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Understanding the biogenesis of iron-sulfur (Fe-S) proteins is rele-
vant to many fields, including bioenergetics, gene regulation, and
cancer research. Several multiprotein complexes assisting Fe-S as-
sembly have been identified in both prokaryotes and eukaryotes.
Here, we identify in Escherichia coli an A-type Fe-S protein that we
named ErpA. Remarkably, erpA was found essential for growth of E.
coli in the presence of oxygen or alternative electron acceptors. It was
concluded that isoprenoid biosynthesis was impaired by the erpA
mutation. First, the eukaryotic mevalonate-dependent pathway for
biosynthesis of isopentenyl diphosphate restored the respiratory
defects of an erpA mutant. Second, the erpA mutant contained a
greatly reduced amount of ubiquinone and menaquinone. Third,
ErpA bound Fe-S clusters and transferred them to apo-IspG, a protein
catalyzing isopentenyl diphosphate biosynthesis in E. coli. Surpris-
ingly, the erpA gene maps at a distance from any other Fe-S
biogenesis-related gene. ErpA is an A-type Fe-S protein that is
characterized by an essential role in cellular metabolism.
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Iron—sulfur (Fe-S) proteins are crucial for prokaryotic and
eukaryotic cell metabolism (1-5). They carry out tasks related
to numerous biological processes, ranging from electron transfer
to DNA repair. The successful use of Fe-S clusters as cofactors
in a large series of unrelated proteins is best explained by both
chemical and evolutionary considerations. Chemical consider-
ations point to the fact that Fe—S clusters can accept or donate
electrons and thus have become involved as cofactors in electron
transfer systems. Furthermore, they are strong Lewis acids and
are therefore suitable for substrate activation in nonredox
enzymes. Evolutionary considerations rest on the fact that Fe
and S were present in abundance during the early stages of life,
facilitating their recruitment as cofactors by ancient enzymes.
In both prokaryotes and eukaryotes, severe phenotypic de-
fects have been found to be caused by the inability of the cells
to build Fe-S proteins. For instance, clinically relevant muta-
tions in patients with trichothiodystrophy and Fanconi anemia
disrupt the Fe-S clusters of XPD (xeroderma pigmentosum
group D) and Fanc] helicases (6). In addition, it has been pointed
out that there is a connection between dysfunctioning of Fe-S
biogenesis machineries and neurodegenerative diseases (1). Fur-
thermore, in bacterial pathogens, defects in Fe—S biogenesis led
to a reduction in virulence (7, 8). Not surprisingly, in the last
decade, interest regarding how apoproteins acquire their Fe—S
cluster in vivo has arisen in several disciplines in biology.
Studies in both prokaryotes and eukaryotes led to the discovery
of several multiprotein complexes, referred to as ISC, SUF, and
NIF, that are necessary for building and inserting Fe—S clusters into
cellular targets (1-5). A pioneering investigation of the Azotobacter
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vinelandii NIF system led to the emergence of the cysteine desul-
furase/scaffold duo as the minimal toolbox for making Fe—S clusters
in vivo (4, 9, 10). Cysteine desulfurases provide sulfur from L-
cysteine (11). Scaffolds are defined as being able to bind both iron
and sulfur so that a Fe-S cluster can form before being transferred
to targeted apoproteins (12-18). The SUF system includes an
atypical cytosolic ABC-type transporter that functions with the
cysteine desulfurase for increasing the production of sulfur (19, 20).
The ISC system includes chaperones that might activate Fe-S
cluster transfer from the scaffold proteins to the targets and a
ferredoxin of unknown function (21-25).

E. coli contains both the ISC and SUF systems (2-4). Each
system contains a so-called A-type scaffold protein. It has been
shown that A-type proteins bind either [2Fe-2S]** or [4Fe—4S]**
clusters and transfer them to apoproteins (14-18). Three conserved
Cys residues could act as ligands for these clusters, as indicated by
mutagenesis studies and by the recently obtained 3D structure of
IscA (26-29). However, the proposal that IscA/SufA acts as a
scaffold was challenged by in vitro studies, which suggest that A-type
proteins act as iron chaperones, and by the fact that mutations in
iscA or sufA did not yield major physiological defects (30-36).
Noticeably, however, in A. vinelandii, iscA appeared to be required
at high concentrations of oxygen (37).

In this study, we discovered an A-type Fe-S protein. The
structural gene, which we named erpA (for essential respiratory
protein A), is distant from any of the Fe—S biogenesis operons.
Remarkably, erpA was found to be essential for E. coli to grow
in the presence of oxygen or other electron acceptors. Biochem-
ical, metabolic, and genetic analyses allowed us to identify the
isopentenyl diphosphate (IPP) biosynthesis pathway requiring
ErpA function.

