HndD
protein. 1gG from serum were purified by affinity chromatography (protein G Sepharose, GE Healthcare).
Protein loading was controlled by performing two identical SDS-PAGE in parallel. The first one was used for
western immunoblotting experiment while the second one was stained with Coomassie blue staining
solution. Protein quantification was done with Image J free software (NIH, LOCI, University of Wisconsin)

(Schneider et al., 2012).

Protein Identification by In-gel Digestion and Mass Spectrometry

Gel electrophoresis bands of proteins from SDS-PAGE were put into a 96-well microplate (Greiner)
and in-gel trypsin digestion of proteins was performed according to Guiral et al. (2009) (Guiral et al., 2009).
Proteins were identified by LC-MSMS as described previously by Guiral et al (2009) (Guiral et al., 2009)
except that the peptides were separated by one dimension liquid chromatography on the reversed-phase
column C18 only, and that the proteins analysed here are soluble proteins instead of membrane proteins.

The database Desulfovibrio fructosovorans (TxID 878, 4701 entries) used was extracted from NCBI.

Hydrogenase activity in total soluble extracts
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Preparation of soluble extracts

D. fructosovorans cells, grown in 1 L bottles containing 900 mL of PS2 medium were harvested at
the end of the exponential phase and resuspended in 10 mL of 100 mM Tris-HCI pH 8 supplemented with
protease inhibitors (SIGMAFAST™ Protease Inhibitor Cocktail Tablet, Sigma-Aldrich), DNase | (Roche) and
Lysozyme (Sigma-Aldrich). The cells were broken in an anaerobic glovebox (Jacomex) using a sonicator
(Hielscher) in 10 cycles of 1 minute of sonication then 1 minute of rest in a water bath chilled at 4°C. The
cell extract was ultracentrifuged at 200 000 g for 45 min at 4°C, then the soluble fraction was recovered,
and the total protein was quantified using the Bio-Rad protein assay based on Bradford dye binding

method, using bovine serum albumin (BSA) as a standard.

H, evolution assays

H, evolution assays were carried out using dithionite-reduced methyl viologen (50 mM reduced
with 23 mM sodium dithionite) as electron donor, in anaerobic 6.5 mL-serum bottles containing 1 mL
reaction mixture composed of Tris-HCI 0.1 M pHS8, at 30°C. The gas phase was 100% N,. The reaction was
started by the addition of 26.3 pg proteins of WT D. fructosovorans soluble extract or 226.5 to 377.5 g
proteins of SM4 strain soluble extract. H, production was measured using gas chromatography (GC). Fifty
microliters of headspace gas was removed periodically from the vials using a gastight syringe and injected
into a GC system (Agilent 7820) equipped with a thermal conductivity detector and a Carbon-plot capillary
column (30 m, 0.53 mm, 3 um), using nitrogen as the carrier gas, at a flow rate of 8.15 mL/min, an oven
temperature of 30 °C and a detector temperature of 200 °C. One unit of hydrogenase activity corresponds

to the production of 1 pmol of H,/min.

H, oxidation assays

H,-oxidizing activity measurements were performed in anaerobic quartz cuvettes, under 1 bar-
pressure of , in 800 pL of reaction mixture containing 100mM Tris-HCl pH 8.0, 2mM dithiothreitol (DTT),
and 50mM methyl viologen (Sigma Aldrich) as artificial electron acceptor. The reaction was started by the
addition of 0.5 to 7.5 ug proteins of WT D. fructosovorans soluble extract or SM4 strain soluble extract to
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the mixture to start the reaction and methyl viologen reduction was monitored at 604 nm
(e=13,600M*.cm™) using a UV-Vis spectrophotometer Lambda 25 (Perkin Elmer). One unit of hydrogenase

activity corresponds to the uptake of 1 umol of H,/min.

RNA preparation

D. fructosovorans cells, grown in 2 L bottles containing 1.8 L of PS2 or PS20 medium, were
harvested at the end of the exponential phase of growth. 10 cells were pelleted, washed three times, and
resuspended in 200 pL of 10 mM Tris-HCI, pH 8. Total RNA was prepared using the High Pure RNA kit from
Roche Diagnostics according to the manufacturer’s instructions. To remove genomic DNA contamination,
total RNA was then treated with the TURBO DNA-free™ kit (Life Technologies). RNA concentration and
purity were determined with a NanoDrop 2000 spectrophotometer (Thermo Scientific) and electrophoretic
migration on an agarose gel was performed to verify the absence of RNA degradation. The absence of
contaminant DNA was verified by PCR with the Tag DNA-dependent DNA polymerase (Fermentas) using

16S specific primers (16S-F and 16S-R, Table S3).

