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The 20.9 kDa subunit of NADH :ubiquinone oxidoreductase (complex I) from Neurospora crassa is a nuclear-coded
component of the hydrophobic arm of the enzyme. We have determined the primary structure of this subunit by
sequencing a full-length cDNA and a cleavage product of the isolated polypeptide. The deduced protein sequence is 189
amino acid residues long and contains a putative membrane-spanning domain. Striking similarity over a 60 amino-acid-
residue domain with the M (matrix) protein of para-influenza virus was found. No other relationship with already known
sequences could be detected, leaving the function of this subunit in complex I still undefined. The biogenetic pathway of
this polypeptide was studied using a mitochondrial import system ir vitro. The 20.9 kDa subunit synthesized in vitro is
efficiently imported into isolated mitochondria, where it obtains distinct features of the endogenous subunit. Our results
suggest that the 20.9 kDa polypeptide is made on cytosolic ribosomes lacking a cleavable targeting sequence, interacts
with the mitochondrial outer membrane (in a process that does not require an energized inner membrane), and is imported
into mitochondria at contact sites. The 20.9 kDa subunit is then inserted into the inner membrane acquiring a topology
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similar to that of the already assembled subunit.

INTRODUCTION

Complex I (NADH : ubiquinone oxidoreductase, EC 1.6.99.3),
the first enzyme in the mitochondrial respiratory chain, catalyses
the transfer of two electrons from NADH to ubiquinone with
concomitant translocation of four or five protons across the
mitochondrial inner membrane (for reviews see Ragan, 1987;
Weiss et al., 1991). The enzyme is a complicated assembly of
about 32 subunits, seven of which are encoded and synthesized
in mitochondria (Chomyn et al., 1985, 1986; Videira & Werner,
1989). One FMN, a still undefined number of iron-sulphur
clusters (Beinert & Albracht, 1982; Ohnishi et al., 1985) and
probably one internal ubiquinone (Suzuki & King, 1983 ; Burbaev
et al., 1989) comprise the redox groups of complex I.

Recently, a number of primary structures of subunits from ox
and Neurospora complex I have been determined. In a few cases,
well-known functional domains (Dupuis et al., 1991; Pilkington
et al., 1991), or interesting sequence similarities with chloroplast
(Shinozaki et al., 1986; Fearnley et al., 1989; Videira et al.,
1990a; Dupuis et al., 1991; Masui et al., 1991) and bacterial
proteins (Bo6hm et al., 1990; Pilkington et al., 1991 ; Preis et al.,
1991) were found, allowing new insights into the function of
these particular subunits. However, it is obvious that our
knowledge about structure and function of complex 1 is still very
limited. The recent finding of an acyl-carrier protein among
complex I subunits (Runswick ez al., 1991; Sackmann et al.,
1991) illustrates this point and strongly suggests the existence of
biochemical activities in this enzyme other than electron transport
and proton translocation.

Because of the enormous complexity of this oligomeric protein,
attempts to degrade it into smaller, easier to study, fragments
have been made. Neurospora crassa complex I can be separated
into two distinct fractions (Friedrich et al., 1989; Tuschen et al.,
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1990; Wang et al., 1991): the so-called small form of complex I
[an assembly of 13 nuclear-encoded subunits containing the
NAD(H)-binding site and three Fe-S clusters], which is made in
Neurospora cells poisoned with chloramphenicol; and the hydro-
phobic fragment, a fraction obtained by chaotropic treatment of
the isolated complex, which comprises all the mitochondrially
encoded subunits, about 10 nuclear-coded subunits and one
Fe-S cluster. Among the latter group of constituents the ubi-
quinone-binding polypeptide was found (H. Heinrich, J. E.
Azevedo and S. Werner, unpublished work).

Electron microscopy studies revealed that N. crassa complex I
forms an L-shaped rod, with one arm embedded in the membrane
(the hydrophobic arm), and the other (the peripheral arm)
protruding into the mitochondrial matrix (Hofhaus et al., 1991).
Most importantly, these studies showed the equivalence between
the small form of the enzyme and the peripheral arm and, on the
other hand, the identity of the hydrophic fraction with the
hydrophobic arm. Thus, complex I seems to be constituted of
two relatively independent structural units which are thought to
have independent assembly pathways also (Tuschen et al., 1990).

