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The genome of the yeast Saccharomyces cerevisiae encodes

the essential protein Nar1p that is conserved in virtually

all eukaryotes and exhibits striking sequence similarity to

bacterial iron-only hydrogenases. A human homologue of

Nar1p was shown previously to bind prenylated prelamin

A in the nucleus. However, yeast neither exhibits hydro-

genase activity nor contains nuclear lamins. Here, we

demonstrate that Nar1p is predominantly located in the

cytosol and contains two adjacent iron–sulphur (Fe/S)

clusters. Assembly of its Fe/S clusters crucially depends

on components of the mitochondrial Fe/S cluster biosynth-

esis apparatus such as the cysteine desulphurase Nfs1p,

the ferredoxin Yah1p and the ABC transporter Atm1p.

Using functional studies in vivo, we show that Nar1p is

required for maturation of cytosolic and nuclear, but not of

mitochondrial, Fe/S proteins. Nar1p-depleted cells do not

accumulate iron in mitochondria, distinguishing these

cells from mutants in components of the mitochondrial

Fe/S cluster biosynthesis apparatus. In conclusion, Nar1p

represents a crucial, novel component of the emerging

cytosolic Fe/S protein assembly machinery that catalyses

an essential and ancient process in eukaryotes.
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Introduction

Hydrogenases are enzymes that either produce or metabolise

molecular hydrogen (Peters, 1999; Vignais et al, 2001; Horner

et al, 2002). They are usually classified into two major groups

based on their metal content. The first group contains iron as

the only metal (iron-only hydrogenases), while the second

carries nickel plus iron and sometimes additional selenium

(NiFe and NiFeSe hydrogenases). Hydrogenases are present

not only in Archaea and Bacteria, but also in several eukar-

yotes such as green algae and protozoa. Surprisingly, a set

of close homologues of iron-only hydrogenases is found in

virtually all eukaryotic organisms including those that are not

known to produce or consume hydrogen such as yeast and

man (Horner et al, 2002). These proteins define a family

including Saccharomyces cerevisiae Nar1p and human Narf,

and they share an overall amino-acid identity of 25–30%

(40–50% based on chemical similarity; Figure 1). The se-

quence similarity of Nar1p-like proteins extends to the

ca. 470 C-terminal residues of iron-only hydrogenases such

as Desulfovibrio HydA (Nicolet et al, 1999) or clostridial CpI

(Peters et al, 1998).

At its N-terminus, Nar1p carries a ferredoxin-like domain

with four conserved cysteine residues that may bind a [4Fe–

4S] cluster. The C-terminal part of Nar1p also contains four

conserved cysteine residues that, in iron-only hydrogenases,

hold a unique H-cluster. This moiety consists of two sub-

clusters, a cubane [4Fe–4S] cluster and a binuclear [2Fe]

centre bridged by a cysteine sulphur. The H-cluster forms the

catalytic centre of iron-only hydrogenases (Nicolet et al,

2000). Molecular modelling suggests that in Nar1p-like se-

quences only one side of the cavity containing the H-cluster

in iron-only hydrogenases is conserved, which is indicative of

a different functional role of Nar1p and its homologues

(Nicolet et al, 2002). However, the cellular task of Nar1p-

like proteins is unknown to date. So far, only one member of

the Nar1p protein family, the human nuclear protein Narf,

has been investigated. The protein binds specifically to pre-

nylated prelamin A in the nucleus (Barton and Worman,

1999). However, the functional significance of this interaction

has remained unclear, especially since Narf is also present in

cells that do not express lamin A. Further, as S. cerevisiae

does not contain any lamin homologues, a function of Nar1p

in nuclear lamina assembly seems unlikely. Notably, the

human genome encodes a second homologue of Nar1p

termed Hprn, which exhibits significantly higher similarity

to Nar1p and thus is more likely to represent the functional

orthologue of Nar1p.

We were interested in Nar1p as a potential nuclear Fe/S

protein, since nothing is known to date about the assembly of

nuclear Fe/S clusters. In contrast, during the past few years,

our knowledge about the biogenesis of mitochondrial and

cytosolic Fe/S proteins has increased considerably. The bio-

synthesis of Fe/S clusters in eukaryotes takes place in mito-

chondria and is mediated by a complex machinery of at least

10 proteins that are located in the mitochondrial matrix and

are derived from the bacterial ancestor of mitochondria (for

reviews see Lill and Kispal, 2000; Craig and Marszalek, 2002;

Gerber and Lill, 2002; Frazzon and Dean, 2003). A central

player of the so-called iron–sulphur cluster (ISC) assembly

machinery is the pyridoxalphosphate-dependent cysteine
Received: 2 February 2004; accepted: 26 March 2004; published
online: 22 April 2004

This work is dedicated to Prof. Helmut Beinert on the occasion of his
90th birthday
*Corresponding author. Institut für Zytobiologie und Zytopathologie,
Philipps-Universität Marburg, Robert-Koch-Strasse 6, 35033 Marburg,
Germany. Tel.: þ 49 6421 286 6449; Fax: þ 49 6421 286 6414;
E-mail: lill@mailer.uni-marburg.de

The EMBO Journal (2004) 23, 2105–2115 | & 2004 European Molecular Biology Organization | All Rights Reserved 0261-4189/04

www.embojournal.org

&2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 10 | 2004

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

2105



            1                                                                                                                               120
     CpHyd  MKTIIINGVQ FNTDEDTTIL KFARDNNIDI SALCFLNNCN NDINKCEICT VEV-----EG TGLVTACDTL IEDGMIINTN SDAVNEKIKS RISQLLD-IH EFKCGPCNRR ENCEFLKLVI
    DvHydC   MNAFINGKE VRCEPGRTIL EAARENGHFI PTLCELADIG HAPGTCRVCL VEIWRDKEAG PQIVTSCTTP VEEGMRIFTR TPEVRRMQRL QVELLLA-DH DHDCAACARH GDCELQDVAQ

            121                                                                                                                             240
    ScNar1                   MSAL LSESDLNDFI SPALACVKPT QVSG------ --GKKDNVNM NGEYEVSTEP DQLEKVSITL SDCLACSGCI TSSEEILLSS QSHSVFLKNW GKLSQQQ---
    SpNar1                    MAK LSVNDLNDFL SPGAVCIKPA QVKKQESKND IRIDGDAYYE VTKDTGE-T- SELGIASISL NDCLACSGCI TSAETVLVNL QSYQEVLKHL ESRKSQEI--
    HsNar1               MASPFSGA LQLTDLDDFI GPSQECIKPV KVEKRAGSGV AKIRIEDDGS YFQINQDGGT RRLEKAKVSL NDCLACSGCI TSAETVLITQ QSHEELKKVL DANKMAAPSQ
    HsNarf                                   MKCEHCTRKE CSKKTKTDDQ ENVSADAPSP AQENGEKGEF HKLADAKIFL SDCLACDSCM TAEEGVQLSQ QNAKDFFRVL NLNKKCDTSK
    MmNar1               MASPFSGA LQLTDLDDFI GPSQNCIKPV KVAKKPGSGI AKIHIEDDGS YFQVNQDGRT QKLEKAKVSL NDCLACSGCV TSAETVLITQ QSHEELRKVL DANKEAAPGQ
    AtNar1               MSEKFSPT LRLGDLNDFI APSQACVISL KDSK------ -PIVKKSDRP QVVI---APK QQLEPVKISL KDCLACSGCI TSAETVMLEK QSLDEFLSAL SKGKD-----
     CpHyd  KYKARA-SKP FLPK-DKTEY VDERSKS-LT VDRTKCLLCG RCVNACGKNT -ETYAMKFLN KNGKTIIGAE DEKCF---DD TNCLLCGQCI IACPVAALSE KSHMDRVKNA LNAPEK----
    DvHydC  FVGLTG-TRH HFPDYARSRT RDVSSPS-VV RDMGKCIRCL RCVAVCRNVQ -GVDALVVTG NGIGTEIGLR HNRSQ---SA SDCVGCGQCT LVCPVGALAG RDDVERVIDY LYDPEI----
    DvHydA MSRTVME-RIE YEMHTPDPKA DPDKLHF-VQ IDEAKCIGCD TCSQYCPTAA –IFGEM---- --------GE PHSIP---HI EACINCGQCL THCPENAYEA QSWVPEVEKK LKDGKV----
 Consensus  .......... .......s.. l...dl.dfi .p...Cikp. ...k...... .......... .......... ..l....isl .DCLaCsgCi tsae.vll.. qsh.e....l ..........

