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Abstract

NADH:ubiquinone oxidoreductases (Complex I) contain a subunit, TYKY in the bovine enzyme and Nuol in the enzyme from
Rhodobacter capsulatus, which is assumed to bind two [4Fe—4S] clusters because it contains two sets of conserved cysteine motifs similar to
those found in the 2[4Fe—4S] ferredoxins. It was recently shown that the TYKY subunit is not an ordinary 2[4Fe—4S] ferredoxin, but has a
unique amino acid sequence, which is only found in NAD(P)H:quinone oxidoreductases and certain membrane-bound [NiFe]-hydrogenases
expected to be involved in redox-linked proton translocation [FEBS Lett. 485 (2000) 1]. We have generated a set of R. capsulatus mutants in
which five out of the eight conserved cysteine residues in Nuol were replaced by other amino acids. The resulting mutants fell into three
categories with virtually no, intermediate or quite normal Complex I activities. EPR-spectroscopic analysis of the membranes of the C67S
and C106S mutants, two mutants belonging to the second and third group, respectively, showed a specific 50% decrease of the EPR signal
attributed to cluster N2. It is concluded that the Nuol (TYKY) subunit binds two clusters N2, called N2a and N2b, which exhibit very similar

spectral features when analyzed by X-band EPR spectroscopy.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

NADH:ubiquinone oxidoreductase (EC 1.6.5.3; Com-
plex I) is an integral membrane protein present in the inner
membrane of mitochondria and in the plasma membrane of
many microorganisms. It catalyzes electron transfer from
NADH to ubiquinone in a process coupled to the ejection of
protons over the membrane. In purple bacteria, when
anaerobically growing in the light, Complex I is required
for the production of NADH by the reduction of NAD" with
electrons from the quinone pool in a reaction driven by the
proton-motive force. The NADH is converted to NADPH
via a transhydrogenase and then the reducing equivalents
are used for CO, fixation.

Abbreviations: TTFA, 2-thenoyltrifluoroacetone
* Corresponding author. Tel.: +31-20-525-5130; fax: +31-20-525-5124.
E-mail address: asiem@science.uva.nl (S.P.J. Albracht).

The mitochondrial enzyme consists of at least 43 sub-
units and has a molecular mass of over 900 kDa [1,2]. The
bacterial enzymes are simpler, but still minimally contain 13
subunits [3]. While a crystal structure is not available,
electron-microscopic studies revealed an L-shaped form
for the enzyme [4—6], although recently a horseshoe struc-
ture was proposed as the native form of the enzyme from
Escherichia coli [7]. Electron transfer from NADH to
ubiquinone is facilitated by a number of prosthetic groups:
FMN and iron—sulfur (Fe—S) clusters.

When reduced with NADH, the bovine enzyme shows
four major EPR signals. They have been ascribed to Fe—S
clusters: one signal from a binuclear ([2Fe—2S]) cluster
known as N1b and three signals from tetranuclear ([4Fe—
4S]) clusters, called N2, N3 and N4. Complex I contains an
additional 2Fe cluster (Nla), which is not reduced by
NADH in the membrane-bound bovine enzyme or the
Hatefi-type purified Complex I [8,9]. The properties of
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these clusters in the membrane preparations, as well as some
minor additional EPR signals in the purified Complex I,
have long been known [9—13].

The precise localization of the several clusters has been
studied by a number of groups. In early studies, the purified
bovine Complex I was dissected with the help of chaotropic
agents and the subcomplexes were studied [14]. More recent
studies were focussed on the enzymes from Paracoccus
denitrificans, E. coli and Rhodobacter capsulatus (for over-
views, see Refs. [3,15,16] and J. Bioenerg. Biomembranes
33 (2001)). Also, the enzymes from the fungus Neurospora
crassa [17] and the yeast Yarrowia lipolytica [18—21] are
under intensive study.

Analyses of the primary structures of the Complex I
subunits from bovine heart [1,22,23], P. denitrificans [24]
and R. capsulatus [16] have revealed five subunits with
potential binding motifs for iron—sulfur clusters. The
bacterial subunits called NuoB, NuoE, NuoF, NuoG and
Nuol in R. capsulatus (or Nqo6, Nqo2, Nqol, Nqo3 and
Nqo9 in P. denitrificans) are the equivalents of the PSST,
24-kDa, 51-kDa, 75-kDa and TYKY subunits in the
bovine mitochondrial Complex I [22], respectively. The
PSST subunit (or NuoB) contains four conserved cysteine
residues when compared to homologous subunits and may
be able to bind one [4Fe—4S] cluster. This PSST subunit
shows a large similarity with the small subunit of [NiFe]-
hydrogenases [25,26], which holds a 4Fe cluster located
close to the Ni—Fe site [27,28]. It has also been proposed
to contain a flavodoxin fold [29], which may bind the
second FMN in the bovine enzyme (Ref. [30], accompa-
nying paper). The 75-kDa subunit (or NuoG) is believed
to bind two [4Fe—4S] clusters and one [2Fe—2S] cluster
[22]. The N-terminal part of this subunit strongly resem-
bles the N-terminal part of the H-cluster-containing sub-
unit of some [Fe]-hydrogenases [I11]. This resemblance
suggests that one of the 4Fe clusters might have a His
ligand, just like one of the 4Fe clusters in the [Fe]-
hydrogenase-1 from Clostridium pasteurianum [31]. Yano
et al. [32] have proposed that the clusters N4 and N1b are
located in the overexpressed P. denitrificans Nqo3 subunit
(the equivalent of the 75 kDa subunit). Albracht and De
Jong [11] have proposed that the bovine 75-kDa subunit
contains two clusters N4 (N4a and N4b) as well as the
NADH-nonreducible 2Fe cluster (N1a). The 24-kDa sub-
unit (NuoE or Nqo2) contains a conserved four-Cys motif
for the binding of one [2Fe—2S] cluster. This cluster was
tentatively assigned to cluster Nla on the basis of exper-
imental evidence derived with the overexpressed Nqo2
subunit from P denitrificans [33,34] or to cluster N1b
based on the EPR properties of the overexpressed bovine
24 kDa subunit [35]. Experiments with overexpressed
Nqol of P denitrificans led Yagi’s group to infer that
cluster N3 is bound to the 51-kDa subunit [34]. The latter
result agrees with the conclusion drawn from in vivo
mutagenesis experiments carried out by Fecke et al.
[36]. As reported by these authors, after disruption of

the 51-kDa gene in N. crassa, Complex 1 was partially
assembled except for the 51-kDa subunit and still con-
tained all redox centres but for FMN and cluster N3.
Finally, cluster N2, a cluster that may play a central role
in proton translocation [11,29,37,38], was initially
assumed to be bound to the TYKY subunit [39]. Yano
et al. [40] were the first to show that the Nqo9 (TYKY)
subunit indeed contains two EPR-detectable [4Fe—4S]
clusters. A shortened version of the Nqo9 (TYKY) sub-
unit from P. denitrificans was overexpressed, purified and
supplemented with Fe and sulfide. EPR spectra showed
two axial signals; one of them had g values (g,,.=1.92,
1.92, 2.05) reminiscent to those of cluster N2. The redox
potential of the species were, however, very low (<— 600
mV). Other groups [17,20,41] have proposed that cluster
N2 is located in the PSST subunit. This was based on the
interpretation of effects from point mutations in analogues
of the PSST and 49-kDa subunits in Y. lipolytica, N.
crassa and E. coli on the EPR spectra of the purified
Complex 1.

