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ABSTRACT: NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria is a highly
complicated, energy transducing, membrane-bound enzyme. It contains 46 different subunits and nine
redox cofactors: a noncovalently bound flavin mononucleotide and eight iron-sulfur clusters. The
mechanism of complex I is not known. Mechanistic studies using the bovine enzyme, a model for human
complex I, have been precluded by the difficulty of preparing complex I which is pure, monodisperse,
and fully catalytically active. Here, we describe and characterize a preparation of bovine complex I which
fulfills all of these criteria. The catalytic activity is strongly dependent on the phospholipid content of the
preparation, and three classes of phospholipid interactions with complex I have been identified. First,
complex I contains tightly bound cardiolipin. Cardiolipin may be required for the structural integrity of
the complex or play a functional role. Second, the catalytic activity is determined by the amounts of
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) which are bound to the complex. They are
more weakly bound than cardiolipin, exchange with PC and PE in solution, and can substitute for one
another. However, their nontransitory loss leads to irreversible functional impairment. Third, phospholipids
are also required in the assay buffer for the purified enzyme to exhibit its full activity. It is likely that
they are required for solubilization and presentation of the hydrophobic ubiquinone substrate.

NADH:ubiquinone oxidoreductase (complex I) is the first
enzyme of the mitochondrial electron transport chain (1, 2).
It catalyzes the oxidation of NADH to NAD+ in the
mitochondrial matrix and the reduction of ubiquinone to
ubiquinol in the inner mitochondrial membrane. The redox
reaction is coupled to proton translocation across the
membrane (3), contributing to the proton motive force. In
addition, complex I is a significant source of reactive oxygen
species in the mitochondrion (4), and complex I dysfunction
has been implicated in a number of neuromuscular diseases
(5).

Complex I from bovine heart mitochondria is a highly
complicated, membrane-bound enzyme. It has a molecular
mass of ∼980 kDa, and the sequences of 45 different
subunits have been determined (6-8); 14 of them are the
conserved “core” subunits, which are sufficient for energy
transduction. The enzyme is L-shaped, with one arm extend-
ing into the mitochondrial matrix and the other in the
membrane plane (9). Recently, an electron density map of
the hydrophilic (membrane-extrinsic) arm ofThermus ther-
mophiluscomplex I showed that a “chain” of iron-sulfur
(FeS)1 clusters (two [2Fe-2S] and six [4Fe-4S] clusters in
bovine complex I) extends through the protein matrix (10).
They connect the noncovalently bound flavin mononucleotide
(FMN, the direct oxidant of NADH) to the ubiquinone
binding site(s) in the membrane domain. The mechanism of
coupling between the redox reaction and proton translocation

is unknown: proposals include Q-cycle mechanisms and both
directly and indirectly coupled mechanisms (reviewed in ref
11). The FeS clusters, and flavin and quinone radicals, have
been characterized by electron paramagnetic resonance (EPR)
spectroscopy (12), and redox-linked protonation and con-
formational changes are being investigated by Fourier
transform infrared (FTIR) spectroscopy (13). Although the
lack of accessible spectroscopic features has restricted many
studies to determining rates of steady-state catalytic turnover,
the scope of this approach has been augmented significantly
by model systems [fromEscherichia coli(14) andYarrowia
lipolytica (15)] which allow the study of site-directed
mutants.

