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Short title: Topology of complex |
Synopsis

Mitochondrial NADH:ubiquinone oxidoreductase (complex I) is a very large membrane protein
complex with a central function in energy metabolism. Complex I from the aerobic yeast Yarrowia
lipolytica comprises 14 central subunits that harbour the bioenergetic core functions and at least 28
accessory subunits. Despite progress in structure determination the position of individual accessory
subunits in the enzyme complex remains largely unknown.

Proteomic analysis of subcomplex 16 revealed that it lacked eleven subunits including the central
subunits ND1 and ND3 forming the interface between the peripheral and the membrane arm in
bacterial complex I. This unexpected observation provided insight into the structural organization of
the connection between the two major parts of mitochondrial complex I. Combining recent structural
information, biochemical evidence on the assignment of individual subunits to the subdomains of
complex I and sequence based predictions for the targeting of subunits to different mitochondrial
compartments, we derived a model for the arrangement of the subunits in the membrane arm of
mitochondrial complex I.

Keywords: membrane protein, mitochondria, NADH dehydrogenase, protein import, respiratory
chain, subcomplex

Abbreviations: ESI-MS, electrospray ionisation- mass spectrometry; FMN, flavin-mononucleotide;
LILBID-MS, laser induced liquid bead ion desorption mass spectrometry; HAR,
hexaammineruthenium(IIl)-chloride; DBQ, decylubiquinone; DDM, B-D-dodecyl-maltoside, DQA, 2-
decyl-4-quinazolinylamine; LDAO, lauryl dimethylamine oxide; Q;, ubiquinone-1; STMD, single
transmembrane domain
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INTRODUCTION

Proton pumping NADH:ubiquinone oxidoreductase (complex I, EC 1.6.5.3) is the largest membrane
protein complex in the respiratory chain of many bacteria and mitochondria [1-3]. Coupling the two-
electron transfer reaction from NADH to ubiquinone to the vectorial translocation of four protons,
mitochondrial complex I provides a major portion of the proton motive force that drives ATP
synthesis. The enzyme is a source of reactive oxygen species and has been implicated in the
pathogenesis of a number of human neurodegenerative diseases [4].

Mitochondrial complex I is composed of more than 40 different subunits subdivided into central and
accessory subunits. The fourteen central subunits carry out the bioenergetic function of complex I and
are conserved throughout species, from bacteria to mammals. They can be assigned to three functional
modules [3] that harbour the bioenergetic core functions NADH oxidation (N-module), ubiquinone
reduction (Q-module) and proton translocation (P-module). The substrate binding sites are connected
by a chain of iron-sulfur clusters. The function of the accessory subunits of mitochondrial complex I is
largely unknown. Individual subunits were suggested to play a role in _assembly, regulation, and
stabilization of the complex [3;5-7]. In complex I from the strictly aerobic yeast Yarrowia lipolytica so
far 28 accessory subunits with a total mass of 421.0 kDa were identified corresponding to 43.7 % of
the total mass of 963.7 kDa [8](Niibel et al., in preparation).

Electron microscopy revealed that complex I from mammalian and fungal mitochondria like that from
eubacteria is L-shaped with a hydrophilic peripheral arm and a hydrophobic membrane arm [9].
Recently, X-ray crystallographic analysis provided insight into the overall architecture of prokaryotic
[10] and eukaryotic [11] complex I at intermediate resolution. The X-ray structure of a bacterial
peripheral arm fragment had been solved earlier at up to 3.1 A resolution [12]. It comprises the N- and
the Q-module that together perform all the redox-chemistry. As had been suggested before [13;14], the
terminal iron-sulfur cluster N2 that is the immediate electron donor for ubiquinone, was found at a
remarkable distance from the membrane domain [10;11]. The membrane arm or P-module is
subdivided into a proximal (Pp) and a distal (Pp) domain [11]. Several lines of evidence suggest that
both parts of the P-module contribute to proton translocation. An elongated presumably a-helical
element that is laterally associated with the membrane arm was discovered that connects the proximal
and distal domains of the P-module and has been suggested to play a key role in energy transmission
within the membrane arm [10;11]. Overall, the relative arrangement of functional modules in complex
I indicates a spatial separation of redox chemistry and proton translocation essentially excluding direct
mechanisms of energy transfer. It rather suggests that complex I operates by a conformational
coupling mechanism.

Complex I from many bacteria is too unstable to be prepared in intact form. This has only been
achieved with complexes: from Escherichia coli [15], Paracoccus denitrificans [16] and some
thermophilic eubacteria [10;17]. Complex I purified from these species still tends to disintegrate very
easily into the peripheral arm comprising the Q- and N-modules and the membrane integral P-module.
Also the compositions of several subcomplexes that have been prepared biochemically from bovine
complex I by applying mild chaotropic conditions [18-21] reflect the modular architecture of complex
I, although there are some notable discrepancies. Subcomplex low comprises the Q- and N-module of
the peripheral arm and a sector of the Pp-module of the membrane arm while subcomplex I
essentially corresponds to the distal membrane arm module Pp. Further disassembly of subcomplex Ia
leads to formation of subcomplex IA that is more hydrophilic but still contains two accessory subunits
with predicted transmembrane helices.

A subcomplex similar to bovine subcomplex IA has been generated previously by disintegration of
complex I from the strictly aerobic yeast Y. lipolytica [22]. Here we extended these studies and
prepared a new type of subcomplex still comprising the Q-, N- and Pp-module of complex I, but
lacking a significant portion of the Pp-module. Our results suggest that a rather stable connection must
exist in mitochondrial complex I between the peripheral arm and the distal membrane arm domain that
involves specific accessory subunits. Combining available structural information, biochemical data,
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and sequence analysis, we have derived a topological model for the arrangement of the central and
accessory subunits in the membrane arm of complex I.