There has been a long-standing dispute about the
precise number of these prosthetic groups. In the bovine
enzyme, the EPR signals ascribed to the clusters N2, N3
and N4 receive equal contributions from two independent
paramagnetic clusters. The cluster N2a, N3a and N4a are
specifically reducible with NADPH, while all clusters,
N2a, N2b, N3a, N3b, N4a and N4b plus one of the 2Fe
clusters (N1b), are reduced by NADH [42]. The spin
concentration of the cluster N1b was found to be half the
concentration of the clusters N2a+N2b and half the
concentration of FMN [43,44]. This was the basis for
the proposal that the functional unit of bovine Complex I
must contain two FMN groups and eight Fe—S clusters
[11,29]. It was recently shown (Ref. [30], accompanying
paper) that the routine protein-determination methods
overestimate the protein content of the bovine Complex
I by between 1.3 and 2.1 times. Based on quantitative
analyses of the amino acids, FMN and the EPR signal
ascribed to the clusters N2, it was shown that the bovine
enzymes used contained at least 1.3—1.4 mol FMN per
mole of enzyme and 1.3—1.6 cluster N2. For the classical
purified enzyme preparations, an FMN content of 1.2—1.5
nmol FMN per milligram of protein [8,45-48] was
reported, i.e. 1.1-1.35 mol of FMN per mole of enzyme
of 900 kDa. As the protein content was largely over-
estimated by the colorimetric methods (Ref. [30], accom-
panying paper) used in these studies, the FMN content
was greatly underestimated. Hence, the FMN content and
the total spin concentration from the Fe—S clusters of the
bovine enzyme (3.4—4 spins per FMN [9,11]) are
adequate for an enzyme with two FMN groups, two
[2Fe—2S] clusters, one of which (Nla) is not reducible
by NADH, and six [4Fe—4S] clusters.

The present paper deals with the [4Fe—4S] clusters
expected to be present in the Nuol (TYKY) subunit of
R. capsulatus [39]. Effects of point mutations of the
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conserved Cys residues in the Nuol subunit on the growth
characteristics (both anaerobically in the light and aerobi-
cally in the dark) are reported. EPR studies of the Com-
plex I in its most mature state, namely as present in the
plasma membranes from R. capsulatus, demonstrate the
presence of two cubane clusters in the TYKY subunit.
Both clusters equally contribute to the EPR signal thus far
ascribed to ‘the cluster N2°. The results are incompatible
with the interpretation from other laboratories [17,18,20] of
the effects of point mutations in homologues of the PSST
and 49 kDa subunits in N. crassa and Y. lipolytica on the
properties of the purified Complex I, namely that the 17 K
axial EPR signal (g,,.=2.05, 1.92, 1.92) is due to only
one cluster (N2), which is bound to the NuoB (PSST)
subunit of Complex I.

2. Materials and methods
2.1. Mutant generation and bacterial growth

The reference strains from R. capsulatus were the B10
and W1 strains. The W1 strain was derivatized from the B10
strain after disruption of the urf7 gene and the subsequent
insertion of a kanamycin-resistance cassette. Urf7 is an
unidentified reading frame of the nuo operon located imme-
diately downstream of the nuol gene, which encodes the
equivalent of the bovine TYKY subunit. The generation of
the W1 strain has been described in detail by Chevallet et al.
[49]. Recombinant mutants were generated by chromosomal
replacement of the HindIll fragment encompassing the
second half of the nuol gene according to procedures
described for the generation of the W1 or C74S mutant
strains [49]. Complementation mutants were obtained after
the introduction of a plasmid (pRK415) driving the expres-
sion of a mutated form of the nuol gene into the Anuol
strain, a strain that has a disrupted nuol gene and a
kanamycin-resistance cassette inserted into urf7. The Anuol
strain was shown to produce quite normal amounts of
expressed Nuol subunit as well as a considerable Complex I
activity (up to 70% of the wild-type activity) when
complemented with the pRK415 vector containing a wild-
type copy of the nuol gene [49]. Table 1 summarized the
strains used in this paper.

All the strains and mutants were grown at 30 °C in
RCV medium [50] complemented with 30 mM sodium
lactate as a carbon source. Anaerobic, photosynthetic growth
conditions were maintained in liquid cultures by top-
filling tubes with de-aerated medium before gas-tight
capping and keeping the cultures under permanent neon
white light. Dark, aerobic growth in liquid medium was
conducted in vigorously shaken flasks. Growth kinetics
were followed by measurement of the turbidity of the
cultures using a 2100N turbidimeter (Hach, Loveland,
USA). Cell densities were expressed as NFU (nephelom-
eter units).

Table 1

R. capsulatus strains used in this study

B10 Wild-type reference [71]

W1 urf6:: K1XX mutant strain (Kmr) [49]

Anuol (Anuol, urf6)::K1XX mutant strain (Kmr) [49]

Anuol.c Anuol complemented by plasmid [49]
pRK415-nuol (Kmr, Tetr)

Point mutants constructed in W1 genetic background

C74S point mutation in chromosomal [49]
nuol gene: Cys-74 — Ser

1104V point mutation in chromosomal [49]
nuol gene: 1-104 — Val

C70S point mutation in chromosomal this study
nuol gene: Cys-70 — Ser

E71K point mutation in chromosomal this study
nuol gene: Glu-71 — Lys

C106S point mutation in chromosomal this study
nuol gene: Cys-106 — Ser

Point mutants constructed in Anuol.c genetic background

C67S point mutation in plasmid born this study
nuol gene: Cys-67 — Ser

C67R point mutation in plasmid born this study
nuol gene: Cys-67 — Arg

C64S point mutation in plasmid born this study
nuol gene: Cys-64 — Ser

C64R point mutation in plasmid born this study

nuol gene: Cys-64 — Arg

2.2. Preparation of plasma membranes

Cells were aerobically grown in the dark in RCV-
lactate medium and were harvested by centrifugation at
the end of the exponential phase. The cells were sus-
pended in one tenth of the initial volume in buffer A (50
mM HEPES at pH 7.5, 1 mM EDTA, supplemented with
1 mM PB-mercaptoethanol, 2 pg/ml aprotinin, 1 pg/ml
antipain, 1 pg/ml leupeptin, 1 pg/ml chymostatin, 0.5 pg/
ml pepstatin). Cells were disrupted by passing through a
cell disrupter (Constant Systems, Warwick, UK) at a
pressure of 1 kbar. Unbroken cells and large debris were
eliminated by centrifugation for 15 min at 25,000 X g.
Membranes were then pelleted by centrifugation of the
supernatant for 2 h at 230,000 X g. The membranes were
resuspended in buffer A at a final concentration of 30—
50 mg protein/ml and stored in liquid nitrogen until use.
For kinetic measurements, the membranes were diluted in
50 mM HEPES and 2 mM EDTA (pH 7.5).

2.3. EPR spectroscopy

EPR spectroscopy, simulations and quantifications were
performed as described in the accompanying paper [30].
Substrate-induced reduction of the redox groups in the
membrane samples, prepared as described above, was con-
ducted as follows (unless stated otherwise): 0.3 ml mem-
brane suspension in an EPR tube was pre-incubated with 0.2
mM TTFA (2-thenoyltrifluoroacetone) and 40 mM fumarate
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for 30 min on ice. Then, NADH (4 mM final concentration)
was added and the sample was frozen in liquid nitrogen after
a further 2 min on ice.

2.4. Miscellaneous methods

SDS polyacrylamide gel electrophoresis and immuno
detection were performed as described [49]. NADH oxi-
dase, succinate oxidase and NADH-ferricyanide oxidore-
ductase activities were assayed as previously reported [51].
Protein concentrations were assayed by the bicinchoninic
acid method, using BSA as a standard.

