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The NADH: ubiquinane oxidareduciuse (complex 1) of milochondiia is constructed fom lwo arms arranged perpendicular 1o sach other. The

peripheral arm protruding ino the matrix contains the prosimal section ol the electron pathway, and the membrane arm with all mitochondrially

encoded subunits contains the distal section ol the electron pathway. When Newrospora crassa is grown under manganese limitation the formation

ol the peripheral arm {5 disturbed, but the membrane arm containing the iron-sulfur clusier N-2, is aceumulated. An exira-poly peptide, assumed
to be a chuperone, is lound (o be wssocialed with this pre-assembled membrave arm.

MNADH:ubiquinone oxidoreductase: Complex I Assembly: Iron-sullur eluster: Manganese limitation; Newrespora crasse

. INTRODUCTION

The NADH:ubiquinone oxidoreductase (complex 1)
of mitochondria transfers electrons from NADH via
FMN and a series of iron—sulfur clusters to ubiquinone
and links this process with the translocation of protans
across the inner membrane. The enzyme is known to
consist of more than 30 different subunits in fungi [1]
and more than 40 subunits in mammals [2]. Seven sub-
units are encoded by mitochondrial genes. Eleciron mi-
croscopic analysis of the Neurospora crassa complex |
has revealed an unusual L-shaped structure with two
arms perpendicular to each other [3}. These two arms
are assembled separately and are combined en bloc to
construct the complex {4]. If protein synthesis in N.
crassq mitochondria is inhibited by chloramphenicol,
only the peripheral arm with exclusively nuclear-en-
coded subunits is made [3). It contains the proximal
section of the electron pathway of complex I with the
FMN and the iron-sulfur cluaters, N-1, N-3 and N-4
{5,6). The independent assembly of the membrane armn
which contains all mitochondrially encoded subunits
was demonstrated by pulse-chase labelling of N. crassa
with [*S]methionine and by following the Aux of the
radioactivity through intermediates of the assembly
process into the holocomplex [4]. The location of the
iron-sulfur cluster, N-2, which is not found in the pre-
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assembled peripheral arm, could not be established in
this way.

We report here that the formation of the peripheral
arm of complex 1 in N. crassa can be specifically dis-
larbed by maisganese limitation, ieading to the accumu-
iation af the preassembled membrane arm containing
the iron-sulfur cluster, N-2,

2. MATERIALS AND METHODS

Manganese-limited growth of N, crussa wild-1ype 74 A wis ob-
lained by using glass-destilled water for ul) media, cleaning all gluss-
ware with isopropunol plus 16 M KGH and with 2 mM EDTA und
omitting all components with mangatese and iron from the minimal
medium (7). Beyond Lhis, 100 mg/l of Lhe complexing agenl, 3-(2-
pyridyl-5.0-diphenyl: 1,2 4-triuzine-4' A%-disullonic  ucid (lerrozine)
wis added 1o the medium, A low inoculum of 3= 10° conidia per |
reduced the manganese inbroduced by the ¢onidia. In (he caniral
experiment the medium was supplemented with 50 mM MnCly. Dry
weight was delermingd according to [8]. The labelling of cellular pro-
tein, immunoprecipilition of complex |, measurement of the NADH-
lerricyanide reduciase aciivity, SDS-PAGE, sutoradiogruphy and
protein determinition procedures were deseribed in [4]. EPR spectros-
copy was sarried out uecording to {6].

3, RESULTS

Manganese-limited growth of N. crassa resulted in a
pale pellet-like mycelium instead of the usual light or-
ange-coloured filamentous mycelinm. Manganese-sup-
plemented and -limited &, crassa cultures showed simi-
lar growth rates and maximal eell vields (Fig. 14). The
contents of mitochondriai cyiochromes were normal
under mangansse-limited conditions, implying an un-
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Fig, |, Time-courses of growth and complex I activily in M. crassa
cultivaled under manganese-supplemenied and limited conditions. (A}
Growth curves, (B) Complex I aetivity determined as 1he high molee-
ular weight NADH-lerricyanide reductase detivity after sucrose gradi-
ent centrifugation of delergent solubilized mitochonslria. (7-7) Man-
ganese-supplemented V. crassa, (@-8) manganese-limiled N, crasse.

disturbed formation of the respiratory complexes ubig-
uinol:cytochrome ¢ oxidoreductase and cyltechrome c
oxidase. Complex [ activity, however, decreased dra-
matically to only 25% of the control value when the
culture started to grow exponentially. This complex I
deficiency was prevented by supplementing the medium
with 3¢ mM MnCl. (Fig. 1B).

To determine the step at which formation of complex
I was affected by manganese limitation, total cellular
protein was labelled with [*S]meathionine, mitochondria
were isolated, solubilized with Triton X-100, and centri-
fuged on sucrose gradients. The distribution of complex
I protein in the gradient was determined by means of the
radioactivity immunoprecipitated by an antiserum
against a single (22 kDa) subunit of the membrane arm
of complex [ and by NADH-ferricyanide reductase ac-
tivity (Fiz. 2).

Using mitochondria prepared from manganese-sup-
plemented hyphae, only the completaly assembled com-
plex 1 could be detected, which sedimented three-quar-
ters of the way through the gradient (Fig. 24). Mito-
chondria of the manganese-limited-grown hyphae
yieided about three times less completely assembled
complex I. In addition complex I subunits could be
found in the region of the gradient corresponding to
lower molecular weight. No NADH-ferricyanide re-
ductase activity sediznented with these subunits (Fig.
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2B). A major accumulation of complex 1 subunits sedij-
miented to a corresponding molecular weight of approx.
350 kDa. 8DS-PAGE and autoradiography of this pro-
tein peak (Fig. 2C) showed the typical subunit pattern
of the membrane arm of complex | with the characteris-
tic broad and diffuse bands of the mitochondrially en-
coded subunits [4], Most interestingly, in addition 1o the
known subunits, this preassembled membrane arnl con-
tains an extra 73 kDa polypeptide, which is not found
in the fully assembled complex I (Fig. 2B, arrow).

