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Exploring the Catalytic Core of Complex | by Yarrowia
lipolytica Yeast Genetic$
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We have developetfarrowia lipolyticaas a model system to study mitochondrial complex | that
combines the application of fast and convenient yeast genetics with efficient structural and functional
analysis of its very stable complex | isolated by his—tag affinity purification with high yield. Guided
by a structural model based on homologies between complex | and [NiFe] hydrogenases mutational
analysis revealed that the 49 kDa subunit plays a central functional role in complex |. We propose that
critical parts of the catalytic core of complex | have evolved from the hydrogen reactive site of [NiFe]
hydrogenases and that iron—sulfur cluster N2 resides at the interface between the 49 kDa and PSST
subunits. These findings are in full agreement with the “semiquinone switch” mechanism according
to which coupling of electron and proton transfer in complex | is achieved by a single integrated
pump comprising cluster N2, the binding site for substrate ubiquinone, and a tightly bound quinone
or quinoid group.

KEY WORDS: Complex |, NADH:ubiquinone oxidoreductase; hydrogenase; y&astowia lipolyticg mito-
chondria; ubiquinone; proton translocation.

INTRODUCTION research, mainly sparked by its physiological and medical
importance.
Exploring the catalytic core of respiratory chain com- Complex | links electron transfer from NADH to

plex I (NADH:ubiquinone oxidoreductase, EC 1.6.99.3) ubiquinone to the pumping of four protons per two
seems a formidable task, because of the enormous size andlectrons (Wiksiin, 1984) across the inner mitochon-
complexity of the enzyme: Mammalian complex | has a drial or bacterial plasma membrane. This accounts for
M; of almost 1000 kDa and consists of 43 different sub- about 40% of the transmembrane proton gradient gen-
units, seven of which are encoded by the mitochondrial erated in NADH oxidation by the mitochondrial respi-
genome (Walker, 1992; Skehatial,, 1998). The applica-  ratory chain. Complex | is a prime source of reactive
tion of time-resolved optical spectroscopy is hampered by oxygen species generated within the mitochondrial ma-
the lack of chromophores characteristically absorbing in trix (Robinson, 1998) as its reaction mechanism includes
the visible range, like the heme groups in the cytochrome the formation of semiquinone radical intermediates. Con-
bc; complex or in cytochrome oxidase. Yet, in recent  sequently, hereditary and acquired defects in complex |
years, there has been a constantrise ofinterestin complex lhave been implicated in a large number of neurodegen-
erative disorders (Schapira, 1998) and even seem to pro-
mote aging (Wallace, 1999). While the role of mtDNA
lKey to abbreviations: DBQn-decylubiquinone; DQA, 2-decyl-4- ~ Mutations as a major contributor to complex | deficiency
quinazolinyl amine; EPR, electron paramagnetic resonance; HAR, (MIM 252010) has been widely recognized (Wallace,
2hexamihg-rut_h?nium(lll)-chloride-_ . _ 1994, 1999), recent findings have shown that mutations in
Upwergatskhmkum Frankfurt, Institutd Blpchemle I, Zentrum der nuclear-coded subunits of complex | are also fairly com-
Biologischen Chemie, Theodor-Stern-Kai 7, Haus 25 B, D-60590 .
Frankfurt am Main, Germany,. mon among thg group of conggnltal OXEHOS defects and
3To whom all correspondence should be addressed. e-mail: brandt@ May result in diverse pathologies (Smeitink and Van den
zbc klinik.uni-frankfurt.de Heuvel, 1999; Schon, 2000). Among patients with isolated
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complex | deficiency, Leigh syndrome or subacute necro-

tizing encephalomyelopathy (MIM 25600) seems to be

the most common clinical presentations (Robinson, 1998).

Kerscher, Kashani-Poor, Zwicker, Zickermann, and Brandt

and NUKM (accession numbers AJ249781, 249782,
AJ249783, AJ249784, AJ250338, AJ250340, and
AJ250339) encoding central, highly conserved subunits

Recently, it has been demonstrated that Leigh syndromeof complex | (Djafarzadekt al., 2000). As expected from
can be caused by point mutations in the nuclear genestheir homology to subunits of complex | froBos taurus

NDUFS8(Loeffen et al, 1998) andNDUFS7 (Triepels
et al, 1999).