3. Results
3.1. Generation of nuol mutants

We have generated seven R. capsulatus nuol point
mutants in order to assess the Nuol subunit both for the
presence and the type of the putative bound iron—sulfur
cluster(s). Four Cys residues expected to be involved in the
coordination of iron—sulfur clusters have been modified in
the present work. Another point-mutant (C74S) and the
Anuol strain were used as strains deficient in Complex I,

while a 1104V strain functioned as a control; these three
strains have been previously generated [49].

As shown in Fig. 1, the Cys residues belong either to the
first motif of four Cys residues (C64, C67, C70, C74) or to
the second one (C106). Cys residues were converted into Ser
residues and also into Arg residues in the specific cases of
Cys 64 and 67. Another mutant was created by converting
Glu residue 71 into a Lys residue. Mutants were generated
either by substitution of a point-mutated nuol gene for the
wild-type chromosomal nuol gene (C70S, E71K, C106S
mutants) or by episomal complementation of the nuol
deleted strain (Anuol) with an expression plasmid containing
the mutated nuol gene (C64R, C64S, C67R, C67S mutants).

3.2. Immunochemical detection of Nuol

Because substitution of the Cys residue 74 into Ser
resulted in dramatic effects on the assembly of the whole
multimeric Complex I in R. capsulatus [49], we first
screened the different mutants for the presence or absence
of any expressed Nuol subunit in their membranes. Immu-
nochemical detection of the Nuol subunit was performed on
blots of membrane proteins separated on SDS polyacryla-
mide gels using an anti-Nuol antibody, which targets the C
terminus of the subunit. This analysis conclusively indicated

ooy

[4Fe-4S] A ]
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Fig. 1. Immunodetection of the Nuol subunit in the membranes of the different Nuol mutants. Top: Representation of the sequence of the two four-Cys motifs.
The mode of binding of the two putative [4Fe—4S] clusters is indicated. Residues targeted by point mutations are in bold. Bottom: Western blot of membranes
of the different mutants after separation in an SDS polyacrylamide gel. Inmunodetection was performed with an anti-Nuol antibody. The doublet observed in
some of the lanes correspond to oxidation artefacts of the Cys of the Nuol subunits. In the case of the Anuol.c and C67S mutants, the upper band probably
corresponds to a larger Nuol subunit resulting from the start of the transduction at an upstream in-phase site, which is present in the transcript of the nuol gene
cloned in the expression plasmid only. Quantitative estimates have shown that in the C74S mutant, the Nuol subunit in the membranes generally amounted to

less than 20% the quantity of Nuol subunit in the W1 strain [49].
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Fig. 2. Comparison of the growth phenotype of the different strains. Growth
kinetics were measured as described in Materials and methods in RCV-
lactate medium either under anaerobic, photosynthetic conditions (A) or in
the dark and under aerobic conditions (B). (+) mutant C67S; (X) mutant
C70S; (O) mutant E71K; (O) mutant C74S; (A) mutant C106S; () wild-
type reference (B10).

that the amounts of detectable Nuol subunit in the mem-
branes of the C64R, C64S and C67R mutants were very
limited in comparison to the amounts found in the B10 and
W1 strains (Fig. 1). Low amounts of Nuol were detected in
the C70S and C74S strains while normal amounts of this

Table 2
NADH- and succinate-oxidase activities of membranes from the mutant and
reference strains

Strain NADH-oxidase Succinate-oxidase Ratio®
activity® activity®
Wi 58 100% 66 100% 0.88
C106S 42 72% 47 71% 0.89
C67S 25 43% 59 89% 0.42
E71K 19 33% 56 85% 0.34
C70S 16 28% 49 74% 0.33
Anuol 8 14% 81 123% 0.10

?nmol O,/min/mg.

® Ratio of the oxidase activities with NADH and succinate. Values are
the average from at least three different measurements. W1 is the wild-type
reference strain, Anuol is a strain deficient in Complex I.

subunit were found in the membranes of the C67S, E71K,
1104V and C106S strains (Fig. 1).

3.3. Growth characteristics

We previously consistently observed that all mutants in
which one of the nuo genes was disrupted, or a Nuol mutant
with a C74S substitution, failed to grow under photosyn-
thetic, anaerobic conditions. The W1 and 1104V mutant
strains grew normally under these conditions [49,51,52].
Accordingly, we checked the ability of the new set of
mutants to grow under various experimental conditions.
Growth rates under anaerobic or aerobic conditions of the
C678S, C708S, C106S and E71K mutants were comparable to
that of the wild-type B10 strain (Fig. 2A,B). Under anaero-
bic conditions, the growth phenotype of these four mutants
was clearly distinct from that of the C74S mutant fully
defective in Complex I (Fig. 2A).
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36K/20dB
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Fig. 3. EPR spectra of fully reduced membranes from B10 cells of R.
capsulatus at 17 and 36 K, and nonsaturating microwave power. The
membranes were reduced with 8 mM succinate for 15 min at 30 °C.
Thereafter, 3 mM NADH plus 15 mM dithionite were added, and the
sample was frozen in liquid nitrogen after 1 min at 30 °C. (A) Spectrum at
17 K and 30 dB. (B) Spectrum at 36 K and 20 dB. Spectra were normalized
with respect to the microwave frequency, microwave power, temperature
and gain. (C) Difference A minus B. (D) Simulation of the EPR line shape
of the clusters 2 (gy-=1.91586, 1.92491, 2.04795; W,,.=1.6, 1.4, 1.55
mT). (E) Difference C minus D. The traces C to E were two times enlarged
relative to the traces A and B. Other EPR conditions: microwave frequency,
9415.6 MHz (normalized value); modulation amplitude, 1.27 mT.
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3.4. Activities of the respiratory chain

NADH and succinate oxidase activities of membranes of
the different mutants are shown in Table 2. In contrast to the
C74S mutant, which has no Complex I activity, the C67S,
C70S, C106S and E71K mutants showed 28—-72% of the
wild-type activity. The NADH oxidase activity of the
C106S mutant was nearly 30% less than that of the W1
reference strain. For the C67S, C70S and E71K mutants,
these activities were still lower, although they remained
higher than the activity measured in the membranes of the
Complex I depleted Anuol mutant. However, in contrast to
the basal NADH oxidase activity of the Anuol mutant, the
NADH oxidase activity supported by the C67S, C70S,
E71K and C106S mutant membranes still remained 100%
sensitive to piericidin. Succinate oxidase activities were
somewhat lower in the mutants, while it was increased in
the Anuol mutant. Increase in the succinate oxidase activity,
while unexplained, has been generally observed in all
Complex I deficient R. capsulatus mutants [49,51,52].

Taking the ratio between NADH oxidase and succinate
oxidase activities as a phenotypic index of the respiratory
chain, it is obvious that the C106S mutant behaved like the
W1 reference strain, and that the C67S, C70S and E71K

mutants exhibited an intermediate phenotype between wild-
type strain and a Complex-I-deficient strain (Table 2). It
should be mentioned, however, that the C67S mutant was
obtained after complementation of the Anuol strain and that
Anuol complementation with the episomal wild-type nuol
gene only concurred to a 70% restoration of the Complex I
activity in the B10 strain [49]. Comparison between the
Anuol strain complemented with the wild-type nuol gene
and the C67S mutant would thus allow to assume that the
Complex I activity in the C67S mutant was less severely
altered than deduced from the values in Table 2. On the other
hand, when Complex I activity in the membranes of the
different mutants was assayed as the deamino-NADH: ferri-
cyanide oxidoreductase activity, the conclusions drawn from
the polarographic measurements remained largely valid (not
shown). These experiments indicate that four of the mutants
(C67S, C70S, E71K and C106S strains) contain partially or
nearly fully active Complex I assembled in the membranes.