            241                                                                                                                             360
    ScNar1  DKFLVVSVSP QCRLSLAQYY GLTLEAADL- --CLMNFFQK HFQCKYMVGT EMGRIISISK TVEKIIAHKK QKE----NTG ADRKPLLSAV CPGFLIYTEK TK-PQLVPML LNVKSPQQIT
    SpNar1  --LYV-SLSP QVRANLAAYY GLSLQEIQA- -VLEMVFIGK LGF-HAILDT NASREIVLQQ CAQEFCNVHS NTSSNSGINE NAVLPILSSS CPGWICYVEK TH-SNLIPNL SRVRSPQQAC
    HsNar1  QRLVVVSVSP QSRASLAARF QLNPTDTAR- --KLTSFFKK IGV-HFVFDT AFSRHFSLLE SQREFVRRFR GQ-----ADC RQALPLLASA CPGWICYAEK THGSFILPHI STARSPQQVM
    HsNarf  HKVLVVSVCP QSLPYFAAKF NLSVTDASR- --RLCGFLKS LGV-HYVFDT TIAADFSILE SQKEFVRRYR QH-----SEE ERTLPMLTSA CPGWVRYAER VLGRPITAHL CTAKSPQQVM
    MmNar1  QRLVVVSISP QSRASLAARF RLDPTDTAR- --KLTSFFKK IGV-HFVFDT AFARNFSLLE SQKEFVQRFR EQ-----ANS REALPVLASA CPGWICYAEK THGNFILPYI STARSPQQVM
    AtNar1  ---VVVSVSP QSRASLAVHY DISPLQVFK- --KLTTFLKS LGV-KAVFDT SCSRDLVLIE SCNEFVSRYK QANSDDGENS QSPLPVLSSA CPGWICYAEK QLGSYVLPYV SSVKSPQQAI
     CpHyd  --HVIVAMAP SVRASIGELF NMGFGVDVTG --KIYTALRQ LGF-DKIFDI NFGADMTIME EATELVQRIE ---------N NGPFPMFTSC CPGWVRQAEN YYPELL-NNL SSAKSPQQIF
    DvHydC  --VTVFQFAP AVRVGLGEEF GLPPGSSVEG --QVPTALRL LGA-DVVLDT NFAADLVIME EGTELLQRLR ---------G GAKLPLFTSC CPGWVNFAEK HLPDIL-PHV STTRSPQQCL
    DvHydA  --KCIAMPAP AVRYALGDAF GMPVGSVTTG KMLAALQK LGF-AHCWDT EFTADVTIWE EGSEFVERLT KK-------S DMPLPQFTSC CPGWQKYAET YYPELL-PHF STCKSPIGMN
 Consensus  ....!vsvsP q.rasla... .l........  .....f... lg....v.dt .f.r.....e ...e...r.. .......... ...lP.l.s. CPGw!.%aEk t....l.p.. s..kSPQq..

H
            361                                                                                                                             480
    ScNar1  GSLIRATF-E SLAIARESFY HLSLMPCFDK KLEASRPE-- ---------- ---------- ---------- ---------- --------SL DDGIDCVITP R-EIVTMLQE LNLDFKSFLT
    SpNar1  GRILKDWAVQ QFSMQRNDVW HLSLMPCFDK KLEASRDEF- ---------- ---------- ---------- ------SE-- --------NG VRDVDSVLTP K-ELVEMFKF LRIDPIELTK
    HsNar1  GSLVKDFFAQ QQHLTPDKIY HVTVMPCYDK KLEASRPDF- ---------- ---------- ---------- -------F-- -----NQEHQ TRDVDCVLTT G-EVFRLLEE EGVSLPDLEP
    HsNarf  GSLVKDYFAR QQNLSPEKIF HVIVAPCYDK KLEALQESLP PALHGSRGAD CVLTSEISQA WWCTPVITAT REAAARESLE PGRQRLQRDK IAPLDSSLGG GGEIAQIMEQ GDLSVRD---
    MmNar1  GSLVKDFFAQ QQLLTPDKIY HVTVMPCYDK KLEASRPDF- ---------- ---------- ---------- -------F-- -----NQEYQ TRDVDCVLTT G-EVFRLLEE EGVSLTELEP
    AtNar1  GAAIKHHLCQ ALGLRLHEVY HVTVMPCYDK KLEAARDDF- ---------- ---------- ---------- -------VFD DGTQDNGDLK LTEVDSVLTT G-EIMDLIKL KGVDFKDLEE
     CpHyd  GTASKTYYPS ISGLDPKNVF TVTVMPCTSK KFEADRPQM- ---------- ---------- ---------- ---------- ----EKDG-- LRDIDAVITT R-ELAKMIKD AKIPFAKLED
    DvHydC  GALAKTYLAR TMNVAPERMR VVSLMPCTAK KEEAARPEF- ---------- ---------- ---------- ---------- ----RRDG-- VRDVDAVLTT R-EFARLLRR EGIDLAGLEP
    DvHydA  GALAKTYGAE RMKYDPKQVY TVSIMPCIAK KYEGLRPEL- ---------- ---------- ---------- ---------- ----KSSG-- MRDIDATLTT R-ELAYMIKK AGIDFAKLPD
 Consensus  G.l.K..... ...l.p.... hv.vMPC.dK KlEAsR.#f                                         .... .......... .rdvDcVltt . E....... .......l..

H
            481                                                                                                                             600
    ScNar1  EDT-----SL YGRLSPPGWD PRVHWASNLG GTCGGYAYQY VTAVQRLHPG SQMIVLEGRN SDIVEYRLL- HDDR-IIAAA SELSGFRNIQ NLVRKLTSGS GSERKRNITA LRKRRTGPKA
    SpNar1  NPIPFQQSTD AIPFWYPRIT YEEQIGSSSG GYMGYVLSYA AKMLFGIDDV GPYVSMNNKN GDLTEYTLRH PETNEQLISM ATCYGFRNIQ NLVRRV---- -----HGNSS VRKGRVLLKK
    HsNar1  APL------D SLCSGASAEE PTSHRGGGSG GYLEHVFRHA ARELFGIHV- AEVTYKPLRN KDFQEVTL-- EKEGQVLLHF AMAYGFRNIQ NLVQRL---- -----KRGRC P---------
    HsNarf  AAV------D TLFGDLKEDK VTRHDGASSD GHLAHIFRHA AKELFNEDV- EEVTYRALRN KDFQEVTL-- EKNGEVVLRF AAAYGFRNIQ NMILKL---- -----KKGKF P---------
   MmNar1  APL------D GLTSSVSAEE PSSHRGGGSG GYLEHVFRHA AQELFGIHV- AEVTYQPLRN KDFQEVTL-- EREGQVLLRF AVAYGFRNIQ NLVQKL---- -----KRGRC P---------
   AtNar1  SPL------D RVLTNVTEEG DLYGVAGSSG GYAETIFRHA AKALFGQTIE GPLEFKTLRN SDFREVTL-- QLEGKTVLKF ALCYGFQNLQ NIVRRV---- -----KTRKC D---------
    CpHyd  SE-------- AD-PAMGEYS GAGAIFGATG GVMEA-ALRS AKDFAENAEL EDIEYKQVRG LNGIKEAEVE IN--NNKYNV AVINGASNLF KFMKSG---- -----MINEK Q---------
   DvHydC  SP-------- CDDPLMGRAT GAAVIFGTTG GVMEA-ALRT VYHVLNGKEL APVELHALRG YENVREAVVP LGEGNGSVKV AVVHGLKAAR QMVEAV---- -----LAGKA D---------
   DvHydA  GK-------- -RDSLMGEST GGATIFGVTG GVMEA-ALRF AYEAVTGKKP DSWDFKAVRG LDGIKEATVN VG—G-TDVKV AVVHGAKRFK QVCDDV---- -----KAGKS P---------
Consensus  .......... .......... ......g..g G......... a..l...... .......lrn .d..e.tl.. ...g...... a..yGfrNiq #l!rkl ... .....k..k. ..........

