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. Despite recent advances in understanding the biogenesis of iron-sulfur (Fe-S) proteins, most studies

. focused on aerobic bacteria as model organisms. Accordingly, multiple players have been proposed to
participate in the Fe-S delivery step to apo-target proteins, but critical gaps exist in the knowledge of

. Fe-S proteins biogenesis in anaerobic organisms. Mrp/NBP35 ATP-binding proteins are a subclass of

. the soluble P-loop containing nucleoside triphosphate hydrolase superfamily (P-loop NTPase) known

© to bind and transfer Fe-S clusters in vitro. Here, we report investigations of a novel atypical two-

. domain Mrp/NBP35 ATP-binding protein named Mrp, associating a P-loop NTPase domain with a
dinitrogenase iron-molybdenum cofactor biosynthesis domain (Di-Nase). Characterization of full length
Mrpoge, as well as of its two domains, showed that both domains bind Fe-S clusters. We provide in vitro

. evidence that the P-loop NTPase domain of the Mrpggp can efficiently transfer its Fe-S cluster to apo-

© target proteins of the ORange Protein (ORP) complex, suggesting that this novel protein is involved in

. the maturation of these Fe-S proteins. Last, we showed for the first time, by fluorescence microscopy

. imaging a polar localization of a Mrp/NBP35 protein.

Iron-Sulfur (Fe-S) metalloproteins are key players of a wide range of important biological processes, such as gene
expression, DNA repair, RNA modification, central metabolism and respiration. In vivo, the biogenesis of Fe-S
© cluster requires complex multiproteic machineries. In prokaryotes, three Fe-S cluster biogenesis pathways have
- been identified: ISC, SUF and NIF'-* Each of these three pathways requires three main steps: i) the acquisition of
. iron atom from an undiscovered donor and sulfur atom from cysteine by a cysteine desulfurase, ii) the assembly
of the Fe-S cluster on a scaffold protein and iii) the Fe-S cluster delivery to apo-target proteins either directly
from the scaffold protein or through carrier proteins that subsequently traffic and transfer the Fe-S cluster to the
apo-target proteins.
In eukaryotes, Fe-S clusters are also synthesized by dedicated biogenesis pathways located in the plastids,
mitochondria and cytosol. Plastids contain the SUF pathway while mitochondria use the ISC pathway. Cytosolic
and nuclear Fe-S proteins, assisted by the ISC system, are maturated by a set of nine cytosolic components known
as the CIA pathway for Cytosolic Iron-sulfur protein Assembly*>°.
: The first component of the CIA machinery to be identified was the essential and highly conserved Cfd1, iso-
. lated from yeast”. This protein belongs to the Mrp/NBP35 ATP-binding protein subclass (also called ApbC) of
. P-loop containing nucleoside triphosphate hydrolase found ubiquitously in the three domains of Life®. Members
. of this subfamily, studied so far, have been shown to play a role in Fe-S biogenesis. For instance, Nbp35 and Cfd1
© proteins form an heteromeric scaffold complex in yeast and mammalian CIA pathway, whereas mitochondrial

Ind1, belonging also to the Mrp/NBP35 ATP-binding protein subclass, serves as Fe-S cluster carrier to mature

respiratory Complex I in yeast®. Also, in bacteria, the Salmonella enterica ApbC protein has been shown to be

required for the maturation of TcuB, an enzyme necessary to use tricarbalyllate as carbon source and it was pro-
© posed to exhert a Fe-S cluster carrier role'®'!,
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Mrp/NBP35 ATP-binding proteins harbor two main signatures: a deviant Walker A motif (GKGGhGK[ST])
involved in ATP binding and a conserved CXXC motif'>~**. The ATPase activity has been demonstrated in vitro
for the Salmonella enterica ApbC and Yeast Nbp35 proteins but the role of nucleotide hydrolysis in cluster biogen-
esis still remains unclear’>"”. The conserved CXXC muotif is involved in the binding of a bridging [4Fe-4S] cluster
between monomers and is essential for the Fe-S biogenesis in vivo!>1618,

Curiously, few bacterial proteins belonging to the Mrp/NBP35 ATP-binding subclass have been studied to date
whereas they are ubiquitous in microorganisms. Orp9 (DVU2109) is a protein composed of two domains with one
of them showing homologies with Mrp/NBP35 proteins. Orp9 is a component of the ORangeProtein (ORP) com-
plex from the Sulfate Reducing Microorganism (SRM) model organism, Desulfovibrio vulgaris Hildenborough
(DvH)". The ORP complex is made of 5 proteins named Orp3 (DVU2103), Orp4 (DVU2104), Orp5 (DVU2105),
Orp8 (DVU2108) and Orp9 (DVU2109), putatively involved in cell division'®. The genes coding for ORP proteins
are clustered into two divergent operons whose expression is controled from a 6°*-dependent promoter'>2°. Most
of the ORP proteins are predicted to be metal binding proteins. Hence, Orp3 and Orp4 share 41% similarity to
each other and each protein contains two conserved [4Fe-4S] ferredoxin binding motifs (IPR017900), Orp8 is
homologous to proteins harboring a non-covalently metal sulfide [S,Mo0S,CuS,MoS,] cluster*"*?> and Orp5 is
homologous to a protein that binds [2Fe-2S] clusters?*. The actors involved in the maturation of the ORP complex
metallo-proteins are yet unknown.

In this work, we show that Orp9 from DvH and its homolog Dde3202 from Desulfovibrio alaskensis G20
(DdG20) contain a Mrp/NBP35 domain and we report the biophysical and biochemical characterization of both
proteins. We demonstrate that these two proteins possess two domains, each able to bind a Fe-S cluster. We also
evidence that only the Mrp/Nbp35 domain can efficiently transfer its Fe-S cluster to apo-targets, such as aconitase
and Orp proteins. We propose that Orp9 and its homolog Dde3202, named hereafter Mrpoygp, constitute a novel
type of Mrp/Nbp35-like proteins required for the maturation of the Fe-S cluster containing proteins of the ORP
complex. Finally, we provide the first localization of a Mrp/NBP35 protein in a microorganism.

Results

The Mrpoge proteins are two-domain proteins. Querying the INTERPRO portail indicated that
Mrpogp belongs to the Mrp/NBP35 ATP-binding proteins (IPR019591), a very large protein family ubiquitous in
the domains of Life (Supplementary Table S1). This protein family encompasses the prokaryotic Mrp and ApbC,
and the eukaryotic Nbp35 and Cfd1 proteins involved in Fe-S cluster biogenesis'>'¢**. Most of the 17,511 mem-
bers of the Mrp/NBP35 ATP-binding protein family contained a single conserved functional domain, the P-loop
containing nucleoside triphosphate hydrolase domain (P-loop NTPase, IPR027417). However, in a few cases this
domain is found associated with other domains (Supplementary Table S2). In Mrpogp the P-loop NTPase domain
is associated with a dinitrogenase iron-molybdenum cofactor biosynthesis domain (Di-Nase, IPR003731), which
is usualy found in proteins involved in the biosynthesis of the iron-molybdenum cofactor (FeMo-co), such as
NifB and NafY?. The association between P-loop NTPase and Di-Nase domains was observed in 99 members
of the Mrp/Nbp35 ATP-binding family (Supplementary Table S3). They corresponded mainly to proteins from
anaerobic organisms, such as Thermodesulfobacteria, Clostridia and Desulfovibrio (Supplementary Table S3).

The phylogenetic analysis of the Mrp/NBP35 ATP-binding protein family showed that sequences from the
three domains of Life are mixed on the tree (Fig. 1), indicating that horizontal gene transfers among domains
occurred during the diversification of this protein family. According to this phylogeny, the Mrpggp protein is
more related to the eukaryotic Nbp35 and Cfd1 than to the bacterial ApbC and Mrp (Fig. 1, purple triangles).
The 99 sequences harboring an association between the P-loop NTPase and Di-Nase domains do not form a
monophyletic group (Fig. 1, pink triangles). In fact, they belong to different parts of the tree, indicating that the
association between these two domains occurred several times independently. The phylogenetic analysis of the
110 sequences displaying the highest sequence similarity with the P-loop NTPase domain of Mrpagp disclosed its
closest relatives that are mainly from Deltaproteobacteria and revaled again phylogenetic relationships at odd with
the current systematics confirming that the evolution of the Mrp/NBP35 ATP-binding family has been heavily
impacted by horizontal gene transfers (Supplementary Fig. S1). Again, sequences harboring both the P-loop
NTPase and Di-Nase domains appeared intermixed with sequences containing only the P-loop NTPase domain,
confirming that such an association occurred mainy times during evolution.