3.5. EPR analysis of membrane preparations
Taking into account the phenotypic features of the differ-

ent mutants described above, we decided to focus our study
on the C67S, C70S, E71K and C106S mutant strains. Iron—
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Fig. 4. Panel I: Verification of the spectrometer performance for the comparison of EPR spectra after normalization by using a copper standard (10 mM
CuS04-5H,0, 2 M NaClOy4, 10 mM HCI). (A) Spectrum of the copper standard at 50 dB and 17 K. (B) Spectrum of the copper standard at 40 dB and 36 K.
Spectra were normalized with respect to the microwave frequency, microwave power, temperature and gain. (C) Difference A minus B. Other EPR conditions:
microwave frequency, 9424.9 MHz (normalized value); modulation amplitude, 1.27 mT. Panel II: EPR spectra of specifically reduced membranes of W1 cells
at 17 and 36 K under nonsaturating conditions. Membrane samples were mixed with 0.2 mM TTFA and 40 mM fumarate. After 30 min on ice, 4 mM NADH
was added and the samples were frozen in liquid nitrogen after another 2 min on ice. (A) Spectra recorded at 17 K and 30 dB. (B) Spectra recorded at 36 K and
20 dB. Spectra were normalized with respect to the microwave frequency, microwave power, temperature and gain. (C) Difference A minus B. Other EPR
conditions: microwave frequency, 9426.3 MHz; modulation amplitude, 1.27 mT. In the following EPR figures, only the encircled region is shown.
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sulfur clusters in Complex I have characteristic features that
can be detected by EPR (for an overview, see Ref. [9]).
When examining intact membranes of mitochondria or
bacteria, a great number of other EPR signals can interfere.
As signals from Complex I can be detected only in the
reduced complex, membranes have to be reduced by NADH.

In the highly concentrated samples, this will always result in
the complete reduction of nearly all components of the
respiratory chain.

Some of the initial difficulties encountered in the analysis
of the EPR signals of Complex I in R. capsulatus mem-
branes are shown in Fig. 3. Trace A is a spectrum, taken at
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Fig. 5. EPR spectra of specifically reduced membrane samples at 17 and 36 K under nonsaturating conditions. Membrane samples were mixed with 0.2 mM
TTFA and 40 mM fumarate. After 30 min on ice, 4 mM NADH was added and the samples were frozen in liquid nitrogen after another 2 min on ice. Only the
2=1.97-1.78 region of the spectra is shown. Panel I: upper part, B10 membranes; lower part, 1104V membranes. Panel II: upper part, C67S membranes; lower
part, C67R membranes. Panel III: upper part, C106S membranes; lower part, membranes from cells deficient in Complex I (Anuol strain). In each set of three
spectra, the upper trace was recorded at 17 K and 30 dB and the middle trace at 36 K and 20 dB. Spectra were normalized for the microwave frequency,
microwave power, gain and temperature. The lower traces are the differences A minus B. Other EPR conditions: microwave frequency, 9425.8 MHz;
modulation amplitude, 1.27 mT. The presence of absence of EPR signals from Complex I can be seen in the encircled areas.
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17 K and nonsaturating microwave power, from membranes
of the B10 strain reduced with a mixture of succinate,
NADH and dithionite. It shows overlapping signals due to
all reduced Fe—S clusters in the sample detectable at 17 K.
Trace B is a spectrum at 36 K and nonsaturating power. At
this temperature, the EPR signals of the [4Fe—4S] clusters
(N2, N3 and N4) are relaxation broadened beyond detection
in a first-derivative display, while the signals from the
[2Fe—28S] clusters remain still optimally sharpened. The
signals of three 2Fe clusters can be recognized: cluster N1
from Complex I, cluster S1 from succinate:ubiquinone
oxidoreductase (Complex II) and the Rieske Fe—S cluster
from ubiquinol:ferricytochrome ¢ oxidoreductase (Complex
III). At higher temperatures, the signal from the Rieske Fe—
S cluster starts to broaden [53]. At this point, we do not yet
know whether the cluster Nla, a [2Fe—2S] cluster, is
reducible by NADH or not. In the following, we will refer
to the clusters Nla plus N1b as the clusters N1 and to the
other clusters as N2, N3 and N4.

As the signals from the 2Fe clusters are also fully present
in the 17 K spectra, provided the microwave power is
nonsaturating, a difference of the 17 K spectrum minus
the 36 K spectrum will produce only the line shapes of the
4Fe clusters detectable at 17 K (trace C). Of course, a
normalization for the differences in microwave power,
temperature and gain must be performed according to the
rules that a signal is proportional to the inverse absolute
temperature, the gain and the square-root of the microwave
power. This can be written as:

I, = (I, - T - 10193/29)) /oqin

where I, is the corrected intensity, /, is the observed
(recorded) intensity, T is the absolute temperature and dB
is the relative microwave power read from the spectrometer
in dB. In addition, one has to correct for differences in the
microwave frequencies [54], as these will shift and shrink or
expand experimental spectra on the field scale. One should
be aware of the fact that the standard Bruker EPR software
for making difference spectra contains an incorrect fre-
quency correction; it only shifts the spectra on a field scale,
but does not correct for expansion or shrinkage of the
spectra. Because the normalization of the spectra relies on
the readings of the spectrometer, the cryostat and microwave
frequency counter, one has to ascertain whether these read-
ings are correct. This was verified with spectra of a copper
standard (Fig. 4, panel I) likewise recorded at 17 and 36 K.
A difference of the normalized spectra is a flat line, showing
that the readings of microwave frequency, temperature, gain
and relative microwave power are correct.

Returning now to Fig. 3, the main signal in trace C is
ascribed to the clusters N2 and can be easily simulated (trace
D). At this point, we would like to mention that the Bruker
software (WIN-EPR/Win-SimFonia) is unsuited for the
simulation of anisotropic S=1/2 EPR spectra because it
contains a software error resulting in erroneous line shapes

(S.P.J. Albracht, unpublished observations). The quality of
the simulation can be judged by the difference spectrum C
minus D in trace E. This trace also shows that the contri-
butions of the clusters N3 and N4 to the spectrum are
minimal at this temperature, i.e. they are still quite broad
due to their rapid spin-lattice relaxation. We cannot rule out
that the residual spectrum also contains contributions from
signals of 4Fe clusters in ETF:ubiquinone oxidoreductase (if
present in R. capsulatus membranes) and Complex II. Such
signals are observed in bovine submitochondrial particles
[9]. The 4Fe clusters in these enzymes would be reduced by
dithionite.