EXPERIMENTAL
Preparation of subcomplex I8 from Y. lipolytica, catalytic activity and EPR spectroscopy

Complex I from Y. lipolytica strain PIPO (His-tagged 30-kDa subunit) was prepared as described [23].
A strain variant of PIPO expressing subunit NUJM-Strep-tagll (His-tagged 30-kDa subunit and
Strepll-tagged NUJM) was generated as described elsewhere (Niibel et al., in preparation).
Subcomplex 10 was prepared by incubation of 2 mg purified complex I in 5 mL incubation buffer (20
mM NaP;, 400 mM NaCl, 20 mM imidazole, 1| mM MgCl,, 1 % LDAO, pH 7.2) on ice for 2 h. The
sample was loaded on a Ni-NTA column and washed with 12 column volumes LDAO-washing buffer
(20 mM NaP;, 400 mM NaCl, 20 mM imidazole, 1 % LDAO, pH 7.2). The detergent was exchanged
to B-dodecylmaltoside (DDM) with 9 column volumes DDM-washing butfer (20 mM NaP; pH, 400
mM NaCl, 20 mM imidazole, 0.025 % DDM, pH 7.2). Subcomplex 16 was eluted with 7 column
volumes DDM-elution buffer (20 mM NaP;, 400 mM NaCl, 140 mM imidazole, 0.025 % DDM, pH
7.2). The concentrated sample (Amicon concentrator 50 kDa cut off, Millipore) was applied to gel
filtration (TSK 4000 7.8 x 30) in gel filtration buffer (20 mM Na-Mops, 100 mM NaCl, 1 mM EDTA,
0.025 % DDM, pH 7.2) and concentrated to 15 mg/ml. final protein concentration. Protein
concentration was determined according to a modified Lowry protocol using bovine serum albumin as
standard protein.

NADH:HAR, NADH:DBQ, and NADH:Q; oxidoreductase activity was measured essentially as
described in [24]. X-band EPR spectra were obtained essentially as described in [25].

Electrophoresis

Blue-Native PAGE of Y. lipolytica mitochondria was performed using DDM (1 g/g protein) as
detergent according to [26]. Molecular masses of complex I, complex V and complex III-dimer from
Y. lipolytica mitochondrial membranes were assigned as described [27].

Subunits of protein complexes were separated by doubled SDS-PAGE (dSDS-PAGE) that was carried
out as reported previously [28] with the minor change that protein samples were reduced using 130
mM DTT. Briefly, lanes from 1D SDS-PAGE gels (10 % polyacrylamide, 6 M urea) were incubated
in acidic solution containing 100 mM Tris, 150 mM HCI, pH < 2 for 30 min and analysed by second
dimension SDS-PAGE using 16 % polyacrylamide.

ELISA and identification of subunit NUPM by western blot analysis and LC-MS/MS

The standard ELISA using alkaline conditions for binding of complex I or subcomplex I3 to
polystyrene microtiter plates were carried out as described [13]. Primary monoclonal antibodies
against several subunits were used for subunit identification (anti-49-kDa and anti-PSST, anti-NUPM,
two different anti-NESM antibodies and anti-NIAM) [13](Zickermann, unpublished).

We used a three-dimensional electrophoresis technique (BNE followed by dSDS-PAGE) to separate
the protein subunits of complex I from Y. lipolytica and to characterize the monoclonal antibody
31A8. To prepare complex I for BN-PAGE, 0.3 g/g DDM was added to one mg of
chromatographically purified complex I [26]. The repurified complex I band was excised from the
BN-gel and the subunits were separated using dSDS-PAGE. Following electroblotting of the dSDS-
PAGE gels on polyvinylidenfluoride membranes [26], monoclonal antibody 31A8 was used for
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immunological detection. A gel piece from a duplicate Commassie-stained gel was cut out for LC-
MS/MS analysis revealing binding of monoclonal antibody 31A8 to subunit NUPM.

Mass Spectrometry

Laser Induced Liquid Bead lon Desorption Mass Spectrometry (LILBID-MS) was done as described
previously [29]. Protein bands were analyzed by Electrospray lonization Mass Spectrometry (ESI-MS)
after dSDS- or BN-PAGE. Gel spots were excised and in gel digested with trypsin as essentially
described by Collins et al. [30]. In addition complete purified complex I was digested in solution (see
Supplelmentary Table III). Briefly, about 70 ug of complex I were reduced with DTT (5 mM) and
alkylated with iodoacetamide (15 mM) in 50 mM ammonium bicarbonate buffer and subsequently
digested overnight with 1 pg of trypsin or chymotrypsin in 0.01% ProteaseMAX™ surfactant (w/v)
(Promega). The peptides were extracted from the digest using cation exchange. The dried peptides
were redissolved in 5% acetonitrile/0.5% formic acid for subsequent analysis by ESI-LC-MS/MS.

The extracted peptides were separated on a nano-HPLC column (PicoTip™, New Objective), packed
with reversed phase silica (Hypersil Gold Cis, 3 um, Thermo Scientific) and analysed by a LTQ
Orbitrap XL mass spectrometer as described [31], except that gradients were adapted to the
complexity of the sample.