Genes coding for Mrpogp proteins from the sulfate reducer deltaproteobacteria DvH and DdG20 were both
located in the orp genes cluster (Supplementary Fig. $2)!°%%. The Mrpggp proteins from DvH and DdG20 have
a molecular mass of 50 kDa and 43 kDa, respectively, with a P-loop NTPase domain of 30 kDa and a Di-Nase
domain of 13kDa for Mrpggp with DvH exhibiting a suplementary linker between the two domains (Fig. 2).
The sequence alignment of the two Mrpagp with E. coli Mrp, S. enterica ApbC, S. cerevisiae Nbp35 and Cfd1,
showed that the typical deviant Mrp Walker A (GKGGhGK][ST]), Walker B motifs, and CXXC motifs are con-
served in Mrpogp (Fig. 2)'%'926, We found also that in the Mrpggp four cysteine residues were present in the
N-terminal part of the P-loop NTPase domain of Mrpggp proteins (Fig. 2, blue crosses) with only one of them
conserved in eukaryotic Nbp35 (Fig. 2, black asterisk). These cysteine residues might form a non-canonical motif:
CX;CX,,CXC in Mrpggp of DvH and CXCX;CX,C in Mrpogp of DdG20.

Yet, the association between a P-loop NTPase and a Di-Nase domains raises the question about the role of
Mrpogp proteins. We then investigated the biochemical properties of this new type of Mrp-like protein.

The conserved CXXC motif from the P-loop NTPase domain of Mrpggp binds a Fe-S cluster.  We,
first, investigated the presence of a Fe-S cluster bound to Mrpogp The UV-visible spectrum of the aerobically
isolated DdG20 Mrpggp purified from E. coli, showed no absorbance corresponding to a Fe-S signature (Fig. 3,
dotted line). However, after in vitro Fe-S cluster reconstitution under DTT reducing conditions in the presence
of iron (Fe?") and sulfur (S*~ or cysteine), the Mrpogp domain proteins exhibited a broad peak at 400 nm with a
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Figure 1. Unrooted Maximum likelihood tree of the Mrp/Nbp35 ATP-binding protein family (IPR019591,
16154 sequences, 114 amino acid positions conserved for the analysis after trimming). The tree is displayed

as a cladogramme. Branch colors correspond to taxonomic groups: pink = Bacteria, blue = Eucarya,

green = Archaea. DVU2109, DVU1847, and DVU2330 from Desulfovibrio vulgaris strain Hildenborough ATCC
29579, Dde3202 from Desulfovibrio alaskensis strain G20, Mrp from Escherichia coli strain K12, ApbC from
Salmonella typhimurium strain LT2 SGSC1412 ATCC 700720, Cfd1 and Nbp35 from Saccharomyces cerevisiae
strain ATCC 204508 S288c are indicated by red triangles. The 99 sequences associating a P-loop NTPase
domain and a Di-Nase domain are indicated by purple triangles. Because of the large number of sequences
contained in the tree, some triangles may overlap.
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Figure 2. Protein sequences alignment of bacterial Mrp/ApbC and eukaryotic Nbp35 homologs. Bacterial
sequences are from Dde (DDE_3202, UniProt accession no. Q30WF0), DvH (DVU2109, UniProt accession no.
Q72A88), E. coli (Mrp, UniProt accession no. POAF08) and S. enterica (ApbC, UniProt accession no. Q8ZNNS5).
The eukaryotic homologs are the paralogs from S. cerevisiae (Nbp35, UniProt accession no. P52920 and Cfd1;
UniProt accession no. P40558). Conserved amino acids are shown on a black background. Conserved cysteine
residues are indicated with an asterisk black or a blue cross above the residue. Mutated cysteine in alanine
residues are indicated with a red asterisk above the residue. The blue frame corresponds to the P-loop NTPase
end the orange to the Di-Nase domain. The sequence alignment was built using the clustal O program https://
www.ebi.ac.uk/Tools/msa/clustalo/ (version 1.2.1).

shoulder at 325 nm typical of 4Fe-4S clusters (Fig. 3, black solid line). The A /A ratio of the reconstituted pro-
tein is 0.3. Upon reduction with dithionite, the absorbance at 400 nm decreased in comparison with the oxidized
spectra (Fig. 3, grey solid line). Iron quantification showed that the full-length Mrpqgp contained 5.25 4 0.05 Fe
per polypeptide chain. In the same way, Fe-S cluster reconstitution of the P-loop NTPase domain led to 4Fe-4S
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Figure 3. UV-visible absorption spectra of oxidized and reduced wild-type full, P-loop NTPase domain and
mutant Mrpogrp c215a-c2184 pProteins. UV-visible absorption spectra of aerobically isolated wild-type Mrpogp
(dotted line) enzymatically reconstituted the Mrpogp protein before (solid bold line) and after reduction with
addition of sodium dithionite (solid grey line) and enzymatically reconstituted Mrpogpca1sa,caisa Protein before
(dashed bold line) and after reduction with addition of sodium dithionite (dashed grey line). Inset: UV-visible
absorption spectra of the enzymatically Fe-S reconstituted P-loop NTPase domain before (solid line) and after
reduction with addition of sodium dithionite (dashed line).

clusters signature but with a A /A, ratio of 0.18 lower than the full-length protein (Fig. 3, Inset). The two con-
served cysteine residues, Cys215 and Cys218, of the Mrpopp CXXC motif were then replaced by alanine residues
by site directed mutagenesis (Fig. 2, red asterisks). The UV-visible absorption spectrum of the corresponding
reconstituted variant protein MrporpC215A/C218A exhibited a drastic decrease in the absorbance at 400 nm with
an A 49/ A, ratio of 0.08 compared to 0.3 for the wild-type protein (Fig. 3, dashed line).

From these results, we conclude that the CXXC motif of the P-loop NTPase domain of Mrpagp is involved in
the binding of a Fe-S cluster.

The Di-Nase domain of Mrpgogp binds a 3Fe-4S cluster. We noticed that the reconstituted
MrporpC215A/C218A exhibited a weak absorbance around 400 nm compared to the apo-protein spectrum and
that the P-loop NTPase domain had a ratio A,/A,s, lower than the full-length Mrpggp (Fig. 3). To explore
the hypothesis that the Di-Nase domain could bind a Fe-S cluster, the strep-tagged-Di-Nase domain of Mrpogp
(Mrpogrp_CT) was anaerobically produced and isolated from DvH. The as-isolated domain has a brown color and
exhibited an UV-visible spectrum with a broad absorption band at 420 nm, with a shoulder at 325nm (Fig. 4A,
solid line), and a A,,(/A,;; ratio equal to 0.57. These features disappeared upon reduction with sodium dithionite
(Fig. 4A, dashed line). The Mrpogp_CT contained 3.2 4 0.1 Fe per polypeptide chain, and an extinction coefficient
0f 15200 M ! cm™! at 420 nm (with an extinction coefficient per iron of around 4750 M~! cm™!), a value within
the expected range for Fe-S cluster-containing proteins. As previous studies described Mrp/Npb35 proteins
(Nbp35, Ind1 and ApbC) as dimeric proteins®!>1¢?, the quaternary structure of Mrpogp_CT was analyzed by gel
filtration (Supplementary Fig. S3). The Mrpogrp_CT domain eluted mainly as a dimer (Supplementary Fig. S3).

The Mrpogp_CT exhibits an EPR signal in the as-isolated form, in the perpendicular-mode, with g values
at 2.012, 2.009 and 1.96, that decreases in intensity by increasing the temperature (data not shown), while the
dithionite-reduced form is EPR silent (Fig. 4B) in this measurement mode. These EPR spectral features and metal
quantification point to the presence of a [3Fe-4S] center, in the [3Fe-4S]'* oxidation state. Considering that there
is a [3Fe-4S]'", this center presents three high-spin ferric ions, which are spin coupled, with a S, = 1/2 state, and
upon reduction to the [3Fe-4S]° oxidation state, by one electron, yields an integer spin (S, = 2) species, which
is not observed in the perpendicular measurement mode (Fig. 4B). The g-values are not similar to the ones found
in typical [3Fe-4S] cluster containing proteins, but this protein does not present in its primary sequence the usual
binding motif for this type of metal cluster. Nevertheless, the g-values determined for Mrpggp_CT are close to the
ones reported for Thil that has been shown to bind a [3Fe-4S] cluster?’.