A comparison as shown in Fig. 3 does not yield
information on the line shape of the clusters N1. To more
directly monitor the signals from Complex I, we have tried
to eliminate the signals of the cluster S1 and S2 from
Complex II by selective oxidation. The reduced cluster S1
(gx-=191, 1.93, 2.02), responsible for the major signal in

B10

36K

Fig. 6. EPR spectra of specifically reduced membrane samples in the
presence of piericidin A at 17 and 36 K under nonsaturating conditions.
Membrane samples were mixed with 400 nM piericidin A, 0.2 mM TTFA
and 40 mM fumarate. After 30 min on ice, 4 mM NADH was added and the
samples were frozen in liquid nitrogen after another 2 min on ice. Only the
g=1.78—1.97 region of the spectra is shown. Upper part: B10 membranes.
Lower part: C106S membranes. In each part, the upper trace was recorded
at 17 K and 30 dB and the middle trace at 36 K and 20 dB. Spectra were
normalized for the microwave frequency, microwave power, gain and
temperature. The lower traces are the differences 17 K minus 36 K. Other
EPR conditions: microwave frequency, 9425.8 MHz; modulation ampli-
tude, 1.27 mT.
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trace B of Fig. 3, could be kept oxidized by addition of
excess fumarate in the presence of the inhibitor 2-thenoyl-
trifluoroacetone (TTFA) and the absence of dithionite (Fig.
4, panel II). Under these conditions, NADH still reduced the
Rieske [2Fe—2S] cluster (g,.=2.025, 1.89 and 1.8; only
the g, and g, lines are detectable in spectra like these). The
36 K spectrum (trace B) only showed a minimal contribu-
tion of the signal from S1 (as observed in the shoulder at
2.=1.91), and so the line at g=1.94 was now mainly due to
the clusters N1. At 17 K (trace A), the contribution from N2
can clearly be seen. The 17 K minus 36 K difference
spectrum (trace C) shows this contribution free of those
from reduced 2Fe clusters. The very broad through around
2=1.88 is formed by the combined, broadened g, lines
from the clusters N3 and N4. In the bovine enzyme [9,11],
the signals of these cubane clusters need a lower temper-
ature to sharpen up. The spectra in Fig. 4, panel II thus
enable a quantitative analysis in terms of reducible 2Fe
clusters (N1 in trace B) in Complex I and clusters N2 (in
trace C), as elaborated hereafter.

A disadvantage of spectra produced in this way is the
presence of very strong, disturbing signals in the g=2
region. They consist of a mixture of sharp radical signals
(at g=2.003) and, at 17 K, the contribution of the oxidized
[3Fe—4S] cluster (cluster S3) from Complex II. In the
following figures, we therefore only show the g=1.97-
1.78 region of the spectra (encircled in Fig. 41I, trace C).
Fig. 5 shows the 17 K, 36 K and 17 K minus 36 K
difference spectra from membranes of the B10, 1104V,
C67S, C67R, C106S and Anuol strains.

The spectra obtained for the B10 and 1104V samples
(Fig. 5, panel I) show that clear line shapes of the g, lines
ascribed to clusters N1 and N2 can be obtained. In addition,
the g, and g, lines of the signal from the Rieske Fe—S
cluster are present, as well as a very small g, line from the
S1 of Complex II. When taking the Rieske Fe—S signal as
an internal reference, the Complex I content in the 1104V
membranes was found to be less (44%) than that of wild-
type membranes (Fig. 5, panel I). For the B10 and 1104V
strains, it can be seen (indicated in the encircled areas) that

B10
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Fig. 7. Detection of the combined g, lines of the clusters N3 and N4 by power saturation of the contributions of clusters N1 and N2. Panel I: Membranes of the
B10 strain were treated as in Fig. 5. The microwave powers were 40, 20 and 10 dB for the upper, middle and lower traces, respectively. Only the g=1.83—-1.96
region is shown. The traces were normalized for the microwave frequency, microwave power and the gain. Other EPR conditions: microwave frequency,
9421.0 MHz; modulation amplitude, 1.27 mT; temperature, 8 K. Panel II: The combined g, lines of the clusters N3 and N4 as detected at 8 K and 10 dB in
membranes of R. capsulatus. Membranes were treated as in Fig. 5. The figure shows spectra of membranes from (top to bottom) the W1 cells, B10 cells, C74S
mutant cells, C67R mutant cells, C67S mutant cells, 1104V mutant cells and C106S mutant cells. Only the g=1.83—1.96 region is shown. All traces were
normalized to the same microwave frequency. The g, lines of the signals from the clusters N3 plus N4 can be seen in the shaded area. Other EPR conditions:

microwave frequency, 9421.0 MHz; modulation amplitude, 1.27 mT.
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under the used conditions, the amplitude of the g, line from
the signal at 36 K due to the clusters N1 (middle traces in
each part) is nearly the same as the amplitude of the g,, line
from the signal due to the clusters N2 in the difference
spectra (lower traces in each segment). In membranes from
the C67S (Fig. 5, panel II) and C106S (Fig. 5, panel III)
mutants, however, the relative amplitude of the g, line
from the signal due to the clusters N2 was about half that of
the gy, line at 36 K from the signals ascribed to the clusters
N1. Membranes from the C67R strain and the Complex-I-
deficient Anuol strain did not show any signal in this region
in the 17 K minus 36 K difference spectra. This was also
observed with membranes from the C74S strain (not
shown). This means that these samples contained no
NADH-reducible 4Fe clusters. The samples showed only
a minor signal in the g=1.94 region, which was equally
intense at 17 and 36 K. This contribution is presumably due
to cluster S1 from Complex II, which could not be kept
completely oxidized (see also the arrow in trace B in the
upper part of Fig. 5, panel I). The fact that the membranes
from the C67R, C74S and Anuol strains showed a strong
Rieske Fe—S signal must mean that these membranes still
contained some NADH-dehydrogenase activity. This is in
line with residual oxygen-uptake activity (insensitive to
piericidin A) with NADH found for these membranes
(Table 2). It is less likely that this activity stems from intact
Complex I. When membranes of the C67R, C74S and the
Anuol strains were reduced with succinate, NADH plus
dithionite, also no signals due to Complex I were observ-
able (not shown).

When the difference traces (lower traces) of all panel
segments were compared, no apparent broadening of the g,
line from the signal from the clusters N2 could be detected.
Fig. 5 thus clearly indicates that the point mutations in the
two sets of four conserved Cys residues in the Nuol subunit
led either to membranes deficient in Complex I or to a
marked decrease (about 50%) in the amplitude of the EPR
signal of the clusters N2, relative to that of the clusters N1.
Under the used conditions, these ratios were 0.94, 0.48 and
0.46 for the 1104V, C67S and C106S mutants, respectively.

3.6. Effect of piericidin A on the EPR spectra

In Fig. 5, a very small contribution of the reduced [2Fe—
28] cluster of Complex II (cluster S1) could still be detected
at g, =1.91. Hence, also the g=1.94 line will receive a
contribution from this cluster as its g, line is at g=1.933.
Fig. 6 shows that the presence of piericidin A, which blocks
electron transfer between Complex I and ubiquinone, in
addition to TTFA and fumarate, indeed resulted in the
complete disappearance of the signal ascribed to cluster S1.

Hence, the line shape in the g=1.92—1.94 region was
now only due to reduced Fe—S clusters of Complex 1. The
contribution of the Rieske Fe—S cluster was less pro-
nounced than in the absence of piericidin. As before, the
ratio of the g, -line amplitudes from the signal of the

clusters N2 at 17 K (in the difference spectra) and the signal
from the clusters N1 at 36 K was much smaller in the C106S
mutant membranes (0.65; lower part of Fig. 6) than in the
B10 membranes (1.1; upper part of Fig. 6).

3.7. Reduction of the clusters N3 and N4

As remarked above, the contributions of the clusters N3
and N4 to the EPR spectra at 17 K were very weak. We
therefore have also recorded spectra at 8 K, where the
clusters N3, and one of the clusters N4 [11] in the bovine
enzyme, are optimally sharpened. At this temperature, the
signals of the 2Fe clusters and the clusters N2 in membranes
from B10 cells of R. capsulatus were found to saturate very
easily. Fig. 71 shows spectra containing the g, and g, region
of the spectra from the Fe—S clusters.