For bovine complex I, functional studies have been
precluded by the lack of a method for preparing pure,
monodisperse, stable,and fully catalytically active enzyme.
As prepared first by Hatefi and co-workers, “Hatefi’s”
complex I retains significant NADH:ubiquinone oxidoreduc-
tase activity [7µmol of e- min-1 mg-1 of inhibitor-sensitive
ubiquinone-2 activity (16)], but it is polydisperse, impure,
and has proved difficult to reproduce (17). Subsequently,
Walker and co-workers developed a series of three chro-
matographic procedures for preparing bovine complex I (18-
20). These methods (referred to by first author) provide
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highly pure complex I in high yield and were used in
extensive studies of the enzyme’s subunit composition (8).
However, they are not suitable for mechanistic studies. The
Finel (18) and Sazanov (20) preparations displayed only low
NADH:ubiquinone-1 oxidoreductase activity (2-3 µmol of
e- min-1 mg-1), and the activity was not sensitive to
rotenone: the ubiquinone-1 reacts adventitiously, not at the
physiological binding site. The Buchanan preparation gave
low NADH:decylubiquinone oxidoreductase activity, re-
ported to be inhibitor sensitive (2.4µmol of e- min-1 mg-1)
(19). Finally, Okun and co-workers reported a new protocol,
but their enzyme is less pure and has only very low activity
(0.9µmol of e- min-1 mg-1 with nonylubiquinone, rotenone
sensitive) (21). Clearly, a reproducible method of preparing
fully active bovine complex I that is also pure, monodisperse,
and stable, with a full complement of subunits and cofactors,
is required for functional and structural studies which are
both fundamental and relevant to the human enzyme.

Here we describe work which fulfills two objectives. (i)
We describe a method of preparing complex I from bovine
heart mitochondria which satisfies all of these criteria, based
on previously described (20) chromatographic procedures.
(ii) We characterize the fully active enzyme and define three
classes of interactions between phospholipids and complex
I as the determinants of the catalytic activity. Finally, we
compare our results with those of previous studies.

EXPERIMENTAL PROCEDURES

Preparation of Complex I from BoVine Heart Mitochon-
dria. Mitochondria were isolated from bovine hearts (22);
then mitochondrial membranes were prepared by disruption
with a Waring blender in the presence of KCl (17),
resuspended in 20 mM Tris-HCl (pH 7.4), 10% v/v glycerol,
and 1 mM EDTA, and stored as aliquots at-20 °C (∼12
mg mL-1). Ten milliliters were thawed slowly on ice, then
solubilized by 1%n-dodecyl-â-D-maltoside (DDM, Anatrace),
stirred for 20 min, and centrifuged (23 min, 34500g). The
supernatant was filtered and then applied to a pre-equilibrated
16 mL Q-Sepharose HP column (Amersham Pharmacia
Biotech). The Q-Sepharose buffers (A and B) contained 20
mM Tris-HCl (pH 7.4), 10% (v/v) ethylene glycol, 0.1% (w/
v) DDM, and 0.005% (w/v) phenylmethanesulfonyl fluoride
(PMSF); buffer B contained 1 M NaCl. When present,
phospholipids (Avanti Phospholipids) were added to 0.005%
(w/v) from a 1% stock in 1% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS; Calbio-
chem) and 20 mM Tris-HCl (pH 7.5). Asolectin (Fluka) was
partially purified under nitrogen by recrystallization (23). The
Q-Sepharose column was washed with 16 mL of buffer A
and 75 mL of 0.25 M NaCl; then complex I was eluted either
by a step or a linear gradient (30 mL) to 0.35 M NaCl (at 2
mL min-1). Complex I containing fractions were pooled,
concentrated (100 kDa polyethersulfone Vivaspin centrifugal
concentrator), and applied to a Superose 6 10/300 GL gel-
filtration column (Amersham Pharmacia Biotech). Mono-
meric complex I elutes after 11 mL [20 mM Tris-HCl, 0.15
M NaCl, 10% (v/v) ethylene glycol, 0.02% (w/v) DDM, pH
7.4, 0.3 mL min-1]. Complex I containing fractions were
pooled and concentrated to∼2 mg mL-1, determined using
the Pierce bicinchoninic acid (BCA) assay. The purification
was carried out at 4°C.

Determination of the NADH:Decylubiquinone Oxidoreduc-
tase ActiVity. NADH:decylubiquinone oxidoreductase activi-
ties were determined in 20 mM Tris-HCl (pH 7.5) and 0.5
mg mL-1 asolectin at 30°C. The reaction was initiated by
100µM decylubiquinone (Sigma, 20 mM stock in ethanol),
following a 3 min preincubation of complex I (∼5 µg mL-1)
with 100 µM NADH (Sigma) in the assay buffer. NaN3 (2
mM) (BDH) and 300 nM antimycin A (Sigma) were included
when other respiratory chain enzymes were present. The
reaction was monitored via the NADH concentration (340-
380 nm;ε ) 4.81 mM-1 cm-1); catalytic activities reported
are initial rates. Sensitivity to inhibition was determined using
2.5 µM rotenone (Sigma;∼100 × IC50); less than 3% of
the activity is insensitive, so all activities reported here refer
to quinone reduction at the physiological binding site. Note
that all of our catalytic activities are reported per milligram
of complex I, including those which refer to complex I before
purification: these values were normalized using the FMN
content and a molecular mass of 980 kDa to facilitate direct
comparison.