Therefore, the spectroscopic data together with the presence of only 3 conserved cysteine residues in the pri-
mary sequence of this domain (Fig. 2), support the hypothesis of a cuboidal [3Fe-4S]'* cluster (S, = 1/2) being
present in Mrpogrp_CT, that can be reduced to [3Fe-45]° (S, =2)%.

The cyclic voltammogram of Mrporp_CT presents a reversible signal at —445 &= 10mV (signal I in Fig. 4C)
and another at —645 £ 10mV (signal IT in Fig. 4C) of which it is only observed the cathodic counterpart. The first
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Figure 4. The Di-Nase of Mrpgp binds a 3Fe4S cluster. (a) UV-visible absorption spectra of the anaerobically
purified Di-Nase domain of Mrpggp protein isolated from DvH before (solid line) and after reduction by
addition of sodium dithionite (dashed line). (b) EPR spectra of 80 uM (i) as prepared and (ii) dithionite
reduced Mrpggp in 50 mM Tris-HCI1 8.1, 150 mM NaCl, 1 mM DTT. Instrument settings: microwave frequency,
9.66 GHz; modulation amplitude, 5 G; microwave power, 6 mW; gain, 1 X 10° temperature, 20 K. An impurity
signal, designated by * arises from a trace species present in the cavity baseline. (¢) Cyclic voltammogram of
121 uM Di-Nase domain of Mrpogp on a PGE electrode coated with 1.5 uL of polymyxin B sulphate (2 mM),

in 100 mM Tris-HCI pH 8.0, 500 mM NaCl, 3mM DTT and 2.5 mM desthiobiotin at a scan rate of 20mV.s ™!

Dash line represents the blank voltammogram and solid line the voltammogram of the protein film. The arrow
indicates the direction of the scan.
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Figure 5. Reconstituted Mrpyp is able to transfer its [Fe-S] clusters to Apo-AcnB. The graph shows the
correlation between aconitase activity and pre-incubation time between Rec-Mrpogp (16 uM) and Apo-AcnB
(2uM). 100% of activity corresponds to the specific activity of AcnB recorded with reconstituted AcnB in the
same condition. Data points show the average of two experiments. (b) Correlation between the increasing level
of Rec-Mrporp and aconitase activity (full square). AcnB activation assays contained 2 uM of apo-AcnB protein
and 0 to 40 uM of Rec-Mrpogp Apo-AcnB and reconstituted Mrpogp proteins were incubated together during
30 minutes before recording aconitase activity. Aconitase activity was measured at 30 °C during 1h at 340 nm
under anaerobiosis. (c) Aconitase activities relative to the full-length Rec-Mrpogp determined with 15uM of
Fe" and $*"Rec-, 15uM of P-loop NTPase domain, 20 uM of Di-Nase domain and 4 uM of Rec_AcnB. Data are
represented as the average of two independent experiments with standard deviations shown as error bars.

reduction potential corresponds to the pair [3Fe-4S]'*/[3Fe-4S]°, while the lower reduction potential is attributed
to the reduction of [3Fe-4S]° to [3Fe-4S] !, which is not reversible in the conditions tested.

In conclusion, the spectroscopic and redox properties of Mrpogrp_CT are consistent with the presence of a
[3Fe-4S] cluster in the Di_Nase domain.

Mrpoge transfers its Fe-S cluster to apo-aconitase. We then analyzed whether holo-Mrpggp was able
to transfer, in vitro, Fe-S clusters to apo-protein, such as Aconitase B (AcnB). AcnB is known to be active only
when its [4Fe-4S] cluster is inserted into the protein®. AcnB was purified aerobically from recombinant E. coli
and Fe-S cluster was completely removed to obtain an inactive apo-AcnB. Reconstituted Mrpogp was then incu-
bated with Apo-AcnB in an anaerobic chamber in the presence of DTT and the enzymatic activity of AcnB was
determined at periodic time intervals. The AcnB activity increased with time in the presence of a fixed concentra-
tion of holo-Mrpggp (Fig. 5A). No significant AcnB activities were observed when apo-Mrpggp was used instead
of holo-Mrpggp (data not shown) or when 15uM of Fe** and S*~ were added instead of holo-Mrpggp (Fig. 5C).

Using a fixed concentration of apo-AcnB with various concentration of holo-Mrpggp we determined
the amount of holo-Mrpggp necessary to activate apo-AcnB (Fig. 5B, full square). Approximately 4 pM of
holo-Mrpagp Were required to activate 2 uM of AcnB, i.e. in a ratio of 2 molecules of holo-Mrpggp for 1 of AcnB
(Fig. 5B, full square). As the presence of about 4 moles of iron and sulfide atoms are necessary to aconitase to be
active?, a homodimer of holo-Mrpogp sharing 4 iron and 4 sulfide atoms are transferred to apo-aconitase. The
holo-Mrpgyp is then able to transfer its Fe-S cluster to apo-aconitase.

Additionally, we found that the reconstituted P-loop NTPase domain of Mrpgyp transferred its Fe-S cluster
to apo-AcnB resulting in an AcnB activity comparable to the full-length protein (87.4%) (Fig. 5C). When the
same experiment was performed with the holo-Di-Nase domain of Mrpggp an aconitase activity of 44% of the
full-length Mrpgpp activity was observed (Fig. 5C).

Altogether, these results show that, in vitro, the Fe-S cluster that is transferred from Mrpogp to AcnB is prefer-
entially the one bound to the P-loop NTPase domain.
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Figure 6. Mrpopp transfers its [Fe-S] cluster to ORP proteing. Apo-Orp3-Orp4-Orp8 proteins (dashed line)
were mixed with Holo-rpogp during 90 minutes in anaerobic condition. After separation on a Ni-NTA column,
the UV-visible absorption spectrum of the eluate fraction containing Orp3 was recorded (solid line). Inset: UV-
visible spectrum of holo- Orp3-Orp4-Orp8 purified in anaerobiosis condition from DvH.

Mrpoge is able to transfer its Fe-S clusters to its physiological ORP partners. We previously
showed that Mrpgp interacts in vivo with the ORP complex that contains Fe-S binding proteins, especially the
Orp3 and Orp4 proteins that each exhibits two [4Fe-4S] ferredoxin-like motifs'®. We thus tested whether Mrpggp
was able to transfer its Fe-S clusters to its physiological partner proteins. For this purpose, from DvH cell extract,
the His-tagged Orp3, that we systematically co-purified with its partners Orp4 and Orp8, was treated to remove
metal centers (Fig. 6, dashed line). In vitro Fe-S transfer assays were performed using the reconstituted holo-form
of a Strep-tagged Mrpyp and the His-tagged apo-Orp3-Orp4-Orp8 complex. The reconstituted holo-Mrpggp
and apo-Orp3-Orp4-Orp8 were incubated for 90 min under anaerobic conditions and the proteins were sepa-
rated using a Ni-NTA column. After separation, the UV-visible spectrum of the eluted fraction exhibited strong
absorption bands at 420 nm and 325 nm with an A,/ A, ratio of 0.42, a spectrum similar to the spectrum of
anaerobically purified holo-Orp3-Orp4-Orp8 proteins exhibiting A,/ A,g, ratio of 0.53 (Fig. 6, solid line and
inset). These results demonstrate that, in vitro, Mrpogp can efficiently transfer Fe-S cluster to its physiological
partner, the ORP complex.

Mrpogre exhibits a polar localization in DvH.  To further characterize Mrpogp, we then assessed its cel-
lular localization in DvH using fluorescence microscopy imaging (Fig. 7). To achieve this goal, the full length
Mrpogp was fused to the green fluorescent protein (GFP). In order to express the fusion mrpogp-gfp gene from the
native promoter, the fusion was introduced into the DvH chromosome at the orp locus, replacing the endogenous
wild-type mrpogp gene. Because GFP does not fluoresce in the absence of oxygen, cells were first grown under
anaerobic conditions, and the pictures were acquired less than 10 min after contact with air. From our previous
study, we showed that this time of air incubation doesn’t affect the localization of a FtsZ-GFP fusion in DvH*’. The
profile of the fluorescence signal observed during the initiation step of the cell cycle of DvH for Mrpogp appeared
to be localized at one pole for 78% of the cells (Fig. 7A). Western blot analysis of the Mrpopp-GFP using anti-GFP
antibodies revealed only one band corresponding to the fusion protein, Mrporp-GFP, suggesting that the integrity
of the fusion proteins was conserved (Supplementary Fig. S4). The P-loop NTPase domain was mostly located at
one (58% of cells) or two poles (37% of cells) (Fig. 7B) whereas the fluorescence of the GFP-Di-Nase fusion was
diffused in the cytoplasm (Fig. 7C). No growth defect was observed whatever the recombinant strain used.
These results revealed a polar spatial localization of Mrpggp linked to the Mrp/NBP35 domain.