Of the many subunits of mammalian complex |, four-
teen have homologs in the subunits of prokaryotic com-
plex I (Yagiet al, 1998). This “minimal form” of com-
plex | apparently carries out the same catalytic function,
although it has been reported recently that complex | from
Escherichia colean pump sodiumions in addition to orin-
stead of protons (Krebet al., 1999; Steubeet al,, 2000).

and E. coli, these subunits contain the binding site for
the FMN cofactor and the ligands of iron—sulfur clusters
N1-N6 (Table ). Seven more genes for highly conserved
subunits of complex |, called ND1-ND6 and NDA4L,
are encoded by the mitochondrial genome in higher
eukcaryotes. Their primary structures were derived from
the complete mitochondrial genomic sequence (Kerscher
et al, 2001).

Complex | fromY. lipolyticais very stable and al-

Five of these fourteen subunits are also homologous tolows straightforward purification by conventional meth-
subunits of certain membrane-bound [NiFe] hydrogenasesods (Djafarzadetet al, 2000). His-tag purification has

(see below).
COMPLEX | FROM Yarrowia lipolytica

An ideal model organism for exploring complex |

been achieved by attaching a six histidine tag or a six histi-
dine tag preceded by a six alanine linker to the C-terminus
of the 30 kDa subunit (Kashani-Poer al., 2001). Affin-

ity purification of his-tagged complex I, followed by gel
filtration, resulted in very pure enzyme 95% as judged

should contain a stable, easily purified enzyme and shouldby SDS—PAGE) with a total yield of 38% and a specific

be amenable to straightforward genetic manipulation.
Complex | from various bacterial sources, with the notable
exception of the sodium-pumping enzyme frdn coli
(Leif et al, 1995; Spehet al, 1999) tends to dissociate
during purification (Herteet al,, 1997). On the other hand,
genetic manipulation of complex | frofos taurusand
Neurospora crassi either impossible or rather difficult.
As complex | does not exist in baker’s yeé&accha-
romyces cerevisigave have chosen the obligate aerobic
yeastYarrowia lipolyticaas our model system: This or-
ganism offers virtually all of the advantages that have
made yeast genetics so powerful, including a simple
haplo/diplontic life cycle, two naturally stable mating
types called A and B, a high frequency of homologous
recombination, a small genome with few introns, and sev-

NADH: HAR activity of 64 umol x min~* x mg~?* pro-
tein, equivalent to a purification factor of at least 60. Upon
reconstitution into asolectin vesicles, the enzyme regained
the original activity of 6.7umol x min~! x mg~? for the
more physiological NADH:DBQ electron transfer reac-
tion (Kashani-Pooet al., 2001).

Two-dimensional (2D) reconstructions of single par-
ticles negatively stained with uranyl acetate or shock
frozen in agueous ice (Djafarzadetal., 2000) and three-
dimensional (3D) reconstructions of single particles neg-
atively stained with ammonium molybdate (Radermacher
et al, in preparation) revealed that complex | from
Y. lipolytica like the enzyme fronf. coli, N. crassaand
Bos taurusis L shaped, with a membrane arm and a pe-
ripheral arm in perpendicular arrangement. However, in

eral genetic markers that allow for both positive and nega- contrast to bovine heart complex | (Grigorieff, 1998), we
tive selection (Barth and Gaillardin, 1996, 1997). Because did not observe a thin stalk connecting these two arms,

of its proficiency in the secretion of extracellular proteins,
Y. lipolyticais also an attractive system for the expression
of heterologous proteins for biotechnological use (Madzak
et al, 1999, 2000). Special virtues ¥f lipolyticaare the
availability of replicative single-copy plasmids bearing

which may explain the superior stability of tielipolytica
enzyme.

EPR spectroscopy at liquid helium temperatures al-
lows characterization of paramagnetic iron—sulfur clusters
in complex | (Ohnishi, 1998). X-band (9.47 GHz) EPR

chromosomal ARS/CEN regions and the high biomass spectroscopy of purifiel. lipolyticacomplex | reduced

yield of up to 100 g/l (wet weight). As a strictly aero-
bic organism,Y. lipolyticahas a constantly high content
of mitochondria with constitutive expression of respira-

with NADH revealed signals of five different iron—sulfur
clusters (Djafarzadeht al,, 2000) (Fig. 1). These were
designated N1, N2, N3, N4, and N5, according to increas-

tory chain enzymes, even in the presence of deleteriousing spin relaxation rates (Ohnishi, 1998).

mutations.