HPLC Analysis.All HPLC solvents were CHROMA-
SOLV grade (Sigma-Aldrich). Analyses were carried out on
an Agilent 1100 series HPLC system equipped with a manual
injector (Rheodyne injection valve and 20µL loop), column
thermostat (30°C), and multiple wavelength detector and
controlled by an Agilent ChemStation.

Determination of the FMN, Iron, and Quinone Contents.
Flavin mononucleotide (FMN) concentrations were analyzed
fluorometrically using the method of Burch (24) modified
for a 96-well plate reader (Spectra Max Gemini XS micro-
plate spectrofluorometer). FMN (73-79% fluorometric
grade; Sigma) was used to make “everyday” standards; then
these were normalized using a pure FMN sample (ap-
proximately 95% by HPLC; Sigma).

HPLC analysis [based on the method of Gliszczyn´ska-
SÄ wigło and Koziołowa (25)] was used to confirm which
flavin species were present. Samples were heated at 80°C
for 30 min or digested with proteinase-K and then eluted
isocratically from a Luna C18 column (25 cm× 3.0 mm
i.d., 5 µm; Phenomenex) in 0.05 M ammonium acetate
(Merck) pH 5.5/methanol (3:1 v/v) at 0.4 mL min-1.

The iron contents of complex I samples were determined
using the method of Doeg and Ziegler (26).

Ubiquinone-10 was extracted from complex I samples
using a hexane/ethanol mixture and quantified, against
standards of ubiquinone-10 (Sigma), by HPLC analysis (27).
It was eluted from a Nucleosil C18 column (25 cm× 3.2
mm i.d., 5µm; Hichrom) with a mobile phase of 50 mM
sodium perchlorate (Fluka) in 70:30:0.1 ethanol/methanol/
70% perchloric acid (Aldrich), at 0.5 mL min-1, with
detection at 275 nm. Ubiquinone elutes at∼13 min and
ubiquinol (not present) at∼9 min.

Analysis of Phospholipids by Thin-Layer Chromatography
(TLC).Phospholipids were extracted into chloroform by the
method of Bligh and Dyer (28) and separated on silica plates
(HPTLC, 20× 10 cm, silica gel 60 GLP; Merck) using a
mobile phase of 50:40:8:4 (v/v/v/v) chloroform/methanol/
water/acetic acid (29). Chloroform extracts from the complex
I samples, asolectin, and mitochondrial membranes were
applied to the plate using Drummond microcaps; the standard
mixture contained 0.5µg of cardiolipin, PC, and PE. The
plate was developed for 30 min with the mobile phase and
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then air-dried. Phospholipids were detected by heating to 120
°C for 17 min, after spraying with cupric acetate spray
reagent [20.8% phosphoric acid, 2.6% cupric acetate (Al-
ltech)], and showed up as gray spots on a white background.

Analysis of Phospholipids by HPLC.Phospholipids were
extracted by the method of Bligh and Dyer (28). The
chloroform was evaporated, and the residue was dissolved
in the appropriate HPLC mobile phase and filtered (0.20µm
minisart RC-4 filter; Sartorius) before being injected (20µL)
onto the column. Cardiolipin was quantified by normal-phase
separation using a silica column which separates PE and
cardiolipin but does not elute PC. PC and PE were quantified
using an aminopropyl-bonded stationary phase, with typical
reversed-phase HPLC solvents; it separates PC and PE, but
cardiolipin does not elute.