           601                                                                                                                             720
   ScNar1  NSREMAAATA ATADPYHSDY IEVNACPGAC MNGGGLLN-- GEQNSLKRKQ LVQTLNKRH- ---GEELAMV DPLTLGPKLE EAAARPLS-- LEYVFAPVKQ AVEKDLVSVG ---STW
    SpNar1  RVRSNAQNPT EEPSR--YDY VEVMACPGGC INGGGQLPFP SVERIVSARD WMQQVEKLYY ---EPGTRSV DQSAVSYMLE QWVKDPTLT- -PKFLHTSYR AVQTDNDNPL LLANKW
    HsNar1  ---------- -------YHY VEVMACPSGC LNGGGQL--- QAPDRPS-RE LLQHVERLY- -GMVRAEAPE DAPGVQELYT HWLQGTDSEC AGRLLHTQYH AVEKASTGLG ---IRW
    HsNarf  ---------- -------FHF VEVLACAGGC LNGRGQA--- QTPDGHADKA LLRQMEGIY- -ADIPVRRPE SSAHVQELYQ EWLEGINSPK AREVLHTTYQ SQERGTHSLD ---IKW
    MmNar1  ---------- -------YHY VEVMACPSGC LNGGGQL--- TAPDTEG-SE LLQQLERLY- -SMVRTEAPE DAPGVQELYQ HWLQGEDSER ASRLLHTQYH AVEKPSSGLS ---IRW
    AtNar1  ---------- -------YQY VEIMACPAGC LNGGGQI--- KPKTGQSQKE LIHSLEATYM NDTTLNTDPY QNPTAKRLFE EWLKEPGSNE AKKYLHTQYH PVVKSVTSQL ---NNW
     CpHyd  ---------- -------YHF IEVMACHGGC VNGGGQPHVN PKDLEKVDIK KVRASVLYNQ DEHLSKRKSH ENTALVKMYQ NYFGKPGEGR AHEILHFKYK K
    DvHydC  ---------- -------HVF VEVMACPGGC MDGGGQPRSK RAYNPNA--- QARRAALFSL DAENALRQSH NNPLIGKVYE SFLGEPCSNL SHRLLHTRYG DRKSEVAYTM RDIWHEMTLG RRVRGDSD
    DvHydA  ---------- -------YHF IEYMACPGGC VCGGGQP-VM PGVLEAMD-- RTTTRLYAGL KKRLAMASAN KA
 Consensus  .......... .......y.% !E!$ACpgGC .NGGGq.... .......... l.......y. .......... .......... .w.....s.. ....lht.y. .v........ .....w.... ........

H H

Figure 1 Sequence alignment of Nar1p-like proteins and iron-only hydrogenases. The multisequence alignment of Nar1p-like proteins, Desulfovibrio HydA and HydC, and clostridial CpI hydrogenases
was performed using the Multalin program (Corpet, 1988). Conserved cysteine residues are highlighted in yellow and cyan (hydrogenase-specific). The cysteine residues coordinating the H-cluster in
iron-only hydrogenases are indicated (H). Abbreviations for organisms: Sc, S. cerevisiae; Sp, Schizosaccharomyces pombe; Hs, Homo sapiens; Mm, Mus musculus; At, Arabidopsis thaliana; Cp;
Clostridium pasteurianum; Dv; Desulfovibrio vulgaris.
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desulphurase Nfs1p, which delivers sulphur for synthesis of

Fe/S clusters on the scaffold proteins Isu1p/Isu2p. Electrons

are provided for reduction of an unknown substrate by the

electron transfer chain consisting of the [2Fe–2S] ferredoxin

Yah1p and the ferredoxin reductase Arh1p (Mühlenhoff et al,

2003).

The mitochondrial ISC assembly machinery is also re-

quired for maturation of cytosolic Fe/S proteins (Kispal

et al, 1999; Lange et al, 2000). To date, three components

have been identified that are specifically needed for matura-

tion of cytosolic, but not of mitochondrial, Fe/S proteins,

namely the ABC transporter Atm1p of the mitochondrial

inner membrane, the intermembrane space protein Erv1p

and the tripeptide glutathione (Kispal et al, 1999; Lange

et al, 2001; Sipos et al, 2002). A current model suggests

that the ABC transporter exports a compound produced by

the ISC assembly machinery to the cytosol for Fe/S cluster

formation on cytosolic apoproteins. Not much is known

about the latter process, but recently a yeast mutant termed

cfd1 was described that exhibits a defect in Fe/S cluster

assembly of cytosolic, but not of mitochondrial, Fe/S pro-

teins. The CFD1 gene encodes a cytosolic P-loop ATPase, but

its precise function is unknown (Roy et al, 2003). A homo-

logous protein called ApbC has been shown to be required for

Fe/S cluster-dependent metabolism in Salmonella enterica

(Skovran and Downs, 2003). Further, the nitrogenase Fe

protein NifH, a distant Cfd1p homologue, is also involved

in biosynthesis and insertion of the FeMo cofactor into

nitrogenase MoFe protein (Robinson et al, 1987). Together,

these observations suggest an important role of P-loop

ATPases in Fe/S cluster assembly.

In this report, we show that yeast Nar1p is an essential Fe/

S protein located in the cytosol where part of it is associated

with membranes. Fe/S cluster assembly on Nar1p is depen-

dent on the mitochondrial ISC machinery. Surprisingly, de-

pletion of Nar1p in a regulatable yeast mutant leads to severe

defects in Fe/S cluster assembly on cytosolic, but not on

mitochondrial, Fe/S proteins. Moreover, Nar1p was required

for maturation of a nuclear Fe/S protein. Hence, our studies

for the first time define a function of the hydrogenase-like

Nar1p and possibly its eukaryotic homologues in the bio-

synthesis of extramitochondrial Fe/S proteins.

Results

Nar1p is an Fe/S protein

The close similarity of eukaryotic Nar1p-like proteins to

bacterial hydrogenases suggested that Nar1p is an Fe/S

protein containing two Fe/S prosthetic groups (Horner et al,

2002; Nicolet et al, 2002). To investigate this, a Strep-tagged

protein was overproduced in Escherichia coli and purified by

Strep-Tactin affinity chromatography. Recombinant Nar1p as

isolated was yellowish-brown, and the visible absorption

spectrum showed a broad, unstructured ‘shoulder’ around

420 nm (Figure 2A) typical for [4Fe–4S]2þ clusters and no

structured features usually found for [2Fe–2S]2þ clusters

(Orme-Johnson and Orme-Johnson, 1982). Upon reduction

with 1 mM sodium dithionite, partial bleaching of the absor-

bance in the visible range occurred.