Real-time quantitative PCR (RT-qPCR).

Reverse transcription was performed on 500 ng of total RNA by using the SuperScriptlll reverse
transcriptase and random primers (Invitrogen). Real-time PCR runs were carried out on a CFX96 Real time
System (Bio-Rad). Cycling parameters of the real time PCR were 98°C for 2 min, followed by 45 cycles of
98°C for 5s and 60°C for 10 s, ending with a melting curve analysis from 65°C to 95°C to determine the
specificity of the amplification. To determine the amplification kinetics of each product, the fluorescence
derived from the incorporation of EvaGreen into the double-stranded PCR products was measured at the
end of each cycle using the SsoFast” EvaGreen® Supermix 2X Kit (Bio-Rad). The results were analyzed using
the Bio-Rad CFX Manager Software 3.0. The 16S rRNA gene was used as a reference for normalization. The
real-time quantitative PCR experiments were performed in duplicate assays with total RNA from at least

three independent growth experiments. Primers used for the real time PCR are listed in Table S3.
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Figure legends

Figure 1: Growth curves of Desulfovibrio fructosovorans WT and SM4 strains. Bacteria were grown in PSO
(A, fermentation), PS2 (B, mixed culture condition) and PS20 (C, respiration) media containing no, 2 mM
and 20 mM sulfate respectively and 25 mM pyruvate as electron donor. WT strain, black curves; SM4 strain,
red curves. OD600 was followed as a function of time. OD units were converted into number of cells ( 1 mL
of cells at OD600 of 1 represents 10° cells). Data represent the averages of the results of three replicate

growths. Error bars correspond to standard deviations.

Figure 2: Pyruvate, acetate, ethanol and H, quantification. Pyruvate (open squares), acetate (closed
triangles) and ethanol (closed circles) in the growth medium and H, (open diamonds) in the headspace

were quantified by HPLC or GC during the growth of the D. fructosovorans WT strain (black curves) or SM4
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mutant strain (red curves) under fermentation (PSO, A and D), mixed culture condition (PS2, B and E) or
respiration (PS20, C and F). Analysis were performed on the same D. fructosovorans cultures as those used
for the growth curves. Times indicated on the x-axis correspond to those in Figure 1. Data represent the

averages of the results of three replicate growths. Error bars correspond to standard deviations.

Figure 3: Proteomic analysis. (A) Separation by Coomassie-blue-stained SDS-PAGE of soluble proteins from
WT (lanes 1 and 3) and SM4 mutant (lanes 2 and 4) strains of Desulfovibrio fructosovorans grown under
mixed (lanes 1 and 2) or respiratory (lanes 3 and 4) conditions. Cells were harvested at the end of the
exponential phase. 45 pg of soluble proteins were loaded in each lane of a 10 % SDS-PAGE. Molecular mass
markers (lane 5) are indicated in kDa. (B) Proteins identified by mass spectrometry (ion trap MS/MS) in
bands showing a different intensity in the two strains. Data correspond to identified proteins in bands 1, 2
and 3 from WT cells grown under mixed condition (panel A, lane 1). Only proteins identified with the
highest score in each gel band are reported (for the complete list of identified proteins, see Table S1). Table
heading: Protein name, protein name in NCBI database. NCBI entry, accession number. Unique peptides:
number of distinct peptides matching to protein sequence and unique to this protein. Sequence coverage,
protein sequence coverage by the matching peptides (in %). Theor. M,, theoretical molecular mass in kDa of

the identified protein. These results are representative of several similar experiments.

Figure 4: Relative expression of the adh, aor and hndD genes quantified by RT-qPCR. D. fructosovorans WT
and SM4 strains were grown under mixed culture condition (PS2 medium) or under respiratory condition
(PS20 medium) and samples were collected at the end of the exponential phase of growth. Expression of
the genes was normalized to that of the 16S rRNA gene. These results are representative of several similar

experiments.