Discussion

P-loop NTPases are one of the largest class of proteins with subgroup members involved in a wide variety of
essential cellular functions®. The Mrp/NBP35 ATP-binding protein subclass comprises proteins present in all
three kingdoms of life and mainly involved in Fe-S cluster biogenesis’'>'5.

In this study, we characterised Mrpogp, a novel type of Mrp/NBP35 ATP-binding protein. Mrpogp is dis-
tinct form the other members of this family by the fact that it associates a P-loop containing nucleoside triphos-
phate hydrolase domain (P-loop NTPase) with a dinitrogenase iron-molybdenum cofactor biosynthesis domain
(Di-Nase). The phylogenetic analysis of the Mrp/NBP35 ATP-binding protein family showed that the association
between both domains occurred several times independently.

Characterization of the reconstituted wild-type and mutant Mrpagp proteins, with the results described from
biochemical analyses of other members of the Mrp/NBP35 ATP-binding protein family, indicated that the con-
served CXXC motif of the P-loop NTPase domain coordinates a [4Fe-4S] cluster between two Mrpagp molecules.
Interestingly, our data suggest that, in spite of the lack of classical Fe-S binding motif, the Di-Nase domain does
have a 3Fe-4S cluster that can exist in two redox states [3Fe-4S]'" and [3Fe-4S]°, with a reduction potential of
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Figure 7. Polar and dynamic subcellular localization of Mrpggp-GFP. Subcellular localization of Mrpggp-

GFP. (a) Subcellular localization of full length Mrpopp-GFP. The first column represents the phase-contrast
images (a), the second represents the nucleoid localization (DAPI) (b), the third represents the Mrpopp-GFP
fluorescence (c) and the fourth represents an overlay of both fluorescence signals (d). Scale bar =1 um. (b)
Subcellular localization of the P-loop NTPase-GFP fusion protein. The first column represents the phase-
contrast images (a), the second represents the nucleoid localization (DAPI) (b), the third represents the P-loop
NTPase -GFP fluorescence (c), the fourth represents the membrane localization (FM4-64) (d) and the sixth
represents an overlay of all flurescence signals (e). Scale bar =1 um. (c) Subcellular localization of the Di-Nase-
GFP fusion protein. The first column represents the phase-contrast images (a) and the second represents the
Mrporp-GFP fluorescence (b). Scale bar =2 pum. (d) Statistical analysis of the the number of foci per cell located
at the cellular pole in Mrpogp during the initiation step of the cell cycle of DvH was performed using 362 cells
from 3 independent experiments. (e) Statistical analysis of the number of foci per cell located at the cellular pole
of the P-Loop NTPase domain during the initiation step of the cell cycle of DvH was performed using 1232 cells
from 3 independent experiments.

—445mV. The hypothesis that the observed [3Fe-4S] center could correspond to the degradation of a [4Fe-4S]
is put aside by the fact that similar data were obtained from two different preparations and all the manipulation
were performed inside the anaerobic box in a one-day purification procedure. However additional work is needed
for definitive identification of this cluster. From our preliminary results, the cluster in the Di-Nase domain of
Mrpogp seems to be clearly different from the heterometalic sulfide cluster (S,MoS,CuS,MoS,) noncovalently
bond to the polypeptide chain of Orp8, another Di-Nase one-domain protein belonging to the ORP complex®2.
It is also different from the IssA protein from Pyrococcus furiosus belonging to the same family and that binds
thioferrate through a cationic sequence in the C-terminal tail not found in Orp9*. A multiple alignment of the
Di-Nase domain of proteins associating this domain with the P-loop NTPase domain as in Mrpggp shows two
cysteine_histidine rich conserved motifs: the CXHFGHCE motif located at the beginning of the Di-Nase domain
and the CDH sequence located at the end of the domain (Supplementary Fig. S5). As cysteine and histidine resi-
dues can coordinate a Fe-S cluster, our hypothesis is that these conserved residues are involved in the binding of
the [3Fe-4S] cluster in the Di-Nase domains of Mrporp

Altogether, these results allow us to propose that Mrpggp is a novel member of the Mrp/NBP35 ATP-binding
family which can bind at least two Fe-S clusters, one interdomain [4Fe-4S] cluster in the P-loop NTPase domain
and one [3Fe-4S] cluster in the Di-Nase domain.

We further showed that the Fe-S cluster of Mrpogp can be transferred to apo-proteins, such as the aconitase
and the ferredoxin-like proteins (Orp3 and Orp4) of the ORP complex previously shown to interact with Mrpogp
in vivo". The genomic clustering of mrpgp with the ORP encoding genes, further, is in total agreement with the
idea that Mrpogp might be dedicated to the maturation of the Fe-S containing metalloproteins belonging to the
ORP complex. To date, the only known target identified for bacterial Mrp is the TcuB protein, a protein necessary
for tricarballylate catabolism'®. We propose here the ORP complex as a novel target of Mrp/NBP35 ATP-binding
proteins.

We then investigated the cellular localization of Mrpogp that was mainly observed at one pole of the cell.
Such polar localization for a Fe-S carrier has never been described before and questions the localization of oth-
ers prokaryotic Mrp/NBP35 ATP-binding protein because we showed that the polar localization is probably
linked to the P-loop NTPase domain. Interestingly, this localization is found to be in adequation with the putative
apo-target localization, as Orp3 and Orp4 exhibit a C-terminal amphipatic helix shown in MinD to be responsible
for polar binding (Fig. $6)**. Polar localization was previously observed for protein involved in several biological
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processes, such as cell division, chemotaxis, signal transduction, cellular differentiation, virulence and bacterial
respiration®~*° but never reported for a Fe-S protein maturation factor.

We demonstrated that the Fe-S cluster present in the Di-Nase domain is not efficienly transferable to
apo-aconitase. Then, the role of this domain is still unclear. The presence in the Di-Nase domain of a high content
of conserved proline residues (TPPPHXPGXXP), that have been shown to be involved in protein-protein/domain
interaction, might be responsible for the specificity of interaction of Mrpagp with dedicated apo-partners to which
the Fe-S is transferred (in magenta in Supplementary Fig. S5)*!. Alternatively, the Fe-S cluster present in the
Di-Nase domain might have a structural role in Mrpogp. Hence, the presence of these unusual [3Fe-4S] clusters
has been observed in enzymes, such as nitrate reductase, [NiFe] hydrogenase and Thil274243, Although, their role
in those proteins has not been established, those centers have been considered to be involved in electron transfer
and recently in sulfur transfer as in Thil**.

It has been shown that Nbp35 proteins possess an extra stable 4Fe-4S cluster absent in others Mrp/NBP35
ATP-binding proteins characterized to date’>?*, The role of this 4Fe-4S located in the N-terminal extension of
Nbp35 is still unclear. Curiously, Mrpogp contains also four cysteine residues included in a non-canonical motif
in the N-terminal part of the P-loop NTPase with only one cysteine residue conserved in Nbp35 (Fig. 2). This
feature added to the phylogenic position of Mrpogp, suggest that bacterial Mrpagp are closer to eukaryotic Nbp35
than bacterial Mrp and ApbC.

Fe-S cluster biogenesis in anaerobic bacteria is poorly documented, while these organisms rely heavily on Fe-S
cluster enzymes*. This study starts to fill this gap by describing that Mrpggp is likely an Fe-S cluster biogenesis
factor in DvH and DdG20. Genome scanning analysis revealed that DvH possesses a minimal ISC system con-
stituted by a cysteine desulfurase and a scaffold protein (NifU type)*. In addition, we detected homologues of
the E. coli SufB and SufD proteins that might constitute a minimal SUF system, reminiscent of what is observed
in archaea. To date, Mrp/NBP35 ATP-binding proteins in Fe-S biogenesis have been proposed to act as Fe-S
scaffold and carriers'>!?*, Interrestingly, we noticed redundancy of Mrp proteins in DvH and other SRM. In
DvH, two other Mrp/NBP35 ATP-binding proteins are detected, DVU1847 and DVU2330, and are composed
solely of the P-loop NTPase domain containing the conserved deviant Walker box and the CXXC motif. Dvu2330
belonged to an operon encoding proteins involved in the biogenesis of Fe-S hydrogenases and Dvu1847 is
included in an operon encoding a L-isoaspartate O-methyltransferase. The outstanding redundancy of Mrp/
NBP35 ATP-binding proteins in DvH and other SRM raises the question of the role of each of these proteins in
these anaerobic microorganisms. Our phylogenomic study shows clearly that the three Mrp/Nbp35 ATP-binding
proteins from DvH are closer to the eukaryotic Mrp/NBP35 than the bacterial and archaeal proteins.

