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Iron-sulfur (Fe-S) clusters are ubiquitous cofactors that are crucial for many physiological processes in all organisms. In Esche-
richia coli, assembly of Fe-S clusters depends on the activity of the iron-sulfur cluster (ISC) assembly and sulfur mobilization
(SUF) apparatus. However, the underlying molecular mechanisms and the mechanisms that control Fe-S cluster biogenesis and
iron homeostasis are still poorly defined. In this study, we performed a global screen to identify the factors affecting Fe-S cluster
biogenesis and iron homeostasis using the Keio collection, which is a library of 3,815 single-gene E. coli knockout mutants. The

approach was based on radiolabeling of the cells with [2-'*C]dihydrouracil, which entirely depends on the activity of an Fe-S
enzyme, dihydropyrimidine dehydrogenase. We identified 49 genes affecting Fe-S cluster biogenesis and/or iron homeostasis,
including 23 genes important only under microaerobic/anaerobic conditions. This study defines key proteins associated with
Fe-S cluster biogenesis and iron homeostasis, which will aid further understanding of the cellular mechanisms that coordinate
the processes. In addition, we applied the [2-'*C]dihydrouracil-labeling method to analyze the role of amino acid residues of an
Fe-S cluster assembly scaffold (IscU) as a model of the Fe-S cluster assembly apparatus. The analysis showed that Cys37, Cys63,
His105, and Cys106 are essential for the function of IscU in vivo, demonstrating the potential of the method to investigate in

vivo function of proteins involved in Fe-S cluster assembly.

Iron-sulfur (Fe-S) clusters, which are crucial for all organisms
and thought to be among the earliest catalysts in the evolution of
biomolecules, serve as electron carriers in redox reactions, sub-
strate binding and activation, redox catalysis, DNA replication
and repair, regulation of gene expression, and tRNA modification
(1-3). The most abundant types of Fe-S clusters are rhombic [2Fe-
2S] and cubane [4Fe-4S] (2, 4), in which the iron atoms are gen-
erally bound to the sulfur atoms in the cysteine residues of the
peptide backbone and to inorganic sulfurs in the prosthetic group.

The assembly of Fe-S clusters is a very complex process medi-
ated by multiple protein apparatus. In Escherichia coli, Fe-S clus-
ters are primarily synthesized with the help of the iron-sulfur clus-
ter (ISC) assembly components, IscUSA, HscBA, and Fdx,
encoded by the isc operon. This system includes a Fe-S cluster
assembly scaffold (IscU), a sulfur-trafficking cysteine desulfurase
(IscS), molecular chaperones (HscB and HscA), a ferredoxin
(Fdx), and a possible iron donor or auxiliary Fe-S cluster assembly
protein (IscA) (5-7). The second Fe-S cluster assembly system, the
sulfur mobilization (SUF) machinery consisting of six proteins
encoded by the sufABCDSE operon, operates during stress condi-
tions such as iron starvation, oxidative damage, or heavy metal
exposure (8-10). In addition, several other proteins have potential
roles in Fe-S cluster biogenesis: (i) proposed iron donors CyaY
(11, 12) and ferritin (13); (ii) the putative intermediate Fe-S clus-
ter carrier/scaffold proteins NfuA (14, 15), GrxD (16), and Mrp
(ApbC) (17); (iii) the IscA/SufA-homologous A-type carrier pro-
tein ErpA (18, 19); (iv) the putative Fe-S cluster repair protein
YtfE (20). Despite extensive studies on Fe-S cluster biosynthesis,
defining the molecular mechanism of Fe-S cluster assembly is still
a challenge due to the intrinsic chemical nature of Fe-S cluster
species. For instance, Fe-S clusters can be spontaneously formed
by a nonenzymatic reaction in vitro, making it difficult to assess
the specific functions of the individual components of this assem-
bly process.

During our investigation of Fe-S proteins that depend on the

1238 jb.asm.org

Journal of Bacteriology p. 1238-1249

iscS gene in E. coli, we identified dihydropyrimidine dehydroge-
nase (DPD) as one of the iscS-dependent proteins (21). DPD, a
heterotetrameric protein composed of two PreT subunits and two
PreA subunits, contains a flavin adenine dinucleotide (FAD), a
flavin mononucleotide (FMN), and four [4Fe-4S] clusters and
catalyzes the reduction of uracil (and also thymine) to its 5,6-
dihydro-derivatives using NADH as a specific cosubstrate (22).
The enzyme also catalyzes the reverse reaction, i.e., the NAD™-
dependent oxidation of 5,6-dihydrouracil to uracil. Interestingly,
we found that a DPD-deficient strain cultured in a medium con-
taining radiolabeled dihydrouracil (DHU) was markedly less ra-
dioactive than the wild-type strain. This is because radiolabeled
uracil produced from radiolabeled DHU by DPD is converted to
nucleobases by the pyrimidine metabolic pathway, and the radio-
labeled nucleobases are eventually incorporated into both RNA
and DNA in the wild-type strain (22) (Fig. 1). The maturation of
the Fe-S cluster in DPD appears to be highly sensitive to the func-
tion of the ISC system (21). Our previous study suggests that apo-
DPD is highly susceptible to degradation since neither PreT nor
PreA was detectable in a Western blot analysis of the extract of an
iscS mutant strain (21). Therefore, there is a good correlation be-
tween activity levels of DPD, which requires an Fe-S cluster bio-
synthetic system, and the radioactivity of E. coli cells cultured with
radiolabeled DHU. This interesting correlation led us to the idea
that dysfunctions in Fe-S cluster biogenesis and/or iron homeo-
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FIG 1 Dihydrouracil metabolism in E. coli K-12. Asterisks indicate the radio-
labeled carbon atoms.

stasis in an E. coli mutant strain could readily be identified by alow
level of radioactivity due to a reduced incorporation of the radio-
labeled DHU.