In the upper trace (microwave power 40 dB), all reduced
clusters contribute to the spectrum. The middle trace shows
the normalized spectrum at 20 dB. If there would be no
saturation of any of the signals, the intensity of the spectrum
should be identical to the upper trace (compare with the
example in Fig. 4, panel ). The fact that this is not so is due to
significant saturation of the signals of the cluster N1 and N2
(gyy lines around g = 1.935) and the signal of the Rieske Fe—S
cluster (g, line around g=1.89). This effect is even more
pronounced in the lower trace recorded at 10 dB (26 mW
power incident to the cavity). The remaining line at g=1.935
with a shape, typical for a g, line, is nearly solely due to the
contributions from the clusters N3 and N4. This line was
taken as a (qualitative) measure for the presence of the
combined clusters N3 and N4. These clusters have much
faster spin-lattice relaxation rates than the other clusters and
thus resist microwave-power saturation far better than the
clusters N1 and N2.

The relevant part of the spectra from membranes of
several strains is shown in Fig. 7Il. A g, line at g=1.935
can be clearly observed in membranes of the W1, B10,

Table 3
Comparison of the g, line amplitudes of signals from the clusters N1 with
the g, line amplitudes of the combined signals from the clusters N3 plus N4

Sample Relative amplitudes
Clusters N1 Clusters N3 +N4

Wi 1 0.93

B10 1 0.99

C74S absent absent

C67R absent absent

C67S 1 0.92

1104V 1 0.97

C106S 1 0.90

Membrane samples were treated with TTFA, fumarate and NADH as in Fig.
5. The amplitudes of the g, lines of the signal from the clusters N1 were
measured from spectra recorded at 36 K and 20 dB (nonsaturating). The
amplitudes of the g, lines of the signals from the clusters N3 plus N4 were
measured from spectra recorded at 8 K and 10 dB (Fig. 7IT). The amplitudes
of the signals due to the combined clusters N3 plus N4 are given relative to
those of the gy, lines of the signal from the clusters N1. For all samples, the
same ratio for the gain of the spectra at 36 and 8 K was used.
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C678S, 1104V and C106S strains (and the E71K strain; not
shown), but not in membranes from the strains C74S and
C67R (and C648S, C64R, C70S; not shown). To put these
results on a more quantitative basis, we have also compared
the amplitudes of the g, lines of the spectrum of the clusters
N1 (at 36 K and 20 dB) with the g, lines of the spectra of the
combined signals from the clusters N3 plus N4 (at 8 K and
10 dB). The results (Table 3) show that the g, =1.935 line as
observed at 8 K and high microwave power (10 dB), where
the contributions of the signals due to the clusters N1 and
N2 are minimized, is equally strong in all samples where
Complex I was present. The line was absent in spectra from
membranes deficient in Complex I. This means that the
cluster N3 and N4 were not affected by the point mutations
in the Nuol subunit, unless such a mutation resulted in the
lack of Complex I.

g value

Fig. 8. Estimation of the relative spin concentrations of the NADH-
reducible clusters N1 and N2 in membranes from wild-type cells of R.
capsulatus. (A) The g=1.87—1.97 region of the spectrum shown in trace A
of Fig. 4, panel II. (B) The g=1.87—-1.97 region of the spectrum shown in
the upper trace from the upper part of Fig. 6. (C) Summation of the
simulated spectra of the clusters N1 and N2 in equal spin concentrations.
(D) As C, but now the spin concentration for the clusters N2 was taken
twice that of the clusters N1. Simulation parameters, for the clusters N1:
== 1.92971, 193602, 2.01699 and W,,.=1.43, 1.49, 1.25 mT (spectrum
B in Fig. 4, panel II was taken as the parent spectrum); for the clusters N2:
= 1.91752,1.92608, 2.04795 and W,,.=1.38, 1.45, 1.25 mT (spectrum
C in Fig. 4, panel II was taken as the parent spectrum). The g, and W,
values, which could not be taken from Fig. 4, panel II, were estimated from
other (difference) spectra (not shown). Small deviations of these values
were of no concern for the line shape in the g,, region. EPR conditions:
microwave frequency, 9426.2 MHz; microwave power, 30 dB; temperature,
17 K; modulation amplitude, 1.27 mT.

3.8. NADH can reduce cluster Nla in membrane-bound
complex I from R. capsulatus

In order to obtain an impression of the relative signal
intensities of the signals due to the NADH-reducible 2Fe
clusters in Complex I and the signals due to the clusters N2,
the simulations shown in Fig. 8 were made.

It can be seen that the simulation in which the relative
intensities of both signals were taken equal (trace C) fitted
somewhat better to the experimental spectra than the spec-
trum where the intensity of the signal due to the clusters N2
was twice that of the signal of the 2Fe clusters. This means
that, in contrast to the situation in bovine submitochondrial
particles [8,43,44], both [2Fe—28S] clusters (N1a and N1b)
were nearly completely reduced by NADH in the R. capsu-
latus membranes.

4. Discussion

The results of point mutations in subunits from Com-
plex I have been described by a number of groups. When
Fe—S clusters were involved, the effects of such muta-
tions on the EPR properties were always studied in the
purified complexes, subcomplexes or overexpressed sub-
units. One of the pitfalls of this approach is that the
properties of the purified complex, subcomplex or sub-
units may considerably deviate from those of the enzyme
as present in the membrane. In none of these studies, the
EPR spectra of membrane preparations with the modified
Complex I have been studied. Likewise, the effects of
mutations on the function of Complex I during growth of
the parent organism have not been reported. The present
study has included both of these important parameters to
come to a more reliable assessment of the effects of point
mutations in the nuol gene.

4.1. Generation of nuol mutants and characterization of
their phenotypes

To address the question of the location of the N2
clusters, we have genetically modified the nuol gene,
which codes for the Nuol subunit of Complex I in R.
capsulatus (equivalent to the TYKY subunit in the bovine
enzyme). Mutagenesis of the nuol gene involved all the
Cys residues (C64, C67, C70 and C74) from the first
four-Cys motif, expected to be involved in the coordina-
tion of two tetranuclear iron—sulfur clusters (Fig. 1). One
Cys residue (C106) of the second four-Cys motif was also
included in this study. It must be emphasized that the
C64R, C64S, C67R and C67S mutant strains were
generated by trans-complementation of a nuol deleted
strain. Among these four mutants, only the C67S mutant
contained normal amounts of expressed Nuol subunit,
which confirms that transcription was efficient in this
mutant. However, we cannot rule out the possibility that
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expression of the mutated subunit was impaired in the
C64R, C64S and C67R mutants because of transcriptional
problems. If we assume that mutated nuol genes were
correctly transcribed and translated, we can draw a
number of interesting conclusions regarding the role of
the mutated amino acid residues of Nuol from the
immunoassays and enzymatic analysis of the membranes
from the mutants reported above.

Cys-64 appears as a very important amino acid that
cannot be changed either in Ser or Arg. Similarly, replace-
ment of Cys-67 by an Arg also led to a lack of assembly of
Complex 1. The C64R, C64S and C67R mutants contained
even lower amounts of Nuol than the previously reported
C74S mutant [49]. As the two sets of CxxCxxCxxxCP
motifs in the Nuol subunit are highly conserved among
2[4Fe—48S] proteins, it is reasonable to assume that C64,
C67 and C70 are coordinating one cubane cluster, whereas
C74 is coordinating the second cubane (Fig. 1). Hence, the
results with the C64S and C74S mutants already point to
the presence of two [4Fe—4S] clusters. We conclude that the
assembly of both these clusters is a prerequisite for an intact
Nuol subunit and apparently also for a correct assembly of
Complex L.