Results

Identification of ErpA, a Putative A-Type Fe-S Protein in E. coli.
BLAST analysis of the E. coli genome using iscA and/or sufA
as queries uncovered yadR, a gene of unknown function. The
predicted YadR primary sequence exhibits 40% identity with
IscA and 34% identity with SufA, including the three strictly
conserved Cys residues that are essential for A-type function
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[supporting information (SI) Fig. 6]. This sequence-based
information suggested that YadR was a new Fe-S protein of
the A type. Subsequent experiments confirmed this, and from
now on, we propose to name this gene erpA (essential respi-
ratory protein A).

ErpA Binds Both [2Fe-2S] and [4Fe-4S] Clusters. Large quantities of
a soluble His-tagged ErpA protein were purified from E. coli. ErpA
eluted from a gel filtration column in a major peak corresponding
to a dimer (data not shown). Purified solutions of ErpA were
slightly pink-colored, with a UV-visible spectrum displaying ab-
sorption bands in the 300- to 450-nm region. Iron and sulfide were
present in stoichiometric amounts, but with <0.1 iron and sulfide
per polypeptide chain. ApoErpA incubated with a 4-fold molar
excess of both ferrous iron and sulfide under anaerobic and
reducing conditions yielded a brownish protein that contained a
maximum amount of 1.5-2 atoms of iron and sulfide per polypep-
tide chain, i.e., holoErpA. The UV-visible spectrum of holoErpA
displayed absorption bands at 325, 420, and 460 nm, indicating the
presence of Fe-S clusters (data not shown).

Mossbauer spectroscopy was used to characterize the nature of
the iron sites present in holoErpA. The reconstituted protein was
prepared with 3’FeCly/DTT, and the sulfide was provided by the
IscS-dependent cysteine desulfurization reaction. The Mossbauer
spectra recorded at 4.2 K and 110 K are shown in SI Fig. 7. Three
different quadrupole doublets are identified at 4.2 K. The first
major doublet (trace 1 in SI Fig. 7) has parameters consistent with
a[2Fe-2S]** cluster, i.e., isomer shift, 8 = 0.28 mm/s and quadruple
splitting, AEo = 0.58 mmy/s. This assignment is further supported by
the fact that the behavior of this doublet is consistent with an § =
0 ground state. The behavior of the second site (trace 2 in SI Fig.
7) also is consistent with a diamagnetic ground state and, based on
its parameters (8 = 0.48 mm/s and AEg = 1.11 mmy/s), is attributed
to a [4Fe-4S]>* cluster. The third doublet (trace 3 in SI Fig. 7) has
parameters (8 = 0.70 mms and AEq = 3.28 mmy/s) typical for Fe2*
(S = 2) mononuclear species in a tetrahedral environment com-
prising sulfur atoms. This site is attributed to contamination. These
three doublets are superimposed on a broad background spectrum
extending from —6 mm/s to +2.2 mm/s, which is attributed to
paramagnetic ferric impurities. In the spectrum at 110 K (SI Fig. 7)
the broad signal collapses into a quadrupole doublet (trace 4 in SI
Fig. 7), which overlaps significantly with the doublet from the
[4Fe—4S]** cluster. Approximate parameters for doublet 4 are & =
0.60 mm/s and AEq = 1.04 mm/s. From an analysis of the spectra
at both temperatures, we estimate that ~10% of the iron corre-
sponds to high-spin mononuclear ferrous iron, 40-50% belongs to
[2Fe-2S]>* clusters, 15-25% corresponds to [4Fe—4S]?* clusters,
and the remaining iron corresponds to the paramagnetic species.
Similar results were obtained with a sample of ErpA protein with
no His tag; the only difference was the reduced amount of high-spin
ferrous iron (data not shown). These results demonstrate that ErpA
can assemble both [2Fe-2S] and [4Fe—4S] clusters, as observed for
IscA and SufA proteins (14-16).

The erpA Gene Is Essential for Growth Under Aerobic Conditions. To
investigate its physiological role, we sought to inactivate the erpA
gene. However, insertion of a cassette into the erpA gene proved to
be impossible unless the cells had duplicated a wild-type allele, a
situation typically encountered when trying to inactivate essential
genes (data not shown). Therefore, we constructed a conditional
mutant in which the expression of the erp4 gene was under
arabinose induction and glucose repression. The resulting strain,
referred to as LL401 (ara,::erpA), grew normally only when arab-
inose was in the medium (Fig. 14). LL401 was transformed with
either pUC18 or pLUE-A, a pUCI18-derived plasmid carrying the
erpA gene. Cultures were grown overnight in the presence of
arabinose, washed, and used to inoculate fresh medium containing
either arabinose or glucose. In the presence of glucose, the LL401/
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Fig.1. Growth analysis of E. coli LL401(arap::erpA) strain in aerobiosis. (A) Strain
LL401 was grown on LB medium plates with added arabinose (Ara) (Upper) or
glucose (Glu) (Lower). (B) Strains were grown in LB medium with added 0.2%
glucose (broken lines and open symbols) or 0.2% arabinose (solid lines and filled
symbols). The strains studied were LL401(arap::erpA)/pUC18 (squares) and
LL401(arap::erpA)/pLUE-A(erpA™) (triangles). (C) Strains LL401(arap::erpA) har-
boring puUC18 (O), pLUE-A (M), pLUE-A42 (»), pLUE-A106 ((J), and pLUE-A108 (e)
were grown in LB medium with 0.2% glucose added.

pUCIS strain ceased growing, whereas LL401/pLUE-A grew nor-
mally (Fig. 1B).