Cluster N1 ofY. lipolyticacomplex | can be detected

We have cloned and sequenced the seven nuclearat higher temperatures (45 K) than the other clusters. It

genesNUAM, NUBM, NUCM, NUGM, NUHM, NUIM,

is of binuclear type [2Fe—-2S] and shows a nearly axial
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Table I. Characteristic Features of the Fourteen Central Subunitarmdwia lipolyticaComplex |

Amino acids of

Bos taurus Open reading Mature M, of mature

Iron—sulfur cluster Prosthetic groups in

Gene symbol homolog frame protein  apoprotein  Processirfy site binding motifs B. taurusandE. colP

NUAM 75 kDa 728 694 75,195 ARL | AEIE  C-(X)10-CXXC-(X)13-C-(X)35- N1b
HXXXCXXC-( X)5-C-( X)a0- N5
CXXCXXC-( X)4-CP*~ N4

NUBM 51 kDa 488 470 51,657 SR | ATTQ CxxXCxxC-( x)e-C FMN, N3

NUCM 49 kDa 466 444 49,942 ARM | ATTA

NUGM 30 kDa 281 251 29,225 ARA | EAAP

NUHM 24 kDa 243 CxxxxC-(x35-CxxxC Nla

NUIM TYKY 229 CXXCXXCXXXCP-(Xp7- N6a, N6b
CxxXCxxCxxxCP

NUKM PSST 210 183 20,425 IR | SAPA  C-(X)3-C-(X)20-CP N2

ND1 ND1 341 341 38,345

ND2 ND2 469 469 53,329

ND3 ND3 128 128 14,470

ND4 ND4 486 486 54,478

ND4L ND4L 89 89 9,810

ND5 ND5 655 655 73,701

ND6 ND6 184 184 20,626

aA vertical line marks the start of the mature protein as determined by Edman degradatien3 &hginine is underlined.

bN1a and N1b are binuclear clusters, N2, N3, N4, and N5 are tetranuc
in a ferredoxin like arrangement (Kintschetral., 2000).
CAccording to (Finel, 1998).
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Fig. 1. EPR spectra of purified. lipolyticacomplex | reduced with
NADH. (A) Contributions of four individual iron—sulfur clusters can be
recognized in the spectrum at 12 K. Experimental conditions: microwave
frequency, 9.47 GHz; modulation amplitude, 0.8 mT. (B) Attemperatures
below 10 K, a fifth iron—sulfur cluster (N5) can be detected. Under the
conditions shown here, clusters N2, N3 are almost completely and clustel
N1, N4 are largely power saturated. Experimental conditions: microwave
frequency, 9.47 GHz, modulation amplitude 0.64 mT.

lear clusters (Ohnishi, 1998). N6a and N6b are EPR-silent tetranuclear clusters

spectrum (not shown), meaning that only two differgnt
values could be distinguished directly, (= 2.02, gxy =
1.94). However, simulation of the spectrum revealed its
rhombic character with three individugvalues ¢, y x =
2.018 1.945 and 1.933). Until now, we could not detect
any additional binuclear clusters as reported for complex |
from bovine heart mitochondria (N1a and N1b) (Ohnishi
et al, 1981) orE. coli (N1a, N1b, and N1c) (Sle€t al,
1993).

Because of their faster spin relaxation rates, all other
clusters, which are of tetranuclear type, [4Fe—4S] were
only detectable below 30 K. According to studies with pu-
rified bovine (Kowalkt al.,, 1986) andN. crassacomplex |
(Wangetal, 1991), iron—sulfur cluster N3y y x = 2.051,
1.926, and 1.918) can be reduced selectively by sodium
dithionite. The spectrum of cluster N2 also shows an al-
most axial line shape, but simulation revealed rhombic
characteristics, as was the case with cluster N1. N2 has
the slowest spin relaxation rates among the tetranuclear
clusters, which allows detection of EPR spectra even at
temperatures above 20 K.