Cardiolipin was eluted from a Waters Resolve silica
column (15 cm× 3.9 mm i.d., 5µm) with a mobile phase
of 50:50:2.5 (v/v/v) cyclohexane/2-propanol/5 mM phos-
phoric acid (Fluka), at 1 mL min-1, with detection at 208
nm (30). Cardiolipin elutes at∼7 min. Bovine heart
cardiolipin was used to prepare standard solutions; a new
standard line was generated each day. Molar concentrations
were calculated using the molecular mass of tetralinoleoyl
(18:2) cardiolipin (1494 Da), the predominant form of
cardiolipin in bovine heart mitochondria (31).

PC and PE were eluted from a Zorbax NH2 column (25
cm × 4.6 mm i.d., 5µm; Hichrom) with a mobile phase of
70:20:5 (v/v/v) acetonitrile/methanol/50 mM ammonium
acetate (Merck) pH 4.8, 1 mL min-1, with detection at 208
nm (based on the method in ref32). PC and PE elute at∼7
and ∼17 min, respectively. PC and PE from total bovine
heart extract were used as standards, and a new standard
line was generated each day. Molar concentrations were
calculated using molecular masses of 758.7 Da for PC and
768.06 Da for PE, calculated from the most common species
in bovine hearts [palmitoyl-linoleoyl (16:0-18:2) PC and
steroyl-arachidonyl (18:0-20:4) PE] (33).

RESULTS

The Correlation between Catalytic ActiVity and Phospho-
lipid Content.Our initial method of preparing complex I from
bovine heart mitochondrial membranes comprised the solu-
bilization of mitochondrial membranes with 1% DDM, ion-
exchange chromatography in 0.1% DDM, and gel-filtration
chromatography in 0.02% DDM.2 The enzyme is pure, and
it elutes from the gel-filtration column in a single (mono-
disperse) peak with the retention time of monomeric enzyme
(see Figures S1 and S2 in Supporting Information). But, in
comparison to complex I at the start of the preparation, it
has only low NADH:decylubiquinone oxidoreductase activ-
ity. The purified enzyme is fully active in the NADH:
ferricyanide oxidoreductase assay, FMN and iron analyses
demonstrated the presence of 1 FMN per complex I and 22-
26 irons per FMN, and EPR spectra comprised signals from
5 iron-sulfur clusters. These observations suggest that the
NADH:decylubiquinone oxidoreductase activity is lost be-
cause the complex is unable to bind or reduce decylu-
biquinone.

The NADH:decylubiquinone oxidoreductase activity was
measured at each stage of the preparation, showing that the
activity is lost during ion-exchange chromatography. Con-
sequently, two methods of retaining the activity were
developed, which suggest that activity loss occurs because
phospholipids are washed from the complex while it is bound
to the column: decreasing the concentration of DDM in the
ion-exchange buffers or adding phospholipids to them. Lower
detergent concentrations led to increased contamination by
cytochrome c oxidase, and so this alternative was not
pursued. Preparations carried out with different concentra-
tions of asolectin showed that 0.005% (w/v) provided both
optimal purity, monodispersity, and activity. Therefore,
several preparations were carried out in the presence and
absence of 0.005% asolectin, and Table 1 presents the results
of activity measurements carried out immediately afterward.
It is clear that samples prepared with asolectin have
significantly higher activities than those prepared without.
Figures S1 and S2 show that neither purity or monodispersity
are compromised by the inclusion of asolectin.

The values reported in Table 1 (and throughout) were
measured in assay buffers which contained 0.5 mg mL-1

asolectin. Figure 1 shows that the activity of complex I
prepared using asolectin is abolished by rotenone (a complex

2 The method is based on that of Sazanov and co-workers, but we
have omitted the second ion-exchange column and the ammonium
sulfate precipitation.

Table 1: Average Phospholipid Contents and Catalytic Activities of
Complex I Prepared with and without Asolectin, PC, and PEa

average no. of phospholipids
per complex I (mol/mol)

preparation

average
activity
(µmol of
e- min-1

mg-1) PE PC cardiolipin

0.005% asolectin
(n ) 6)

8.1( 1.4 7.4( 1.8 11.8( 4.0 9.4( 0.9

no phospholipid
(n ) 7)

3.6( 1.2 2.3( 0.7 3.2( 0.5 10.4( 0.8

0.005% PC
(n ) 2)

7.6( 1.0 3.5( 0.1 25.2( 3.8 10.2( 0.3

0.005% PE
(n ) 1)

8.2 21.5 4.2 10.2

a The two PC experiments used bovine and soybean PC separately.
The results were essentially identical, and so they are combined.
Confidence intervals cannot be reported for the single PE point.(,
95% confidence intervals.