Mutated versions of the erpA gene, in which codons correspond-
ing to the three conserved cysteine residues were individually
changed to serine codons, were constructed. All three plasmids
carrying the cognate mutated genes erpA-C42S, erpA-C106S, and
erpA-C108S failed to complement growth defects of the LL401 erpA
mutant (Fig. 1C). Together, these results indicate that erp4 was
essential for E. coli to grow under aerobic conditions and that the
conserved cysteine residues are important for the function of the
protein in vivo.

The erpA Gene Is Essential for Anaerobic Respiration. Surprisingly,
under fermentative conditions, the LL401 strain (aray::erpA) was
found to grow in the presence of glucose, i.e., the growth condition
repressing erpA expression (Fig. 24). Therefore, we could exploit
anaerobic conditions to construct a mutant lacking the whole erpA
gene, referred to as LL402 (AerpA::cat). Although the LL402 strain
was able to grow anaerobically in the presence of glucose, it was
unable to grow in the presence of glycerol and either nitrate,
trimethylamine N-oxide, or fumarate (Fig. 2B). These results
indicate that a functional erpA gene is dispensable for fermentation
but is essential for anaerobic respiration.

The Eukaryotic Mevalonate (MVA)-Dependent Pathway Allowed
Growth of the erpA Mutant. We made the assumption that the
respiration defect was related to alteration of quinone pools.
Indeed, quinone derivatives are electron carriers used by both
anaerobic and aerobic respiratory chains and are derived from IPP,
whose synthesis in bacteria depends on two essential [4Fe—4S]
cluster-containing proteins, namely IspG (formally GepE) and
IspH (formally LytB) (38, 39). The erpA null mutation (AerpA::cat)
was introduced into an engineered E. coli strain, which can syn-
thesize IPP both by its natural endogenous pathway and by the
eukaryotic MVA-dependent pathway, a pathway that does not
employ Fe—S enzymes (40). The resulting LL405 strain (AerpA::cat,
MVA™) grew on LB plates containing both MVA and arabinose,
the substrate and the inducer, respectively, of the MVA-dependent
pathway (Fig. 34). In contrast, the LL402 strain failed to grow
under these conditions (Fig. 34). The same observation was
obtained with strains growing in liquid cultures (Fig. 3B). Both the
presence of MVA (Fig. 3B) and arabinose (data not shown) were
necessary to allow growth of the LL405 strain. Together these
experiments showed that IPP synthesis restored the inability of the
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Fig. 2. Growth analysis of E. coli LL401(arap::erpA) and LL402 (AerpA::cat)
strains in anaerobiosis. (A) Strain LL401 was grown on LB medium plates with
added arabinose (Ara) (Upper) or glucose (Glu) (Lower). (B) Strains
LL402(AerpA::cat)/pUC18 (open bars) and LL402(AerpA::cat)/pLUE-A (erpAt)
(filled bars) were grown under anaerobiosis in minimal medium supplemented
with glucose or glycerol as a carbon source and with nitrate, trimethylamine
N-oxide (TMAO), or fumarate as electron acceptors. The inoculum was 0.02 ml of
an overnight culture grown under anaerobiosis in minimal medium with glucose.
Cells were pelleted and washed before inoculation. ODggo values were recorded
after 16 h of incubation at 37°C. The experiment was performed in triplicate, and
a representative experiment is shown.

mutant to grow under respiratory conditions and suggested that
ErpA participates in IspG/IspH maturation.

The erpA Mutant Contains a Reduced Amount of Quinone. Depletion
of IPP is expected to affect quinone synthesis. Therefore we
investigated whether erpA mutation led to a modification of the
quinone pool. Wild-type and LL402 (AerpA::cat) strains were
grown overnight under fermentative conditions and shifted to
aerobiosis. Samples were taken 2 h after the shift, and the amount
of quinone was quantitated (Fig. 4). Ubiquinone (UQS) synthesis
was reduced 5-fold in the mutant compared with the wild type. In
addition, the mutant contained 6-fold less menaquinone than the
wild type and contained no dimethylmenaquinone at all. Taken
together, these results show that erpA mutation causes a drastic
alteration of quinone synthesis.