Clusters N3 ¢,y x = 2.031, 1.930, and 1.861) and
N4 (9zy,x = 2.104 1.931, and 1.892) both show rhom-
bic EPR spectra. 85 K and high microwave power, N4
is still detectable, while N3 becomes almost completely
saturated (Fig. 1B).

r
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From comparison of an experimental spectrum of tagged 30 kDa subunit (by homologous recombination
NADH-reduced enzyme recorded under nonsaturating following the pop-in—pop-out strategy) and for NDH2i (by
conditions with simulated spectraof N1, N2, N3,and N4, a random integration) into the genome, and (3) introduction
1:1:1:1 stoichiometry was deduced for these four clusters. of site-directed mutations in genes deleted on the chro-

At temperatures below 10 K and high microwave mosome using replicative single-copy plasmids (marked
power, an additional iron—sulfur cluster, N9,{ x = with URA3 LEU2, or HygR?).

2.062 1.93, and~1.89), becomes detectable (Fig. 1B).

Similar clusters could only be detected in complex | from

bovine heart andRhodobacter sphaeroidéSledet al, THE CATALYTIC CORE OF COMPLEX |

1993). N5 ofY. lipolyticashows very fast spin relaxation

with a half saturation parameteps(») of about 180 mw Constraints from Functional Studies

at 5 K. The spin concentration of this cluster is much

lower than for the other clusters. However, spin concen- Several mechanistic models for electron transfer and
tration, meaning EPR-detectable concentration, does notproton pumping by complex | have been proposed (Dutton
necessarily reflect the stoichiometry of this cluster in the etal, 1998; Degli Esposti and Ghelli, 1994; Brandt, 1997).

enzyme. Because of the lack of experimental evidence and a molec-
As commonly observed in ascomycetous fungiandin ular structure of complex |, all of them have to be consid-
plants, the mitochondrial respiratory chainvolipolytica, ered as highly speculative. Constraints can be derived from

besides complex |, also contains a so called alternative the experimentally found proton-pumping stoichiometry
NADH:ubiquinone oxidoreductase. These enzymes typi- of 2H*/e~ (Wikstrém, 1984), the location and proper-
cally consist of a single polypeptide chain with a molec- ties of the redox groups (Ohnishi, 1998), and the num-
ular weight of 50 to 60 kDa and contain one molecule ber and location of ubiquinone-binding sites (Olairal.,

of noncovalently bound FAD as redox prosthetic group. 1999a). In addition, the chemistry and the sequential for-
They catalyze the same redox reaction as complex | but mation of possible intermediates in the redox reactions of
do not translocate protons across the membrane. Differentubiquinone are expected to play an important role in the
alternative NADH:ubiquinone oxidoreductases exhibit reaction mechanism (Brandt, 1997). At present, remark-
one fundamental variation: they may either reside on the ably few of the parameters defining these constraints are
outer or the inner face of the mitochondrial inner mem- known.

brane. In the case @&. cerevisiagone internal and two From a conceptual point of view and in analogy to the
external alternative NADH:ubiquinone oxidoreductases cytochromebc; complex (Brandt and Trumpower, 1994),
(Luttik et al, 1998) are presenty. lipolytica by con- one could consider that in complex | proton pumping is