In the present work, we have developed a novel strategy using
[2-"*C]DHU to analyze the in vivo function of Fe-S cluster bio-
genesis factors. This novel approach has been applied to screen the
3,815 E. coli knockout strains (the Keio collection) for defects in
Fe-S cluster biogenesis and iron homeostasis. The Keio collection
is a set of systematically created, single-gene knockouts with in-
frame (nonpolar) deletions in all nonessential genes in E. coli K-12
(23). Open reading frame coding regions were replaced with a
kanamycin cassette, which was further excised to create the in-
frame deletions. We have identified several novel factors affecting
Fe-S cluster biogenesis and iron homeostasis. Based on the results,
we here provide a more comprehensive view of Fe-S cluster bio-
genesis and iron homeostasis in E. coli. Moreover, we also applied
our method to identify amino acid residues of IscU that are essen-
tial for in vivo Fe-S cluster assembly. The results suggest that our
novel method is a useful and powerful tool for clarifying Fe-S
cluster biosynthetic mechanisms in E. coli.

MATERIALS AND METHODS

Strains and materials. The Keio collection and the parental strain E. coli
K-12 BW25113 [genotype, rrnB3 AlacZ4787 hsdR514 A(araBAD)567
A(rhaBAD)568 rph-1] were provided by the National BioResource Project
(NBRP), National Institute of Genetics (NIG), Japan. The Keio collection
(23) is a systematic single-gene knockout library of all nonessential genes
in E. coli, which allows rapid screening and detection of genes (http://www
.shigen.nig.ac.jp/ecoli/strain/nbrp/keioCollectionList.jsp). A library of 3,815
nonlethal single-gene knockout strains was used for screening in this study
(see Table S1 in the supplemental material). For the static culture, E. coli
cells were cultivated in a 1.2-ml 96-well polystyrene plate with a gas-
permeable adhesive seal (Thermo Scientific ABgene, Epsom, United
Kingdom). [2-'*C]dihydrouracil and [2-'*C]uracil were from Moravek
Biochemicals (Brea, CA). All chemicals used were analytical-grade re-
agents.

Screening procedure. For the first screen, each E. coli knockout mu-
tant from the Keio collection was inoculated into 1 ml of Luria-Bertani
(LB) medium containing 0.5 pM [2-'*C]DHU (962 Bq - ml™ ') in a 96-
well plate and statically incubated at 37°C for 24 h. The cells were then
harvested, washed with 0.8% saline, and added to 3 ml of a liquid scintil-
lation cocktail (Clear-sol II; (Nacalai Tesque, Kyoto, Japan). The radioac-
tivity of the cells was measured using a liquid scintillation counter (Beck-
man Coulter, Brea, CA). In the second screen, the radioactivity was
determined in the same manner as in the first screen and was normalized
to the growth (cpm per optical density unit at 600 nm [cpm - ODy,, " ']) of
cells. The third screen was performed similarly, except that [2-'*C]uracil
(1,028 Bq - ml ™ ') was used in place of [2-"*C]DHU. Further analysis was
performed using aerobic cultivation of mutant strains in 1.5 ml of LB
medium containing 0.5 uM [2-'*C]DHU (962 Bq-ml ') at 37°C for 24 h.
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The cells were harvested, and their radioactivity was measured as de-
scribed above.

Gene cloning and site-directed mutagenesis. The iscU gene was PCR
amplified using E. coli K-12 BW25113 genomic DNA as a template and the
two primers EcIscUF and EcIscUR (Table 1). The amplified DNA was
inserted into the EcoRI/Xbal sites in pUC118 to yield pIscU, which was
used for the expression of IscU under the regulation of a lac promoter. To
produce four mutants of IscU (C37H, C63H, H105C, and C106H), the
QuikChange site-directed mutagenesis method following the manufac-
turer’s protocol (Qiagen, Venlo, Netherlands) was applied with appropri-
ate mutagenic primers as listed in Table 1.

Genetic complementation analysis. E. coli K-12 iscU-null mutant
[genotype, BW25113 AiscU] cells harboring a plasmid coding for wild-
type or mutated IscU were cultured aerobically in 4 ml of LB medium
containing 0.5 uM [2-"*C]DHU (962 Bq - ml™'), 100 pg - ml™" ampicil-
lin, and 1% glycerol at 37°C until stationary phase. The cells were har-
vested from a 1.5-ml culture and washed once, and their radioactivity was
measured.

Enzyme assays. Cells were grown in LB medium for the DPD assay, in
LB medium containing 0.2% glucose for glutamate synthase (GS) (24)
and glucose-6-phosphate dehydrogenase assays or in LB medium con-
taining 0.1% gluconate for a 6-phosphogluconate dehydratase (6-PG)
assay. Cells were harvested at late logarithmic phase. The crude extract
obtained from each strain by sonication was used for the enzyme assays.

6-PG activity was assayed by the production of pyruvate, which was
determined using lactate dehydrogenase (25). GS activity was determined
by the oxidation of NADPH (26). Isocitrate dehydrogenase (27) and glu-
cose 6-phosphate dehydrogenase (28) activities were assayed by the pro-
duction of NADPH. DPD activity was determined by the production of
DHU from uracil by using high-performance liquid chromatography
(HPLC). Protein concentration was determined by the Bradford method
(29).