ErpA Is Able to Transfer Clusters to IspG in Vitro. We next tested
whether ErpA could insert Fe-S clusters into apo-IspG. The IspG
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Fig. 3. Phenotypic suppression of E. coli LL402 (AerpA::cat) mutant by the
eukaryotic MVA pathway. (A) Strains MG1655, MG1655 MVA™, LL402
(AerpA:cat), and LL405 (AerpA::cat, MVA™) were grown on an LB medium
plate containing the MVA pathway inducer L-arabinose (0.2%) and the MVA
substrate (1 mM) and was incubated at 37°C for 24 h under aerobiosis. (B)
Strains LL402 (AerpA::cat) (square) and LL405 (AerpA::cat, MVAT™) (triangle)
were grown under aerobiosis in 0.2% LB arabinose-containing medium sup-
plemented (open symbols) or not (filled symbols) with 1 mM MVA.
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Fig. 4. Quinone contents from E. coli LL402 (AerpA::cat) and wild-type (wt)
strains. Strains MG1655 and LL402 (AerpA::cat) were grown for 15 h under
anaerobiosis in LB glucose medium. Two milliliters of the culture was taken,
and cells were pelleted after three washes with water, resuspended in 4 ml of
LB glucose, and incubated 2 h at 37°Cunder aerobiosis, then cells were washed
three times, pelleted, and frozen directly. Ubiquinone (UB8), menaquinone
(MK8), and dimethylmenaquinone (DMK8) contents in the samples from
MG1655 (black bars) and LL402 (AerpA::cat) (hatched bars) were determined.

protein was purified and isolated in its apo-form (apolspG). The
apolspG protein was incubated anaerobically with a 2.2-fold excess
of 3"Fe-reconstituted ErpA. After 1 h of reaction, IspG was
separated from ErpA onto a Superdex 200 gel filtration column and
further analyzed by UV-visible and Mdssbauer spectroscopies, as
well as for its Fe content. This preparation, presumably holoIspG
containing approximately four Fe atoms per polypeptide chain, had
an absorption band at 410 nm, characteristic of a [4Fe—4S] cluster
(Fig. 54). The Mossbauer spectrum recorded at 4.2 K (Fig. 5B)
showed a slightly asymmetric doublet (97% relative area), which is
consistent with a [4Fe-4S]>* (S = 0) cluster. This species was
simulated with two doublets, I and II, at a 3:1 ratio as indicated by
Seeman et al. (41). The analysis gave the following parameters for
these doublets: I, 8 = 0.47 mm/s and AEg = 1.00 mm/s and for
doublet I1, 6§ = 0.48 mm/s and AEg = 1.34 mm/s. The rest of the
iron (3%) gave rise to doublet III, with parameters 6 = 1.11 mm/s
and AEg = 2.70 mm/s, which corresponds to a ferrous impurity.
These results showed that IspG can be correctly matured by
building a [4Fe—4S] cluster during reaction with holoErpA, in
agreement with the hypothesis that ErpA is a Fe-S protein of the
A type.

Discussion

Traditionally, the studies of Fe—S proteins have been a central
theme of bioenergetics, although in recent years new and
unexpected connections between Fe-S proteins and topics, such
as cancer research or bacterial pathogenicity, have emerged
(1-5). As a consequence, the mechanism proteins use to acquire
their Fe-S clusters has become an area of intense investigation.
Likewise, an unsuspected complexity has been uncovered, and
numerous proteins, conserved in prokaryotes and eukaryotes,
that are required for building, inserting, or protecting Fe-S
clusters have been identified. Here, we discovered ErpA, a
protein that belongs to the class of so-called Fe-S A-type
proteins, which assist Fe-S protein biogenesis in both pro-
karyotes and eukaryotes. In sharp contrast with other A-type
Fe-S proteins, ErpA was found to perform an essential meta-
bolic function. In particular, we were able to pinpoint its role in
the biosynthesis of IPP, which is essential for the biochemistry of
any living cell.

ErpA exhibits molecular properties closely related to those of
the well characterized SufA and IscA proteins that have been
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Fig.5. Fe-Stransfer from holoErpA to apo-IspG. (A) UV-visible light absorp-

tion spectra. ApolspG (880 uM) (spectrum 1) was incubated anaerobically with
1.26 mM 57Fe-reconstituted ErpA (two iron atoms per polypeptide chain) in 0.1
M Tris-HCl, pH 8/0.1 M NaCl/5 mM DTT for 1 h. Spectrum 2 shows reconstituted
IspG after separation of proteins. (B) Mdssbauer spectrum of 220 uM recon-
stituted IspG at 4.2 K. Solid lines above the spectra are theoretical simulations
corresponding to the different doublets (see text).

proposed to act as scaffolds during Fe—S biogenesis: (i) Moss-
bauer spectroscopy analysis revealed that ErpA contained both
[2Fe-2S]** and [4Fe-4S]>* clusters; (i/)) ErpA was able to
transfer its cluster to apolspG, a [4Fe—4S] protein; (iii) ErpA
contained the A-type motif CXs;CXC; and (iv) the conserved
Cys residues of A-type motif were required for ErpA to fulfill its
function in vivo. Yet, in striking contrast with sufA4 and iscA, the
absence of which yields no major phenotype, a functional erpA
was found essential for E. coli to grow under conditions that
allow either aerobic or anaerobic respiration.