trast, has only one single, external enzyme called NDH2 linked to the redox-dependent protonation and deproto-
(Kerscheret al,, 1999), a minimal configuration that may nation reactions of ubiquinone. Oxidation of ubiquinol
be reminiscent of the ancestral situation. External alter- is kinetically difficult because the abstraction of the first
native NADH:ubiquinone oxidoreductase cannot comple- proton would have to precede electron transfer and this de-
ment for loss of function mutations affecting complex |. protonation reaction has a rather higkgvalue (Brandt,
Recovery of deletion mutations in the genes for essen- 1997). In the cytochrombc,; complex, the oxidation of
tial subunits of complex | has been achieved by target- ubiquinol is promoted by the high midpoint potential of
ing the NDH2 protein to the matrix side using the pre- the “Rieske” iron—sulfur cluster, which seems to func-
sequence of the NUAM (75 kDa) protein ¥f lipolytica tion as a trap for QH (Brandt, 1999a). In complex I,
complex | (Kerscheet al, submitted). Cells harboring  however, the net reaction is the reduction of ubiquinone
this NDHZ2i fusion gene, either on a replicative plasmid or and the midpoint potentials of the Fe-S clusters involved
randomly integrated into the genome display resistance toare rather low. If ubiquinol oxidation should be involved
complex | inhibitors like DQA, which allows for conve- in the catalytic cycle of complex | as a means to re-
nient selection. lease protons on the cytosolic side, there must be some
In summary, we have taken the following steps to other mechanism to overcome the initial barrier of the
generatey. lipolyticastrains for the functional analysis of  reaction.
complexI: (1) generation of deletions (marked WitRA3 There are several reasons to propose a key role for
or LEU2) in every single gene for the central, nuclear- cluster N2 in the electron transfer and proton-pumping re-
coded subunits of complex | by double homologous re- actions of complex | (Ohnishi, 1998; Brandt, 1997). The
combination, (2) incorporation of the genes for the his- midpoint potential of cluster N2 is pH dependent with a
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linear slope of—60 mV/pH unit between-100 mV at Location
pH 6 and—250 mV at pH 8.5 (Ingledew and Ohnishi,
1980). The correspondind<p values are not known, but Several subunits of complex | exhibit homology to
must be above 8.5 for the reduced and below 6 for the subunits of [NiFe] hydrogenases from various eubacte-
oxidized form. This intriguing feature of N2 is typical for  rial and archaebacterial sources. This suggests a com-
a “redox Bohr group” cycling between a base in the re- mon evolutionary origin for these two classes of enzymes
duced state and an acid in the oxidized state, that could be(Friedrich and Scheide, 2000). Water soluble [NiFe] hy-
employed as a critical component of a proton pump. It is drogenases consist of two proteins of which the molecular
tempting to speculate that it is reduced cluster N2 which structures have been solved (Molbedal., 1995; Montet
abstracts the first proton from enzyme-bound ubiquinol et al, 1997). The large subunit, which contains the [NiFe]
facilitating its subsequent oxidation by another accep- site coordinated by four cysteine ligands, corresponds to
tor (Brandt, 1997). In EPR measurements, using tightly the 49 kDa subunit of complex |, while the small subunit,
coupled submitochondrial particles, a splitting of the N2 which harbors three iron—sulfur clusters, corresponds to
signal was observed, which has been proposed to origi-PSST. In membrane bound [NiFe] hydrogenases, a large
nate from its paramagnetic coupling with a semiquinone portion of the small subunit, together with two iron—sulfur
radical (Vinogradowet al, 1995). Based on this assump-  clusters is missing. Interestingly, a novel subunit (TYKY
tion, a distance of about 1A to the uncoupler-sensitive  in complex |) containing two iron—sulfur clusters in a
semiquinone was estimated. ferredoxinlike arrangement (Kintschet al, 2000) was
One of the most critical constraints for a complex | acquired by these enzymes. In complex I, the [NiFe] site
mechanism is the number of ubiquinone-binding sites. In- has been lost and a novel electron input device, compris-
hibitors have proved to be a valuable tool in exploring ing the 75, 51, and 24 kDa subunits was added. Two hy-
ubiquinone binding sites in the cytochrorng complex drophobic subunits that serve as membrane anchors of
and in the photoreaction center. In complex I, alarge num- hydrogenases also have homologs in complex I, namely,
ber of chemically rather diverse compounds are known the mitochondrially encoded subunits ND1, ND4, or ND5.
to inhibit reduction of ubiquinone. These inhibitors have The latter two are related to each other and may have arisen
been divided into two or three classes depending on their by gene duplication (Finel, 1998).
behavior in steady-state kinetics (Degli Esposti, 1998; In recent years, there has been increasing evidence
Friedrich et al, 1994). This classification allowed and that the subunits conserved between complex | and
promoted hypothetical models involving more than one membrane-bound hydrogenases play a critical role in
ubiquinone binding site (Duttoet al,, 1998; Degli Esposti  catalysis. (1) a point mutation resulting in resistance to
and Ghelli, 1994; Brandt, 1997). guinone-related inhibitors was identified in the 49 kDa
In our laboratory, a comprehensive study has been subunit of complex | fromRhodobacter capsulatus
carried out for monitoring the competition between dif- demonstrating a critical role for this subunitin the interac-
ferent inhibitors for binding to the enzyme, using the flu- tion with ubiquinone (Darrouzedt al., 1998); (2) labeling
orescence quench technique and a radio ligand-bindingof bovine complex | with the photoreactive derivative of