Western blot analysis. The crude extracts were subjected to SDS-
PAGE, and the proteins were transferred to a polyvinylidene difluoride
membrane (Immobilon-P membrane; Merck Millipore, Billerica, MA).
Immunodetection was performed with antibodies raised against E. coli
IscU (30) and E. coli GroEL as a loading control (Sigma-Aldrich, Saint
Louis, MO) and visualized with an ECL detection reagent (GE Healthcare,
Uppsala, Sweden).

RESULTS
Using [2-'*C]DHU to examine the in vivo functions of Fe-S clus-
ter biogenesis factors. Previously, we reported that the radioac-

TABLE 1 Primers used in this study

Primer function and

name Sequence (5'-3")"

Cloning of the E. coli iscU

gene

EcIscUF GGGAATTCAGGAGGTGCCATATGGCTT
ACAGCGAAAAAGTTAT

EclscUR GCTCTAGATTATTTTGCTTCACGTTTGCT

Site-directed mutagenesis
of IscU
IscU C37H Fw
IscU C37H Rv
IscU C63H Fw

GCACCGGCCCACGGCGACGTG
CACGTCGCCGTGGGCCGGTGC
ACTTACGGCCACGGTTCCGCT

IscU C63H Rv AGCGGAACCGTGGCCGTAAGT

IscU H105C Fw CGGTGAAAATTTGCTGTTCTATTCT
IscU H105C Rv AGAATAGAACAGCAAATTTTCACCG
IscU C106H Fw AAAATTCACCACTCTATTCTG

IscU C106H Rv CAGAATAGAGTGGTGAATTTT

“ Underlining indicates the recognition sites of restriction enzymes.
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FIG 2 [2-""C]DHU radiolabeling of the wild-type (BW25113) and isc mutant
strains that lack the genes essential for Fe-S cluster biosynthesis. Radioactivity
("*C cpm) of the wild-type strain (BW25113) and the isc mutant strains, which
were aerobically grown in 5 ml of LB medium containing 0.5 uM [2-"*C]DHU
(962 Bq - ml ") to stationary phase, was measured with a liquid scintillation
counter. The means * standard deviation of three independent measurements
is shown.

tivity in the E. coli K-12 cells cultivated in LB medium containing
[2-"*C]DHU markedly increases as soon as the growth enters sta-
tionary phase (22). Radiolabeled uracil and thymine formed from
[2-'*C]DHU by DPD are incorporated into nucleic acids (i.e.,
DNA and RNA), resulting in high levels of radioactivity in the
wild-type strain (ca. 30,000 cpm - ODgo, ') (22). In contrast, the
radioactivity in the DPD-deficient strain (ca. 100 cpm - ODgq, ")
is about 300-fold lower than that in the wild-type strain because
the increase in radioactivity is dependent on DPD activity (22).
Our site-directed mutagenesis study revealed that each of Cys26,
Cys77, Cys344, and Cys378 is required for DPD activity as a ligand
for each of the four Fe-S clusters, suggesting that each of four
[4Fe-4S] clusters is essential for DPD function (data not shown).
Thus, we assumed that defects in the ISC system that is essential
for Fe-S cluster biosynthesis lead to DPD inactivation, eventually
resulting in low radioactivity in an isc mutant strain compared to
that in the wild type. We then aerobically cultivated each of the
null mutant AiscS, AiscU, AiscA, AhscA, AhscB, and Afdx strains
with [2-'*C]DHU and examined their radioactivity. As expected,
the radioactivity of all the mutant strains was markedly lower than
that of the wild-type strain (Fig. 2). The radioactivity levels of
AiscU and AiscA mutants (40% and 30%, respectively, of the wild-
type "*C cpm level) were relatively higher than those of the other
null mutants (1.3%, 5.1%, 17%, and 27% of the wild-type '*C cpm
level for the AiscS, AhscA, AhscB, and Afdx strains, respectively),
consistent with a previous observation that Fe-S enzyme activities
are higher in the iscU and iscA mutants than in the iscS, hscA, and
fdx strains (31). The results indicate that our new approach is
sufficiently sensitive and useful for evaluating the roles of the pro-
teins involved in Fe-S cluster biosynthesis in vivo.

Global identification of genes affecting Fe-S enzyme activity.
We employed our radiolabeling method for the screening of the E.
coli Keio collection to identify factors affecting Fe-S cluster bio-
genesis and iron homeostasis. If a strain has a deletion genotype in
a gene essential for DPD activity, the radioactivity in the knockout
strain would be lower than that in the wild-type strain. Such
knockout strains are expected to include those deficient in Fe-S
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FIG 3 The screening procedure and summary of identification of the genes
affecting Fe-S biogenesis and iron homeostasis. In the first screening step,
knockout strains whose radioactivity (**C cpm) was less than 40% of that of
the wild-type (WT) strain were selected. In the second screen, knockout strains
whose radioactivity (**C cpm - ODg,, ") was less than 50% of the wild-type
level were selected. In the third screening step, knockout strains exhibiting
radioactivity less than half of that of the wild-type strain were excluded. In the
fourth step, each strain was aerobically cultivated with shaking in LB medium
containing [2-'*C]DHU. After the fourth step, each of the 26 knockout strains
whose radioactivity was less than half of that of the wild-type strain was aero-
bically cultivated in LB broth with shaking, while each of the 23 knockout
strains exhibiting radioactivity more than half of the wild-type strain was stat-
ically cultivated in LB medium for Fe-S enzyme assays. The boxes with the solid
and broken lines indicate that the cultivations were carried out microaerobi-
cally with static culture and aerobically with shaking, respectively.

cluster homeostasis (including assembly, disassembly, and stabil-
ity) and iron homeostasis.