Electron microscopy

Complex I decorated with monoclonal antibody anti-NUPM, 31A8, was analyzed by electron
microscopy and image processing. The sample was first diluted to 0.48 mg/ml (buffer: 25 mM
Na/Mops pH 7.2, 100 mM NacCl, 0.025% DDM) and mixed with a two-fold molar excess of antibody.
After dilution to 0.03 mg/ml, the mixture was applied to carbon coated 400 Mesh copper grids and
deep stain embedded with NanoW (Nanoprobes, Yaphank, NY) [32;33]. The micrographs were
scanned on a SCAI flatbed scanner (Z/I Imaging Corporation, Huntsville, AL) with a calibrated pixel
size of 4.02 A on the specimen scale. 755 single particle images were boxed out of the micrographs,
using as only criterion that the particles showed the approximate size of complex I and were separated
from their neighbor particles, without differentiation between labeled and unlabeled protein. The
boxed particles were processed by centration followed by iterations of rotational translational
alignments [34] correspondence analysis [35] classification [36], and multireference alignments,
classification being the final step.

Sequence analysis

Prediction of N-terminal mitochondrial targeting sequences (MTS) was done using the MITOPROT
algorithm [37]. Alignments were done with default parameters using the program ClustalW2[38]. For
prediction of transmembrane segments we used the programs TMHMM and hmmtop [39;40].

RESULTS

Subcomplex I8 lacks part of the proximal P-module

Exposure of purified complex I to 1% of the zwitterionic detergent lauryl dimethylamine oxide
(LDAO) reproducibly resulted in formation of a defined subcomplex as determined by Blue-Native
(BN)-PAGE (Fig. 1A) and size exclusion chromatography (Fig. 1B). Expanding the established
nomenclature of biochemically prepared subcomplexes [18;20] we termed the new subcomplex I5. We
noted that in BN-PAGE the subcomplex migrated as a rather diffuse band and exhibited a pronounced
tendency to form oligomers. The subunit composition of monomer and oligomers was found to be
essentially identical (see below, Supplementary Table II). A total mass of ~850 kDa at peak maximum
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can be deduced from a series of prominent peaks in non-destructive laser induced liquid bead ion
desorption mass spectrometry (LILBID-MS) at ultrasoft conditions (Fig. 1C). As shown previously
detergents and phospholipids are still bound to the ionized complexes under these conditions and the
mass of the protein portion is 40-50 kDa lower [8], corresponding to the lower mass onset of the peak
at about 808 kDa (blue ticks, Fig. 1C).

Consistent with a reduction in molecular mass the specific NADH:hexammineruthenium (HAR)
oxidoreductase activity of the subcomplex I8 was 90+4 pmolemin™emg” as compared to 65+2
pmolemin”emg™ for purified holo-complex I. The non-physiological assay is indicative for a
functional N-Module, as it solely depends on the presence of an intact NADH-oxidation site and FMN
[41]. In contrast, inhibitor-sensitive NADH:ubiquinone oxidoreductase activity using ubiquinone
analoga such as decylubiquinone (DBQ) or ubiquinone-1 (Q;) was completely abolished in the
subcomplex and could not be recovered by addition of lipids (see Supplementary Table I). This
suggested that either the Q-module itself or the access path to its Q-binding pocket was affected. EPR
spectroscopy indicated that a largely intact peripheral arm was present in the subcomplex (Fig. 2). The
spectral signatures of iron-sulfur clusters N1, N3 and N4 appeared essentially unchanged. However,
iron-sulfur cluster N2 showed a slight distortion in peak shape of the g, signal and a shift of the g,
signal suggesting a somewhat modified environment for this redox center as observed previously for
bovine subcomplex IA [19].

Next we asked which of the central subunits had been retained in the subcomplex. Determining the
subunit composition of a membrane integral multiprotein complex is a difficult task and we therefore
applied three complementary techniques, dSDS-PAGE, LILBID-MS, and ESI-MS/MS of individual
subunits and, if necessary, in addition immunological and molecular genetics approaches. Please note
that we use bovine nomenclature for central subunits throughout (Table I). Fig. 3 shows silver-stained
dSDS-PAGE and Fig. 4 LILBID-subunit spectra of complex I and subcomplex 186. LILBID mass
spectrometry at high laser intensity dissociates non-covalently bound subunits of enzyme complexes
and generates a complete mass fingerprint in a single experiment [8]. The analysis of these data and
the results from ESI-MS/MS analysis of subcomplex 16 monomer and oligomers excised from BN-
gels are summarized in supplementary Table II. By all three techniques, the seven central subunits of
the peripheral arm and subunits ND4 and ND5 of the membrane were detected in the subcomplex,
while the hydrophobic subunits ND1, ND3 where clearly absent (Table I). The presence of the 49-kDa
and PSST subunit was further confirmed by ELISA (see Supplementary Fig. 1). In intact complex I,
subunits ND6 and ND4L could only be detected reliably by LILBID-MS. However, for ND6 (M, =
20.76 kDa) this required shifting the almost identical mass of accessory subunit NUIM (M, = 20.83
kDa) by a strep-tag. This separated the two peaks in the spectrum of the tagged complex I and allowed
unambiguous identification of both subunits and indicated that ND6 was not missing in the
subcomplex (Fig. 4, insert). In contrast, the LILBID-spectra showed that ND4L had been removed.
The spot for subunit ND2/ partially overlapped with that of subunit ND4 in dSDS-PAGE, but it
appeared that this subunit was at least markedly reduced in the subcomplex (Fig. 3). This was
confirmed by LILBID-MS showing that subunit ND2 had been removed partially by the LDAO
treatment (Fig. 4, peak 9).