To further substantiate the presence of Fe/S clusters in

recombinant Nar1p, low-temperature electron paramagnetic

resonance (EPR) spectroscopy was performed. The dithio-

nite-reduced sample gave a rhombic EPR signal with g values

of gz¼ 2.022, gy¼ 1.926 and gx¼ 1.823 (Figure 2B, trace a).

This EPR signal was untypical compared to clusters of
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Figure 2 Spectroscopic analysis of purified Nar1p. (A) Absorption
spectra of Strep-tagged Nar1p (1.6 mM) as isolated and after reduc-
tion with 1 mM sodium dithionite in buffer TNE (100 mM Tris–HCl,
pH 8, 150 mM NaCl, 1 mM EDTA) containing 40mM desthiobiotin.
(B) EPR spectra of recombinant Nar1p were recorded under the
following conditions: microwave frequency, 9.46070.001 GHz;
modulation frequency, 100 kHz; modulation amplitude, 1.25 mT.
(a) Nar1p (50mM) reduced with 5 mM sodium dithionite in buffer
TNE with 1 mM desthiobiotin (0.80 mW, 10 K). (b) As in (a), but
recorded at 200 mW, 10 K. (c) The sharp rhombic EPR signal
obtained by subtracting an appropriate intensity of spectrum b
from a. (d) A theoretical simulation of spectrum c (Beinert and
Albracht, 1982). Simulation parameters, gz¼ 2.022, gy¼ 1.926 and
gx¼ 1.823; linewidths 2.5, 3.0 and 3.1 mT, respectively. For compar-
ison, traces (e–h) were added with appropriate corrections of the
magnetic fields to the microwave frequency of Nar1p experiments.
(e) [2Fe–2S]1þ cluster in reduced spinach leaf ferredoxin (Hagen
and Albracht, 1982). (f) [4Fe–4S]1þ cluster in partially dithionite-
reduced heterodisulphide reductase from Methanothermobacter
marburgensis (9.459 GHz, 20 mW, 30 K; courtesy of Dr R
Hedderich (MPI for Terrestrial Microbiology, Marburg). (g) Two
interacting [4Fe–4S]1þ clusters in fully reduced ferredoxin from
Acidaminococcus fermentans (9.65 GHz, 2 mW, 12 K; Thamer et al,
2003). (h) Oxidised H-cluster in thionine-treated C. pasteurianum
Fe-hydrogenase CpI (9.23 GHz, 10 mW, 20 K; Adams, 1987).
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well-characterised Fe/S proteins. For instance, the g values

and line shapes did not reflect typical [4Fe–4S]1þ clusters

and did not conform to [2Fe-2S]1þ clusters (cf. Figure 2B;

traces e–g). Moreover, the signal was distinct from that

reported for the H-cluster of iron-only hydrogenases (trace

h). Notably, the H-cluster is EPR-active in the oxidised form

only (Pierik et al, 1992), whereas Nar1p was EPR-silent in the

oxidised (as isolated) form and required reduction for

generating EPR signals. The EPR signal disappeared above

30 K (not shown). This finding together with the absorption

spectrum (Figure 2A) suggested that Nar1p contained no

[2Fe–2S] clusters (Orme-Johnson and Orme-Johnson, 1982;

also see below). At higher power, the rhombic EPR signal

saturated (P1/2¼ 5 mW) and an underlying, broad signal

became evident (trace b). The spectral contribution of the

rhombic signal obtained by subtraction of the broad signal

from trace a (trace c) could be theoretically simulated (trace

d) and accurately matched with the experimental spectrum

(Beinert and Albracht, 1982).

Broad EPR signals are typical for magnetically coupled Fe/

S clusters. In bacterial ferredoxins and iron-only hydroge-

nases, two [4Fe–4S]1þ clusters at 1–1.5 nm distance are

known to give rise to broad, magnetically coupled EPR

spectra, which are not just the sum of two individual [4Fe–

4S]1þ clusters (Figure 2B, trace g; Mathews et al, 1974).

Thus, we suggest that the broad, less-featured EPR signal of

Nar1p was derived from magnetic interaction between the

rhombic EPR signal and another cluster in a fully reduced

state. This interpretation was supported by the observation of

the broad signal upon photoreduction using 50-deazaflavin,

which led to complete reduction of Nar1p (not shown). The

observed average g value of the coupled spectrum (1.91;

Figure 2B, trace b) is built up from the average g value of

the coupling partner (calculated to be 1.90) and that of the

rhombic signal (1.92; trace a). The coupling partner therefore

most likely also represents an Fe/S cluster, an idea that is

consistent with the visible absorption spectrum (Figure 2A)

and the eight conserved cysteine residues in Nar1p-like

proteins (Figure 1).

Chemical analysis of the Strep-tagged protein purified

under anaerobic conditions revealed the presence of

3.570.2 atoms of non-haeme iron and 2.970.1 atoms of

acid-labile sulphur per protein. The amount of Fe and S in

Nar1p was less than expected from the existence of two

clusters detected by EPR. We assume that during overproduc-

tion in E. coli only a fraction of Nar1p was converted to an

Fe/S holoprotein. From earlier studies on nitrogenase, it is

known that multiple Fe/S clusters may be integrated into

apoproteins either completely or not at all (Smith et al, 1980).

Taken together, our initial spectroscopic characterisation

demonstrates that Nar1p is a complex Fe/S protein. Most

likely, it contains two coupled Fe/S clusters, one of them

being an unusual Fe/S cluster.

Depletion of Nar1p leads to growth arrest, which cannot

be restored by expression of human Nar1p homologues

To initiate functional studies on Nar1p, we constructed a

regulatable mutant of NAR1. To this end, 197 nucleotides

upstream of the NAR1 start codon were replaced with the

GAL1-10 promoter by homologous recombination to yield

strain Gal-NAR1. When Gal-NAR1 cells were grown in med-

ium containing galactose, Nar1p was produced at higher

levels than in wild-type cells (Figure 3A), but cell growth

was unaffected (Figure 3B). When glucose was used as the

sole carbon source in order to deplete Nar1p, Nar1p-specific

bands could not be detected in cell lysates by immunostain-

ing, confirming the specificity of our antiserum (Figure 3A).

Gal-NAR1 cells did not give rise to colonies on glucose-

containing agar plates (Figure 3B), showing that NAR1 is

indispensable for viability of yeast cells.

To address whether the human homologues Narf and

Hprn can functionally replace Nar1p, the corresponding

genes were expressed in Nar1p-depleted Gal-NAR1 cells

(Figure 3C, right panel). Neither of the human genes was

capable of rescuing the lethal phenotype of Gal-NAR1 cells

upon growth on glucose-containing medium (left panel).
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Figure 3 Yeast NAR1 is an essential gene and cannot be replaced by
its human homologues. (A) Wild-type (WT) and Gal-NAR1 cells
were grown in liquid rich medium supplemented with galactose
(Gal), a 1:1 mixture of galactose and glucose (Ga/Gl) or glucose
(Glu). A total cell extract prepared by alkaline lysis was subjected to
immunostaining for Nar1p using an anti-Nar1p antiserum. The
minor band at 57 kDa may represent a breakdown product of
mature Nar1p. (B) Wild-type and Gal-NAR1 cells were grown for
2� 2 days at 301C on agar plates containing rich media supple-
mented with galactose (YPGal) or glucose (YPD). 10-fold serial
dilutions are shown. (C) Gal-NAR1 cells were transformed with
plasmid p416MET25 containing either no insert (�), the yeast NAR1
gene, or the genes of human NARF and HPRN. Cells were grown on
YPD medium for 2� 2 days at 301C (left). Expression of the human
genes was tested by RT–PCR using galactose-grown cells harbour-
ing plasmids with (1) yeast NAR1, (2) NARF and (3) HPRN genes. A
control reaction was performed without reverse transcriptase.
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On the contrary, yeast NAR1 fully restored the growth defect

of Gal-NAR1 mutant cells showing that these cells specifically

lack Nar1p under these conditions. We conclude that the

human Nar1p-like proteins cannot replace the cellular task of

Nar1p in yeast. Nevertheless, the lack of complementation of

Nar1p-deficient yeast cells by the human genes does not

exclude that these proteins may fulfil orthologous functions

in yeast and man.