assay as two independent methods (Oéual., 1999a,b). the inhibitor pyridaben occurred specifically at the PSST
The results consistently showed that complex | accom- subunit, while low-affinity labeling was also found at the
modates inhibitors of all classes in only one extended ND1 subunit (Schuleet al., 1999); (3) reconstruction of
binding pocket with overlapping binding sites. This find- the ND1/3460 mutation, which causes LHON in humans,
ing strongly suggests that in complex | there is only one in abacterial model system changesihgfor short-chain
ubiquinone-binding site that exchanges substrate with the ubiquinone analogs. This implies a contribution of ND1
bulk during turnover. This leads to the conclusion that any to the ubiquinone-binding site possibly via a surface helix
ubiquinone cycle-type mechanism is highly unlikely for (Zickermanretal, 1998); (4) site-directed mutagenesis of
complex I. Together with the close spatial relationship be- conserved acidic residues in the PSST homolog (Ahlers
tween iron—sulfur cluster N2 and a semiquinone radical et al, 2000a) has yielded effects on the EPR signal of
(Vinogradovet al, 1995) this seems to imply that the ex-  cluster N2, the interaction of complex | with the substrate
perimentally determined ratio of 2He™ is achieved by DBQ, and hydrophobic inhibitors and the pH dependence
a single integrated molecular pump that is assembled in aof complex | activity; (5) recently, it has been demon-
catalytic core (Kashani-Poet al., submitted) rather than  strated that human Leigh syndrome can be caused by point
by two spatially and functionally distinct pumping mod- mutations affecting NDUFS7 (Triepeés al, 1999) and
ules (Friedrich and Scheide, 2000). NDUFS8 (Loeffenet al, 1998), the homologs of bovine
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PSST and TYKY, respectively. Mutations at correspond- mutation of V406, D143, and E463 all led to inhibitor
ing positions were reconstructed in thelipolyticasys- resistance (see below).
tem, followed by isolation anéh vitro characterization With experimental data to back up the hypothesis
of the mutant enzymes (Ahlegt al, 2000b). This study  of a structural conservation between the active sites of
suggested that NDUFS7-V122M and NDUFS8-P97L, the hydrogenase and complex |, advantage was taken of the
mutations most likely responsible for the disease pheno- molecular structures available for the large and small sub-
type (NDUFS8-R102H appears to be more defective and, units of water-soluble hydrogenases (Morgeal., 1997;
by this argument, probably recessive), both have simi- Volbedaet al, 1995) to obtain insight into the structure
lar effects on the enzyme’s interaction with the substrate of complex I: While the homology between the large and
ubiquinone. small subunits obDesulfovibriohydrogenases and the cor-
responding 49 kDa and PSST subunits of complex | is too
poor to align the protein sequences reliably, a similarity
Structural Model score of 40% and an identity score of 31% between EchE
of M. barkeri[NiFe] hydrogenase and the 49 kDa subunit
The homology of two-subunit water-soluble hydro- of complex | fromY. lipolytica allowed for unambigu-
genases from sevem@ksulfovibriospecies (Higucheétal, ous assignment of domains in complex | to corresponding
1997; Montetet al,, 1997) to the 49 kDa and PSST sub- parts of the [NiFe] active site of hydrogenase (Fig. 2A). It
units of complex | has been discussed for many years. It is worth noting that the homology between the membrane-
has been established that the 49 kDa subunit contains soméound hydrogenase . barkeriand complex | is gener-
highly conserved motifs characteristic for [NiFe] binding ally better than the homology between water-soluble and
subunits in hydrogenases (Albracht, 1993). These motifs the membrane bound hydrogenases.
were tentatively proposed to be involved in proton translo- Assuming that during evolution, structural folds are
cation in both enzymes. retained to a much greater extent than sequences, we trans-
Recently, we demonstrated that amino acids con- lated the sequence alignment into a structural compar-
served between the 49 kDa subunit of complex | and ison (Fig. 2B-D). Four loops make close contact with
the large subunit of [NiFe] hydrogenases are functionally the [NiFe] site inD. fructosovoransiydrogenase. Two of
critical and identified structural domains that have been them contribute two of the cysteine ligands (C72/C75 and
conserved between these enzymes (Kashani-pal, C543/C546, respectively). The C72/C75 loop is part of
submitted). The first clue in this direction came from the a larger domain that comprises the RGXE motif, which
finding that the V470M substitution in the 49 kDa subunit is in close contact with the [NiFe] site, two antiparal-
of complex |, detected in an inhibitor-resistant mutant of lel helixes connected by a loop, and the loop contain-
Rhodobacter capsulatBarrouzeet al,, 1998), lines up ing C72 and C75. Of the remaining two loops, one car-
with a cysteine ligand of the [NiFe] site in the membrane- ries a strictly conserved histidine at its tip (H228) and
bound hydrogenase dflethanosarcina barker{(Meuer one contains a conserved proline (P475). Three of the
et al, 1999) and that this valine (V406 i lipolytica) is cysteine ligands (C72, C543, and C546) correspond to
strictly conserved in complex |. We then found that two strictly conserved residues in complex 1 (D143, V460, and
of the remaining three [NiFe] cysteine ligands, C72 and E463). Five residues located in the immediate vicinity of
C546, were replaced by acidic residues (D143 and E463the [NiFe] site, namely, R50, G51, E53, R70, and D541
in Y. lipolyticg) in all known 49 kDa subunit sequences. are conserved between all known [NiFe] hydrogenase and
Remarkably, in complex | fron. lipolytica site-directed allknown complex I sequences (R121, G122, E124,R141,