Currently, the role of A-type proteins in Fe—S biogenesis is under
debate. These proteins were initially proposed to be scaffolds,
implying that they are able to bind both iron and sulfur to build a
Fe-S cluster and eventually to transfer it to apoproteins. A chal-
lenge to the view of A-type proteins as scaffolds was recently raised
by the finding that a double iscA4 sufA mutant of Synechococcus was
viable, an observation a priori inconsistent with a pivotal role of
A-type proteins in the maturation of cellular Fe—S proteins (36).
Rather, in this study, IscA and SufA were proposed to receive
preformed Fe-S clusters from Nfu protein and, eventually, to
transfer these Fe-S clusters to SufR and IscR, two regulators. Nfu
would thus be the actual scaffold, and, accordingly, Nfu was found
to be essential in Synechococcus (36). In our case, such a model
would imply that IscU, a demonstrated scaffold, would transfer a
Fe-S cluster to ErpA, which in turn would assist IspG/H matura-
tion. However, this scenario is not consistent with the observation
that inactivating iscU does not confer a lethal phenotype under
respiratory conditions. Models derived from studying one bacterial
species are not always translatable to the understanding of other
bacteria. For instance, an iscA mutation prevents Azotobacter
growth under high oxygen tensions, whereas IscA is dispensable in
E. coli under all studied conditions (37). Hence, we might expect a
great diversity in the way bacteria make use of otherwise conserved
components to carry out Fe—S biogenesis. Another challenge to the
view of A-type proteins as scaffolds comes from in vitro investiga-
tions, which concluded that A-type proteins could be simple iron
donors (30-34). Interestingly, the erpA gene is part of a chromo-
somal region that is particularly rich in iron uptake-related genes.
The fhuACDB genes, which are involved in hydroxamate-
dependent iron transport, and the zemL gene, which is involved in
heme biosynthesis, are located upstream of the erp4 gene, whereas
downstream lies the buF gene, which is involved in cobalamin
uptake. Although this observation might be pure coincidence, it
might be worth further investigation in the context of the view that
A-type proteins serve as iron chaperones.

Several observations led us to propose that ErpA is implicated
in IPP biosynthesis. First, an erpA mutant, which could not grow
in the presence of oxygen, was rescued by introducing eukaryotic
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genes, which direct IPP synthesis from exogenously added MVA.
Second, the erp4 mutant was found to contain a reduced amount
of quinones, whose synthesis is derived from IPP. IPP synthesis
depends on two Fe-S proteins, namely IspG and IspH. Thus, the
simplest hypothesis is that ErpA participates in Fe-S center
acquisition of IspG and/or IspH. Accordingly, we showed that in
vitro apolspG could be matured by holoErpA. We noticed that
the erpA strain synthesizing IPP by the eukaryotic MVA-
dependent pathway grew much more slowly than the wild type,
which may have been because the eukaryotic pathway was not
functioning efficiently in E. coli, but this possibility was ruled out
by showing that the MVA-dependent pathway allowed a strain
devoid of either the ispG or the ispH gene to grow like the wild
type (data not shown). Altogether, these observations indicate
that ErpA participates in IPP biosynthesis but that a deficiency
in IPP synthesis is not the sole phenotypic trait of the erpA
mutant. By extension, we conclude that ErpA participates in the
maturation of IspG and/or IspH and of as-yet-undetermined
additional Fe-S proteins.

A clear defect of the erpA4 mutant was its inability to respire with
either oxygen or alternative electron acceptors, such as nitrate,
trimethylamine N-oxide, or fumarate, as terminal electron donors.
A defect in aerobic respiration also was indicated by the failure of
the erpA mutant to grow on glycerol and succinate (data not
shown). Conversely, when grown fermentatively, the wild-type and
the erpA mutant showed comparable quinone contents and growth
rates (data not shown). This respiratory deficiency is consistent with
a defect in IPP synthesis because IPPs are precursors of the
quinones, key elements in the respiratory chain. However, the
amount of ubiquinone found, although reduced several fold as
compared with wild type, should still allow the erp4 mutant to
respire aerobically. Indeed, if one considers that the ubiquinone
concentration in membranes of the erp4 mutant is 600 uM (cal-
culated from 50 nmol per gram of dry weight) (see Fig. 4) and the
K, for the major terminal oxidase (cytochrome bo type) for
ubiquinol is 38 uM (42), whereas the Ky, for the NADH dehydro-
genase is ~2 uM (43, 44), it must be concluded that the lowered
ubiquinone concentration should not lead to complete inhibition of
aerobic respiration in the erp4 mutant. This raises the question of
why the erpA mutant could not use respiration for growth in the
presence of oxygen. A possibility is that additional Fe-S enzymes
participating in the respiratory chain were inefficiently matured in
the erpA mutant, which is consistent with the fact that the MVA-
dependent pathway did not restore wild-type growth, as discussed
in the paragraph above. The respiration defect would then reflect
a sum of defects in different parts of the electron pathway.