Nar1p is predominantly localised in the cytosol

The subcellular localisation of Nar1p was studied by in situ

immunofluorescence. Yeast cells overexpressing NAR1 were

labelled using an affinity-purified antibody followed by in-

cubation with a fluorophore-conjugated secondary antibody.

The immunofluorescence was distributed in a similar fashion

as that found after labelling with monoclonal antibodies

against Pgk1p (phosphoglycerate kinase), a cytosolic marker

protein (Figure 4A). The signal was specific for overproduced

Nar1p, because no fluorescence was detectable in wild-type

cells. Apparently, the endogenous levels of Nar1p were too

low for detection by our immunostaining procedure. This

result was in good agreement with the low expression levels

of NAR1 in wild-type cells as determined by our immunoblot

analysis and by systematic protein expression analysis

(Figure 3A; Ghaemmaghami et al, 2003).

Because overexpression can occasionally lead to artefacts,

we used subcellular fractionation of wild-type and Nar1p-

overproducing cells as an independent method for Nar1p

localisation. Cells were converted into spheroplasts, lysed,

separated by centrifugation into post-mitochondrial super-

natant and pellet fractions, and the fractions were analysed

by protein blot analysis. Endogenous and overproduced

Nar1p behaved similarly and were found in the post-mito-

chondrial supernatant fraction (ca. 80% of total) as well as in

the pellet fraction containing crude mitochondria and other

organelles (Figure 4B, left). In the supernatant fraction, a

band of smaller mass was found, which, based on its

immunoreactivity and expression pattern, is a degradation

product of Nar1p. Degradation was seen even when the

procedure was performed in the presence of protease

inhibitors and under anaerobic conditions (not shown).

Apparently, Nar1p is rather sensitive to proteolysis. When

the crude mitochondrial fraction was further separated by

density-gradient centrifugation, Nar1p was enriched in the

microsomal membrane fraction (Figure 4B, right). In con-

trast, effective depletion of Nar1p in purified mitochondria

was achieved excluding that Nar1p is associated with these

organelles. In Ficoll-purified nuclei, Nar1p-specific bands of

lower mass, but no full-length Nar1p, were detected. These

bands also may be degradation products generated during the

lengthy isolation procedure. Taken together, these data in-

dicate that Nar1p is localised predominantly in the cytosol

and part of it is membrane-associated. The localisation of

Nar1p is similar to Cfd1p (Roy et al, 2003), but clearly differs

from that of its human homologue Narf, which was found to

be exclusively nuclear (Barton and Worman, 1999).

The mitochondrial ISC machinery is required for Fe/S

cluster maturation of Nar1p

The mitochondrial ISC assembly and export machineries

were previously demonstrated to be required for Fe/S protein

maturation in the cytosol (Lill and Kispal, 2000). We therefore

Figure 4 Subcellular localisation of Nar1p. (A) In situ localisation
of Nar1p. Wild-type cells (strain PSY581) were transformed with the
high-copy expression vector p426 containing NAR1 or no gene. Log-
phase cells were fixed with 2.4% (w/v) formaldehyde, permeabi-
lised and labelled with purified anti-Nar1p (aNar1p) or monoclonal
anti-Pgk1p (aPgk1p) antibodies, followed by fluorophore-conju-
gated secondary antibodies (green). DNA was counterstained with
DAPI and is indicated in red. Similar results with low fluorescence
intensity were obtained with NAR1 inserted into low-copy expres-
sion vector p416MET25. (B) Immunoblot analysis of Nar1p in cell
fractions. Log-phase wild-type cells were converted into sphero-
plasts (Sph), subjected to Dounce homogenisation and, after re-
moval of intact cells and cell debris, the extract was fractionated
into post-mitochondrial supernatant (PMS) and crude mitochondria
(CM) by centrifugation for 10 min at 12 000 g. A similar fractionation
was performed with cells overproducing Nar1p from vector p426-
NAR1. A separate wild-type yeast culture was used to isolate nuclei
(Nuc) by Ficoll gradient centrifugation (Aris and Blobel, 1991).
Equal amounts of protein (20mg/per lane) were separated by SDS–
PAGE, blotted and immunostained for Nar1p or marker proteins of
known cellular localisation (left panel; cytosolic phosphoglycerate
kinase Pgk1p; mitochondrial ATP/ADP carrier Aac2p; endoplasmic
reticulum translocon subunit Sec61p; and nuclear DNA polymerase-
associated Pol30p). The crude mitochondrial fraction was further
separated on a Nycodenz step-gradient into fractions containing
enriched mitochondria (Mit) and microsomal membranes (Mem).
Samples were analysed by immunostaining (right panel; Mge1p;
mitochondrial matrix).
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tested whether the de novo maturation of the Nar1p Fe/S

protein depends on components of the mitochondrial ISC

assembly and export pathways. We took advantage of cells in

which various mitochondrial ISC components such as the

cysteine desulphurase Nfs1p, the ferredoxin Yah1p and the

ABC transporter Atm1p can be depleted by the use of the

GAL1-10 promoter upstream of the respective ISC gene

(Kispal et al, 1999; Lange et al, 2000). These mutant cells

and wild-type cells were transformed with a plasmid for

overexpression of NAR1, and were cultured in low-iron

medium containing galactose or glucose followed by radi-

olabelling with 55Fe. After lysis of the cells, Nar1p was

immunopurified from the cell extract using a specific anti-

Nar1p antiserum. Nar1p was the major protein isolated in

this way as verified by silver staining (not shown). The

assembly of Fe/S clusters was estimated from the 55Fe

incorporation into Nar1p by scintillation counting (Kispal

et al, 1999). In wild-type cells or in galactose-grown Gal-

NFS1, Gal-YAH1 and Gal-ATM1 cells, that is, cells that

synthesised the respective Isc proteins, a significant amount

of 55Fe was incorporated into Nar1p (Figure 5A, left bars). In

cells that did not overproduce Nar1p, three- to five-fold lower

amounts of radioactivity were found (Figure 5A, third bars).

Since endogenous Nar1p was not detectably associated with

the immunobeads (not shown), these amounts represented

the background of our assay.

Upon depletion of Nfs1p, Yah1p or Atm1p by growth of

the respective cells in glucose-supplemented medium for

24 h, the amount of 55Fe associated with the anti-Nar1p

immunobeads was largely diminished as compared to

the wild-type situation, suggesting a requirement of the

mitochondrial ISC components for maturation of Nar1p

(Figure 5A, second bars). At this time point, growth rates

were like that of wild-type cells and iron uptake into the

cells was not limiting, but rather somewhat higher than that

of wild-type controls (Kispal et al, 1999; Lange et al, 2000).

The decrease in 55Fe incorporation into Nar1p was not due

to the use of glucose per se because in wild-type cells the

carbon source made little difference for 55Fe incorporation

into Nar1p (Figure 5A). Further, the Nar1p protein levels

were similar in Gal-NFS1 and Gal-YAH1 cells under both

growth conditions, indicating that a large fraction of Nar1p

was in the apoform upon depletion of Nfs1p and Yah1p.