Fig. 2. Model for the catalytic core of complex | based on the structure of the water-soluble [NiFe] hydrogenaBe firactosovorans(A) Alignment

of four loops surrounding the [NiFe] site in the large subunit of water-soluble hydrogenasdfrémnctosovorangMontet et al,, 1997) with the
corresponding sequences in the EchE subunit of membrane-bound [NiFe] hydrogendsk frareri (Meueret al., 1999) and the 49 kDa subunit of

complex | fromY. lipolytica(Djafarzadelet al, 2000). Cysteines are marked in yellow, while corresponding conserved acidic residues in complex |

are marked in red. Residues conserved between water-soluble hydrogenases and complex | are marked in green. (B) Stereo view of the domain
surrounding the [NiFe] site in the water-soluble hydrogenase fPorfinuctosovorans(C) Position of selected residues in the large subunit of water-
soluble hydrogenase from. fructosovorans(D) Position of residues in the 49 kDa subunit of complex | frgmlipolytica corresponding to the

residues in water-soluble hydrogenase fidufructosovoranshown in (C) and the effects on complex | of site-directed mutations in these residues
(Kashani-Pooket al,, submitted). The structural images were generated from 1FRF coordinates of the PDB-Brookhaven database using the MolMol
2K.1 program on a PentiumllI/NT4.0 workstation.
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A Prod75 Loop Cys543/Cye546 Loop Cys72/Cys75 Domain His228 Loop
474 539 50 224

water soluble hyd. APRGSLSHWIRIKG AFDPCIACGVH RGLEIILKGRDPRDAQHFTQRACGVCTYVH GKNPHTQFTVVGG

membrane bound hyd. QPRGEVIYYVKGNG TIDPCVSCTER RGLETFINTKDFNQTTYVCERICGICSAHL GNRVIHSISKVGG

complex t APKGEMGVYVVSDG TMDLVFGEVDR RGTEKLIEYKTYMQALPYFDRLDYVSMMIN GARLHAAYVRPGG
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and D458). H228 corresponds to a strictly conserved histi- to the ligation sphere of this redox group, as suggested by
dine in complex | (H226), but is not found in the homolo- our comparative structural analysis.
gous membrane-bound hydrogenases. In addition, several ~ These results provide strong evidence that the
glycine residuesg.g, at a critical turn at the base of the residues invariant in the large subunit of [NiFe] hydro-
H228 loop, are invariantly found in complex | and hy- genases and the 49 kDa subunit are of critical importance
drogenase sequences. This remarkable degree of locallyin complex I. As the effects on N2 become more severe,
defined sequence conservation further supports the notiorthe closer the mutations come to the position where the
that although the metal ion site itself was lost, the struc- proximal iron—sulfur cluster is found in the small subunit
tural fold around the [NiFe] active site has been retained of hydrogenase, it seems inevitable to conclude that this
and has evolved to become part of the ubiquinone reactivecluster has, in fact, become cluster N2 in subunit PSST of
site in complex I. complex I.