Cys-70 also seems to play an important role because its
substitution by a Ser was associated with a decreased
amount of expressed protein and a poor enzymatic activity
(and a lack of EPR signals from Complex I in membrane
preparations). The Glu-71 residue is conserved in all
NADH:ubiquinone oxidoreductases known [29]. Mem-
branes of the E71K mutant contained quite normal amounts
of the Nuol subunit, but they exhibited only a low Complex
I activity. Finally, in the case of the C67 and C106 Cys
residues, their substitution by Ser residues also caused a
decrease of the Complex I activity in the resulting mutants.
The decreased content of Complex I in the membranes is
considered to be the main factor for the lower activities in
the mutants. We note that the growth of R. capsulatus
strains under anaerobic, photosynthetic conditions can be
sustained by a Complex I with the C67S, E71K and C106S
mutations in the TYKY subunit. This demonstrates that the
energy-dependent reduction of NAD" is still carried out by
the enzyme in these mutants.

4.2. EPR spectra

4.2.1. NADH vreduces both [2Fe—2S] clusters in the
membrane-bound enzyme

EPR analysis of the membranes from B10 and W1
cells, combined with computer simulations (Fig. 8), indi-
cate that the signals from Complex I at 17 K consist of a
nearly equal contributions (double-integrated intensity) of
signals from [2Fe—2S] clusters (N1) and from [4Fe—4S]
clusters (N2). In the bovine enzyme, the signal of the
NADH-reducible 2Fe clusters (N1b) has an intensity half
that of the signal of the clusters N2 [43,44]. Complex I
subunits containing a binding motif for a 2Fe cluster are

the 75 kDa (NuoG) and the 24 kDa (NuoE) subunits
[16,22]. As demonstrated in this study, the Nuol subunit
contains two cubane clusters. This means that if the
subunits NuoE, NuoG and Nuol are present in equal
amounts, then both the NuoE and NuoG subunits contain
a [2Fe—28S] cluster in the membrane-bound R. capsulatus
Complex I and both are reduced by NADH under the
present conditions.

4.2.2. Effect of nondestructive mutations on the EPR signal
ascribed to the clusters N2

Membranes of the 1104V mutant cells, as well as from
the C67S and C106S mutant cells, showed an EPR signal
from the N1 clusters that was about 44% of the intensity of
that of B10 or W1 cells. While the N2/N1 ratio in the 1104V
mutant was the same as in the B10 and W1 cells, this ratio
was about 50% lower in the membranes from the C67S and
C106S mutant cells. As the latter mutant cells still showed a
normal photosynthetic growth behaviour (Fig. 2) and
NADH-oxidase activities (Table 2), it is concluded that
Complex I is still intact and that it possesses a Nuol subunit
with one normal (S'=1/2), EPR-detectable [4Fe—4S] cluster,
giving rise to half the normal signal intensity (labelled as
N2 A or N2 B in Figs. 1 and 5), and one Fe—S cluster that
was not detectable in the g=2 region. Replacement of the
Cys-67 residue by an Arg resulted in membranes lacking
Complex 1. Therefore, we conclude that in the C67S and
C106S mutants, the introduced Ser residue is a direct ligand
to one (termed N2 A in Figs. 1 and 5) or the other (termed
N2 B in Figs. 1 and 5) [4Fe—4S] cluster, respectively, and
that these modified clusters are still functional. When
reduced, their EPR signals must have considerably changed
because they do not contribute to the signal of the other,
normal cluster N2 (Fig. 5). As described below, we tenta-
tively assume that the modified clusters are S=3/2 systems.
We note that both Cys residues, C67 and C106, are centred
between two other Cys residues in the CxxCxxC parts of
the two four-Cys motifs in the amino acid sequence of the
Nuol subunit. As this CxxCxxC structure forms a sort of
‘clamp’ around the clusters (Figs. 1 and 9), a weakened
ligand at either end may explain the instability of the C64S
and C70S mutants and the relative stability of the C67S and
C106S mutant enzymes.

Membranes of the E71K mutant cells gave EPR spectra
where the amplitude of the g=1.94 signal from the clusters
N1 was about 40% of the amplitudes found in the 1104V and
C106S mutant membranes (and thus less than 20% of
g=1.94 amplitude in the B10 membranes); the signal of
the Rieske Fe—S cluster was taken as an internal standard.
The weak EPR signals made a precise spectroscopic anal-
ysis rather difficult. Yet, from the EPR line shape in the
g=1.92—-1.94 region, it could be seen that the relative ratio
of the signals from the clusters N2 and N1 resembled that in
the B10 cells and was certainly higher than the ratio found
in the C106S mutant membranes. This indicates that both
clusters N2 were present in an apparently unperturbed state.
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Fig. 9. Summarizing picture visualizing the Cys to Ser point mutations in the
Nuol subunit studied in this paper. The structure of ferredoxin from P,
asaccharolyticus (formerly Peptococcus aerogenes) was used as a template
(1dur; replacement for 1fdx [72]). The loop between the two four-Cys motifs
in the amino acid sequence is shown in dark grey; this loop involves 17
amino acids in the P. asaccharolyticus Fd, but 27 residues in the Nuol
subunit. The mutations C64S, C70S and C74S did not result in an EPR-
detectable Complex I in membrane preparations and are marked as ‘No’.
The mutations C67S and C106S resulted in a functional Complex I and are
marked as ‘Yes!”. Mutation of the other three Cys residues has not been tried.

The mutation of the E71 residue may influence the proper-
ties of (one of) the Fe—S clusters. Replacement of the
negative charge of the Glu residue by the positive charge
of the Lys residue could affect the electronic environment of
(one of) the iron—sulfur cluster.

Kowal et al. [55] have performed Cys to Ser point
mutations for the ligands of the 4Fe cluster in fumarate
reductase from E. coli. The structure of this enzyme is
probably very similar to the crystal structure of the enzyme
from Wolinella succinogenes [56]. A Cys to Ser mutation of
the central Cys residue in the CxxCxxC motif resulted in a
cluster with a S=3/2 ground state (and a decrease of 72 mV
of its redox potential). The EPR signature of this state, with
broad lines at g=5 and 5.7, was only very weak. A Cys to
Ser mutation of the first Cys residue produced a cluster with
a S=1/2 ground state (and a 60 mV lower redox potential).
Mutation of the third and fourth Cys residues in the
CxxCxxC-x,-C motif did not lead to an assembled Fe—S
cluster. If a §=3/2 EPR signal, with the main lines around
g=>5, would be present in Complex I in the membrane
preparations of R. capsulatus, it would go unnoticed due to
the low concentrations of Complex I attainable in EPR
samples of such membranes.

Studies with the two [4Fe—4S] clusters in the PsaC
subunit of the Photosystem I of Synechococcus sp. strain

PCC 7002 showed that substitutions of the second Cys of the
first or second CxxCxxCxxxCP motif by Ser, Ala or Asp
residues allowed the protein to refold with two iron—sulfur
clusters: one [4Fe—4S] cluster (S=1/2) and one [3Fe—4S]
cluster. The C— S and C — A mutant proteins could still
bind to a PSI complex [57]. Mutation of the fourth Cys
residue into Asp likewise changed one of the clusters into a
3Fe cluster. Mutagenesis studies with ferredoxin I from
Azotobacter vinelandii showed that the [4Fe—4S] cluster in
this protein prefers a coordination with four Cys ligands
[58,59]. When the first Cys residue in the CxxxC-x,-
CxxCxxC motif, which together with the last three Cys
residues coordinates the cluster in the wild-type protein,
was changed to either Ala or Ser, an intact cluster was
formed using the second Cys residue in the motif. In general,
the structural and functional impacts of Cys substitutions in
iron—sulfur proteins are difficult to predict (for review, see
Ref. [60]).