With subunits ND1, ND3 and ND4L a significant portion of the proximal part of the Pp-module was
completely missing in the subcomplex (Table I). As subunit ND1 is the central subunit that according
to the recently published X-ray structural analysis of bacterial complex I [10] forms the major
connection between the membrane arm and the peripheral arm, we concluded that in mitochondrial
complex [ another connection between the two parts must exist. Electron microscopic analysis of
subcomplex 16 showed particles of the expected size with a three-domain substructure. Unfortunately,
the very high flexibility of the particles limited the 3D structural analysis of the complex to very low
resolutions of ~60A only (results not shown), precluding a more detailed interpretation.

Subcomplex I3 lacks seven accessory subunits

To determine which of the accessory subunits were missing in the subcomplex we again applied
dSDS-PAGE, LILBID-mass spectrometry, and ESI-MS/MS (Figs. 3 and 4; see Supplementary Table
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I). For most proteins the results obtained with the three methods complemented each other. E.g.
subunits with similar masses that resulted in overlapping peaks in LILBID-MS, were well enough
separated in dSDS-PAGE. Only in the case of subunit NUJM obtaining an unambiguous result
required using the complex I variant where this subunit was modified with a strep-tag. As discussed
above subunit NUJM has a molecular mass almost identical to that of the central subunit ND6
resulting in overlapping peaks in LILBID-MS. In dSDS-PAGE the spot for subunit NUJM overlapped
with that of subunit PSST making it again impossible to decide whether it was present in subcomplex
18. The spot for strep-tagged subunit NUIM was shifted away from that of subunit PSST but now
partly overlapped with the spot corresponding to subunit NUPM (Fig. 3, insert 1). However, as subunit
NUPM was detached by the LDAO treatment, as clearly evident from LILBID-MS, the remaining spot
at this position could be assigned unambiguously to strep-tagged NUJM subunit in subcomplex 16
(Fig. 3, insert 2, and Western Blot data not shown). Peptides indicating the presence of subunit NUXM
were found in the oligomeric form of subcomplex 16 by ESI-MS/MS. Employing ESI-MS/MS we
confirmed the presence of the recently discovered subunit NUUM in the holo-enzyme and in
subcomplex 16 [42]. However, we derived a different splice pattern for this subunit with a longer N-
terminal sequence (see Supplementary Table I11I).

To further confirm the presence or absence of individual subunits, ELISA experiments using specific
monoclonal antibodies against the NUPM, NIAM and NESM subunits were performed. In contrast to
the anti-NUPM antibody all other applied antibodies detected the respective subunit in the subcomplex
(see Supplementary Table II and Supplementary Fig. 1). Overall, the evidence generated by dSDS-
PAGE, LILBID-, BN-PAGE/ESI-mass spectrometry and ELISA on the subunit composition of
complete complex I and subcomplex 10 indicated that the seven accessory subunits NUPM, NUXM,
NB6M, NIPM, NIMM, NI9M and ST1 were detached by the LDAO treatment of holo-complex I
(Table I).

Subunit ND2 is present in a subpopulation of subcomplex 16

The total mass of the subunits not found in subcomplex 16 was 177.4 kDa. This corresponds to a
residual mass of the subcomplex of 786.3 kDa. As we have indications for the presence of at least one
small yet uncharacterized subunit (Niibel et al., in preparation) this fits well to the total mass of ~808
kDa determined experimentally by LILBID-MS (blue ticks, Fig. 1C). However, this includes 53.3 kDa
of subunit ND2 that was found to be present only in a fraction of the subcomplex Id sample. Closer
inspection revealed that indeed a second peak series corresponding to a mass of ~755 kDa was present
in the LILBID-MS spectra obtained in ultrasoft mode (red ticks, Fig. 1C). The difference of the
experimentally determined masses is consistent with a subcomplex that in addition to the other ten
subunits had lost subunit ND2. However, the peak intensities for the 808 kDa species suggested a
much higher fraction of complexes containing this subunit, than was expected based on LILBID-MS
single subunit spectra and dSDS-PAGE (Figs. 3 and 4). A straightforward explanation for this
discrepancy is that the subcomplexes lacking subunit ND2 were much less stable under the conditions
of the LILBID experiment and for the most part were disintegrated even in the ultrasoft LILBID-mode
making the 808 kDa subcomplex the dominant species in the spectra. The observed series of peaks
indicative of a mass of 413 kDa can be consistently explained by decomposition of laser irradiation
sensitive subcomplex [0 into the peripheral arm (green ticks, Q/N module) and smaller fragments that
are not resolved in the spectrum. We conclude that subunit ND2 was present only in a smaller fraction
of the sample that however was more resistant towards laser irradiation and thus appeared as the major
spectral component.

The arrangement of the accessory subunits can be deduced by combining biochemical structural
and sequence data.

Subcomplex 18 lacked those central subunits of the membrane arm that according to the X-ray data
[10;11] form the major interface with the peripheral arm. Yet it was stable enough to be prepared
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biochemically suggesting that most likely accessory subunits are involved in connecting the two major
parts of mitochondrial complex I. We therefore compiled the available information on the 28
accessory subunits of Y. lipolytica complex I to assign them to the different domains (Table I) and find
out how they may stabilize the core of central subunits of the P-module and how the P-module could
be interconnected with the peripheral arm.

From their presence in the hydrophilic subcomplex IA [18-20;22] seven hydrophilic accessory subunits
could be assigned to the Q- and N-module of the peripheral arm (Table I).