Most recently, in several complex I-deficient patients,
point mutations in NDUFS2 were discovered within the Structural Implications
P475 and the H228 loops (Loeffehal, 2001). These re-
markable findings not only emphasize the functional im- Our results demonstrate a remarkable degree of struc-
portance of the 49 kDa subunit as such, but highlight two tural conservation between two classes of functionally
of the domains that we have predicted to be close to the quite different enzymes on a molecular level. The struc-

former hydrogenase [NiFe] site. tural model of the catalytic core of complex | presented
here for the first time allows to focus functional studies on
Site-Directed Mutagenesis specific domains of a small number of subunits in this mul-

tisubunit enzyme. Our mutagenesis study demonstrates

A series of point mutations at crucial positions in that the ubiquinone-binding site resides, at least partly, in
the 49 kDa subunit ofY. lipolytica complex | support  the 49 kDa subunitand thatthe subunit bearing iron—sulfur
the idea that the catalytic core of complex | has evolved cluster N2 is in close contact with this subunit.
from the [NiFe] active site of hydrogenase (Kashani-Poor In water-soluble hydrogenases, the [NiFe] active site
et al, submitted). Two different types of mutants could deliversthe electrons from hydrogen oxidation to the prox-
be identified (Fig. 2D): Mutations of residues that line up imaliron—sulfur cluster of the small subunit. In complex I,
with the [NiFe] ligating cysteines of hydrogenase (D143, itis generally accepted that the immediate electron donor
V460, and E463) lead to inhibitor resistance. This holds to ubiquinone is the [4Fe—-4S] cluster N2 that has been
in particular for the V460M mutation that corresponds to suggested to be an important component of the proton-
the V407M substitution that had been reported to confer translocating machinery (Brandt, 1997). There has been
resistance to quinone analogous inhibitors to complex | conflicting evidence whether this redox group resides in
from R. capsulatugDarrouzett al,, 1998). Mutating the  the TYKY (Chevalletet al., 1997) or in the PSST subunit
invariant D458 to alanine led to even more pronounced re- (Friedrich, 1998). If the latter is true, iron—sulfur cluster
sistance to DQA and rotenone. Considering our proposedN2 would correspond to the proximal iron—sulfur clus-
structural model, all residues exhibiting inhibitor resis- ter of hydrogenase. This would position it ideally to do-
tance are predicted to be close to each other and to residenate electrons to ubiquinone in a catalytic site that has
in the domain of the former [NiFe] site. These data suggest evolved from the hydrogen reactive [NiFe] site of hydro-
that the residues shown in the upper part of the structural genase. However, in this case, one of the four ligands of
model in Fig. 2D contribute to or are in the vicinity of the the proximal iron—sulfur cluster (C75, Fig. 2C) not present
inhibitor and ubiquinone-binding pocket of complex I. in the PSST subunit must have been replaced by another

A second type of mutant characterized in complex | residue. Based on structural homology and the results
from Y. lipolyticadid not change inhibitor sensitivity but ~ from our site-directed mutagenesis study, one is tempted
affected iron—sulfur cluster N2 in a drastic manner. Mu- to speculate that the fourth ligand of N2 actually resides
tations of invariant residues R141 and H226, identical in on the 49 kDa subunit. Possible candidates are the invari-
water-soluble hydrogenase and complex |, decrease com-ant H226 that already in hydrogenase makes a hydrogen
plex | activity and result in an iron—sulfur cluster N2 bond to the proximal iron—sulfur cluster (Volbedgal,
not detectable by EPR spectroscopy. Exchanging Y144, 1995) and the fully conserved Y144 that has replaced the
which in complex | takes the position of an invariant conserved G73 of hydrogenase (cf. Fig. 2C, D).
glycine found in hydrogenase, with histidine, alters the We propose that the terminal segment of the electron
EPR line shape of iron—sulfur cluster N2. This is in line transfer chain leading to the ubiquinone-reactive site is
with the assumption that R141, H226, and Y144 are close formed by the two EPR-silent [4Fe—4S] clusters N6a and
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N6b in the ferredoxinlike subunit TYKY (Yanet al, proton uptake from the matrix side and proton release—

1999; Kintscheret al, 2000) and the nonconventional potentially via N2—to the cytosolic side.

[4Fe—4S] cluster N2 residing in subunit PSST (Friedrich,
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