4.2.3. The C67S and C106S mutations did not effect the
clusters N1, N3 and N4

The relative EPR intensities of the 2Fe clusters and the
clusters N3 plus N4 in membranes from the C67S and C106S
cells were the same as found in membranes of the B10, W1
and 1104V cells (Fig. 71I and Table 3). This means that these
point mutations did not affect these clusters.

4.2.4. Effect of the other mutations

No EPR signals from Complex I could be detected in the
membrane preparations from the C64R, C64S, C67R and
C74S mutant cells. We conclude that in each mutant, one of
the Fe—S clusters in the Nuol subunit could not be stabilized.
The resulting Nuol subunit could not be used by the mutant
cells for the assembly of an intact, membrane-bound Com-
plex I. The C70S mutants cells showed quite a normal growth
(Fig. 2), but their membranes had only a low NADH-oxidase
activity and lacked detectable EPR signals from Complex I.
Apparently, the C70S mutation considerably weakens the
structural stability of Complex I.

4.2.5. Earlier evidence pointing to two clusters N2 (N2a
and N2b)

The first indications for the existence of two clusters N2
came from studies on the bovine enzyme published more than
two decades ago [43]. This was later reinforced by detailed
analyses of EPR spectra [44] where it was shown that
quantitative interpretations by other workers were in error.
The first indication for two kinetically distinguishable clus-
ters N2 was already described in 1982 [61]. Abundant
evidence reinforcing this behaviour was subsequently pub-
lished [42,62,63]. Also, inhibitor studies with piericidin [64]
clearly showed that full inhibition of Complex I can, under
certain conditions, be accomplished by one molecule of
piericidin per two clusters N2. Energy-induced exchange
coupling between the two clusters has been discovered in
tightly coupled submitochondrial particles [38,65]. This
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phenomenon was uncoupler sensitive. This all has led to a
model of a Complex I molecule with two clusters N2 (N2a
and N2b) [11], in which these Fe—S clusters were proposed to
play a vital role in the electrons-transfer driven proton trans-
location [29].

The presence of two tetranuclear iron—sulfur clusters in
the TYKY subunit was anticipated as soon as the discovery
of this subunit in the bovine Complex I because of sim-
ilarities of the primary sequence with 2[4Fe—4S] bacterial
ferredoxins [39]. The data presented here provide the first
experimental evidence for this hypothesis. A picture sum-
marizing the present results is shown in Fig. 9.

The structure also highlights the stretch of amino acids
between the third and the fourth Cys residue coordinating
one of the [4Fe—48S] clusters. This stretch is 17 residues
long in the Peptostreptococcus asaccharolyticus ferre-
doxin (taken as example in Fig. 9), but involves 27
residues in all NADH:ubiquinone oxidoreductases and 28
residues in the NADH:plastoquinone oxidoreductases
[29].

4.2.6. Comparison of our results with effects of point
mutations on the EPR signal of N2 reported by other groups

Based on the growing awareness of analogies in the
amino acid sequences of subunits from Complex I and
[NiFe]-hydrogenases [11,25,26,66,67], it was proposed that
the 49 kDa subunit, the PSST subunit and the TYKY
subunit have an intimate and essential contact [29]. Espe-
cially, the highly conserved stretch of amino acids between
the two four-Cys motifs in the sequence of the Nuol
(TYKY) subunits in all Complexes I, which in normal
2[4Fe—48S] ferredoxins forms a loop (17 residues in the
example in Fig. 9) on the outside of the protein, suggests
that this part of the TYKY subunit may be very important
for the binding to the 49-kDa PSST couple. We therefore
expect that the properties of the clusters N2a and N2b are
critically dependent on a correct structure of each of the
three subunits in the 49-kDa PSST-TYKY functional unit.
Indeed, the 4Fe clusters in an overexpressed, truncated form
of the Nqo9 (TYKY) subunit of P. denitrificans reconsti-
tuted with iron and sulfide have a midpoint potential
(<—=600 mV) very much lower than that of the N2
cluster(s) in the membrane-bound complex [40]. Inciden-
tally, the g values of one of the two EPR signals in the
spectrum of this overexpressed protein (g,,.=1.92, 1.92,
2.05) were similar to those of the N2 signal found in the
membrane-bound complex [68,69].

Certain point mutations in the 49-kDa subunit of
Complex I from Y. lipolytica [20], a subunit without any
conserved Cys residues, resulted in the decrease or the
complete loss of the EPR signal ascribed to cluster N2 in
the purified enzyme reduced with NADH. EPR signals of
the other clusters were apparently unperturbed, so the
assembly of the Complex was not affected in these
mutants. The authors assumed that the PSST subunit
hosted ‘cluster N2’ and provided three Cys residues as

ligands. They speculated that the fourth ligand for this
cluster may be provided by a residue from the 49-kDa
subunit, although they could not tell which one. An earlier
proposal that a specific Glu residue in the 49-kDa subunit
might function as the fourth ligand for an Fe—S cluster in
the PSST subunit [41] was excluded by point-mutation
studies [18].

We note that the results from experiments in the present
paper and the accompanying paper [30] clearly demonstrate
that there are two S=1/2 systems with a very similar line
shape contributing to the EPR signal ascribed to cluster N2
in the bovine and R. capsulatus enzymes. Hence, in these
enzymes, the PSST subunit cannot be the site of binding, as
this subunit contains Cys residues for the binding of at most
one cluster. The present paper shows that both clusters N2
are located in the Nuol (TYKY) subunit. We explain the
results obtained with mutations in the 49-kDa subunit of
Complex I from Y. lipolytica [20] by a disturbance of the
delicate interactions within the 49-kDa PSST-TYKY sub-
units, resulting in an altered level of reduction of the N2
clusters in the TYKY subunit. This may be a change in the
redox potential, a disturbance of electron transfer or a
combination of the two. We note that it is very likely that
the two [4Fe—4S] clusters are still present in TYKY subunit
of the mutated, purified Complex I preparations from Y.
lipolytica [20], as our study demonstrates that assembly of
R. capsulatus Complex I is not possible when one of the
clusters is missing.

Mutations of an E or D residue (D136N and E140Q)
in the PSST homologue in Y. lipolytica resulted in an
altered line shape of the EPR signal of cluster N2
(broadening of the g, line) [18]. Also, point mutations
in the PSST subunit of the N. crassa enzyme [17]
dramatically affected the EPR signal ascribed to cluster
N2. From two strains in which two different point
mutations in the PSST subunit were induced, a Complex
I was purified, which did not show the EPR signal of N2
in enzyme reduced with excess NADH in the presence
of redox mediators. The two N. crassa enzymes, one with
a C101S mutation and the other with a C102A mutation
in the PSST subunit, showed small but distinct differences
in their EPR signals from the remaining clusters at g
values, around 2.04 and 1.92, where contributions of the
clusters N3 are expected. Regrettably, the authors did not
comment on these differences. Also in this case, we
explain the data as a disturbance of the fragile structure
of the 49-kDa PSST-TYKY subunits resulting in altered
properties of the clusters N2 in the TYKY subunit. The
differences in the EPR spectra of the two mutant enzymes
may well be the first indication that the PSST subunit
harbours a [4Fe—4S] cluster with g values similar to one
of the two clusters N3. The line shapes of the clusters
N3a and N3b in Complex I have not yet been established
in detail.

The data here and in the accompanying paper [30]
likewise show that the proposal [70] that the TYKY subunit
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would contain two reducible, thus far EPR-undetected
[4Fe—4S] clusters (N6a and N6b) does not hold for the
bovine and R. capsulatus enzymes.
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