Figure 5: Hnd hydrogenase production and detection of its activity on BN-gel. (A) Western blot analysis of
HndD production by WT (lanes 1 and 2), SM4 (lane 3) and SM4/pBGhnd6 (lane 4) cells of D. fructosovorans
grown in medium containing 2 mM (PS2) (lanes 1, 3 and 4) or 20 mM (PS20) (lane 2) sulfate. Cells were
harvested at stationary phase of growth and 25 ug of total proteins from whole-cell protein extracts were

separated by 10% SDS-PAGE and subjected to Western blotting using an antibody raised against HndD. The
23
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SDS-PAGE gel below the western blot is a loading control. (B) In-gel detection of hydrogenase activity in on
BN-gel of cytoplasmic proteins prepared from D. fructosovorans WT strain grown on PS20 (lane 1) or PS2
(lane 2) medium. 35 pg of cytoplasmic proteins were loaded on a 5-13% polyacrylamide gel. Molecular

weight markers are indicated in kDa (lane 3).

Figure 6: Relative hndD gene expression and production of ethanol by D. fructosovorans WT strain and the
complementation strain SM4/pBGhnd6 grown under mixed culture condition (PS2 medium). Samples were
collected at the end of the exponential phase of growth. (A) Relative expression of the hndD gene
qguantified by RT-qPCR. Expression of the gene was normalized to that of the 16S rRNA gene. Error bars
correspond to standard deviations. (B) Ethanol concentration in the growth medium quantified with an

enzymatic kit. These results are representative of several similar experiments.

Figure 7: Model of the pyruvate oxidation pathway by D. fructosovorans under pyruvate fermentation
conditions. Pyruvate is converted into acetate by the 2 enzymes Pfo and Acs. Part of the acetate is
converted into ethanol by Aor and Adh. H, could be produced by the membrane NiFe-hydrogenase Ech
from reduced ferredoxin, which would contribute to the electrochemical proton gradient for ATP synthesis.
This model proposes that the role of the Hnd hydrogenase would be to produce reducing equivalents
(NADH and reduced ferredoxin) from H,, allowing the production of ethanol. Pfo, pyruvate ferredoxin
oxidoreductase; Acs, Acetyl-CoA synthase; Aor, Aldehyde ferredoxin oxidoreductase; Adh, Alcohol
dehydrogenase; Ech and Hnd, Hydrogenases. Fd,,, oxidized ferredoxin; Fd*, reduced ferredoxin. This figure

was created with BioRender.com.

Figure S1: Growth curve, sulfate consumption and H, production by D. fructosovorans WT cells. Bacteria
were grown in PS2 medium (mixed culture condition). Sulfate concentration in the growth medium was
determined using a turbidimetric method with barium chloride. H, in the headspace was quantified using

GC. H, starts to accumulate when sulfate is completely reduced.

Figure S2: Western blot analysis of HndD production by D. fructosovorans WT cells grown in medium

containing 25 mM pyruvate and 20 mM thiosulfate (lane 1), 2 mM thiosulfate (lane 2), 40 mM fumarate
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(lane 3) or 4 mM fumarate (lane 4) as electron acceptor. Cells were harvested at late exponential phase of
growth and 2 ug of total proteins from whole-cell protein extracts were separated by 10% SDS-PAGE and
subjected to western blotting using an antibody raised against HndD. The SDS-PAGE gel below the western

blot is a loading control.

Figure S3: Separation by Coomassie-blue-stained SDS-PAGE of soluble proteins from WT (lane 2), SM4
mutant (lane 3) and SF mutant (lane 4) strains of Desulfovibrio fructosovorans grown under mixed
conditions (PS2). Cells were harvested at the end of the exponential phase. 45 pg of soluble proteins were

loaded in each lane of a 10 % SDS-PAGE. Molecular mass markers (lane 1) are indicated in kDa.

Figure S4: Growth curves of Desulfovibrio fructosovorans WT, SM4 (AhndD), SM4/pBGhnd6 and SF
(AhydAB) strains. Bacteria were grown in PS2 medium containing 25 mM pyruvate as electron donor and 2

mM sulfate as electron acceptor (mixed culture condition).