In Atm1p-depleted cells, however, the level of Nar1p was

diminished, approximately correlating with the decrease in
55Fe associated with the immunobeads. We presume that

the Nar1p apoprotein became readily susceptible to proteo-

lysis in Atm1p-depleted cells, a behaviour that is often

observed for Fe/S apoproteins (Kispal et al, 1999; Chen

et al, 2002). In support of this notion, substantial degrada-

tion of Nar1p was also observed in Gal-NFS1 and Gal-YAH1

cells upon growth for extended times (40 h) in glucose-

supplemented medium (Figure 5B). The effect was not due

to general proteolysis in glucose-cultured cells, since the

levels of cytosolic phosphoglycerate kinase (Pgk1p) were

similar for both carbon sources. Rather, degradation of

Nar1p seemed to be a consequence of the highly unstable

nature of the apoform of Nar1p. Taken together, the insertion

of Fe/S clusters into Nar1p requires components of the

mitochondrial ISC assembly and export machineries. In

turn, this dependence supports our finding that Nar1p is an

Fe/S protein.

Nar1p is essential for Fe/S cluster assembly on

cytosolic, but not on mitochondrial, Fe/S proteins

In the course of our search for the cellular function of Nar1p,

we considered its participation in the biogenesis of cytosolic

and nuclear Fe/S proteins. To address this possibility, we first

analysed the enzyme activity of isopropylmalate isomerase

(Leu1p), a cytosolic Fe/S protein (Kispal et al, 1999). Wild-

type and Gal-NAR1 cells were grown for 40 h in minimal

medium supplemented with either galactose or glucose to

induce or repress, respectively, synthesis of Nar1p in Gal-

NAR1 cells. When Nar1p was depleted, the Leu1p enzyme

activity was diminished more than eight-fold, while no effect

was seen in wild-type cells (Figure 6A). Since the protein

level of Leu1p was unchanged upon depletion of Nar1p

(inset), this result is a first indication that Nar1p may be

required for maturation of Leu1p.
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Figure 5 Fe/S cluster assembly on Nar1p depends on the mito-
chondrial ISC machinery. (A) Wild-type and the galactose-regula-
table Gal-NFS1, Gal-YAH1 and Gal-ATM1 cells were transformed
with plasmid p426-NAR1 (Nar1m) or empty vector p426 (�). Cells
were grown in iron-poor medium supplemented with galactose
(Gal) or glucose (Glu) for 24 h. Cells were radiolabelled with 55Fe
and disrupted with glass beads in Triton X-100-containing buffer.
Nar1p was isolated from the cell extract by immunoprecipitation
and the amount of 55Fe associated with Nar1p was quantified by
scintillation counting. The indicated proteins were visualised by
immunostaining of cell extracts. (B) The indicated cells overprodu-
cing Nar1p were grown for 40 h and cell extracts were analysed as in
(A).
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The loss of Leu1p enzyme activity may be due to damage

or impaired synthesis of the Fe/S cofactor. To discriminate

between these alternatives, the de novo Fe/S cluster matura-

tion of this Fe/S protein was analysed in Gal-NAR1 cells using

the 55Fe radiolabelling assay described above. Radiolabelled

iron associated with Leu1p was decreased by 80% upon

depletion of Nar1p, while the Leu1p protein levels were

down by only 15% (Figure 6B). Similar results were obtained

for a second cytosolic Fe/S protein, Rli1p (Figure 6B; Lange

et al, 2001). These results demonstrate that Nar1p is required

for the de novo maturation of cytosolic Fe/S proteins. In turn,

the findings suggest that the loss of Leu1p enzyme activity

in Nar1p-depleted cells was due to a defect in Fe/S cluster

assembly rather than caused by Fe/S cluster damage.

We next tested whether depletion of Nar1p affected the

assembly of mitochondrial Fe/S proteins. Gal-NAR1 cells

were grown for 40 h in minimal medium containing 0.1%

(w/v) glucose and the nonfermentable carbon source lactate

in order to deplete Nar1p while maintaining mitochondrial

biogenesis. Under these growth conditions, Leu1p activity

was as strongly diminished as after growth of Gal-NAR1 cells

in the presence of glucose (not shown; cf. Figures 6A and B).

The enzyme activities of the mitochondrial Fe/S proteins

aconitase and succinate dehydrogenase (complex II) in iso-

lated mitochondria were hardly affected by depletion of

Nar1p (Figure 6C). Further, we investigated the de novo
55Fe/S cluster assembly into the mitochondrial Fe/S protein

Bio2p. The 55Fe incorporation into Bio2p was not decreased

upon depletion of Nar1p, in contrast to the findings made for

cytosolic Fe/S proteins (Figure 6B). Together, these results

clearly demonstrate that depletion of Nar1p results in a

severe defect of Fe/S cluster assembly on cytosolic, but not

on mitochondrial, Fe/S proteins. The finding is consistent

with the fact that Nar1p was not associated with purified

mitochondria.

Nar1p is involved in the maturation of a nuclear Fe/S

protein

Since nothing is known about the biogenesis of nuclear Fe/S

proteins, we chose the N-glycosylase Ntg2p as a nuclear Fe/S

marker protein to study its maturation (Alseth et al, 1999).

An HA-tagged version of Ntg2p was overproduced in Gal-

NAR1 cells, and the exclusive nuclear localisation of the

overproduced HA-tagged Ntg2p was verified by immuno-

fluorescence (Figure 7A). Maturation of HA-tagged Ntg2p

was assayed by 55Fe radiolabelling and immunoprecipitation

as described above. Upon depletion of Nar1p, the amount of
55Fe associated with Ntg2p was diminished more than 10-fold

as compared to Nar1p-containing cells, even though almost

wild-type levels of Ntg2p polypeptide were detectable by

immunostaining (Figure 7B). We conclude from these find-

ings that Nar1p is also required for the maturation of nuclear

Fe/S proteins.

Nar1p-depleted cells do not accumulate iron

in mitochondria

The mitochondrial Fe/S cluster assembly mutants investi-

gated to date display a characteristic alteration in cellular iron

homeostasis (see Gerber and Lill, 2002). Iron uptake into

these cells is increased substantially, correlating with the

constitutive expression of the Aft1p/Aft2p transcription fac-

tor-dependent Fe regulon (Foury and Talibi, 2001). The excess

Leu1p Rli1p Bio2p

0.0

0.5

1.0

1.5

2.0

Gal Lac Gal Lac

E
n

zy
m

e 
ac

ti
vi

ty
 (

U
/m

g
)

Aconitase

Succinate DH

0

20

40

60

80

100
L

eu
1p

 a
ct

iv
it

y 
(m

U
/m

g
)

A

Gal  Glu

Leu1p

Nar1p

Wild type Gal-NAR1

C

B

Nar1p

Gal  Glu Gal  Glu Gal  Glu

Leu1p Rli1p Bio2p

Nar1p Nar1p

1.0

0.8

0.6

0.4

0.2

1.2

R
el

. 5
5 F

e 
in

co
rp

o
ra

ti
o

n
o

r 
R

el
. p

ro
te

in
le

ve
l

Wild type Gal-NAR1
Gal Glu Gal Glu

0

Figure 6 Nar1p is required for maturation of cytosolic, but not of
mitochondrial, Fe/S proteins. (A) Wild-type and Gal-NAR1 cells
were grown in minimal medium supplemented with galactose (Gal)
or glucose (Glu). The enzyme activity of the cytosolic isopropylma-
late isomerase (Leu1p) was estimated in total cell extracts. The
levels of Leu1p and Nar1p in Gal-NAR1 cells were measured by
immunoblot analysis (inset). (B) Gal-NAR1 cells were grown in
iron-poor medium supplemented with galactose or glucose. Cells
were transformed with high-copy plasmids carrying the genes for an
HA-tagged version of cytosolic Rli1p or for mitochondrial Bio2p.
Radiolabelling with 55Fe, preparation of cell extracts and immuno-
precipitation of the Fe/S protein of interest were performed as in
Figure 5. For Leu1p, the endogenous protein was analysed. Results
are given as the ratio of 55Fe incorporation in Nar1p-depleted
(glucose-grown) cells and that in Nar1p-expressing (galactose-
grown) cells, corrected for a small background (o2% of total signal
of galactose-grown cells). Protein levels of the indicated proteins
were determined by immunoblot analysis (lower panel) and quan-
tified by densitometry (upper panel). (C) The enzyme activities (in
U per mg of mitochondrial protein) of aconitase and succinate
dehydrogenase (DH) were assayed in mitochondria isolated from
wild-type or Gal-NAR1 cells after growth in minimal medium
containing galactose or lactate (Lac).
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iron is accumulated in mitochondria (see, e.g., Kispal et al,