In the present paper we describe the cloning of a cDNA
encoding a 20.9 kDa subunit of the hydrophobic arm of complex
I. As an attempt to elucidate the assembly of this subunit we have
studied its mitochondrial import pathway in vitro.

MATERIALS AND METHODS

The following procedures were employed according to the
references cited : growth of N. crassa (wild type OR74A) (Werner,
1977); preparation of complex I (Ise et al., 1985; Filser &
Werner, 1988); isolation of mitochondria for import in vitro
experiments (Rassow ez al., 1989); SDS/PAGE (Laemmli, 1970;
Videira & Werner, 1989); Western-blotting (Towbin et al., 1979)
and detection of horseradish peroxidase- or alkahne phosphatase-

Abbrevnanons ‘ased: SEM buffer (250 mM-sucrose, 1 mM-EDTA, 10 mmM-Mops/KOH, pH 7.2); SEMK, SEM buffer containing 100 mM-KCl; M,

matrix; cyt cacytochrome c; a-IDH, a-isocitrate dehydrogenase.
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conjugated second antibodies on Western blots (Roswell &
White, 1978 ; Blake et al., 1984); synthesis of proteins in rabbit
reticulocyte lysate (Amersham International, Amersham, Bucks.,
U.K.) (Pelham & Jackson, 1976) in the presence of [¥S]-
methionine (specific activity 1000 Ci/mmol; Amersham) by
coupled transcription/translation (Stueber e? al., 1984; Hartl ez
al., 1986); preparation of reticulocyte lysate to supplement import
reactions (Hartl et al., 1986); determination of protein con-
centration (Bradford, 1976); extraction of mitochondria with
carbonate buffer (Fujiki et al., 1982); automated Edman degra-
dation of a CNBr-cleavage fragment of the isolated subunit
(Wachter & Werhahn, 1979; Eckerskorn et al., 1988).

The strategy used for screening a Agtll cDNA expression
library, subcloning and sequencing cDNA inserts has been
described previously (Videira et al., 19905).

The import assays were carried out as reported (Hartl et al.,
1986) with the following modifications: to a microtube pre-
equilibrated at 0 °C the following solutions were added: 2 ul of
0.1 M-NADH, 5 gl of 0.1 M-MgCl,, 10 ul of reticulocyte lysate,
70 ul of BSA buffer [250 mM-sucrose, 3 % (w/v) lipid-free BSA,
80 mM-KCl, 10 mM-Mops/KOH, pH 7.2] and either 1l of
100 uM-valinomycin in ethanol or 1 l of ethanol alone (control).
Finally, 10 ul of freshly prepared mitochondria (5 mg/ml) were
added. The import reaction was started by addition of 1 ul of
reticulocyte lysate containing the 3*S-labelled 20.9 kDa subunit.
The suspension was incubated for 20 min at 25 °C and divided
into two parts. One half received 1 ul of proteinase K at a
concentration of 1 mg/mlin SEM buffer (250 mm-sucrose, | mM-
EDTA, 10 mM-Mops/KOH, pH 7.2) and the other half SEM
buffer only. Both samples were incubated for 15 min on ice and
1 ul of 0.1 M-phenylmethanesulphonyl fluoride in ethanol was
added. After a further 5 min of incubation on ice, the mitochon-
dria were pelleted by centrifugation (10 min at 15000 g), re-
suspended gently in 200 ul of SEM buffer, centrifuged again
under the same conditions and then either processed for SDS/
PAGE analysis, or used for the salt and alkaline extractions.

The salt extraction was performed as follows: aliquots con-
taining 200 g of mitochondria from an import experiment were
resuspended in 2 ml of SEM buffer containing various con-
centrations of NaCl (0-0.5 M). After sonicating as described
(Hartl et al., 1986), the samples were divided into two portions.
One half was kept on ice as a control (named total sample) and
the other was separated into membrane pellet and supernatant
by centrifugation for 1 h at 165000 g. The membrane fractions
were resuspended in 100 l of 29, (w/v) Triton X-100 in water
and then 1 ml of SEM buffer containing the original NaCl
concentration was added. All the other samples (i.e. the super-
natants and the total samples) were supplemented with the same
volume of detergent solution. Finally the protein was precipitated
by adding trichloroacetic acid (100 % w/v) to reach a final 109,
(w/v) concentration. More than 90 %, of the radioactive material
was precipitated, as judged by liquid scintillation counting.