The sulfurtransferase subunit ST1 is not predicted to be imported into mitochondria (Table 1) and
therefore most likely resides in the intermembrane space. Because it is only loosely attached to
complex I and has not been found in other species [43] we did not consider it here any further.

Of the remaining 20 accessory subunits 12 contain at least one predicted transmembrane segment
identifying them as integral membrane proteins of the P-module [6] (Table I). We then reasoned that a
high probability for mitochondrial import and the presence of a mitochondrial targeting sequence
should indicate that a subunit resides on the matrix side of the membrane arm. This was clearly the
case for the acyl carrier protein like subunits ACPM1 and ACPM2. For subunit NI2M the
MITOPROT algorithm predicts a targeting sequence and a 100% import probability. However, we
could unambigously identify the N-terminal peptide of the precursor protein just lacking the initial
methionine by ESI-MS/MS (Supplementary Table III). We concluded that NI2M was also imported
into the mitochondrial matrix, but that for some unknown reason the targeting sequence was not
cleaved off. For the remaining five accessory subunits the MITOPROT algorithm predicted a very low
import probability score and no mitochondrial targeting sequence. This suggested that they are
probably located on the side of the membrane arm facing the intermembrane space. Proteins imported
to the intermembrane space are characterized by internal targeting signals and specific patterns of
cysteine residues [44]. Indeed, three of the subunits, NUPM, NIPM, and NB8M, exhibited canonical
twin CxoC motifs (see Supplementary Fig. 2). This indicated import to the intermembrane space via
the Mia40 pathway [45]. In subunit NUPM the twin Cx¢C motif is repeated. Also subunit NIDM may
be imported via this pathway, although it contains only one pair of cysteine residues with a spacing of
ten residues. NB4M contains no cysteine motif and it remained unclear how it reaches the
intermembrane space side of complex .

Next we assigned the 20 accessory subunits of the membrane arm to the different subdomains defined
by X-ray structural analysis [11]. With the exception of subunits NEBM, NUXM, NUNM, and
NUUM all subunits have orthologs in bovine complex I. Thus information from biochemically
prepared subcomplexes la, I and IA of the bovine enzyme [18-20;22] subcomplexes of Y. lipolytica
[22] (Drose et al, submitted and Niibel et al, in preparation) and the proteomic analysis of subcomplex
I3 reported here was included in this analysis.

Bovine subcomplex I3 corresponds to the Pp-module of the membrane arm comprising central
subunits ND4 and ND5 [18;21].-As it contains homologues of the single transmembrane domain
(STMD) subunits [6] NIAM, NESM and NB2M and the hydrophilic accessory subunits NIDM, NI2M,
and NB8M we can assign these subunits to the distal membrane arm module of Y. /ipolytica complex I
(Fig. 5). Bovine subunit B15, the homologue of Y. /ipolytica NB5M, is detected in subcomplexes I3
and Io, but it is, like STMD subunit NUNM absent in a Y. /ipolytica subcomplex comprising the
peripheral arm and the Pp-module (Niibel et al., in preparation). This suggested that these two subunits
are located in the Pp-module, with subunit NB5M residing near its interface with the Pp-module. The
homologue of the transmembrane subunit NUJM has been found in bovine subcomplex IA suggesting
a direct connection with the peripheral arm. On the other hand, deletion of subunit NB8M in Y.
lipolytica complex I was found to generate a subcomplex concomitantly lacking the Pp module and
subunit NUIM (Drose et al, submitted). We thus assigned a position in the P, module at the interface
to the peripheral arm and the Pp module. Considering the absence of intermembrane space subunit
NIPM in the two Y. lipolytica subcomplexes described above (Niibel et al, in preparation; Drose et al,
submitted) while the bovine homologue has been assigned to subcomplex la [20] we suggest a
position at the interface of the Pp and Pp module. In contrast to all other species analysed so far
complex I from Y. lipolytica contains two subunits qualifying as mitochondrial acyl carrier proteins.
ACPM1 is more similar to the bovine ortholog SDAP that was also detected in subcomplexes I and
7
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Io. In the Y. lipolytica subcomplex lacking the Pp-module (Niibel et al., in preparation), ACPM1 is
retained and ACPM2 is missing. We thus assigned ACPM1 to the Pp-module and ACPM2 to the Pp-
module and propose that they reside at the interface between of the two domains. Taken together, we
concluded that the Pp-module consists of 14 proteins, the two central subunits ND4 and NDS5, seven
accessory subunits with single or multiple transmembrane helices, and two hydrophilic accessory
subunits at the matrix side and three at the intermembrane space side of complex I (Fig. 5).