IPPs play a general role in E. coli physiology. Indeed, besides
quinones, IPPs are precursors for the synthesis of cell walls, hemes,
and tRNA modifications. As a matter of fact, we observed fila-
mentation of the erp4 mutant under aerobic conditions but not
under fermentation. This filamentation phenotype might well be
caused by defects in cell wall biosynthesis. However, because the
erpA mutant stops growing under aerobic conditions, it is hard to
know whether filamentation is a consequence of the growth arrest
or an additional consequence of the IPP biosynthesis defect. In any
case, it is clear that the erpA mutant does not exhibit the pleitropic
phenotype of an ispG or ispH mutant, which were unable to grow
under any conditions tested.

E. coli makes use of ISC and SUF machineries for biogenesis and
insertion of Fe-S clusters into apotargets. The role of the CSD
system in Fe—S biogenesis needs to be ascertained (45). The erpA
structural gene lies away from the SUF, ISC, or CSD systems
encoding operons, but transcriptomic analysis identified erpA4 as a
member of the IscR regulon (46). Expression of erpA is therefore
coupled to that of the sufABCDSE and iscRSUAhscBAfdx operons.
The question arises as to which machinery the ErpA protein
interacts with. It would be interesting to study whether ErpA is a
pleitropic component able to associate with the ISC, the SUF, or the
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CSD systems or whether it is part of an as-yet-unidentified Fe—S
biogenesis system.

In conclusion, this study has shown the case of an A-type
Fe-S protein that plays an essential role in cellular viability in
E. coli. Our work shows an occurrence of a lethal phenotype
associated with a mutation in a single Fe—S biogenesis-related
gene in E. coli. This functional importance is interpreted as
reflecting a specific partnership between essential Fe-S en-
zymes to be matured, i.e., IspG and/or IspH at least, and ErpA,
a dedicated A-type Fe-S protein. This leads us to predict that
in vivo, cellular Fe-S proteins will be matured by a different
set of ancillary proteins. Such a substrate specificity was
not revealed by in vitro analyses. The next challenge would be
to delineate such maturation-specific pathways as they occur
in vivo.

Methods

Culture Media, Growth Conditions, and Chemicals. All chemicals were
obtained from Sigma-Aldrich (St. Louis, MO) or Fluka (Buchs,
Switzerland) unless otherwise stated. E. coli strains were grown in
LB-rich medium or M9-based minimal medium at 37°C. Growth
under anaerobiosis was achieved by using the GasPak Plus anaer-
obic system in a dedicated chamber. Ampicillin (50 wg/ml), kana-
mycin (25 ug/ml), spectinomycin (50 ug/ml), and chloramphenicol
(25 pg/ml) were added when necessary. Arabinose or glucose were
used at 0.2%, and glycerol was used at 0.4%. Fumarate (20 mM),
nitrate (2 mM), and trimethyl amine oxide (20 mM) were used as
electron acceptors. The strains are listed in SI Table 1.

Plasmids Construction. For expression of recombinant ErpA, the
coding region of erpA was amplified from genomic DNA from the
E. coli MG1655 strain by PCR with TagDNA polymerase and
primers Ndel-Us and Xhol-Uas (SI Table 2). The erpA product was
digested and ligated in Ndel/Xhol linearized pET22b* to yield
pET/ErpA, which was used for the expression of ErpA-Hisg.

For a complementation test and/or mutant strain construc-
tion, the erpA gene was amplified by PCR from E. coli MG1655
chromosomal DNA using primers Es/Eas and inserted into
pGEMT and pUCI18 vectors (SI Table 1). pLUE-A106 and
pLUE-A108 plasmids, containing either a Cys-to-Ser-106 mu-
tation or a Cys-to-Ser-108 mutation, were constructed as follows.
PCR products were obtained by using MG1655 chromosomal
DNA with primers Es/Eas106S or Es/Eas108S. These products
were digested with EcoRI/Xhol and inserted into pUCI18 re-
stricted by EcoR1/Sall. The pLUE-A42 plasmid was constructed
as follows: PCR product was obtained by using pLUE-A DNA
with primers EsC42S/inv lacZ 106S or Es/Eas108S. The PCR
product was digested with Agel/HindIII and inserted into
pLUE-A digested with Agel/HindIII. The pET/IspG plasmid
was constructed by PCR amplification of MG1655 chromosomal
DNA using primers Ndel ispG/Xhol Astop ispG. The resulting
PCR product was digested by Ndel/Xhol and inserted in pET22
plasmid. All constructs were checked by DNA sequence analysis.