For the digitonin fractionation experiment (Hartl ez al., 1986)
a 22-fold scale-up of the import reaction described above was
done (i.e. 1.1 mg of energized mitochondria were used) with the
following modifications: after 20 min of incubation at 25 °C,
trypsin (2 mg/ml in SEM buffer) was added to a final con-
centration of 30 xg/ml. The suspension was incubated for 15 min
on ice and a 30-fold excess (by wt.) of soy bean trypsin inhibitor
was added. After a further 5 min on ice, the mitochondria were
re-isolated, washed (see above) and resuspended in SEM buffer
containing 100 mM-KCl (SEMK) at a protein_concentration of
5 mg/ml. Aliquots (20 xl) of this suspension were added to
prechilled tubes already containing 4 xl of SEMK buffer (con-
trols), or 4 ul of various digitonin solutions in SEMK to give.the
final desired detergent concentrations (0.05-0.3 %,). After mixing

J. E. Azevedo and others

briefly,the samples were incubated for 2 min on ice and were then
immediately diluted with a 20-fold volume of SEMK. Proteinase
K (1 mg/ml in SEM) was added to a final concentration of
30 ug/ml and, after 15 min on ice, phenylmethanesulphonyl
fluoride (0.1 M in ethanol) was added to obtain.a 2 mM solution.
The samples were incubated for 5 min on ice, centrifuged for
20 min at 48000 g, washed with 1 ml of SEMK and subjected to
SDS/PAGE.

RESULTS

Isolation and sequence analysis of cDNA clones

Phages (4 x 10°) of a Agtll cDNA expression library were
screened with a monospecific antibody raised an individual
subunit of complex I having an apparent molecular mass of
19 kDa (see Fig. 1). Five phages giving positive results were
isolated and shown to carry inserts showing sequence identity by
Southern-blot analysis (results not shown). The largest insert
(about 950 bp) was subcloned in the pPGEM4 transcription vector
(Promega), yielding the plasmid pNUO-20.9, and was sequenced
(Fig. 2). The cDNA is 994 bp long and consists of a 22 bp §'-
untranslated region, an open reading frame of 567 bp and a
405 bp 3’-untranslated region. The sequence GTCACAATGT
surrounding the first ATG is nearly identical to the optimum
translation initiation sequence of N. crassa (RTCACAATGG)
(Paluh et al., 1988). The open reading frame encodes a 189
amino-acid-residue protein with a calculated molecular mass of

Molecular
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Fig. 1. SDS/PAGE of subunits of complex I from N. crassa

The 20.9 kDa subunit (NUO-20.9) and several subunits with already
known primary structures are indicated according to the molecular
masses of their mature forms [78.2 and 51.4 kDa (Preis et al., 1991);
30.4 kDa (Videira et al., 1990a); 21.3 kDa (Videira et al., 1990¢);
20.8 kDa (Videira et al., 1990b); and the 9.5 kDa (H. Heinrich, J. E.
Azevedo & S. Werner, unpublished work)]. The numbers at the left
margin indicate the molecular masses of the applied standards in
kDa.
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The 20.9 kDa subunit of Neurospora complex I

(a)