Future studies will determine whether the assembly of Fe-S cluster on Mrpyp is dependent of the general Fe-S
biogenesis of DVH (ISC or SUF) or if Mrpogp acts in parallel of these systems.

Methods

Bacterial Strains, Plasmids and Growth Conditions. Strains and plasmids used in this study are listed
in Table S4. Escherichia coli DH5 and TGI strains were grown in Luria-Bertani (LB) medium at 37 °C with the
appropriate antibiotic when required (0.27 mM for ampicillin, 0.15 mM for chloramphenicol). Cultures of DvH
were grown in medium C* at 33 °C in an anaerobic atmosphere supplemented with 0.17 mM of kanamycin or
0.15 mM of thiamphenicol when required. Anaerobic work was performed using an anaerobic chamber (COY
Laboratory Products or MBraun) filled with a 10% H,-90% N, mixed-gas atmosphere. Before placement inside
the anaerobic chamber, solutions were made anoxic by flushing with N, for removal of O,. Solutions, glass and
plastic materials were equilibrated for at least 12 hours inside the anaerobic chamber before use.

Construction of Plasmids Used for Protein Production in E. coli. Standard protocols were used
for cloning, ligation and transformations. Custom oligonucleotides used are listed in Table S5. All restriction
endonucleases and DNA modifications enzymes were purchased from New England Biolabs. Plasmids DNA
were purified using the High Pure Isolation Plasmid Kit (Roche Diagnostics). PCR products were purified using
MiniElute kits (Qiagen). For construction of pJF119-2109His, pJF119-3202His and pJF119-Nter3202His the
appropriated primers described in Table S5 were used to amplify the dvu2109 and dde3202 genes from genomic
DNA. The obtained PCR products and the pJF119 plasmid were digested with EcoRI and BamHI restriction
enzymes and ligated into the multiple cloning site of the plasmid to obtain pJF119-2109His, pJF119-3202His and
pJF119-Nter3202His, respectively. For all constructs, successful ligations were confirmed via DNA sequencing
and subsequently transformed into TG1 E. coli cells.

Construction of Plasmids Used for Protein Production in DvH. For construction of pBMC-
6C3::3202strep, pBMC6C3::Cter2109strep and pBMC6C3::2103His the appropriated primers described in
Table S5 were used to amplify the dde3202, dvu2109 and dvu2103 genes from genomic DNA. The obtained PCR
products and the pPBMC6C3 plasmid were digested with Ndel and Sacl restriction enzymes and ligated into
the multiple cloning site of the plasmid to obtain pBMC6C3::3202strep, pBMC6C3::Cter2109strep and pBMC-
6C3::2103His, respectively. For all constructs, successful ligations were confirmed via DNA sequencing and sub-
sequently electroporated into DvH cells.

Site Directed Mutagenesis. Simultaneous mutations of cys215 and cys218 residues from Mrpggp were
generated by oligonucleotide-directed mutagenesis using pPBMC6C3::3202His as the PCR template and the Q5
site directed mutagenesis kit from Biolabs. The primers 3202cysmutF and 3202cysmutR were designed using the
online NEB primer design software NEBaseChanger™.

Construction of the DvH (Mrpggp-GFP) Strains. In order to produce a fusion Mrpogp-GFP,
Ploop-NTPase-GFP and Di-Nase-GFP in DvH cells, a non-replicative plasmid with the fusions mrpopp-gfp,
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ploop-ntpase-gfp and di-nase-gfp were constructed and inserted into the mrpopp locus. With this construction,
although the wild-type copy of mrpgp is still present, it does not present the 0> binding site unlike the Mrpgp-GFP
allowing the expression of the fusion of interest in physiological conditions. The mrpqgp amplicon obtained by
using the primer pair NterDVU2109_Xhol/CterDVU2109_Ndel and the plasmid pNot19Cm-Mob-XS-gfp*® were
cut with Xhol and Ndel. A gel extraction of the plasmid pNot19Cm-Mob-XS-gfp was done to insert mrppp into
this plasmid using the XhoI and Ndel sites to obtain the plasmid pNot19Cm-Mob-XS-mrpopp-gfp. To obtain,
pNot19Cm-Mob-XS ploop-ntpase-gfp and pNot19Cm-Mob-XS-di-nase-gfp, the amplicons ploop-ntpase-gfp
and di-nase-gfp were amplified by PCR using pNot19Cm-Mob-XS mrp,,,-gfp as template and the primer pairs
Nter2109-Xhol/CterGFP-Spel and domCter2109-dir-Xhol/CterGFP-Spel, respectively. The amplicons were cut
with XhoI and Spel and inserted into the plasmid pNot19Cm-Mob-XS. The 3 plasmids were then transferred
into E. coli WM3064 and subsequently transferred by conjugation to DvH cells. Cells carrying the chromosomal
recombination with the target fusion were selected for their resistance to thiamphenicol and checked by PCR
using primers pair: DVU2108_UP/CterGFP-Spel. A western blotting on DvH cells was also down by using an
anti-GFP antibody, as described by Fievet et al., 2015 to control the production of Mrpagp-GFP fusion®.

Protein Production and Purification. Proteins were obtained as follows: 1 mM isopropyl
3-d-thiogalactoside (IPTG) was added to an exponentially growing culture at 37 °C of recombinant E. coli strains
in 2L of LB medium containing 100 ug/mL ampicillin and grown for additional 4 h at 37 °C. Desulfovibrio strains
were cultivated in 20 L of medium C until the optical density at 600 nm reached 0.8 to 0.9. Proteins were puri-
fied aerobically in a cold refrigerated cabinet or anaerobically in an anaerobic chamber with identical purifica-
tion protocols. For Mrpggp and Orp3-Histidine tagged proteins, the bacterial pellet was resuspended in buffer A
(100 mM Tris-HCI, pH 7.5, 500 mM NaCl, 3mM DTT) containing 30 mM imidazole, DNase I (Roche) DNAse
and cOmplete™ protease inhibitor EDTA free (from Roche Applied Science). Cell suspensions were disrupted
two times in a chilled French pressure cell (4 °C) French press (Thermo-FA-080A) at 1200 psi. Cell lysates were
clarified by centrifugation (45000 g for 80 min at 4 °C). After filtration of the supernatant across a 0.2 um filter, the
soluble proteins were loaded onto a 5mL Ni-Sepharose affinity column (His Trap HP, GE Healthcare) equilibrated
with buffer A with 30 mM imidazole. Mrpggp poly-histidine tagged proteins were eluted with buffer A containing
300 mM imidazole. Orp3- poly-Histidine tagged protein was eluted with buffer A containing 100 mM imidazole.
The same procedure was applied to purify Mrpagp Strep tagged protein except that the soluble fraction was loaded
onto a 5mL Strep Trap affinity column (Strep Trap™ HP, GE Healthcare) equilibrated with buffer A. Orp3 Strep
tagged protein was eluted with buffer A supplemented with 2.5 mM desthiobiotin. Mrppp,CT was purified inside
an anaerobic chamber. The cells were resuspended in 100 mM Tris-HCI pH 8.1, 500 mM NaCl and 3mM DTT
buffer containing DNAse I (Roche) and protease inhibitors (EDTA-free cOmplete™ Protease Inhibitor, Roche).
The suspension was disrupted with a French press (Thermo-FA-080A) at 1200 psi and then flushed with argon
during 30 min, to ensure a more anoxic environment, followed by centrifugation (Beckman Avanti J-26 XPI) at
6000 g for 30 min at 4 °C. The supernatant was degassed again for 30 min and then centrifuged at 45000¢, for 1h
at 6°C. The soluble extract was flushed with argon and loaded onto a StrepTrap HP column (GE Healthcare)
equilibrated with 100 mM Tris-HCI pH 8.1, 500 mM NaCl and 3mM DTT. Mrpogp_CT was eluted with 2.5 mM
desthiobiotin. When necessary, if the protein is not pure enough, a second purification step was performed using
a Superdex 75 10/300 (GE Healthcare) equilibrated with 50 mM Tris-HCI, pH 7.6, 150 mM NaCl, l mM DTT.
Protein purity was analyzed in a 12.5% Tris-Tricine SDS-PAGE. The fraction containing the protein was concen-
trated with centrifugal filter units (cut-off of 5kDa) and freezed in liquid nitrogen until further use. Aconitase
(AcnB) was purified as described for AcnAY. After purification of recombinant proteins, the eluted fractions
were buffer exchanged with the buffer specified using a Hitrap Desalting column (GE Healthcare). Fractions that
contained protein of interest at >95% purity, by SDS-PAGE analysis, were pooled and concentrated over a 10kDa
molecular mass cutoff membrane. Finally, the proteins were stored in liquid nitrogen. Protein concentration was
determined using a Pierce™ 660 nm Protein Assay (Thermo) Pierce colorimetric assay. Bovine serum albumin
(2mg/mL, Sigma) was used as a standard.