Including subunit ACPM1, this leaves five central and eight accessory subunits for the Pp-module. The
results obtained here by proteomic analysis of subcomplex I8 provided further information on the
arrangement of these subunits within the Pp-module. The absence of the four membrane integral
subunits NUXM, NB6M, NIMM, NI9M and the cysteine-containing subunit NUPM from subcomplex
13 identified these proteins, together with the central subunits ND1, ND3 and ND4L, as constituents of
the proximal part of the Pp-module located directly under the peripheral arm (Fig. 5). The predicted
position of subunit NUPM at the intermembrane space side of complex I could be confirmed by
electron microscopy. The monoclonal antibody 31A8 of the IgG subtype had been shown to bind with
high affinity to complex I from Y. /ipolytica in native and denaturing ELISA variants [46]. However, it
failed to recognize any complex I polypeptide in a standard denaturing dSDS-PAGE/Western blot
analysis. In contrast, under milder BN-dSDS-PAGE (3D-PAGE) conditions the integrity of the
presumably discontinuous epitope was sufficiently conserved to allow binding of the antibody to the
NUPM subunit (Fig. 3, insert 3). The identity of the corresponding spot in dSDS-PAGE was
confirmed by ESI-MS/MS (data not shown). When we analyzed the co-complex of complex I and
antibody 31AS8 by electron microscopic single particle analysis (Fig. 6), the mass corresponding to the
antibody was clearly connected to the proximal end of the membrane arm on the intermembrane space
side. This confirmed the predicted position of subunit NUPM. Together with the central subunits ND6
and ND2, the remaining two accessory subunits, the membrane integral subunit NEBM and the
subunit NB4M on the intermembrane space side, could be assigned to the part of the Pp-module
oriented towards the Pp-module (Fig. 5).

DISCUSSION

Despite recent progress in X-ray crystallographic analysis of mitochondrial complex I [11] much of
the architecture of this membrane integral multiprotein complex of >40 different subunits remains
unknown. Notably, the arrangement of the numerous accessory subunits, and how it may relate to the
function and stability of complex I remained obscure. Here we report the preparation and proteomic
analysis of subcomplex 16 of complex I providing clues on how the peripheral and the membrane arm
are connected.

The most remarkable feature of subcomplex 16 was that it lacked subunits ND1 and ND3. From X-ray
structural analysis of bacterial complex I [10] and cross linking experiments [47] it seemed that these
two central subunits are the only proteins of the membrane arm making direct connection to the
peripheral arm via the 49-kDa and PSST subunits where the extended ubiquinone binding pocket has
been located by site-directed mutagenesis [48]. The observation that electron transfer to ubiquinone
was completely abolished and that the EPR signature of the electron donor for ubiquinone, iron-sulfur
cluster N2 was slightly altered in subcomplex IS fits to inhibitor labelling studies suggesting that ND1
might be important for guiding ubiquinone to the active site [49;50]. The fact that subcomplex 10 still
contained the complete Q- and N-module and much of the P-module (Fig. 5B) indicated that
additional connections between the two arms of mitochondrial complex I must exist.

To obtain further insight into the arrangement of the accessory subunits we performed a sequence
based analysis to predict the import pathways and the sub-compartment localization of each subunit
(Table I). Remarkably, three complex I subunits, NUPM, NIPM and NB8M contain CXyC motifs that
are a hallmark of proteins imported to the intermembrane space by the Mia40 pathway [45;51] (see
Supplementary Fig. 2). The sulfhydryl oxidase Ervl and the redox-activated import acceptor Mia40
form a disulfide relay system which is located in the intermembrane space of mitochondria from fungi,
plants and animals. Y. lipolytica protein YALIOE21373g (Genolevures data bank) is similar to
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Saccharomyces cerevisiae Mia40 (Uniprot accession number P36046) and protein YALIOD25894¢g
(Genolevures data bank) is similar to S. cerevisiae Ervl Flavin-linked sulthydryl oxidase (P27882)
indicating the presence of Ervl and Mia40 as part of a disulfide relay system in Y. /ipolytica that
promotes retention of imported proteins in the intermembrane space. We consider it remarkable that
coordination of complex I assembly not only involves two genomes, as complex I subunits are
encoded by nuclear and mitochondrial DNA, but also multiple import pathways that direct nuclear
encoded subunits to either the matrix or intermembrane space side.

Based on the predictions derived from this sequence analysis and the results obtained for subcomplex
13 together with earlier results obtained with other subcomplexes of complex I from bovine heart and
Y. lipolytica, we developed a model for the arrangement of the central and accessory subunit of the
membrane arm or P-module of complex I (Fig. 5). We compared our model with the electron density
map of complex I from Y. lipolytica (Fig. 7) [11]. In line with our model electron density on the matrix
side of the membrane arm is rather limited and concentrated in the distal membrane arm protrusion
(DMP) that had been already identified by electron microsocopy [52]. The DMP may in part
correspond to subunit NI2M and the N-terminal hydrophilic domains of STMD subunits NIAM and
NESM [6]. In contrast, a prominent layer of electron density at the intermembrane space side harbours
a number of elongated density features probably corresponding to a-helices oriented in parallel to the
membrane plane (Fig. 7). This fits well to our prediction that subunits NUPM, NB4M, NIPM, NB8M,
and NIDM are arranged along this side of complex I. We propose that this ensemble of accessory
subunits functions as a platform stabilizing the membrane arm that is connected via the peripherally
arranged transmembrane segments of the eleven membrane integral accessory subunits to the matrix
side of complex I. Thereby, these accessory subunits se¢ém to form a scaffold around the central
subunits of the P-module. Our observation that the Pp-module stayed connected to the peripheral arm
in subcomplex Id even in the absence of subunit ND2, suggested that subunit NUIM may be of
particular importance to keep the peripheral ‘arm connected to the residual membrane arm.
Remarkably, this scaffold of accessory subunits seemed to be partially retained even under conditions
that detached several central subunits from the membrane arm. It is tempting to speculate that the
pronounced sensitivity of the central subunits in the proximal membrane arm domain towards
disintegration reflects a functionally relevant flexibility inherent to a conformational coupling
mechanism.
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§ Table I: Subunits of complex I from Y. /ipolytica highlighting proteins missing in subcomplex 18 (shaded in grey)

§ Subunit Ortholog M, M, Import Targeting Sequence Remark Module‘ Localization

2 probability”

§ B. taurus Precursor® Mature® Predicted” Experimental

o

“!