-22 GCAATCGTCGGCCGCCGTCACA
1 ATGTCCAGCACTTCATCCCCGACGTACACGATCAGCAAGACACTCAATACCAATTATCCA
M $ S TS SPTJYTTISI KTTULNTNYP

61 CTTATCGACAATGACCCGCACTTCCGCCGTGTAATCGGCTACGCTCGCCCGTCCGATTAT
L I DNDUPHTFRRVIGYATRZPSTDY

121 GTTCACGGCACCGTTGCGGGGGCTGCCGGTCCCCGCCTTCTATATCTGATGGAGAAGATG
VHGTVAGARAMAGEPGTILTLYTILMETI KM

181 GCACCATCAGGTGTTGGAAAGGGTGGCTTTCCCAAGGCGATGCGACTGGCGACCGCCGTG
A P S GV G KGGFUPKAM®RILATIALNV

241 GGTTTCTTCGGCGGCTTTCTCTACTTTTACCAACGATCCATCCTCCGTTTCTATGGCATG
GFF G GF LY FYOQRJ STIULRTFYGM

301 AGCGAGAACGCCCGCGAGGTACAGATGGACATGCGTGAGATGGTTGACAAGGTCAAGGCT
S ENAREVQMDMRPBREMMVYVDIKV KA

361 GGTCAGCCACTTTACGGTGTCAGTACCCTGCCTGTCGATGTTCAAGGCATGGCTGCTCGT
G QPLY GV STULPVDVQOGMAR-ATR

421 CAGTCGAGATACTCGGCCCTTTTCTTCGCTGTCCTCCCCTGGTTCAACTTTGTGAACCAC
Q S R Y S A L F F A V L P W FNTFV NH

481 AACCAGCATGGTGTCGACACAGCCAAGTACTACCAGCAGGCCGAGAGGGAGTTGGAGGCT
N QHGVDTA AZ KYYOQQAERETLTERA

541 GAGCGCTTGGGCAAGGGAAGCTCGTCGTAAGACACGAGCATGGCGGAAGTCAAATGTGAA
ERLGIKGS S s *

601 GGTCGAGAATGGTAGTCCGCCAGAGGGTGAGAACAGAACCTTGTTAGGCGAGAGGGCTGA
661 CCGATCGGATGATGGTGTAAACATGGAGCTTTAAACGCTGGACCAACAGAACAGAACGCA
721 AGTTAACGACCATCCCCTACCCTGATCTTTACGTGATACTTCAGGAGGTGCGTTGATTGG
781 CTGGGTTGTTAGAGGTGTTCATCACCAATAGAGAACTATGGACAAGAGGGTGGCGCTTTG
841 TGTTACGTTGATATTACGGCAGCCACTGAGATTTCGGGACCTGCCTGATGCCGCAGCCTC
901 GCTGACGTATCACTTGACAACCTCCCGATGAATTGAAGATTGGGTCTGGTTTACTCGTCA
961 AGTCTACAATCA

(b)
. - . - .
H } i
o ‘__‘—"—‘ < ‘—-————‘ -
|
100 bp

Fig. 2. cDNA sequence determination

(a) Nucleotide sequence and deduced protein sequence of the cDNA
encoding the NUO-20.9 subunit. The amino acid sequence obtained
by automated Edman degradation is underlined. A putative mem-
brane-spanning domain is also indicated (dotted line). The stop
codon is marked by an asterisk. (b) Sequencing strategy and structure
of the cloned cDNA insert. Arrows show the direction and extent of
sequence determination. The box corresponds to the coding region
of the cDNA.

M protein (283)  SISKTLASQLVFKREICYPLMDLNPHLNLVI-WASSVEITRVDAIF
too

TxkxRR 1) R T N T

NUO-209(10)  TISKTLNTN--—--=—- YPLIDNDPHFRRVIGYARPSDYVH-GTVA
M protein (328) QPSLPGEFRYYPNIIA-KGVGKIKQWN
S * 1 Ik kkkx
NUO-209 (47)  GAAGPG-LLYLMEKMAPSGVGKGGEPK
Fig. 3. Alignment of the sequences of the NUO-20.9 and the M protein of
para-influenza virus

Numbers indicate the positions within the respective polypeptides of
the first amino acid residue on each line. Amino acid identities (*)
and conservative substitutions (!) are indicated. Hyphens were
introduced to optimize the alignment.

20981 Da. One putative membrane-spanning domain (residues
73-88) was predicted using the method of Rao & Argos (1986).
A search in a protein database revealed a striking similarity,
within a 60 amino-acid-residue domain, with the so-called M
(matrix) protein of para-influenza virus (Galinski et al., 1987;
Fig. 3).

Protein-sequence analysis

Automated Edman degradation of the electrophoretically
isolated 20.9 kDa subunit (NUO-20.9) failed to give any results,
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Fig. 4. Import in vitro of NUO-20.9 into isolated mitochondria

[**S]Methionine-labelled NUO-20.9 was incubated with freshly
isolated mitochondria, either in the presence (lanes 1 and 2), or
absence (lanes 3 and 4) of 1 uM-valinomycin [minus and plus
membrane potential (AW) respectively]. The samples in lanes 2 and
4 were treated with proteinase K (PK). After inactivation of the
protease and re-isolation of the mitochondria, samples were ana-
lysed by SDS/PAGE. A fluorograph of the dried gel is shown.
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Fig. 5. NUO-20.9 imported ir vitro is membrane bound