The iron-sulfur clusters of complex 1 were investi-
gated by EPR spectroscopy of mitochondrial mem-
branes (Fig. 3). Membranes isolated {rom manganese-
supplemented hyphae gave an axial spectrum arising
irom cluster N-2 (g = 2.05 and g, = 1.93 with the nega-
tive peak at g = 1.916), cluster N-3 (g, = 1.87 seen as the
shoulder of the negalive peak). and cluster N-4
{g. = 2.10 and the necgative peak at g, = 1.88). Cluster
N-1 was hard to identify under these EPR conditions,
However, the small shoulder proximal to the g =1.93
arrow arises mostly from cluster N-1. In mitochondrial
membranes from the hyphae grown in manganese-lim-
ited medium, the cluster N-2 signal with g1l = 2.05 and
a negative peak at g = 1.916 was observed in addition
to signals arising from N-1, N-3 and N-4 clusters at
much lower (3-4-times diminished) intensity. The nega-
tive peak at g = [.916 showed the same power satura-
tion dependence as the corresponding N-2 signal in
mitochondrial membranes of wild-type V. crasse, Com-
pared to the control, the intensity of the N-2 signal was
lowered by a factor of about 2. The very small signal on
the top of the g, = 1.93 resonance is from cluster M-1
of the residual complex I, which was still produced
under the manganese-limited condition. Similarly. the
broad negative bands arounti g = 1.88 most likely stem
from the clusters N-3 and N-4.

4, DISCUSSION

In this work it is demonstrated again that the two
arms of complex 1 are assembled separately. For the
first time we could show that the preassembled mem-
brane arm contains the iron-sulfur cluster N-2 i e. that
this cluster is added to the membrane arm before it
combines with the peripheral arm to construct the holo-
complex. The finding that cluster N-2 is located in the
membrane arm is consistent with the assumption that
this cluster is the immediate reductant of ubiquinone[l],
which is supposed to be bound at the subunit encoded
by the mitochondrial ND-1 gene [9]. Furthermore, it is
believed that cluster N-2 takes part in proton transloca-
ticn which occurs through the membrane arm [10].

It has been proposed that cluster N-2 may be located
in the 23 kDa subunit of the bovine complex 1 (the
homoelogous N. crussq subunit has not yot been identi-
fied) [11]. This nuclear gene-encoded subunit is located
in the so-called hydrophobie fraction of the bovine com-
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Fig. 2. Sucrose gradient centrifugation of Triton X-1410 solubilized mitachandria of manganese-supplemented (O-C) and manganase-limited (@-)
N, crassa, (4) The disiribution of NADM-ferricyanide reductase activivy, (B) The radicactivity immunoprecipitaied by complex 1 antiserum. {C)
The polypeplide pattern of complex | prolein immunsoprecipitaled I'rom the gradient obtained lrom mitoghondria of manganese-limited N. crassa.
The extra 73 kDa polypeplide assurned to be a chaperone s marked with an arrow. This protein is not seen in the fully assembled enzyme {4).

plex I which roughly corresponds to the membrane anm
of the V. crassg compes.

Another interesting new observation is that the preas-
sembled membrane arm of complex [ is associated with
a 73 kDa extra-polypeptide that is not found in the fully
assembled holoecomplex. This polypeplide is co-precipi-
tated together with the subunirts of the membrane arm
by different antisera each raised against a single subunit
of the membrane arm (data not shown). In another
recent study by our group [12] a N. crassa muiant was
characterized in which the nuclear gene of a subunit of
the nramirane anmt was disrupied Uy gene replacement.
This mutant sub-assembles two complementary sub-
camplexes of the membrane arm neither of which carry
an Iron-suifur chusier, One sub-assembiy is aiso associ-
ated with this 73 kDn extra-polypeptide. We therefore
believe that it is involved, as a chaperone-type protein,
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in the assembly of the membrane arm, keeping it in a
compplans sipte Jor assoripiion oF sahar subanits and
final combination with the peripheral arm.

Very little is known about the rcle of manganese in
mitochondrial metabolism and biogenesis. A number of
manganese-dependent enzymatic processes are located
inside the mitochondrion [13]. Lowered oxidative phos-
phorylation was observed in mice fed with a manga-
nese-free diel [14). Qur group has recently reporied a
correlation between manganese deficiency, decreased
complex I formation, and citric acid overproduction in
a murant sirain ol” Aspergiiius niger [[5], We do not yet
understand the effect of manganese on the formation of
the peripheral arm of complex 1. but we can apply man-
ganese-iimited cuttivation of N. crassa as a new ap-
proach for studying complex 1.
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Fig. > EPR diiference specira of compleldy taduced mings suecinate
reduced mitochondrial membranes of manganese-supplemented (A)
and manganeseslimited (B). N. crasse. Completely reduced mem-
branes weie obiained by addition of 5 mM NADH, 10 mM succinate
and 5 mM dithionite in the presence of the following redox mediniors:
5 M each of pyocyanine and methylvielogen; 20 uM indigosulfonate;
30 gM safranine Q. Succinate-reduced samples contain 10 mM succi-
nate 8¢ 0.3 uM FCCP. EPR conditions: microwave frequency, 9.2350
GHz; microwave power, 2mW,; modulation amplitude 1,252 107 T;

linne eanstant’y; (26 4; sween rdted =™ 1/miin: samsite temperature,

10 K, Gain for the EPR recording was selected 1o compensate the
difference of protein concentration in samiples A and B,
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