C:|’ Da Da %

g 1 NUAM  75-kDa 78,997 75,199 98 yes yes [22] 2 FesSs; 1 FeoSs Q/N matrix

»

@' 2 NUBM 51-kDa 53,756 51,660 99 yes yes [22] FMI\;’;EDH’ QN matrix

% 3 NUCM  49-kDa 52,430 49,945 100 yes yes [22] Q-binding Q/N matrix

(LS 4 NUGM  30-kDa 33,595 30,476 96 yes yes [22] His-tag Q/N matrix

é 5 NUHM 24-kDa 27,216 24,069 99 yes yes [22] Fe,S, Q/N matrix

@ 6 NUM  TYKY 25,651 22,321 97 yes yes [22] 2 Fe,S, Q/N matrix

:i_J 7  NUKM PSST 23,430 20,426 67 yes yes [22] Q-binding, Fe,Sy4 Q/N matrix

é 8 NUIM NDI 38,348 encoded by mtDNA Pp membrane integral

g 9 NU2M ND2 53,332 encoded by mtDNA Pp membrane integral

= 10 NU3M ND3 14,471 encoded by mtDNA Pp membrane integral
11 NU4M ND4 54,481 encoded by mtDNA Pp membrane integral
12 NU5SM ND5 73,705 encoded by mtDNA Pp membrane integral
13 NU6M ND6 20,758 encoded by mtDNA Pp membrane integral
14 NULM ND4L 9,811 encoded by mtDNA P membrane integral
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15 NUEM 39-kDa 42,706 40,434 74 no yes[22] NADPH QN matrix

17 NESM ESSS 28,436 23,438 87 yes yes[22] STMD* Pp e ne integral
- Met? f i

18 NUMM BI47 20,828 20,696 40 no Met?, 2 TMH, embrane integral
opt. + Streptagll

19 NUZM  Bl4.5a 19,750 51 yes no [22] @ matrix

22  N7BM B17.2 16,153 97 no Q/N matrix
23 NUYM  AQDQ 18,671 15,940 98 yes e Q/N matrix
24 NUFM B13 16,635 15,573 91 y es [22] Q/N matrix
25 NIAM ASHI 17,307 14,642 100 % yes [22] STMD Pp membrane integral
26 NB4M Bl14 14,758 14,627 no - Met Pp intermembrane side

THIS IS NOT THE VERSION OF RECORD - see doi:10.1042/BJ20110359

28 NUNM - 15,795 4 yes STMD Pp membrane integral
29 NUMM 13-kDa 15,129 13,11 97 yes Q/N matrix
30 NI2M B22 12,88 49 100 yes no - Met Pp matrix side
Mia-Cx,C, - intermembrane side
31 NB8M B18 11,068 1 no no Met[22] Pp
32  NIDM PDSW 1,021 10,890 1 no no Mia-Cx,C, - Met Pp intermembrane side
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NB5M BI15 10,479 10,348 2 no no - Met[22], STMD Pp membrane integral
ACPM2  SDAP 14,429 10,092 100 yes PP-HD' Py matrix side
NIPM PFFD 10,019 9,887 5 yes no Mia-Cx,C, - Met Pp intermembrane side
NIMM  MWEFE 9,793 9,662 9 yes no STMD, - Met Py membrane integral
NUUM 9,783 9,652 13 yes no STMD, - Met Pp membrane integral
ACPMI1  SDAP 12,041 9,636 100 yes PP-HD' Pp matrix side
NI8M BS 9,604 9,473 76 yes - Met? Q/N matrix
NISM B9 8,981 12 yes no STMD Pp membrane integral
NEBM 8,048 7,917 93 yes no - Met, STMD Pp membrane integral
NB2M B12 6,936 6,805 77 no no - Met, STMD Pp membrane integral

A
™ 33
o
—
§ 34
2
IS 35
<
=
- 36
o
S 37
[}
3 38
o
x 39
3
L1l 40
o
S 41
5
2 42
e
LL
>
L
I
|_
|_
O
=z
%)
%)
I
|_

* Taken from [8] except for additional subunits NUUM, NEBM; and subunits ST1, NUMM, NI2M, NIPM and NI9M for which a corrected M; based on new ESI-
MS/MS is given. Note that for calculation of the total mass of complexes comprising the intact N- and Q-module 2.918 kDa have to be added for the mass of the
eight iron-sulfur clusters and one FMN; for complexes containing subunit NUEM 0.745 kDa have to be added to account for tightly bound NADPH [8].

" Probability for import into mitochondria and presence of a targeting sequence was calculate using the MITOPROT algorithm [37].

“The assignment is based on previous studies with biochemically prepared subcomplexes of bovine heart and Y. lipolytica complex I [22;52].
4 _Met, N-terminal methionine is cleaved off; a question mark indicates that this processing has not been confirmed experimentally.

*STMD, single transmembrane domain protein [6].

"TMH, transmembrane helices as predicted by the TMHMM 2.0 algorithm (http://www.cbs.dtu.dk/services/ TMHMM).

¢ These proteins contain a cysteine-motif characteristic for proteins imported into the intermembrane space via the Mia-pathway [44].