The screening procedure and the results are illustrated in Fig. 3.
Under the anaerobic growth conditions used in the first screening
experiment, the radioactivity level of the wild-type strain was
1,236 cpm, and the basal radioactivity levels of preT and preA
mutants were 4.4% (55 cpm) and 2.4% (30 cpm), respectively, of
the wild-type level (see Table S1 in the supplemental material).
Based on the observation that the radioactivity levels of the ISC
component mutant strains were not more than 40% (for the AiscU
strain) of that of the wild-type strain (Fig. 2), we applied a thresh-
old of 40% (494 cpm) of the wild-type cpm level (1,236 cpm) to
filter out noncandidate mutants for the first screening step. The
first step provided 78 gene knockout strains (excluding preT and
preA strains) whose radioactivity level was less than 40% of the
wild-type cpm level (see Table S1). At this point, the decrease in
radioactivity could be attributed either to the inactivation of DPD
or to low cell numbers caused by the growth retardation of each
mutant. Therefore, in the second screen, the radioactivity and the
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growth (ODy,) of the 78 knockout mutants were measured under
the same cultivation conditions as the first screen in order to nor-
malize the net radioactivity to cell number, thereby excluding the
possibility that the low radioactivity in a mutant is simply due to a
growth defect phenotype. For the second screen, a threshold of
50% of the wild-type "*C cpm - ODg,, " value was employed
because the cpm - ODy,,, ! value of the AiscU strain (14,447) was
48% of that of the wild-type strain (30,123) due to the moderate
growth retardation phenotype of the AiscU strain. This additional
screen filtered the results down to 65 knockout strains that carried
deletions in candidate genes affecting Fe-S cluster biogenesis and
iron homeostasis (see Table S2 in the supplemental material).

We assumed that the 65 knockout strains selected by the first
and second screens included those with a deletion in nucleobase
metabolism and RNA/DNA synthesis because lower radioactivity
could also result simply from insufficient incorporation of radio-
labeled uracil and its metabolites into RNA and DNA. To exclude
such mutant strains, we repeated the radiolabeling method with
[2-'*C]uracil instead of [2-'*C]DHU. Of the 65 strains, 16 knock-
out strains exhibited less than half the level of radioactivity seen in
the wild-type strain (10,024 cpm - ODg,, ") (see Table S3 in the
supplemental material). These 16 strains include mutants with a
deletion in the upp gene encoding uracil phosphoribosyl trans-
ferase and the dnaK gene encoding the HSP70 molecular chaper-
one. This result suggests that these genes are not important for
either DPD activation or Fe-S cluster biosynthesis but, instead,
play a role in other processes, such as nucleobase metabolism and
protein folding. Thus, these 16 strains were excluded, and the
remaining 49 strains were chosen for further analysis.

The screens described above were carried out using static cul-
tivation, which is considered to recapitulate microaerobic/anaer-
obic conditions. In order to clarify whether the genes we identified
are also important for Fe-S cluster biogenesis and/or iron homeo-
stasis under fully aerobic conditions, we next examined the 49
knockout strains using the radiolabeling method in cultures that
were shaken extensively. A threshold of 50% of the wild-type '*C
cpm - ODg,, " value was again used in this step for the above-
mentioned reason. This experiment identified 23 strains with ra-
dioactivity more than half of that of the wild-type strain (12,427
cpm - ODg,,~ ") under aerobic conditions (see Table S4 in the
supplemental material). This result suggests that the genes dis-
rupted in these strains are essential for the activity of DPD only
under microaerobic/anaerobic conditions. On the other hand, the
remaining 26 strains with reduced radioactivity under both mi-
croaerobic/anaerobic and highly aerobic conditions likely have
deletions in genes essential for the DPD activity, irrespective of
aeration conditions during cultivation (see Table S4).

To validate the role of the 49 candidate genes identified above
in Fe-S cluster biogenesis and iron homeostasis, the activities of
Fe-S enzymes (DPD, 6-PG, and GS) in crude extracts of the mu-
tant strains grown to the late logarithmic phase by static cultiva-
tion (23 strains) or fully aerobic cultivation (26 strains) were eval-
uated. We found that the Fe-S enzyme activities in all 49 knockout
strains were near half or less than half of those of the wild-type
strain (Fig. 4). Although both 6-PG and GS contain one Fe-S clus-
ter apiece, 6-PG activity was less affected than GS activity by those
mutations, with only a few exceptions, under static cultivation
conditions (Fig. 4A). DPD, which contains four Fe-S clusters per
heterodimer, was more significantly impaired by the disruption of
arcAB, moaCE, moeAB, and selABD than other genes (Fig. 4A).
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There was apparently little or no correlation between the Fe-S
cluster content in the enzymes and the effect of the gene disrup-
tion on the enzyme activities. Under aerobic conditions, 6-PG
activity was less affected in the iscS, cydD, hfq, and rimM strains
than in others (Fig. 4B). The disruption in cydD and hfg also
caused a relatively moderate deficit of the GS activity. The muta-
tion in each of the atpABCEFGH genes encoding the ATPase sub-
units resulted in the complete inactivation of DPD and 6-PG,
suggesting that these enzymes especially require a large amount of
ATP for maintaining their Fe-S clusters. This may be related to the
fact that both DPD and the 6-PG have labile Fe-S clusters highly
susceptible to inactivation by oxidants (31). In contrast, the activ-
ities of the non-Fe-S-containing enzyme glucose-6-phosphate de-
hydrogenase were similar in the mutant and the wild-type strains.
These results suggest that each of the deleted genes in the 49 mu-
tants indeed affects Fe-S cluster biogenesis and/or iron homeosta-
sis.