Construction of the erpA Mutant Strains. The LL401 strain was
constructed as follows. An insert carrying the yadQ-
aadA7(SpcR)-araC-erpA genes was obtained after three PCRs
using overlapping oligonucleotides. Fragments yadQ-aadA7,
aadA7-araC, and araC-erpA were obtained by using Q1/Q2,
Sp1/Sp2, and pE1/Eas oligonucleotide pairs, mixed, and used as
templates for a new PCR using the Q1/Eas oligonucleotide pair.
This protocol made use of the TG1 specREXBAD strain pro-
vided by Ghigho and coworkers (47). In the resulting fragment,
the erpA gene is under the control of the pBAD promoter.
Replacement of the wt allele by the arabinose-inducible erpA
version was performed as described by Datsenko and Wanner
(48), except that arabinose was added in the plate. PCR analysis
confirmed that the wild-type yadQ-erpA region had been ex-
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changed with the chimeric region described above. P1 was used
to move this allele into MG1655, yielding the LL401 strain.

The LL402 strain was constructed as follows. The chloram-
phenicol resistance gene cat was amplified by PCR with primers
AEs/AEas homologous to the end of the yadQ and the beginning
of the yadS coding sequences. Recombinant clones were selected
under anaerobiosis in rich medium containing chloramphenicol.
Chromosomal DNA was isolated from the mutants obtained,
and the structure of the rearranged locus was confirmed by using
a series of PCRs with primers complementary to cat (CATv) and
to the regions adjacent to the site of its insertion (V5/V3). P1 was
used to move this allele into MG1655, yielding the LL402 strain.

The LL405 strain was constructed as follows. The MVA-
dependent pathway encoding genes were transduced from strain
EcAB1-5 (40) into MG1655 by using a KanR-linked marker and the
resulting strain, MG1655 MVA™, used as a recipient for exchanging
wild-type erpA with the yadQ-cat-yadsS fragment as described above.
CamR was selected under anaerobiosis and subsequently checked
for O, sensitivity and for actual DNA exchange by PCR using
V5/V3 oligonucleotides.

Purification of ErpA. The E. coli BL21(DE23) strain was transformed
with pET/ErpA vector. Expression was induced for 4 h with 0.4 mM
isopropyl B-D-thiogalactoside to exponentially growing cells in LB
medium containing 100 pg/ml ampicillin at 37°C. The bacterial
pellet (5.5 g per 2 liters) was resuspended in buffer A (0.1 M
TrissHCI, pH 8/0.1 M NaCl) and sonicated before ultracentrifuga-
tion at 245,000 X g for 90 min at 4°C. The supernatant was treated
with DNase I and 10 mM MgCl, at 4°C for 45 min, and, after
centrifugation at 10,174 X g for 30 min at 4°C, 340 mg of soluble
proteins was loaded onto a 10-ml Ni-NTA affinity column (Qiagen,
Valencia, CA) equilibrated with buffer A. The ErpA protein was
eluted with buffer A containing 0.2 M imidazole. The ErpA-
containing fractions were mixed with ammonium sulfate (60%
saturation) for 1 h at 4°C. After centrifugation for 30 min at 10,174
X g, the pellet was resuspended in buffer B (50 mM Tris-HCI, pH
8/50 mM NaCl) and desalted onto a Nap-10 column (Amersham
Biosciences, Piscataway, NJ). This protocol allowed for the purifi-
cation of ~80 mg of ErpA from 340 mg of bacterial extracts. Protein
concentration was measured by the Bradford method using bovine
serum albumin as a standard. Iron and sulfide were quantitated by
the methods of Fish (49) and Beinert (50), respectively.

Iron and Sulfide Binding to ErpA. The following procedures were
carried out anaerobically inside a glove box at 18°C [B553 (NMT);
Jacomex, Dagneux, France]. ApoErpA was obtained by irradiation
of the as-isolated protein with a 10-fold molar excess of decay-
accelerating factor in the presence of 20 mM EDTA overnight.
Deazaflavin and EDTA were removed by passing the protein
through a MicroBioSpin 6 desalting column (Bio-Rad, Hercules,
CA). ApoErpA was then incubated in buffer D (buffer A contain-
ing 5 mM DTT) for 3—-4 h with a 3- to 4-fold molar excess of both
Na,S (Fluka) and Fe(NH4)2(SO4)2 (Aldrich). Then, to remove
unspecific bound iron, 2-5 mM EDTA was added to the solution
and, after 30 min of incubation, the protein were desalted on a
Nap-25 column (Amersham Biosciences) and concentrated on an
Amicon Microcon filter (Millipore, Billerica, MA). For Mossbauer
analysis, apoErpA (1.1 mM) was mixed with 15 uM IscS and 10 mM
L-cysteine (Aldrich) in buffer D, and 3 mM >"FeCl; was then added
to the solution. After 4 h incubation, the reconstitution procedure
was completed as described above.