[Fe-S] Cluster Reconstitution. [Fe-S] cluster reconstitution was performed anaerobically in an anaerobic
chamber (COY) at 18 °C as follows. Protein was reduced anaerobically with 5mM DTT for at least 1 hour prior to
Fe" and $*~ addition. After pre-reduction, FeCl; was added to five-fold excess and incubated for approximately
2 minutes before an addition of a 5-fold excess of Li,S. The solution was incubated for 4 hours before excess salts
and unbound iron were removed using a Hitrap Desalting column (GE Healthcare). For enzymatic reconstitu-
tions, 5 mM L-cysteine and IscS (20 pM) were added in place of Li,S.

Quaternary structure determination. The quaternary structure of Mrpggpp CT was determined using a
Superdex 200 10/300 GL size exclusion column (GE-Healthcare). The mobile phase used was 100 mM Tris-HCI,
pH 7.5 and 500 mM NaCl and protein was injected on the colum at a flow-rate.of 1 mL/min. The standard used to
create a standard curve were 3-amylase (200 kDa) albumin (66 kDa) and carbonic anhydrase (29 kDa).

[Fe-S] Cluster Transfer from Mrpgge to Orp3-Orp4-Orp8 Proteins Complex.  Apo-Orp3-Orp4-Orp$
was obtained after 1h incubation in a 50-fold molar excess of Na,S,0, and EDTA. The resulting protein solution
was loaded onto a Hitrap Desalting column (GE Healthcare) and eluted in 0.1 mM Tris-HCI pH 8, 50 mM KCl,
3mM DTT. Apo-Orp3-Orp4-Orp8 was mixed in the anaerobic chamber for 1h with Holo-Dde3202 in buffer C
(0.1 mM Tris-HCl pH 7.5, 500 mM NaCl, 5mM DTT) in a high molar ratio to give sufficient amounts of iron and
sulfur per Apo-Orp3 monomer. The solution containing each protein was loaded onto a 1 mL Ni-Sepharose affin-
ity column (His-Trap HP, GE Healthcare). Dde3202, which does not contain a poly-Histidine tag, was recovered
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in the flow-through, while Orp3-His-tagged was eluted with buffer C containing 100 mM of imidazole. The eluted
fraction containing Orp3 with co-eluted Orp4 and Orp8 was analyzed and an UV-visible spectrum was recorded.

Aconitase Activity. Aconitase activity assays were performed in the Coy anaerobic chamber, by mixing 0 to
40 pM of Holo-Mrpggp and 2 pM of Apo-AcnB. 50 mM Tris-HCl pH 7.5, 1 mM MnCl,, 25 mM citrate, 0.25 mM
NADP™, 1.7 U of isocitrate dehydrogenase were added to proteins in 1 mL final volume in a quartz cuvette closed
with a rubber cap. AcnB activity was assayed by following the formation of NADPH in the coupled assay as an
increase in absorbance at 340 nm?*.

Phylogenetic Analysis. According to the INTERPRO database (v62, 17 March 2017), the Mrpogp
(DVU2109) is composed of two domains: a P-loop containing nucleoside triphosphate hydrolase domain
(IPR027417) and a dinitrogenase iron-molybdenum cofactor biosynthesis domain (IPR003731). DVU2109
belongs, together with DVU1847 and DVU2330, to the Mrp/NBP35 ATP-binding protein family (IPR019591),
which contained 17300 sequences from known cellular organisms and 211 unclassified sequences. The 17300
sequences associated to cellular organisms were retrieved and aligned with MAFFT v7.309 (default parame-
ters)*. The quality of the resulting alignment was verified with SEAVIEW v4.6.1%. 1,146 partial or poor-quality
sequences were discarded. The 16,154 conserved sequences, among which 99 combine IPR027417 and the
IPR003731, were realigned with MAFFT (default parameters). The resulting alignment was trimmed with
BMGE (BLOSUM30 option)® and used to infer the phylogeny of the Mrp/Nbp35 ATP-binding protein fam-
ily with FASTTREE v2.1.9°!. Among the 17,300 protein sequences from known cellular organisms retrieved
from INTERPRO, the 110 sequences displaying the highest similarity with Mrp,,, were identified with BLASTP
(default parameters)®. The corresponding sequences were aligned with MAFFT using the accurate option
L-INS-I option, which allowed accurate multiple alignment construction. The resulting alignment was trimmed
with BMGE (BLOSUM30 option) and used to infer a maximum likelihood tree with IQ-TREE v1.5.3%3 using
the LG+ I+ G4 evolutionary model as suggested by the model selection tool implemented in IQ-TREE (BIC
criterion). The robustness of the resulting tree was assessed with the non-parametric bootstrap procedure imple-
mented in IQ-TREE (100 replicates of the original dataset).

Microscopy Experiments. The 3 fusion GFP strains were grown until the middle of the exponential growth
phase (ODgyg,m of approximately 0.4 to 0.5) in medium C. Cells were concentrated 2 times by centrifugation. The
buffer used for this concentration contained 10 mM Tris-HCI (pH 7.6), 8 mM MgSO,, 1 mM KH,PO,. In order
to stain DNA, this buffer was supplemented with 5ng/pL of 4,6-diamidino-2-phenylindole (DAPI). After 20 min
of incubation in the dark, the cells were washed three times in TPM buffer. The DNA was stained under anaer-
obic conditions to limit the exposure of the cells to air. The pictures were acquired after 10 min of air exposure,
which was required for oxygen GFP maturation. The cells were placed between a coverslip and an agar pad of
2% agarose. Pictures were acquired with a Nikon TiE-PFS inverted epifluorescence microscope, 100x NA1.3 oil
PhC objective (Nikon), and Hamamatsu Orca-R2 camera. For fluorescent images, a Nikon intenselight C-HGFI
fluorescence lamp was used. Specific filters were used for each wavelength (Semrok HQ DAPI/CFP/GFP/YFP/
TxRed). Image processing was controlled by the NIS-Element software (Nikon).

EPR Spectroscopy. The EPR spectra of 0.1 mM Mrpegp CT, in 100 mM Tris-HCI, 500 mM NaCl, 3mM
DTT pH 8.1, were recorded on a X-band Bruker EMX spectrometer equipped with a rectangular cavity (model
ER 4102 T) and an Oxford Instruments continuous liquid helium flow cryostat. The EPR sample was reduced
with a solution of sodium dithionite prepared in 100 mM Tris-HCl pH 7.6. The experimental conditions used for
spectral acquisition are described in the Figure legend. The EPR samples were prepared under anoxic conditions
either inside a COY or a Mbraun anaerobic chamber.

Electrochemistry Electrode Preparation. Before each experiment, the pyrolytic graphite edge electrode
(PGE) surface was polished with 1 and 0.5 um alumina slurry, sonicated for 5 minutes and rinsed with deion-
ized water. Then, the surface of the PGE was coated with 1.5uL polymyxin B sulphate (2mM) and a 3 uL drop
of Mrpogp CT (121 pM) were deposited and left to dry for 45 min before electrode immersion in the electrolyte
solution.

Electrochemical Measurements.  All the electrochemical experiments were conducted inside an anaer-
obic chamber (MBraun) at room temperature, with 100 mM Tris-HCI 8.1, 500 mM NaCl, 2.5 mM desthiobiotin,
3mM DTT used as electrolyte properly flushed with argon before entering in the chamber. A three-electrode con-
figuration system, containing a reference electrode, Ag/AgCl (+-205mV vs SHE), a secondary electrode, platinum
wire, and a work electrode, PGE, were used. To measure the cyclic voltammograms a pautolab (ECO Chemie,
Utrecht, The Netherlands) was used being the data collect and analyzed on GPES software package (ECO che-
mie). Cyclic voltammetric measurements were performed on a potential window from +0.1 to —0.9V (vs SHE),
and the scan rate dependence investigated between 0.005 and 0.1 Vs™'.