FIGURE 1: NADH:decylubiquinone oxidoreductase activity mea-
surements on complex I. High activity is observed in the presence
of asolectin phospholipids (+PL) but not in their absence (-PL).
Negligible activity remains in the presence of rotenone (+PL +Rot).
Conditions: 20 mM Tris-HCl (pH 7.5), 0.5 mg mL-1 asolectin, 30
°C; 100µM NADH, 100 µM decylubiquinone, 2.5µM rotenone;
∼5 µg mL-1 complex I.
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I inhibitor which prevents quinone reduction) and is absent
unless asolectin is present in the assay buffer. As the asolectin
concentration in the assay is increased, the activity increases
and then becomes constant; the amount of asolectin required
to reach the “plateau” is independent of the activity of the
preparation, and samples prepared without using asolectin
could not be reactivated by the addition of extra phospho-
lipids at a later stage. Therefore, phospholipids must be
maintained on complex I during its preparation but also
provided during the assay.

Importantly, the activity of freshly prepared solubilized
membranes (the complex I preparation immediately before
application to the ion-exchange column) was typically 8µmol
of e- min-1 (mg of CI)-1, equal to the average activity of
complex I prepared using asolectin.3 Therefore, this is the
first report of complex I isolated from bovine heart mito-
chondria in a pure, monodisperse,and fully catalytically
active form.

Thin-layer Chromatography (TLC) Analysis of the Phos-
pholipid Content.The inner membrane of bovine heart
mitochondria contains predominantly three phospholipids:
phosphatidylcholine (PC, 40%), phosphatidylethanolamine
(PE, 35%), and cardiolipin (CL, 20%); minor amounts of
phosphatidylinositol (PI) have also been detected (34, 35).
Here, TLC was used semiquantitatively to confirm which
phospholipids were present in different mixtures and samples
of complex I. Figure 2 confirms that (i) the three major
phospholipids present in bovine heart mitochondrial mem-
branes are PC, PE, and cardiolipin and (ii) asolectin
comprises a complex mixture which does not include
cardiolipin, but it does contain significant amounts of PC
and PE. Figure 2 shows also that purified complex I contains
PC, PE, and cardiolipin. Inspection of the spot densities
suggests that the amounts of PC and PE vary according to
whether the preparation contained asolectin (or PC or PE;
see below) but that the amount of cardiolipin remains
approximately constant. There is no evidence for phospha-
tidic acid, a product of phospholipid degradation which runs
just below PE.

QuantitatiVe HPLC Analysis of PC, PE, and Cardiolipin.
The HPLC retention times for the different phospholipids
are determined primarily by the phospholipid class (PC, PE,
or cardiolipin), but they are modulated by the fatty acid
composition. Bovine heart cardiolipin elutes in a single peak
as it is composed predominantly of a single fatty acid species,
18:2 (31), but the elution profiles of PC and PE are more
complex (Figure 3): the fatty acid composition varies
according to species, tissue type, and subcellular fraction
(36), and unsaturated fatty acids absorb more strongly at 208
nm (37). This has two consequences: (i) The origin of the
PC and PE in a complex I sample (endogenous or exogenous)
can be identified. (ii) A systematic error may arise in the
quantification because the commercially available “total
bovine heart” standards differ in composition from the
samples. This error does not arise for cardiolipin, because
cardiolipin derives only from mitochondria. However, cor-
rection for the error in PC and PE quantification, by
comparison of absorption intensities and elution profiles, led
only to small changes in the absolute number of PC and PE
molecules present and did not affect the relationships between
different preparations or the conclusions drawn. Therefore,
we have chosen to present only the uncorrected data.
Importantly, the quantitative HPLC results were consistent
with the semiquantitative information available from TLC.