1997). Are similar effects observed upon inactivation of

Nar1p? To address this question, Nar1p and, as a control,

Atm1p were depleted in Gal-NAR1 and Gal-ATM1 cells,

respectively, by growth in lactate media (not shown), and

mitochondria were isolated. The total amount of iron asso-

ciated with mitochondria isolated from Nar1p-depleted cells

was not significantly higher than that of wild-type cells or

Nar1p-containing Gal-NAR1 cells (Figure 8). In contrast,

depletion of Atm1p led to a dramatic accumulation of Fe in

mitochondria (Kispal et al, 1997). Thus, even though deple-

tion of Atm1p and Nar1p exhibits similar defects in the

assembly of cytosolic Fe/S proteins, Nar1p-depleted cells

did not show any iron accumulation in mitochondria.

Likewise, we did not detect any major changes in the cellular

iron uptake efficiency upon Nar1p depletion (not shown). We

conclude that the absence of Nar1p does not cause the

dramatic alterations in iron homeostasis that are observed

upon depletion of proteins of the mitochondrial ISC biogene-

sis machinery including Atm1p.

Discussion

In this communication, we provide the first functional char-

acterisation of a member of the Nar1 protein family. These

proteins are found in virtually all eukaryotes and show

striking sequence similarity to bacterial iron-only hydroge-

nases, but are not known to function as hydrogenases.

We show that yeast Nar1p is an essential, cytosolic Fe/S

protein containing an unusual Fe/S cluster interacting with a

second Fe/S cluster. Biogenesis of these Fe/S clusters strictly

depends on the function of the mitochondrial ISC assembly

and export machineries. In vivo studies employing a regula-

table NAR1 mutant cell show that Nar1p performs a crucial

function in the biogenesis of both cytosolic and nuclear, but

not of mitochondrial, Fe/S proteins. Given its essence for

viability and the conservation of the Fe/S cluster assembly

pathway, participation in Fe/S protein biogenesis may be the

basic function of all members of the Nar1 protein family.

Nar1p appears to be a novel component of the poorly

characterised biogenesis apparatus for Fe/S proteins in the

eukaryotic cytosol. The only other known constituent of this

pathway is the cytosolic P-loop ATPase Cfd1p (Roy et al,

2003). It will be interesting to investigate whether these two

proteins interact, genetically or directly, by protein–protein

association.

Even though the presence of iron-only hydrogenase homo-

logues in eukaryotes that do not metabolise hydrogen has

been noted before (e.g., Vignais et al, 2001; Horner et al,

2002; Nicolet et al, 2002), the functional role of this protein

family has remained enigmatic. Our demonstration of an

involvement of yeast Nar1p in the biogenesis of cytosolic

and nuclear Fe/S proteins relies on a defect in the enzyme

activity of the cytosolic Fe/S protein Leu1p and the striking

impairment of 55Fe incorporation into cytosolic and nuclear

Fe/S model proteins. Mitochondrial Fe/S proteins on the

other hand exhibited normal activity and showed wild-type

efficiencies of Fe/S cluster assembly. These findings exclude

that depletion of Nar1p evoked conditions in the cell that lead

to a general damage of Fe/S clusters, for example, by oxida-

tive stress. Rather, Nar1p appears to be required for de novo

maturation of cytosolic and nuclear Fe/S proteins. Since

Nar1p was shown here to represent an Fe/S protein itself,

these data imply that Nar1p is involved in its own matura-

tion. A similar ‘chicken-and-egg’ situation has been described

previously for the biogenesis of the mitochondrial ferredoxin

Yah1p, in that assembly of its [2Fe–2S] cluster depends on the

presence of the mitochondrial ISC machinery (Lange et al,

2000). Yah1p is a central component of this machinery,

which, in conjunction with ferredoxin reductase Arh1p,

supplies electrons for Fe/S cluster assembly on the scaffold

proteins Isu1p/Isu2p (Mühlenhoff et al, 2003).
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Figure 7 Maturation of the nuclear Fe/S protein Ntg2p depends on
Nar1p function. Wild-type or Gal-NAR1 cells were transformed with
a high-copy plasmid (p426-NTG2-HA) encoding an HA-tagged ver-
sion of Ntg2p. (A) Localisation of overproduced HA-tagged Ntg2p
by immunofluorescence was performed as in Figure 4A. (B) After
growth of cells in galactose- (Gal) or glucose-containing (Glu) iron-
poor minimal medium, maturation of Ntg2p was measured by
following the 55Fe incorporation by immunoprecipitation with
anti-HA antibodies as described in Figure 5A. A control immuno-
precipitation was performed with cells lacking HA-tagged Ntg2p
(�). The inset shows immunostaining of Ntg2p-HA and Nar1p in
extracts of Gal-NAR1 cells.
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Figure 8 Depletion of Nar1p does not lead to iron accumulation in
mitochondria. Wild-type, Gal-NAR1 and Gal-ATM1 cells were
grown for 40 h in minimal medium containing galactose (Gal) or
in lactate medium (Lac). Mitochondria were isolated and the
amount of total iron was determined.
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At present, we can only speculate about the detailed

molecular function of Nar1p in Fe/S protein maturation.

Like Yah1p, Nar1p may also perform an electron transfer

function, since the homologous iron-only hydrogenases cat-

alyse the electron shuttling to protons in Bacteria (e.g.,

Clostridium, Desulfovibrio), in hydrogenosomes of eukaryo-

tic parasites (Trichomonads, cytrid fungi) and in chloroplasts

of green algae (Chlamydomonas, Chlorella; Horner et al,

2002). It is thus tempting to speculate that in the eukaryotic

cytosol the electron transfer function of hydrogenase-related

Nar1 proteins was utilised for a novel task, namely Fe/S

protein biogenesis. In vitro reconstitution of Fe/S protein

maturation in the eukaryotic cytosol and the identification

of further components of this pathway will now be necessary

to gain insights into the molecular mechanism of this process

and into the particular function of Nar1p.

A characteristic and general phenotype of mitochondrial

mutants in Fe/S protein assembly is the accumulation of iron

in mitochondria (Gerber and Lill, 2002). The resulting induc-

tion of the Aft1p/Aft2p transcription factor-dependent iron

regulon leads to increased cellular iron uptake (Foury and

Talibi, 2001; Rutherford et al, 2001). Mutants in the ISC export

components Atm1p, Erv1p and in glutathione synthesis also

show this behaviour (Kispal et al, 1999; Lange et al, 2001;

Sipos et al, 2002). Since these mutants, as Nar1p-depleted

cells, display defects only in cytosolic, but not in mitochon-

drial, Fe/S proteins, it was a surprise to us that Nar1p-

deficient cells did not show any immediate alterations in

their cellular iron metabolism. Neither the uptake of iron into

the cell nor the intracellular distribution was significantly

changed. Apparently, yeast mitochondria serve as a master

control device for cellular iron homeostasis. For iron regula-

tion, the organelles seem to use a product of the Fe/S protein

metabolism, but not haeme, the other major iron-containing

compound synthesised by mitochondria. This behaviour is

notably different from human cells, which accumulate iron

not only after Fe/S protein biogenesis defects, but also as a

result of impaired porphyrin metabolism (Bekri et al, 2000;

Cazzola et al, 2003). Despite the less complex regulation of

iron uptake and distribution in yeast cells, our current study

suggests that, under the assumption of a direct function of

Nar1p in maturation of all extramitochondrial Fe/S proteins,

a cytosolic or nuclear Fe/S protein is unlikely to be involved

in this regulatory circuit. Our findings now open the possibi-

lity to examine this interesting problem.