" NUXM contains a Zn*-binding motif (HSIAGLFIFPW) in the C-terminal loop region (PROSITE, Swiss Institute of Bioinformatics).
' PP-HD, Phosphopantetheine-hydroxy-tetradecanoate

T includes M, of His-tag

¥includes of PP-HD (M,=7565 Da)
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Figure legends

Figure 1 Exposure of native complex I to LDAO generates subcomplex 13

(A) BN-PAGE of solubilized mitochondrial membranes from Y. lipolytica (left lane) and subcomplex
I3 (right lane). The migration behavior of subcomplex 16 (Id) indicated a lower mass compared with
native complex I (CI). Note that complex I subunit ST1 is detached under BN-PAGE conditions
resulting in a total mass of ~930 kDa for the control; complex V monomer (CV, ~580 kDa), complex
IIT dimer (CIII,, ~420 kDa). The bands in the high molecular weight range in the right lane were
identified as oligomers of subcomplex 18 (n 13). (B) Subcomplex 15 (light grey) eluted as a
symmetrical peak with slightly increased retention volume compared with native complex I (black) in
size exclusion chromatography. (C) Non-destructive LILBID-MS analysis of subcomplex 10 at low
laser intensity. A prominent peak series indicated m/z values (I8 + ND2, blue) of ~ 850 kDa including
detergent and lipids. As for native complex I the protein mass was found to be 40-50 kDa offset from
the peak maximum and best approximated by evaluating m/z values of the left peak edges the mass of
subcomplex 16 + ND2 was determined to be ~808 kDa (blue ticks). A second peak series
corresponding to ~755 kDa was assigned to subcomplex 10 without ND2 (I3, red ticks). A third peak
series of ~413 kDa can be assigned to the peripheral arm (Q/N-module, green ticks) that is generated
by disintegration of laser irradiation sensitive subcomplex 10 (red) (see text for details).

Figure 2 EPR spectra of complex I and subcomplex I8

Spectra were recorded using the following parameters: microwave frequency 9.47 GHz, modulation
amplitude 0.64 mT, modulation frequency 100 kHz. Complex I or subcomplex 15 (15 mg/ml) were
reduced with NADH (2 mM) and the spectra were recorded at 12 K. *Organic radical signal, probably
representing an impurity.

Figure 3 dSDS-PAGE of purified complex I (A) and subcomplex 15 (B)

Subunits missing in subcomplex I3 are highlighted by a circle. In the subcomplex an extra spot was
visible near the 49-kDa subunit (49-kDaAN). It was identified by ESI-MS/MS as a degradation
product of the 49-kDa subunit lacking a 3 kDa fragment at the N-terminus. Inserts 1 and 2 show the
section of a dSDS-gel around subunit NUJM of complex I or subcomplex I3 prepared from a strain
carrying a strep-tagged version of this subunit. Insert 3 shows a section of a Coomassie-stained BN-
dSDS-PAGE gel of complex I (left) and the corresponding Western blot (right). Subunit NUPM was
recognized by monoclonal antibody (mab) 31A8 (anti-NUPM). Note that the assignment for some of
the accessory subunits was updated and is therefore different from [22].

Figure 4 LILBID mass fingerprint spectra of complex I and subcomplex I8

The peaks are numbered according to Table 1. Insert, detail from mass spectra of a complex I variant
carrying a strep-tag on subunit NUJM (grey, dashed line) and the corresponding subcomplex 13 (black,
dashed line). The mass  shift permitted to identify subunits NUJM (18) and ND6 (13) in the
subcomplex (asterisks). Taking into account new evidence on C-terminal peptides and prediction of
targeting sequences (Table I) we reassigned the peaks for subunits NUMM and NI9M (compare [8]).
The peak at 7.7 kDa previously assigned to NI9M remains unassigned. To account for these changes
and the newly discovered subunits NUUM and NEBM, the assignment of peaks 27 to 29 and peaks 37
to 42 was updated to match decreasing molecular masses of the corresponding subunits. The spectrum
of subcomplex I5 exhibited a few additional peaks that correspond either to higher charged species of
the 75-kDa (1), 51-kDa (2) and 49-kDa (3) or to the truncated version of the 49-kDa subunit (3AN, see
Figure 3).

Figure 5 Subunit arrangement in complex I (A) and subcomplex I8 (B) from Y. lipolytica

Accessory subunits form an extended scaffold and connect the peripheral arm (Q/N-module, white)
and the membrane arm (Pp-module, light grey; Pp-module, dark grey). See text for details. The long
helical transmission element [11] implicated in conformational energy transfer is shown in light grey.
In the subcomplex subunit ND2 is shown transparent, because it was present in substoichiometric
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amounts. Subunit ST1 is not shown. The positions of subunits NB4M, NIDM and NI2M have not been
confirmed experimentally.

Figure 6 Localization of the NUPM subunit on the intermembrane space side of the
membrane arm

Two-dimensional average of single particle images of complex I decorated with monoclonal antibody
31A8 against the NUPM subunit. Alignment and classification of 749 images yielded six major
classes. Class 3, shown here and containing 16% (118) of the particles, most clearly shows the bound
antibody. The resolution of the average is 30 A as measured by the Fourier Ring Correlation with a
cutoff criterion of 0.3 [53]. Scale bar, 100 A.

Figure 7 Membrane arm of mitochondrial complex I

Section from electron density map (blue mesh) of Y. lipolytica complex I and structural model for
transmembrane segments (yellow) [11]. The contour line of a complex I monomer is tentatively
indicated by a dashed blue line; the red line separates Pp and Pp-module; DMP, distal membrane arm
protrusion. A prominent continuous layer of extrinsic protein mass is attached to the intermembrane
space side (IMS) of the membrane arm (compare Fig. 5).
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