PC and PE Determine the Catalytic ActiVity of Purified
Complex I.Table 1 presents the average amount of each
phospholipid present per complex I (mole per mole) in
samples prepared with and without asolectin. Phospholipids
were not included in the final stage of the preparation so
only bound phospholipids were present. There is a clear
correlation between the catalytic activity and the PC and PE
contents: typically∼12 PC and∼7 PE molecules are present
in preparations of the purified enzyme which display native
levels of activity. In contrast, cardiolipin is always present
at the same level (∼10 cardiolipins per complex I): it does
not determine the catalytic activity, and, as the purified
enzyme is fully active, it is unlikely that functionally required
cardiolipins are being lost. Cardiolipin may bind more tightly
because it has four acyl chains, or cardiolipins may be
integral to the structure.

3 The activity of the solubilized membranes is reported per milligram
of complex I (not per milligram of total protein) for comparison with
the activity of the purified enzyme. Complex I concentration was
determined by the FMN concentration and normalized using a molecular
mass of 980 kDa.

FIGURE 2: Thin-layer chromatography (TLC) plates showing the
phospholipids which are present in bovine heart membranes (BHM)
and asolectin (ASO) (left-hand plate) and in complex I (CI) samples
prepared without phospholipids (-), with asolectin (ASO), or with
PE or PC (right-hand plate). St: standards of 0.5µg of cardiolipin
(CL), PE, and PC.

FIGURE 3: HPLC traces showing the elution of PC and PE from
different sources. Note that thex-axis differs between the two sets
and that the PC and PE peaks are each normalized to the same
peak area. Key: PC and PE, commercial bovine heart PC and PE
standards; BHM, bovine heart mitochondrial membranes; CI-,
complex I purified without phospholipids; CI-ASO, complex I
purified using asolectin; ASO, asolectin. Conditions: Zorbax NH2
column, mobile phase of 70:20:5 v/v/v acetonitrile/methanol/50 mM
ammonium acetate, pH 4.8, 1 mL min-1, and detection at 208 nm.
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Figure 4 presents the catalytic activity of purified complex
I as a function of the cardiolipin, PC, and PE contents. It
confirms that the activity is independent of the cardiolipin
content: of the 11 preparations (activities 1-10 µmol of e-

min-1 mg-1) 10 contained 9-11 cardiolipins. Considering
first only the asolectin and phospholipid-free preparations,
Figure 4 confirms also that the activity is dependent on the
PC and PE contents. Every preparation contains at least 3
PC molecules: they may be equivalent to the 10 cardiolipins,
and they do not determine the activity. No preparation is
completely devoid of PE, but the data do not strongly support
the idea of tightly bound PE molecules because the amount
of PE varies for even the least active preparations. Interest-
ingly, using higher amounts of asolectin gave neither higher
activity or increased amounts of PE and PC, suggesting that
a “limit” in the PC and PE that can be retained has been
reached.

Exchange between PC and PE.HPLC elution profiles
allow the bound PC and PE to be identified as either
exogenous or endogenous. Figure 3 shows clearly that
samples prepared using asolectin contain both endogenous

and exogenous PC and PE (so phospholipids exchange
between the bound and solution phases), whereas those
prepared without asolectin have the same composition as
solubilized membranes. Note that exchange does not reach
completion during the ion-exchange separation, since some
bovine lipids are always retained.

To establish whether PC and PE are functionally inter-
changeable, or whether one of them is the major determinant
of catalytic activity, further purifications used either 0.005%
PC or PE. Their activities were similar to those achieved
with asolectin (see Table 1). The phospholipid contents were
analyzed by TLC (Figure 2) and by HPLC (Table 1 and
Figure 4). As expected, if PC was included in the ion-
exchange buffers, it was present in significantly increased
amounts in the purified enzyme, and PE was present in
approximately the same amount as in phospholipid-free
preparations (and vice versa). The cardiolipin content is the
same in all cases. These results suggest that PC and PE
substitute for each other in the function of complex I and
that their binding sites accept either PC or PE, depending
on availability. PC and PE do not compete for the cardiolipin
binding sites, consistent with the dissimilarity of the head-
groups and the different number of acyl chains.