35S-labelled NUO-20.9 was imported into mitochondria (800 ug of
protein). After proteinase K treatment and re-isolation of mito-
chondria, aliquots containing 200 xg of mitochondrial protein were
resuspended in 2 ml of SEM buffer containing the indicated NaCl
concentrations. The samples were sonicated and divided into two
halves. One half was kept on ice for determination of recoveries
(termed ‘total’). The other half was separated into a membrane
fraction and a soluble fraction by centrifugation (1 h at 165000 g).
The protein in all samples was precipitated with trichloroacetic acid
(see the Materials and methods section), subjected to SDS/PAGE
and blotted onto nitrocellulose. The Western-blot was first used to
expose an X-ray film (to detect the subunit imported in vitro) and,
afterwards, probed with an antiserum against cyt ¢. Membrane-
associated (insoluble) NUO-20.9 and cyt ¢ (ll and @ respectively),
or soluble NUO-20.9 and cyt ¢ (O and Q), are expressed as a
percentage of total recovered protein.

suggesting a protected N-terminus. Therefore, the isolated sub-

unit was cleaved with CNBr and.one fragment was partially .
sequenced. The sequence obtained, (M)AARQSRYSALF-

FAVLPWF, matches the predicted amino acid sequence

of residues 137-155, hence confirming the validity of the isolated

clone.

Mitochondrial import of NUO-20.9 synthesized in vitro

The 20.9 kDa subunit was synthesized in vitro in the presence
of [**S]methionine and used in a mitochondrial import experiment
in vitro. Isolated mitochondria were incubated with the NUO-
20.9 subunit synthesized in vitro, either in the presence (Fig. 4,
lanes 3 and 4) or absence (Fig. 4, lanes 1 and 2) of a membrane
potential. Import into the interior of mitochondria was moni-
tored by treatment of the import reactions with proteinase K.
Proteinase-resistant subunit is found only in the presence of a
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membrane potential (Fig. 4, lane 4). When the mitochondrial
membrane potential is abolished no imported NUO-20.9 is
observed (Fig. 4, lane 2), although binding to mitochondria is not
diminished (Fig. 4, compare lanes 1 and 3). It is also clear that
the imported subunit is not processed to a mature form having
an appreciably different molecular mass, suggesting that this
particular complex I subunit is not synthesized with a cleavable
mitochondrial targeting sequence. This observation is further
supported by the fact that the NUO-20.9 synthesized in vitro
co-migrates exactly with the assembled form of the subunit upon
SDS/PAGE (results not shown).

Localization of NUO-20.9

As demonstrated in the previous section NUO-20.9 can be
efficiently imported into mitochondria in the presence of a
membrane potential. The proteinase K resistance of NUO-20.9
observed under these conditions indicates that NUO-20.9 has at
least crossed the outer membrane of mitochondria, but no more
information regarding its localization can be inferred. In a first
attempt at localizing the subunit imported in vitro, we tried to
find out whether NUO-20.9 exists as a soluble or membrane-
bound species inside the mitochondria. The following experiment
was performed: after a standard import reaction in vitro in the
presence of a membrane potential, mitochondria were re-
suspended in SEM buffer containing various concentrations of
NaCl and were sonicated; after centrifugation for 1h at
165000 g, the supernatants and the membrane pellets were
analysed for the presence of labelled NUO-20.9 (Fig. 5). NUO-
20.9 is resistant to NaCl extraction of membranes, even at a high
salt concentration (0.5 M). The in vitro synthesized NUO-20.9
alone subjected to the same treatment could not be sedimented
under these conditions (results not shown). Thus, this result
indicates that the newly imported subunit is probably tightly
bound to membranes.

The nature of this interaction with membranes was investigated
further by analysing the extractability of both the form imported
in vitro and the endogenous form of NUO-20.9 with 0.1 M-
Na,CO, (pH 11.5). With this alkaline extraction technique it is
possible to distinguish between -intrinsic and peripheral mem-
brane proteins. Mitochondria from an import in vitro experiment,
as described above, were incubated with the carbonate solution
and separated into soluble and membrane fractions by centri-
fugation. These fractions were analysed by Western-blotting and
fluorography to detect the endogenous and the in vitro imported
form of NUO-20.9 respectively. As shown in Fig. 6, the en-
dogenous form of NUO-20.9 is found associated with mem-
branes, providing strong evidence that it is an intrinsic membrane
protein. This is in sharp contrast to the behaviour of the 30.4 kDa
subunit of complex I, which is completely extractable under these
conditions. The majority of the newly imported NUO-20.9 is
also resistant to the extraction procedure, although about 20 %,
was consistently found in the soluble fraction. When the mem-
branes were extracted a second time with carbonate no more
labelled subunit could be recovered (results not shown). Thus, we
assume that the extractablé protein represents an intermediate
stage in the import, where the subunit interacts with the
membrane (virtually all the labelled subunit is resistant to NaCl
extraction), but is not yet inserted into its lipophilic environment.