The 23 strains that exhibited Fe-S enzyme deficiency only un-
der microaerobic/anaerobic conditions harbored disruption in
genes related to molybdenum cofactor biogenesis (1m0aACDE,
moeAB, mog, and modABC) (32, 33), selenocysteine incorporation
(selABD) (34), formate dehydrogenase maturation (fdhD) (35),
hydrogenase maturation (hypA) (36), gene regulation (cpxA and
arcAB) (37, 38), DNA replication (hda and holC) (39, 40), and
unknown functions (ynbA, yhbP, and ydaV). Interestingly, the
processes of molybdenum cofactor biogenesis, selenocysteine in-
corporation, and FdhD-mediated sulfur transfer are essential for
the activity of the three formate dehydrogenase isozymes required
for anaerobic respiration (41-43).

On the other hand, genes disrupted in the 26 strains that are
deficient in the Fe-S enzyme activities under both aerobic and
anaerobic conditions can be classified into seven function-
based categories: Fe-S cluster formation (iscSUA, hscAB, and
fdx), transport (cydD and feoAB), gene regulation (fur and hfq),
DNA replication (dnaT), ribosome maturation (rimM), me-
tabolism (dapF, pdxH, thyA, gltA, and ubiGX), and ATP bio-
synthesis (atpABCEFGH).

Analysis of the in vivo role of IscU residues in Fe-S cluster
maturation by the [2-'*C]DHU-labeling method. During the
ISC assembly apparatus-mediated Fe-S cluster synthesis, the cys-
teine desulfurase IscS decomposes L-cysteine to L-alanine and sul-
fane sulfur via the formation of an enzyme-bound persulfide in-
termediate (44, 45). The scaffold protein IscU receives sulfur
directly from the sulfane sulfur on IscS (46, 47) to form a [2Fe-
2S]/[4Fe-4S] cluster in vitro (48, 49). It is proposed that the Fe-S
cluster assembled on the IscU scaffold can be incorporated into
target proteins with the help of the DnaKJ-like proteins HscA and
HscB (50-52). Analysis of the solution structure has revealed that
apo-IscU exists in two different conformations, one structured
and the other disordered, which can interconvert (53, 54). The
disordered conformational state of IscU interacts with IscS and
then converts to a structured state to stabilize the cluster when it is
assembled (55). Based on in vitro analyses, Cys37, Cys63, His105,
and Cys106 of IscU are putative ligands for the Fe-S cluster (56).
Although this is supported by a study using a genetic approach for
the functional analysis of the conserved amino acid residues
within Azotobacter vinelandii IscU (57) and by structural analysis
of an IscS-IscU complex from Archaeoglobus fulgidus (58), direct
evidence demonstrating in vivo relevance of the potential amino
acid ligands of E. coli IscU is limited.

jb.asm.org 1241


http://jb.asm.org

Hidese et al.

A
— 07
(a) % 06 DPD
< £ 04f
s £
S 02f
£
= 0
(b) — 12
g 6-PG
< —C 0.8
. é
@ 5 04
g
= 0
(c) E 0.4 =
CEoos
< £
% ;E 0.2
g 0.1
=
0
d
@ 5 ° G6PDH
E12f
< £ ol
w £
S 04t
=
YOO L PO v 9 N
N @V‘& 0\ &* ‘(\VQ (\v\}‘&»{ 2 PP P (L oF O P &S Y O Q 6‘\0
Q)&‘” 3 S S e T P T S S
B
_ 60
(@ g DPD
Fao
< £
%) g 2.0
€
= 0
(b) _ 10
2 08 6-PG
<
v E04F
o
5
ERN
c 06
© - GS
jo2}
£ 04
< &
% £ 02
5
=
(d) 18 G6PDH
j=)]
CF2
< &
s £ o6
£
= 90
SO ».F® PP AT ot PR EEE LR
& \e° & @0‘; KRR @,@o E S % M* Fahs RS

FIG 4 Fe-S enzyme activity of the knockouts identified by the radiolabeling screen under microaerobic or anaerobic conditions. The crude extracts were
prepared from the strains cultivated under a microaerobic (A) or an aerobic (B) conditions. The specific activities (S.A.) of the Fe-S enzymes, (a) dihydropy-
rimidine dehydrogenase (DPD), (b) 6-phosphogluconate dehydratase (6-PG), and (c) glutamate synthase (GS) from the wild-type and mutant strains were
determined. The activity of glucose 6-phosphate dehydrogenase (G6PDH), which does not contain an Fe-S cluster, was measured as a control (d). The means +

standard errors from two independent measurements are shown.

We applied the [2-'*C]DHU-labeling method to the iscU-de-
ficient E. coli strains, each of which harbored a plasmid encoding
different IscU mutants (C37H, C63H, H105C, and C106H). The
radioactivity of each of the mutant strains was less than 1/10 of
that of the wild-type strain (Fig. 5A); this was not due to differ-
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ences in protein expression levels (Fig. 5B). This result suggests
that C37, C63, H105, and C106 are indeed essential for the in vivo
function of IscU. We also measured the activity of the Fe-S en-
zymes DPD and glutamate synthase in each of the strains in order
to validate our approach for analyzing an Fe-S cluster biosynthetic
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mechanism. The Fe-S enzyme activities of the mutant strains were
less than half of those of the wild-type strain (Fig. 5C), and, again,
the expression of wild-type IscU did not significantly differ from
that of its variants (Fig. 5D). In contrast, the control enzyme isoci-
trate dehydrogenase, which does not contain an Fe-S cluster,
showed similar activity levels in all of the strains tested. These data
are highly consistent with the result of the [2-'*C]DHU-labeling
experiment described above. Taken together, the results show that
our radiolabeling method is very useful in identifying the genes
involved in Fe-S biosynthesis.