Protein and Metal Quantifications for Mrpoge_CT. Iron quantification was performed by inductively
coupled plasma (ICP) emission analysis in a Jobin-Yvon (Ultima) instrument (at UCIBIO), using the Reagecom
23 ICP multielements as standard solution in a concentration range of 0.05 to 3 ppm. Total Protein was quantified
using the Pierce™ 660 nm Protein Assay (Thermo), with bovine serum albumin (Sigma) as standard protein.

References
1. Fontecave, M., Py, B, Ollagnier de Choudens, S. & Barras, E From Iron and Cysteine to Iron-Sulfur Clusters: the Biogenesis Protein
Machineries. EcoSal Plus 3, (2008).

SCIENTIFICREPORTS| (2019) 9:712 | DOI:10.1038/s41598-018-37021-8 11



www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

33.
. Hu, Z. & Lutkenhaus, J. A conserved sequence at the C-terminus of MinD is required for binding to the membrane and targeting

35.
36.

37.
38.
39.
. Shapiro, L., McAdams, H. H. & Losick, R. Why and how bacteria localize proteins. Science 326, 1225-1228 (2009).
41.
42.

43.

. Johnson, D. C., Dean, D. R., Smith, A. D. & Johnson, M. K. Structure, function, and formation of biological iron-sulfur clusters.

Annu. Rev. Biochem. 74, 247-281 (2005).

. Lill, R., Broderick, J. B. & Dean, D. R. Special issue on iron-sulfur proteins: Structure, function, biogenesis and diseases. Biochim.

Biophys. Acta 1853, 1251-1252 (2015).

. Py, B. & Barras, F. Building Fe-S proteins: bacterial strategies. Nat. Rev. Microbiol. 8, 436-446 (2010).
. Balk, J. & Schaedler, T. A. Iron cofactor assembly in plants. Annu. Rev. Plant Biol. 65, 125-153 (2014).
. Netz, D. . A., Mascarenhas, J., Stehling, O., Pierik, A. J. & Lill, R. Maturation of cytosolic and nuclear iron-sulfur proteins. Trends

Cell Biol. 24, 303-312 (2014).

. Roy, A., Solodovnikova, N., Nicholson, T., Antholine, W. & Walden, W. E. A novel eukaryotic factor for cytosolic Fe-S cluster

assembly. EMBO J. 22, 4826-4835 (2003).

. Leipe, D. D., Wolf, Y. I, Koonin, E. V. & Aravind, L. Classification and evolution of P-loop GTPases and related ATPases. J. Mol. Biol.

317, 41-72 (2002).

. Bych, K. et al. The iron-sulphur protein Ind1 is required for effective complex I assembly. EMBO J. 27, 1736-1746 (2008).
. Boyd, J. M., Lewis, J. A., Escalante-Semerena, J. C. & Downs, D. M. Salmonella enterica requires ApbC function for growth on

tricarballylate: evidence of functional redundancy between ApbC and IscU. J. Bacteriol. 190, 4596-4602 (2008).

Boyd, J. M., Teoh, W. P. & Downs, D. M. Decreased transport restores growth of a Salmonella enterica apbC mutant on tricarballylate.
J. Bacteriol. 194, 576-583 (2012).

Boyd, J. M., Drevland, R. M., Downs, D. M. & Graham, D. E. Archaeal ApbC/Nbp35 homologs function as iron-sulfur cluster carrier
proteins. J. Bacteriol. 191, 1490-1497 (2009).

Hausmann, A. et al. The eukaryotic P loop NTPase Nbp35: an essential component of the cytosolic and nuclear iron-sulfur protein
assembly machinery. Proc. Natl. Acad. Sci. USA 102, 3266-3271 (2005).

Koonin, E. V. A common set of conserved motifs in a vast variety of putative nucleic acid-dependent ATPases including MCM
proteins involved in the initiation of eukaryotic DNA replication. Nucleic Acids Res. 21, 2541-2547 (1993).

Boyd, J. M., Sondelski, J. L. & Downs, D. M. Bacterial ApbC protein has two biochemical activities that are required for in vivo
function. J. Biol. Chem. 284, 110-118 (2009).

Netz, D. J. A. et al. A bridging [4Fe-4S] cluster and nucleotide binding are essential for function of the Cfd1-Nbp35 complex as a
scaffold in iron-sulfur protein maturation. J. Biol. Chem. 287, 12365-12378 (2012).

Camire, E. ], Grossman, J. D., Thole, G. J., Fleischman, N. M. & Perlstein, D. L. The Yeast Nbp35-Cfd1 Cytosolic Iron-Sulfur Cluster
Scaffold Is an ATPase. J. Biol. Chem. 290, 23793-23802 (2015).

Pallesen, L. J., Solodovnikova, N., Sharma, A. K. & Walden, W. E. Interaction with Cfd1 increases the Kinetic lability of FeS on the
Nbp35 scaffold. J. Biol. Chem. 288, 23358-23367 (2013).

Fiévet, A. et al. The anaerobe-specific orange protein complex of Desulfovibrio vulgaris hildenborough is encoded by two divergent
operons coregulated by 054 and a cognate transcriptional regulator. J. Bacteriol. 193, 3207-3219 (2011).

Fiévet, A., Cascales, E., Valette, O., Dolla, A. & Aubert, C. IHF Is Required for the Transcriptional Regulation of the Desulfovibrio
vulgaris Hildenborough orp Operons. PloS One 9, 86507 (2014).

Bursakov, S. A. et al. Antagonists Mo and Cu in a heterometallic cluster present on a novel protein (orange protein) isolated from
Desulfovibrio gigas. J. Inorg. Biochem. 98, 833-840 (2004).

Carepo, M. S. P, Pauleta, S. R., Wedd, A. G., Moura, J. ]. G. & Moura, I. Mo-Cu metal cluster formation and binding in an orange
protein isolated from Desulfovibrio gigas. J. Biol. Inorg. Chem. JBIC Publ. Soc. Biol. Inorg. Chem: https://doi.org/10.1007/s00775-
014-1107-8 (2014).

Maiti, B. K., Moura, I, Moura, J. J. G. & Pauleta, S. R. The small iron-sulfur protein from the ORP operon binds a [2Fe-2S] cluster.
Biochim. Biophys. Acta 1857, 14221429 (2016).

Netz, D.J. A., Pierik, A. J., Stimpfig, M., Miihlenhoff, U. & Lill, R. The Cfd1-Nbp35 complex acts as a scaffold for iron-sulfur protein
assembly in the yeast cytosol. Nat. Chem. Biol. 3, 278-286 (2007).

Rubio, L. M. & Ludden, P. W. Biosynthesis of the iron-molybdenum cofactor of nitrogenase. Annu. Rev. Microbiol. 62, 93-111
(2008).

Boyd, J. M., Pierik, A. J., Netz, D.]. A, Lill, R. & Downs, D. M. Bacterial ApbC can bind and effectively transfer iron-sulfur clusters.
Biochemistry 47, 8195-8202 (2008).

Liu, Y. et al. A [3Fe-4S] cluster is required for tRNA thiolation in archaea and eukaryotes. Proc. Natl. Acad. Sci. USA https://doi.
org/10.1073/pnas. 1615732113 (2016).

Reedijk, J. & Poeppelmeier, K. Comprehensivelnorganic Chemistry II (Second Edition): From Elements to Applications. V1 Main-
Group Elem Incl Noble Gases V2 Transit. Elem Lanthan. Actin. V3 Bioinorg. Fundam Appl Met. Nat Living Syst Met. Toxicol. Med V4
Solid-State Mater Incl Ceram. Miner. V5 Porous Mater Nanomater. V6 Homog. Catal Appl V7 Surf Inorg. Chem Heterog Catal V8
Coord Organomet. Chem V9 Theory Methods. 1-7196, https://doi.org/10.1016/C2009-0-63454-1 (2013).

Gardner, P. R. & Fridovich, L. Inactivation-reactivation of aconitase in Escherichia coli. A sensitive measure of superoxide radical. J.
Biol. Chem. 267, 8757-8763 (1992).

Fievet, A. et al. Single-Cell Analysis of Growth and Cell Division of the Anaerobe Desulfovibrio vulgaris Hildenborough. Front.
Microbiol. 6, 1378 (2015).

. George, G. N. et al. A Novel Protein-Bound Copper—Molybdenum Cluster. J. Am. Chem. Soc. 122, 8321-8322 (2000).
32.