To localize more specifically the subunit imported in vitro, as
well as the endogenous NUO-20.9, we tried to assess the
membrane topology of these species by subfractionation of
mitochondria with digitonin. Mitochondria re-isolated from an
import reaction were subjected to increasing concentrations of
digitonin (in order to open successively the intermembrane space
and the matrix) and a constant amount of proteinase K was
added. The protease sensitivity profile of both forms of the
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NUO-209 = & —
imported in vitro W m i

Fig. 6. Extractability of NUO-20.9 by alkaline treatment

Mitochondria (200 xg of protein) from an import in vitro experiment
were resuspended in 2 ml of 0.1 M-Na,CO, and incubated for 30 min
at 0 °C. Half of the sample was kept on ice for determination of
recoveries (T sample). The other half was separated into pellet (P)
and supernatant (S) by centrifugation (1 h at 165000 g). Sample P
was resuspended in 1 ml of the carbonate solution to make all
solutions chemically identical. After precipitation with tri-
chloroacetic acid [final concentration 12.5% (w/v)] the samples
were subjected to SDS/PAGE. The NUO-20.9 imported in vitro was
analysed by fluorography of a dried gel. The endogenous NUO-20.9
and the 30.4 kDa subunit were detected on Western blots with
monospecific antisera.

o -IDH .

Cytc'

NUO-20.9 /ity g
e~ .
NUO-20.9. /M s, oo, . s

imported in vitro

Trypsin - + + 4+ + o+ o+ + o+ + 4+
Digitonin 0 0 0 0.0250.05 0.075 0.1 0.15 0.2 0.25 0.3
(%)

PK - - + o+ - + o+ + + + o+

Fig. 7. Membrane topology of both the in vitro imported and endogenous
NUO-20.9

[**S]Methionine-labelled NUO-20.9 was imported into isolated

mitochondria (1.1 mg of protein). An aliquot containing 100 xg of
protein was kept on ice as a control (first column). The remaining

mitochondria were treated with trypsin at 30 xg/ml to remove any

non-imported subunit. After inactivation of the protease, mito-

chondria from the samples were re-isolated, washed and resuspended

in SEMK buffer (see the Materials and methods section) at a protein

concentration of 0.1 mg/ml. Aliquots containing 100 g of protein

were then treated for 2 min at 0 °C with the indicated amounts of
digitonin and were immediately diluted 20-fold with buffer. After-
treatment with proteinase K (PK), as specified, mitochondria were

re-isolated, washed and subjected to SDS/PAGE. The gel was

blotted onto nitrocellulose and the membrane was first used to

expose an X-ray film (to detect the subunit imported in vitro) and,

afterwards, probed with antisera against cyt ¢ (intermembrane space

marker), a-IDH (matrix marker), and NUO-20.9.

subunit was compared with those of polypeptides of known
mitochondrial localization : cytochrome ¢ (cyt ¢) and a-isocitrate
dehydrogenase (a«-IDH) were used as markers for the inter-
membrane space and the matrix respectively. As shown in Fig. 7,
both forms of the subunit were grossly accessible to proteinase K
at a concentration of 0.159, digitonin. The same is true for cyt
¢, indicating that the intermembrane space was completely
opened under these conditions. In contrast, «-IDH was not
degraded at this digitonin concentration, implying that the
structure of the inner. membrane was still intact. However, it
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The 20.9 kDa subunit of Neurospora complex I

should be noted that the endogenous subunit is somehow more
resistant to the proteolytic action of proteinase K than the newly
imported one (a fraction of the subunit remains undigested even
after opening the matrix compartment). This phenomenon could
reflect a more protected environment and/or a different structure
of the assembled subunit. On the other hand, the existence of
different subpopulations of NUO-20.9 in complex I cannot be
excluded. Indeed, the stoichiometry of NUO-20.9 in relation to
the 78.2 kDa and 30.4 kDa subunits is 3:1:1, as judged by laser
densitometry of SDS/PAGE-resolved subunits obtained by
immunoprecipitation of complex I from 35S-labelled mitochon-
dria (J. E. Azevedo & S. Werner, unpublished work).