DISCUSSION

Although a great deal is now known regarding Fe-S cluster matu-
ration, difficulties in elucidating the precise steps governing its
maturation arise from the plasticity of Fe-S cluster species, i.e., the
capacity of free iron and sulfide to activate apo-forms of Fe-S
proteins in vitro and the inherent lability of Fe-S cluster species
assembled on scaffold proteins (59). In addition, only limited
progress toward understanding molecular links between Fe-S
cluster biogenesis and iron homeostasis has been achieved. In this
study, we have identified 49 genes affecting in vivo Fe-S cluster
biogenesis and iron homeostasis under two different aeration
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conditions. Of these genes, 23 were important for Fe-S cluster
biogenesis and/or iron homeostasis under microaerobic/anaero-
bic conditions, and the remaining 26 genes were identified to be
crucial under both highly aerobic and microaerobic/anaerobic
conditions. All known ISC machinery factors, IscUSA, HscAB,
and Fdx, were identified by our screening method with no excep-
tion, indicating the reliability and validity of the screening
method.

It must be noted that genes essential for cell viability were not
tested in our screen because the Keio collection consists of only
nonessential gene knockout strains (23). Therefore, a subset of
potential genes required for Fe-S cluster biogenesis and iron ho-
meostasis could not be identified in the present study. For exam-
ple, ErpA, which is an A-type carrier protein essential for cell
growth during aerobic and anaerobic respiration (60), was not
identified in our screen. Genes important for Fe-S cluster biogen-
esis and iron homeostasis under stress conditions, such as expo-
sure to reactive oxygen species and iron scarcity, are expected to be
different from those essential under normal conditions. In fact,
the SUF components, which are expressed upon stress (9), were
not identified in our screens. Alternative Fe-S cluster scaffold pro-
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teins NfuA (14, 15) and a monothiol glutaredoxin, GrxD (16),
function as important Fe-S cluster carriers under iron scarcity or
oxidative stress conditions, and an iron donor protein, Cyay,
modulates the quality of the Fe-S cluster in the presence of exces-
sive amounts of iron (11, 12). None of these proteins was identi-
fied in our screens, suggesting that these factors are not essential
under normal growth conditions. In addition, IscR, a master reg-
ulator for Fe-S cluster homeostasis, which controls the expression
of more than 40 genes including ISC and SUF operons (61), was
notidentified in our screen. As a deletion of the iscR gene results in
high expression of the ISC operon irrespective of the aeration
conditions (62), Fe-S cluster synthesis in DPD may not be im-
paired due to increased levels of the ISC component in the iscR
mutant strain, suggesting that our screen is not necessarily sensi-
tive enough to identify a subset of genes involved in the complex
homeostatic regulation of Fe-S cluster biogenesis. Interestingly,
the genes identified in our screen do not overlap those identified in
a global transcriptional profiling study of an E. coli iscR mutant
strain (61).

The functions of the 49 genes identified in this study are al-
ready known to some extent, but here we define new and vital roles
for them in the control of Fe-S cluster biogenesis and iron homeo-
stasis in vivo. Notably, the identification of the Fe-regulator fur
and of the ferrous iron transporter feoAB genes involved in iron
homeostasis enables us to predict a major iron transport pathway
for Fe-S cluster biogenesis. It remains unclear whether links be-
tween the identified genes and Fe-S cluster biogenesis and/or iron
homeostasis are direct or indirect. Nevertheless, possible roles for
several of them during Fe-S cluster biogenesis and/or iron homeo-
stasis are illustrated in Fig. 6 and discussed based on the known
function of each gene, as described below.

Essential transcriptional regulation factors for Fe-S cluster
biogenesis and iron homeostasis. The genes identified in this
study include fur and hfq. Fur is a transcriptional regulator that
plays a key role in regulating iron homeostasis (63, 64). When
intracellular iron levels become sufficiently high, expression of
certain iron acquisition-related genes is repressed by a Fur-Fe**
complex. In contrast, when iron concentrations fall below a cer-
tain threshold, Fur becomes inactive, and the repression of iron
acquisition genes is relieved. Under low-iron conditions, the small
regulatory RNA RyhB, which is regulated by Fur, causes degrada-
tion of mRNAs that encode Fe-S proteins, including succinate
dehydrogenase (65). RyhB is expressed and pairs with the 5" un-
translated region of iscS. This promotes the Hfq-mediated recruit-
ment of the RNA degradosome and degradation of the mRNAs
encoding iscS, iscU, and iscA. In a fur-null mutant strain, RyhB
expression triggers such mRNA degradation (66, 67). Therefore,
activities of Fe-S enzymes dependent on the ISC machinery are
lower in a fur-null mutant strain than in a wild-type strain, as
demonstrated in this study (Fig. 6A).