Figure S5: Predicted Rex binding-site in the promoter region of hnd. (A) Sequence logo of the DNA
recognition motif for all Rex sites in the order Desulfovibrionales. The sequence logo was constructed
based on the alignment of 117 sites identified as Rex recognition sequences (available in the RegPrecise
database). (B) Consensus sequence of the Rex binding sites in the promoter region of the tetrameric,
cytoplasmic [FeFe] hydrogenases found in Desulfovibrio. The consensus sequence was constructed by
aligning the known sites with ClustalW multiple alighnment. (C) The Rex binding sites and their locations in
the promoter region of the tetrameric, cytoplasmic [FeFe] hydrogenases in Desulfovibrio species. The
promoter region sequences were taken from NCBI and the Rex-binding site was mapped. Identical residues

between the species are highlighted in red.
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621 Table

622  Table 1: Growth parameters of WT and SM4 D. fructosovorans strains.

Doubling time (h) Maximum cell count/mL*t
Medium
WT SM4 WT sM4
PSO 369.0£73.5 519.5+100.7 6.90x10%+ 4.0x10" | 6.70x10%+ 3.0x10’
Phase 1
17.2+0.9 17.4+5.7
0-40 hrs
PS2 1.12x10° + 1.0x10" | 1.16x10° + 2.0x10’
Phase 2
89.3+3.5 114.2+1.1
40-110 hrs
PS20 20.5+0.3 15.3+1.2 1.33x10°+ 1.0x10" | 1.41x10° + 4.0x10’

623 t The highest optical density at 600 nm was converted into number of cells (1 mL of cells at OD600 of 1
624  represents 10° cells). Data are mean values +/- standard deviation and were obtained from triplicate
625 separated experiments.
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. Molecular
Band Protein name NCBI entry Unlque Sequence weight
(locustag) peptides coverage (%)
(kDa)
Iron-containing alcohol EFL49342
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Figure S1: Growth curve, sulfate consumption and H, production by D. fructosovorans WT cells. Bacteria
were grown in PS2 medium (mixed culture condition). Sulfate concentration in the growth medium was
determined using a turbidimetric method with barium chloride. H, in the headspace was quantified
using GC. H, starts to accumulate when sulfate is completely reduced.



Figure S2
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Figure S2: Western blot analysis of HndD production by D. fructosovorans WT cells grown in
medium containing 25 mM pyruvate and 20 mM thiosulfate (lane 1), 2 mM thiosulfate (lane
2), 40 mM fumarate (lane 3) or 4 mM fumarate (lane 4) as electron acceptor. Cells were
harvested at late exponential phase of growth and 2 ug of total proteins from whole-cell
protein extracts were separated by 10% SDS-PAGE and subjected to western blotting using
an antibody raised against HndD. The SDS-PAGE gel below the western blot is a loading
control.
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Figure S3: Separation by Coomassie-blue-stained SDS-PAGE of soluble proteins
from WT (lane 2), SM4 mutant (lane 3) and SF mutant (lane 4) strains of
Desulfovibrio fructosovorans grown under mixed conditions (PS2). Cells were
harvested at the end of the exponential phase. 45 pg of soluble proteins were
loaded in each lane of a 10 % SDS-PAGE. Molecular mass markers (lane 1) are
indicated in kDa. Arrows indicate bands corresponding to Adh (3929).
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Figure S4: Growth curves of Desulfovibrio fructosovorans WT, SM4 (AhndD), SM4/pBGhnd6
and SF (AhydAB) strains. Bacteria were grown in PS2 medium containing 25 mM pyruvate as
electron donor and 2 mM sulfate as electron acceptor (mixed culture condition).
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Strain Gene or locus tag Rex binding site Location
Desulfovibrio fructosovorans JJ hndA A ... 124 bp ATG
Desulfovibrio magneticus RS-1 hycA T A ...113 bp ATG
Desulfovibrio alcoholivorans DSM 5433 Q368_RS0118580 A A ..113 bp ATG
Desulfovibrio carbinolicus DSM 3852 C3Y92_RS00830 T A ...113 bp ATG
Desulfovibrio magneticus Maddingley MBC34 B193_3278 T A .. 167 bp ATG
Desulfovibrio aerotolerans DSM 16695 GTA51_RS06440 T A ...131 bp ATG
Desulfovibrio carbinoliphilus subsp. Oakridgensis DFW101_RS12940 A A ..131 bp ATG
FW-101-B
Desulfovibrio sp. DV DVDV_3691 T A .. 168 bp ATG
Desulfovibrio sp. TomC NY78 RS07160 T A ..133 bp ATG
Desulfovibrio sp. U5L DESUSLDRAFT_RS02850 A A ...131 bp ATG