Maiti, B. K., Maia, L. B, Pauleta, S. R., Moura, I. & Moura, J. ]. G. Protein-Assisted Formation of Molybdenum Heterometallic
Clusters: Evidence for the Formation of S2Mo0S2-M-S2MoS2 Clusters with M=Fe, Co, Ni, Cu, or Cd within the Orange Protein.
Inorg. Chem. 56, 2210-2220 (2017).

Vaccaro, B. . et al. Biological iron-sulfur storage in a thioferrate-protein nanoparticle. Nat. Commun. 8, (2017).

MinC to the septum. Mol. Microbiol. 47, 345-355 (2003).

Alberge, E. et al. Dynamic subcellular localization of a respiratory complex controls bacterial respiration. eLife 4, (2015).

Genova, M. L. & Lenaz, G. Functional role of mitochondrial respiratory supercomplexes. Biochim. Biophys. Acta 1837, 427-443
(2014).

Govindarajan, S., Nevo-Dinur, K. & Amster-Choder, O. Compartmentalization and spatiotemporal organization of macromolecules
in bacteria. FEMS Microbiol. Rev. 36, 1005-1022 (2012).

Kiekebusch, D. & Thanbichler, M. Plasmid segregation by a moving ATPase gradient. Proc. Natl. Acad. Sci. USA 111, 4741-4742
(2014).

Laloux, G. & Jacobs-Wagner, C. How do bacteria localize proteins to the cell pole? J. Cell Sci. 127, 11-19 (2014).

Kay, B. K., Williamson, M. P. & Sudol, M. The importance of being proline: the interaction of proline-rich motifs in signaling
proteins with their cognate domains. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 14, 231-241 (2000).

Pandelia, M.-E. et al. Characterization of a unique [FeS] cluster in the electron transfer chain of the oxygen tolerant [NiFe]
hydrogenase from Aquifex aeolicus. Proc. Natl. Acad. Sci. USA 108, 6097-6102 (2011).

Fritz, G., Einsle, O., Rudolf, M., Schiffer, A. & Kroneck, P. M. H. Key bacterial multi-centered metal enzymes involved in nitrate and
sulfate respiration. J. Mol. Microbiol. Biotechnol. 10, 223-233 (2005).

SCIENTIFICREPORTS| (2019) 9:712 | DOI:10.1038/s41598-018-37021-8 12


http://dx.doi.org/10.1007/s00775-014-1107-8
http://dx.doi.org/10.1007/s00775-014-1107-8
http://dx.doi.org/10.1073/pnas.1615732113
http://dx.doi.org/10.1073/pnas.1615732113
http://dx.doi.org/10.1016/C2009-0-63454-1

www.nature.com/scientificreports/

44. Andreini, C., Rosato, A. & Banci, L. The Relationship between Environmental Dioxygen and Iron-Sulfur Proteins Explored at the
Genome Level. PloS One 12, 0171279 (2017).

45. Olson. Characterization of the NifU and NifS Fe-S cluster formation proteins essential for viability in Helicobacter pylori.
Biochemistry 39, 16213-16219 (2000).

46. Postgate, J. R., Kent, H. M., Robson, R. L. & Chesshyre, J. A. The genomes of Desulfovibrio gigas and D. vulgaris. J. Gen. Microbiol.
130, 1597-1601 (1984).

47. Jordan, P. A,, Tang, Y., Bradbury, A. J., Thomson, A. J. & Guest, J. R. Biochemical and spectroscopic characterization of Escherichia
coli aconitases (AcnA and AcnB). Biochem. J. 344(Pt 3), 739-746 (1999).

48. Katoh, K. & Standley, D. M. A simple method to control over-alignment in the MAFFT multiple sequence alignment program.
Bioinforma. Oxf. Engl. 32, 1933-1942 (2016).

49. Gouy, M., Guindon, S. & Gascuel, O. SeaView Version 4: A Multiplatform Graphical User Interface for Sequence Alignment and
Phylogenetic Tree Building. Mol. Biol. Evol. 27, 221-224 (2010).

50. Criscuolo, A. & Gribaldo, S. BMGE (Block Mapping and Gathering with Entropy): a new software for selection of phylogenetic
informative regions from multiple sequence alignments. BMC Evol. Biol. 10, 210 (2010).

51. Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree 2 — Approximately Maximum-Likelihood Trees for Large Alignments. PLOS ONE
5, 9490 (2010).

52. Altschul, S. E et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25,
3389-3402 (1997).

53. Nguyen, L.-T., Schmidt, H. A, von Haeseler, A. & Minh, B. Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 32, 268-274 (2015).

54. Letunic, I. & Bork, P. Interactive tree of life iTOL)v3: an online tool for the display and annotation of phylogenetic and other trees.
Nucleic Acids Res. 44, W242-245 (2016).

Acknowledgements

We gratefully acknowledge the contribution of Marielle Bauzan for the bacterial growth (Fermentation Platform
of the Mediterranean Institute of Microbiology (IMM)) and Deborah Byrne for the gel filtation experiment
(Protein Production Platform of the Mediterranean Institute of Microbiology (IMM)). The French National
Research Agency (ANR) funded this research project (ANR-12-ISV8-0003-01). This work was supported by
Fundagéo para a Ciéncia e Tecnologia (FCT) (grant to SRP, FCT-ANR/BBB-MET/0023/2012, and to CC, SFRH/
BD/87898/2012) and by the Belgian Federal Science Policy Office (Belspo) (grant to BD, IAP7/44, iPROS project).
Unidade de Ciéncias Biomoleculares Aplicadas-UCIBIO was financed by national funds from FCT/MEC (UID/
Multi/04378/2013) and co-financed by the ERDF under the PT2020 Partnership Agreement (POCI-01-0145-
FEDER-007728). This article is based upon work from COST Action CA15133, supported by COST (European
Cooperation in Science and Technology).

Author Contributions

C.A. and S.R.P. designed research. R.P,, A.E, C.C,, C.B.A,, O.V,, Z.D,, B.P,, A.D,, S.R.P. and C.A. performed
research. RP, A.F, C.C,, CB.A,, B.P, AD,, S.RP. and C.A. analyzed data and C.B.A., B.P, A A, S.R.P.and C.A.
wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37021-8.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:712 | DOI:10.1038/s41598-018-37021-8 13


http://dx.doi.org/10.1038/s41598-018-37021-8
http://creativecommons.org/licenses/by/4.0/

	The bacterial MrpORP is a novel Mrp/NBP35 protein involved in iron-sulfur biogenesis

	Results

	The MrpORP proteins are two-domain proteins. 
	The conserved CXXC motif from the P-loop NTPase domain of MrpORP binds a Fe-S cluster. 
	The Di-Nase domain of MrpORP binds a 3Fe-4S cluster. 
	MrpORP transfers its Fe-S cluster to apo-aconitase. 
	MrpORP is able to transfer its Fe-S clusters to its physiological ORP partners. 
	MrpORP exhibits a polar localization in DvH. 

	Discussion

	Methods

	Bacterial Strains, Plasmids and Growth Conditions. 
	Construction of Plasmids Used for Protein Production in E. coli. 
	Construction of Plasmids Used for Protein Production in DvH. 
	Site Directed Mutagenesis. 
	Construction of the DvH (MrpORP-GFP) Strains. 
	Protein Production and Purification. 
	[Fe-S] Cluster Reconstitution. 
	Quaternary structure determination. 
	[Fe-S] Cluster Transfer from MrpORP to Orp3-Orp4-Orp8 Proteins Complex. 
	Aconitase Activity. 
	Phylogenetic Analysis. 
	Microscopy Experiments. 
	EPR Spectroscopy. 
	Electrochemistry Electrode Preparation. 
	Electrochemical Measurements. 
	Protein and Metal Quantifications for MrpORP_CT. 

	Acknowledgements

	Figure 1 Unrooted Maximum likelihood tree of the Mrp/Nbp35 ATP-binding protein family (IPR019591, 16154 sequences, 114 amino acid positions conserved for the analysis after trimming).
	Figure 2 Protein sequences alignment of bacterial Mrp/ApbC and eukaryotic Nbp35 homologs.
	Figure 3 UV-visible absorption spectra of oxidized and reduced wild-type full, P-loop NTPase domain and mutant MrpORP C215A-C218A proteins.
	Figure 4 The Di-Nase of MrpORP binds a 3Fe4S cluster.
	Figure 5 Reconstituted MrpORP is able to transfer its [Fe-S] clusters to Apo-AcnB.
	Figure 6 MrpORP transfers its [Fe-S] cluster to ORP proteinS.
	Figure 7 Polar and dynamic subcellular localization of MrpORP-GFP.