The role of Hfq in RyhB regulation involves both the recruit-
ment of the major endo-RNase, RNase E, for RyhB-dependent
target mRNA cleavage and protection from endonucleolytic
cleavage of RyhB (68). Therefore, loss of Hfq in the cell is expected
to result in insufficient RyhB-dependent degradation of iscS, iscU,
and iscA mRNAs. However, our data show that Fe-S enzyme ac-
tivity in the hfg-deficient strain were lower than that in the wild
type. This discrepancy can be explained by the finding that the fur
mRNA is also the target of negative posttranscriptional control by
Hfq (69). Upregulation of Fur in the Afg-null mutant strain re-
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duces the expression of iron acquisition genes, including that of
the FeoAB iron transporter (70). Therefore, we speculate that dis-
ruption of the hfg gene reduces the abundance of intracellular
iron, thereby impairing maturation of Fe-S clusters. Thus, main-
taining appropriate expression levels of the fur and hfq genes may
be important for Fe-S cluster homeostasis. Further studies using a
double-knockout mutant of the fur and hfq genes may be required
to address the relationship between these two genes in Fe-S cluster
homeostasis.

The 23 knockout strains included those with a deletion in ar-
cAB and cpxA genes that are important for signal transduction
(Fig. 6B). ArcA and ArcB comprise a two-component transduc-
tion system, which negatively regulates the fur gene under anaer-
obic conditions (71), suggesting that ArcAB may be involved in
anaerobic iron homeostasis. The CpxA protein senses envelope
stress, the causes of which include misfolded or mislocalized pro-
teins in the periplasm, and regulates the phosphorylation of the
regulator CpxR. This phosphorylated CpxR upregulates adaptive
response genes encoding protein folding and degradation factors
(38, 72). Because the cpxR gene was not identified in the first
screen, the exact functional correlation between ¢pxA and Fe-S
cluster biogenesis remains to be resolved.

Activation of Fe-S cluster biogenesis factors. We identified
the pdxH gene coding for pyridoxine 5'-phosphate oxidase (73),
which catalyzes the FMN-dependent oxidation of pyridoxine 5'-
phosphate, the terminal step in the biosynthesis of pyridoxal 5'-
phosphate (PLP). This enzyme contains a PLP molecule bound at
noncatalytic site, which is readily transferred to a PLP-requiring
apo-enzyme by a possible channeling mechanism (74). Thus,
pdxH is important for Fe-S cluster biogenesis, most likely because
itis required to transfer PLP to apo-IscS to form the active holoen-
zyme (Fig. 6A).

We also identified a set of genes, atpABCEFGH (not atpD),
each of which encodes an ATP synthase subunit which, along with
an electrochemical proton gradient generated by using a number
of alternative electron acceptors (75), is involved in ATP synthesis.
AtpD was deemed nonessential for unknown reasons. Obviously,
ATP is needed for many cellular processes, as indicated by the
reduced growth of the mutants lacking any of the atpABCEFGH
components (see Table S4 in the supplemental material). Never-
theless, the effect of the deficiency of atpABCEFGH on Fe-S cluster
biogenesis and iron homeostasis appears more significant than its
effect on growth. ATP is required to generate a driving force for
the CydD glutathione transporter (76, 77) and for HscA to trans-
fer a preformed Fe-S cluster to various target apo-proteins (50—
52), consistent with the result that impaired ATP biosynthesis in
the atp mutants results in decreased Fe-S enzyme activities. Thus,
Fe-S cluster maturation and/or iron homeostasis may be strictly
influenced by ATP availability (Fig. 6A).

The genes for molybdenum cofactor (1m0oaACDE, moeAB, mog,
and modABC) biogenesis (32, 33), selenocysteine incorporation
(selABD) (34), and a sulfur transferase, FdhD (35), are required
for production of mature forms of the formate dehydrogenase
isozymes, all of which contain molybdenum cofactors and seleno-
cysteine residues. Formate dehydrogenases are involved in alter-
native electron transfer reactions allowing cellular energy conser-
vation and ATP generation via the proton-translocating ATPase
(41-43). Therefore, the ATP generation supported by formate de-
hydrogenase activity may be associated with Fe-S cluster biogen-
esis and iron homeostasis under microaerobic/anaerobic condi-
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tions (Fig. 6B). The genes for the three formate dehydrogenase
isozymes were not identified in our screens, probably due to their
functional compensation.

Iron uptake. Since iron is insoluble in the ferric form present at
neutral pH under aerobic conditions, E. coli has developed ferric
iron-solubilizing and uptake strategies using high-affinity mole-
cules known as siderophores (78, 79). FepA (80), FhuA (81), FhuE
(82), and FecA (83) are the transporters for the distinct sidero-
phores enterobactin, ferrichrome, ferric coprogen, and ferric di-
citrate, respectively. E. coli also express the EfeUOB transporter
system that is responsible for uptake of ferrous iron under condi-
tions of iron limitation and low pH (84). In addition, there are
several ferric iron-reducing enzymes in the cytosol (85), such as
NfnB (86), Fre (87), Fpr (86), and YqjH (88). Interestingly how-
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ever, none of these transporters or ferric iron-reducing enzymes
was identified in our screen as essential factors for Fe-S cluster
maturation (see Table S1 in the supplemental material). On the
other hand, we found that deletion of either feoA or feoB resulted
in a decrease in Fe-S enzyme activities, irrespective of the aeration
conditions during cultivation. FeoAB, a ferrous iron transport
system localized in the cytoplasmic membrane, likely plays a key
role in controlling the iron supply to cells (70, 89). We speculate
that Fur may promote derepression of RyhB under conditions
when intracellular ferrous iron sources are low since the protein-
ferrous iron complex represses the expression of RyhB. Another
possibility is that the small amount of intracellular ferrous iron
may reduce the amount of iron incorporated into the scaffold
protein during Fe-S cluster maturation. Collectively, these results
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strongly indicate that iron uptake by FeoAB may be the main
pathway connecting the periplasmic space to the cytosol for intra-
cellular iron supply (Fig. 6A).