Purification of IspG. The E. coli BL21(DE3) strain was transformed
with pET/IspG vector. The cells were grown to midlog phase in LB
medium containing 100 ug/ml ampicillin at 37°C. Expression was
then induced by adding 0.5 mM isopropyl B-D-thiogalactoside at
20°C. Cells were harvested after overnight induction and lysed by
sonication in binding buffer C (0.1 M Tris-HCI, pH 8/0.25 M NacCl).
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The lysate was centrifuged at 245,000 X g for 90 min at 4°C, and the
supernatant was treated with 3% streptomycin sulfate at 4°C for 45
min. After centrifugation at 10,174 X g for 30 min at 4°C), soluble
proteins were loaded on a 10-ml Ni-NTA affinity column (Qiagen)
equilibrated with buffer C. The IspG-His protein with eluted with
buffer C containing 0.5 M imidazole. The IspG-containing frac-
tions were mixed with ammonium sulfate (50% saturation) for 1 h
at 4°C. After centrifugation for 30 min at 10,174 X g, the pellet was
resuspended in buffer B and desalted on a Nap-10 column (Am-
ersham Biosciences) before being concentrated on a Amicon
Microcon filter (Millipore).

[Fe-S] Cluster Transfer From 57Fe-Reconstituted ErpA to apolspG. All
of the following procedures were made anaerobically in the glove
box at 18°C. IspG, isolated in its apo-form, was incubated for 1 h in
buffer E (buffer B containing 5 mM DTT) with a 2.2-fold molar
excess of “’Fe-reconstituted ErpA. The proteins were then sepa-
rated on a Superdex 75 HR 10/30 (Amersham Biosciences) equil-
ibrated with buffer E. The collected fractions were analyzed by
SDS/PAGE and U V-visible spectroscopy. The fractions containing
pure IspG as judged from SDS/PAGE analysis were concentrated
on Microcon before being analyzed by Mdssbauer spectroscopy.

Spectroscopy Analysis. UV-visible spectra were recorded with a
Uvikon XL spectrophotometer (BioTek Instruments, Winooski,
VT). Zero field 3"Fe-Mossbauer spectra were recorded by using
a 400-pl cuvette with a spectrometer operating in constant
acceleration mode using a cryostat (Oxford Instruments, Oxon,
U.K.) that allowed temperatures from 1.5 to 300 K and a 3’Co
source in rhodium. Isomer shifts are reported relative to iron foil
at room temperature.

Quinone Extraction and Analysis. Cultures were grown overnight
under fermentative conditions, i.e., under anaerobiosis and with
glucose. Frozen pellets were resuspended in 2 ml of water and
quenched with 6 ml of ice-cold 0.2 M HCIO4 in methanol. Six
milliliters of petroleum ether (40—-60°C) was then added to the
mixture and vortex-mixed for 1 min. After the mixture had been
centrifuged at 900 X g for 1 min, the upper petroleum ether
phase was removed, transferred to a test tube, and evaporated to
dryness under a flow of nitrogen. Another 6 ml of petroleum
ether was added to the lower phase, and the vortex-mixing and
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centrifugation steps were repeated. The upper phases were
combined. After evaporation to dryness, extracts could be stored
for at least 7 days under nitrogen at —20°C without any
detectable autooxidation. Immediately before use, the extracted
ubiquinone/ubiquinol was resuspended with a glass rod in 80 ul
of ethanol and analyzed in an HPLC system (LKB gradient pump
2249 system with an LKB 2151 variable wavelength monitor;
Amersham Pharmacia) containing a reversed-phase Lichrosorb
10 RP 18 column (Chrompack; Bergen op Zoom, The Nether-
lands) with a 4.6-mm internal diameter and a length of 250 mm.
The column was equilibrated with a 1:1 (vol/vol) ratio of
ethanol/methanol, and this mixture was used as the mobile
phase. The flow rate was set at 1 ml/min. Detection of the
quinones was carried out at 290 nm for ubiquinones, at 248 nm
for menaquinones, and at 270 nm to record all quinones simul-
taneously. The amounts of all quinones were calculated from the
peak areas using UQ;o and MK, as standards according to the
method applied by Shestopalov et al. (51). Methanol, ethanol,
and petroleum ether were of analytical grade. Peaks were
identified by UV-visible spectral analysis and mass spectral
analysis. A UV-visible spectrum of DMKg was obtained from
Moscow State University (Moscow, Russia). For mass spectral
analysis, fractions collected from the HPLC were evaporated
under nitrogen and redissolved into 89% acetonitrile/10% wa-
ter/1% formic acid (vol/vol) (LC-Grade; Merck, Frankfurt,
Germany). The fractions were analyzed by off-line nanoelectro-
spray mass spectrometry using coated Picotips (Econol2; New
Objective, Woburn, MA) on an electrospray ionization qua-
drople time-of-flight mass spectrometer (Micromass; Waters,
Manchester, U.K.). Ions selected for MS/MS collided with argon
in the hexapole collision cell. Data processing and evaluation
were performed with Masslynx software (Micromass; Waters).
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