Figure S5: Predicted Rex binding-site in the promoter region of hnd. (A) Sequence logo of the DNA recognition motif for
all Rex sites in the order Desulfovibrionales. The sequence logo was constructed based on the alignment of 117 sites
identified as Rex recognition sequences (available in the RegPrecise database). (B) Consensus sequence of the Rex
binding sites in the promoter region of the tetrameric, cytoplasmic [FeFe] hydrogenases found in Desulfovibrio. The
consensus sequence was constructed by aligning the known sites with ClustalW multiple alignment. (C) The Rex binding
sites and their locations in the promoter region of the tetrameric, cytoplasmic [FeFe] hydrogenases in Desulfovibrio
species. The promoter region sequences were taken from NCBI and the Rex-binding site was mapped. Identical residues
between the species are highlighted in red.



Table S1: Complete list of identified proteins of SDS-PAGE by mass spectrometry (ion trap MS/MS)

Sequence Molecular

Band Protein name TIS)EL:tr:r;/ lémt?::s coverage weight
& bep (%) (kDa)
Iron-containing alcohol EFL49342
! dehydrogenase (DesfrDRAFT_3929) 24 41.9 41.8
EFL52770
2 HndC (DesfrDRAFT_0400) 16 26 222
Rhodanese domain protein (Dest[SLR?IZT973433) 7 18.3 48.9
. EFL50342
Chaperonin GroEL (DesfrDRAFT_2908) 5 121 57.9
Mannose-1-phosphate
EFL4 2
guanylyltransferase/mannose-6- (DesfrDRA?FSTG 3697) 5 134 52.6
phosphate isomerase -
3-phosphoshikimate 1- EFL50559
carboxyvinyltransferase (DesfrDRAFT_2674) > 14.8 46.2
. EFL50313
Glycine dehydrogenase (DesfrDRAFT_3003) 4 12.11 52.1
[FeFe] hydrogenase H-cluster radical EFL51804 4 10.9 535
SAM maturase HydG (DesfrDRAFT_1339) ) )
EFL52913
Aldehyde dehydrogenase (DesfrDRAFT_0543) 3 5.3 53.1
. EFL50649
GHMP kinase (DesfrDRAFT_2590) 2 6.5 55.9
. . EFL50726
3 Aldehyde ferredoxin oxidoreductase (DesfrDRAFT_2487) 22 43.1 60.8
Indolepyruvate ferredoxin EFL51374 6 9.2 64.9
oxidoreductase alpha subunit (DesfrDRAFT_1813) ' '
. EFL50342
Chaperonin GroEL (DesfrDRAFT_2908) 5 8.2 57.9
HndD EFL52771 4 6.8 63,4

(DesfrDRAFT_0401)

Data correspond to identified proteins in bands 1, 2 and 3 from SDS-PAGE from WT cells grown under mixed
condition (Figure 3, panel A, lane 1). Table heading: Protein name, protein name in NCBI database. NCBI entry,
accession number. Unique peptides: number of distinct peptides matching to protein sequence and unique to this
protein. Sequence coverage, protein sequence coverage by the matching peptides (in %). Molecular weight,

theoretical molecular weight in kDa of the identified protein.



Table S2: Hydrogenase activity in the WT and the SM4 mutant strain

Hydrogenase activity

D. fructosovorans H,-oxidation H,-production

strain (U/mg) (U/mg)
WT 32.7+25 6,404
SM4 1.8+0.1 0.1 +0.05

H,-production and H,-oxidation activities were measured on the soluble total extract of the 2 strains grown in mixed

culture condition (PS2).

Table S3: Primers used for the PCR and RTg-PCR.

Primer Sequence 5’- 3’ Size of amplicon
(bp)
Aor-F CTGCCCACCAAAAACTTCCG
149
Aor-R TTATAGTGCTGGGAGCAGCG
AdH-F AATGACCCGCTTCTGCATCA
280
AdH-R TTCCATGTCCTGACCGTTGG
HND D-F ACGTCTTCGACACCGACTTC
150
HND D-R TCGAAGAACTTGACCCAGCC
16S-F GCTACGATGGGTAGCTGGTC
145
16S-R AAGCCTTCTTCCCTCACACG