Our results suggest that cydD is associated with Fe-S biogenesis
and/or iron homeostasis. CydD forms a complex with CydC to
transport cysteine and glutathione from the cytosol to the
periplasm (76, 77). The cydC gene was not identified in our screen
because the genetic knockout was not included in the Keio collec-
tion (23). Glutathione is a major thiol-disulfide redox buffer,
reaching ~10 mM in E. coli cytoplasm (90). A defect in the cydD
gene may result in the disturbance of periplasmic redox balance
since glutathione plays a key role in periplasmic redox homeosta-
sis. In addition, the cydD defect may cause an insufficiency in
iron(II) supply because glutathione has a buffering effect on ferric
iron; that is, glutathione-chelated ferric iron is rapidly reduced
back to a glutathione chelated-ferrous iron form (91). Therefore,
it is likely that the glutathione transported from the cytosol by
CydCD may fulfill a trafficking role of an iron(II) to FeoAB trans-
porter in the periplasm (Fig. 6A).

Iron chelation. The dapF gene, which encodes diaminopimel-
ate epimerase (DapF) involved in lysine biosynthesis, was also
identified in this study. It is shown that blocking the expression of
dapB, which encodes dihydrodipicolinate reductase in the same
pathway, leads to intracellular accumulation of dihydrodipicoli-
nate, which is an excellent iron chelator (92). Its cellular accumu-
lation triggers a large increase in the intracellular pool of chelated
iron and a decrease of free iron in the cell, which in turn causes
derepression of the Fur regulon. The dapF-null mutant accumu-
lated large amounts of LL-diaminopimelate (93), which possibly
serves as an iron chelator, and may also trigger a large decrease in
the intracellular pool of free iron and derepression of the Fur
regulon. This leads to RyhB induction, iscRSUA mRNA degrada-
tion, and a decrease in the Fe-S enzyme activity (Fig. 6A).

One of the most interesting results of this study is that citrate
synthase (94) encoded by the gltA gene was found to be important
for Fe-S enzyme activities. This gene is repressed by the Fur-Fe*"
complex, suggesting that citrate may have a role in iron uptake and
metabolism (95). However, ferric citrate is not likely to be the
predominant iron source for Fe-S clusters as the fecA ferric citrate
transporter gene was not identified in our screen (see Table S1 in
the supplemental material). Thus, we hypothesize that citrate con-
tributes to cytosolic iron storage for Fe-S cluster maturation (Fig.
6A).

Cellular redox homeostasis. UbiX and UbiG are members of
ubiquinone biosynthetic enzyme family (96). Ubiquinone acts as
the final electron acceptor in the periplasmic disulfide bond redox
machinery (97). Under low-ubiquinone conditions, a reduced
form of the Dsb protein, which is the disulfide catalyst in the
periplasm, is increased and inhibits the appropriate folding and
integration of outer membrane proteins (98, 99). Therefore, it is
likely that the lack of the UbiX or UbiG causes a functional defect
in iron transporters (e.g., FeoAB) or other proteins important for
Fe-S cluster maturation (Fig. 6A). Another possibility is that Fe-S
cluster biogenesis was inhibited by a pleiotropic effect of ubiqui-
none deficiency, as reported previously (100). This may be due to
increased sensitivity to reactive oxygen species in the mutant
strains. In fact, the level of [2-'*C]DHU-derived radioactivity in
the hpx strain (101) (a kind gift from J. A. Imlay) that lacks a gene
essential for eliminating reactive oxygen species was lower than

1246 jb.asm.org

that in the wild-type strain because [4Fe-4S] in DPD is susceptible
to hydrogen peroxide (data not shown).

Other functions. The dnaT, hda, and holC genes play key roles
in adequate DNA replication (39, 40, 102). Unlike the hda and
holC genes, the dnaT gene was important for Fe-S cluster biogen-
esis even under aerobic conditions. The rimM gene is involved in
the assembly of the 30S ribosomal subunit (103). The thyA gene
encodes thymidylate synthase catalyzing the 5,10-methylene tet-
rahydrofolate-dependent conversion of deoxyuridine monophos-
phate to deoxythymidine monophosphate (104). The correlations
between these genes and Fe-S cluster biogenesis and/or iron ho-
meostasis are still puzzling. The hypA gene required for anaerobic
respiration via nickel incorporation into hydrogenase 3 (36) was
identified in our screen, but other known hydrogenase matura-
tion factors (105) were not, suggesting that the decreased Fe-S
enzyme activities in the hypA strain are not due to the inactivation
of hydrogenase. The roles of yhbP, ynbA, and ydaV in Fe-S bio-
genesis/homeostasis also remain interesting open questions. Fu-
ture studies will address the relationship between these proteins
and Fe-S cluster biogenesis and/or iron homeostasis.

Analyzing Fe-S cluster biogenesis with the [2-'*C]DHU-ra-
diolabeling method. Using the radiolabeling method, we clarified
that 4 amino acid residues of IscU (Cys37, Cys63, His105, and
Cys106) were essential for its in vivo function in Fe-S cluster bio-
synthesis. The radiolabeling method we have developed will be
useful in shedding light on yet-unknown molecular mechanisms
involved in Fe-S cluster biogenesis. The method relies on the ob-
servation that the levels of radioactivity derived from [2-'*C]DHU
in E. coli cells depends on DPD, which requires Fe-S clusters for its
activity. As such, it provides a facile and sensitive method to ana-
lyze the essential amino acid composition of Fe-S cluster biosyn-
thesis factors, as well as a high-throughput format to screen for
genes affecting Fe-S cluster homeostasis.
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