Our initial spectroscopic characterisation of the Fe/S clus-

ters in Nar1p indicates that there are two different, adjacent

Fe/S clusters. One of the clusters gave rise to an unusual

rhombic EPR signal, and the other could be observed only

indirectly. We speculate that the unusual cluster could be

derived from a special cubane and may have additional metal

ions. Likely, it is coordinated by the four conserved cysteine

residues in the C-terminal part of Nar1p. Modelling of this

region of Nar1p corresponding to the active centre H-cluster

of iron-only hydrogenases indicated that only one side of the

protein pocket containing the binuclear part of the H-cluster

is conserved in Nar1p, whereas the other side shows con-

siderable amino-acid exchanges (Nicolet et al, 2002). The

nonconserved side therefore may perform the specific func-

tion of Nar1p-like proteins. Further spectroscopic, structural

and mutational studies are expected to shed light on the exact

nature of the Fe/S clusters and to elucidate the mode of action

in Fe/S protein maturation. Assembly of the Fe/S clusters on

Nar1p in vivo depends on the mitochondrial ISC machinery.

Nar1p thus behaves like known [4Fe–4S]-containing proteins

of the yeast cytosol, even though Nar1p seems to carry

unusual Fe/S clusters. The biosynthesis pathway of Fe/S

clusters in bacterial iron-only hydrogenases has not been

elucidated yet (Vignais et al, 2001), but based on our experi-

ments we presume that the bacterial ISC machinery is a good

candidate for Fe/S cluster assembly. It will be interesting to

analyse whether further, specialised components will be

required for synthesis of both the H-cluster in hydrogenases

and the unusual Fe/S cluster on Nar1p and learn whether

these components are related.

Our study provides the first account on the assembly of a

nuclear Fe/S protein, the N-glycosylase Ntg2p. It appears that

this protein behaves similarly to cytosolic Fe/S apoproteins in

that Fe/S cluster association depends on Nar1p. At present, it

is unclear where the assembly of Ntg2p occurs, since a

fraction of Nar1p may be located in the nucleus. Even though

Nar1p does not contain a canonical nuclear targeting se-

quence, a conspicuous lysine- and arginine-rich motif

(RKRX5RKRR; Figure 1) may direct its nuclear targeting. It

has to be mentioned though that this sequence is not con-

served in other members of the Nar1 protein family, in

particular not in the nucleus-located human Narf, which

uses another nuclear localisation signal (Barton and

Worman, 1999). It will be interesting to study whether

Ntg2p may get its Fe/S cluster in the nucleus or already in

the cytosol, either co- or post-translationally.

A particularly intriguing aspect of our findings is how,

during evolution, Nar1p developed from its ancestor, a

bacterial iron-only hydrogenase, to a factor supporting cyto-

solic Fe/S protein assembly. The eukaryotic cytosol is be-

lieved to be derived from the ancestral archaebacterial cell

that incorporated an a-proteobacterium as an endosymbiont

to eventually lead to a eukaryotic cell containing a mitochon-

drion. Hence, the archaebacterial cytosol may be expected to

be the source of components supporting cytosolic Fe/S

protein biogenesis. However, so far, no iron-only hydroge-

nases have been identified in Archaea (Vignais et al, 2001). It

therefore appears that the Nar1p precursor may have escaped

the original endosymbiont to gain a new function in the

eukaryotic cytosol. In contrast, the P-loop ATPase Cfd1p

required for cytosolic Fe/S protein maturation may well

have been derived from Archaea, as the homologous Mrp

proteins are well conserved in this kingdom (Leipe et al,

2002).

The Nar1 protein family has already caught the attention of

bioinorganic chemists, evolutionists and hydrogenase specia-

lists. Our identification of a functional role for a member of

this family, yeast Nar1p, will now open the way for detailed

biochemical analysis of its molecular mode of action. Future

insights into the structure of the Fe/S cofactors, the evolu-

tionary origin and the biochemical function of Nar1p are

expected to further enhance our understanding of these

fascinating proteins.

Materials and methods

Yeast strains, cell growth and plasmids
The following strains of S. cerevisiae were used: PSY581 (MATa,
ura3-52, leu2D1, his3D200) for localisation experiments. For all
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other experiments, strain W303-1A (MATa, ura3-1, ade2-1, trp1-1,
his3-11,15, leu2-3112) served as wild type. The Gal-NFS1, Gal-YAH1
and Gal-ATM1 strains were described previously (Kispal et al, 1999;
Lange et al, 2000). Mutant strain Gal-NAR1 was derived from
W303-1A by exchange of the endogenous NAR1 promoter (nucleo-
tides �197 to �1) for the galactose-inducible GAL1-10 promoter by
homologous recombination using a PCR product containing the
HIS3 marker gene (Mühlenhoff et al, 2002). Correct insertion of the
DNA into the yeast genome was verified by PCR. Cells were grown
in rich (YP) and minimal (SC) media, or in minimal medium lacking
added iron chloride (‘iron-poor’), each containing the required
carbon sources at a concentration of 2% (w/v) unless indicated
otherwise (Sherman, 1991). The following yeast plasmids were
used: pRS416 containing the MET25 promoter, and pRS426 with the
TDH3 promoter (Mumberg et al, 1995). All constructs were verified
by DNA sequencing.

Recombinant protein techniques
The NAR1 gene was isolated from genomic DNA of yeast strain
W303-1A using PCR and cloned into the appropriate vectors:
pET15b (Novagen) for overexpression in E. coli of NAR1 with an N-
terminal, hexahistidinyl-tag (for antibody production); pET3a
(Novagen) for NAR1 overexpression with a C-terminal Strep-tag II
encoded in the 30PCR primer. His-tagged and Strep-tagged Nar1p
were purified under anaerobic conditions using Ni-NTA agarose
(Qiagen, Düsseldorf) or Strep-Tactin columns (IBA, Göttingen,
Germany), respectively, according to the manufacturer’s manuals.
Identity and mass of the His-tagged Nar1p were confirmed by
MALDI-TOF.

Electron paramagnetic resonance
Purified, de-salted hexahistidinyl-tagged or Strep-tagged Nar1p were
used for EPR spectroscopy and yielded similar spectra. Low-

temperature X-band EPR spectra were recorded with a Bruker ESP
300E cw spectrometer, equipped with a helium flow cryostat ESR910
(Oxford Instruments; Pierik et al, 1992).

Miscellaneous methods
The following published methods were used: manipulation of DNA
and PCR (Sambrook and Russell, 2001); transformation of yeast
cells (Gietz et al, 1992); enzyme activities of isopropylmalate
isomerase, aconitase and succinate dehydrogenase (Kispal et al,
1999; Mühlenhoff et al, 2002); raising of antisera (Harlow and Lane,
1998); in situ immunofluorescence (Krebber et al, 1999); quanti-
tative analysis of iron and sulphur in purified Nar1p (Pierik et al,
1992); quantitation of iron in mitochondria by the colorimetric
chelator ferene (Hennessy et al, 1984). Highly specific anti-Nar1p
antibodies were affinity-purified from the polyclonal antiserum
using nitrocellulose-bound recombinant Nar1p. Radiolabelling and
cell lysis of the Fe/S reporter proteins of interest were as described
previously (Kispal et al, 1999; Mühlenhoff et al, 2003). All
experiments were repeated at least three times. Error bars represent
the standard error of the mean value.
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