In summary, these results strongly suggest that both the
polypeptide imported in vitro and a considerable fraction of the
endogenous form of NUO-20.9, if not all, are exposed to the
mitochondrial intermembrane space.

DISCUSSION

We have cloned and sequenced a cDNA insert which encodes
the 20.9 kDa subunit of complex I from N. crassa. In an attempt
to obtain some clues about the function of this subunit we
compared its deduced primary structure with the sequences
compiled in the latest versions of the PIR and NBRF databases.
A striking similarity over a domain of 60 amino acid residues
between NUO-20.9 and the M protein of para-influenza virus
(Galinski et al., 1987) was found. The similarity observed is quite
impressive (62 %), and it is therefore possible that both regions
of the two proteins may mediate the same function. However, it
will be necessary to collect additional sequence data on NUO-
20.9 homologues from evolutionary remote organisms to clarify
this point.

To characterize the biogenetic pathway of this complex I
subunit we have performed mitochondrial import experiments in
vitro. Our results indicate that NUO-20.9 does not possess a
cleavable targeting sequence. Obviously, the information to
address NUO-20.9 to mitrochondria resides in the mature
protein. Mitochondrial targeting sequences are generally posi-
tively charged, rich in hydroxylated residues, devoid of acidic
amino acids and located at the N-terminus of the precursor
proteins (Hartl et al., 1989). The N-terminal region of NUO-20.9
exhibits clearly these characteristics and could thereforg fulfil this
function.

Furthermore we have shown that binding of the precursor
protein to mitochondria is independent of a membrane potential
(AY), a property of the so-called class I precursors (Hartl et al.,
1989). However, translocation across the outer membrane (a
process that is thought to be AW-independent) is only ac-
complished in the presence of an energized inner membrane. This
suggests that translocation across both the outer and inner
membrane is a coupled event and, based on the current knowledge
of import mechanisms, probably occurs at contact sites (for a
review see Pfanner & Neupert, 1990).

It cannot be inferred from the import experiments in vitro,
whether NUO-20.9 is inserted into the inner membrane at this
stage (i.e. translocation at contact sites is arrested at the inner
membrane), or whether the polypeptide crosses both membranes,
reaches the matrix and is then redirected to the inner membrane
[a mechanism that would be in agreement with the so-called
conservative sorting (Pfanner & Neupert, 1990)]. The fact that
we could not detect a soluble (salt-extractable) species during the
import into mitochondria in vitro is consistent with the first
pathway. However, a transient, very fast passage of NUO-20.9
through the matrix cannot be excluded. Nevertheless, it should
be kept in mind that all precursor proteins sorted by the
conservative pathway possess a cleavable mitochondrial targeting
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sequence (see Hartl ez al., 1989 and papers cited therein). Since
this is not the case with NUO-20.9, we speculate that this subunit
does not follow the conservative sorting.

Once imported, the synthesized NUO-20.9 in vitro mimics, in
at least two aspects, the endogenous subunit: (1) it is found
mainly as an intrinsic membrane protein; and (2) it acquires a
membrane topology which cannot be discriminated from that of
the endogenous subunit, as judged by the accessibility to pro-
teinase K from the mitochondrial intermembrane space. Thus,
these results suggest that the subunit imported in vitro is on its
correct assembly pathway.

Pulse-labelling experiments with N. crassa cells (Tuschen et al.,
1990) demonstrated the existence of an assembly intermediate of
complex I having a molecular mass of about 350 kDa. This
intermediate comprises not only all the mitochondrially encoded
subunits, but also a subset of nuclear-coded subunits to which
the NUO-20.9 polypeptide belongs. These observations, together
with our results, suggest the following biogenetic pathway for the
NUO-20.9 subunit: (i) synthesis on cytosolic ribosomes of the
precursor protein lacking a cleavable mitochondrial targeting
sequence; (ii) interaction with the mitochondrial outer membrane
in a A¥-independent process; (iii) import into mitochondria,
probably at contact sites; (iv) insertion into the inner membrane
of the precursor protein, which already displays distinct features
of the assembled form; (v) assembly into the 350 kDa inter-
mediate; and finally, (vi) association of this intermediate with
remaining nuclear-encoded subunits that, as proposed (Tuschen
et al., 1990) may already exist in a pre-assembled subcomplex.
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