Characterization of Purified Complex I with ActiVity Equal
to That of the NatiVe Enzyme.Although catalytic activity is
strongly correlated to the PC and PE contents, it is possible
that PC and PE act only indirectly. For example, they may
retain a tightly bound ubiquinone in the complex or protect
the ubiquinone binding site or one of the clusters. Conse-
quently, complex I samples purified with and without
asolectin (with high and low catalytic activity) were com-
pared as follows:

(i) SDS-PAGE analysis did not reveal any differences
between high and low activity preparations.4 However,
purified complex I contains 46 different subunits, so further
analysis is required to confirm that there are no extra or
missing small or hydrophobic proteins. The purity of all
preparations was comparable to that of previous preparations
(Figure S2).

(ii) HPLC confirmed that the only flavin present is FMN
(38). The FMN/protein ratio (mol/mol) varied from 1.0 to
1.1 for all preparations (assuming a mass of 980 kDa for
complex I): the FMN content does not determine the
catalytic activity. Protein was quantified using the BCA assay
and confirmed, for a single typical sample, by amino acid
analysis; the results differed by less than 10%. Therefore,
there is only one FMN per complex I. Note that our
interpretation conflicts with that of Albracht and co-workers,
who observed 1.3-1.6 FMN per complex I and proposed
that it contains two FMNs per complex (39).

(iii) EPR spectra from complex I prepared with asolectin
and reduced by NADH showed signals from five iron-sulfur
clusters [four [4Fe-4S] clusters (N2, N3, N4, and N5) and
one [2Fe-2S] cluster (N1b)], and the spectra and measured
g-values are very similar to those that have been described
previously (see Figure S3) (12). In contrast to the results of
Sinegina and co-workers on complex I fromE. coli (40), no
differences could be observed between these spectra and

4 In contrast to highly characterized previous preparations (8, 18)
the 42 kDa subunit is present in apparently stoichiometric amounts in
all of our preparations.

FIGURE 4: Variation of the NADH:decylubiquinone oxidoreductase
activity with the number of moles of PC, PE, and cardiolipin
retained per mole of complex I. PC, PE, and cardiolipin were
determined by HPLC analysis. Approximately ten cardiolipins are
retained in all preparations, and there is no correlation with the
activity. PC and PE vary significantly, and they are correlated
strongly to the activity. Key: ([) prepared without phospholipids;
(0) prepared using asolectin; (x) prepared using PE only; (×)
prepared using PC only.
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spectra from less active samples prepared without asolectin.
Previously, Ohnishi and co-workers observed significant
broadening of the N2 signal upon delipidation (41). However,
no variation was observed here, and all of our spectra
resemble their “reconstitutively active” enzyme: it is possible
that Ohnishi’s “reconstitutively inactive” enzyme was more
stringently delipidated and perhaps partially denatured. Thus,
our data do not support modification of an FeS cluster, or
its environment, as a determinant of the catalytic activity.

(iv) The amount of ubiquinone-10 present was quantified
by HPLC analysis. Ubiquinone was present in the same,
substoichiometric amount, regardless of the catalytic activ-
ity: 0.3 ( 0.05 per complex I. Therefore, the activity is not
determined by the ubiquinone content, and because our
preparations are fully active, the data do not support the idea
that a tightly bound, nonexchangeable, ubiquinone cofactor
is required for catalysis. The observed stoichiometry is higher
than that of Okun’s purified complex I (ubiquinone not
detectable) (21), similar to that of purifiedY. lipolytica
complex I (0.2-0.4) (42) but significantly less than that of
Hatefi’s complex I (4.2-4.5) (16). It is likely that ubiquinone
content is related to phospholipid content: Hatefi’s complex
I contains ∼20% phospholipid (w/w) (43), whereas our
preparations contain only∼3%.

In summary, no differences between complex I of high
and low activity could be detected other than the phospho-
lipid content: the effects of the phospholipids are direct and
unmediated.

DISCUSSION

It is becoming increasingly evident that specific interac-
tions between membrane proteins and phospholipids do exist
and that these may be important determinants of function
(44-46). Tightly bound phospholipids have been located in
structural models of membrane proteins, and in some cases
they have proved to be crucial for crystallization (47, 48).
Phospholipids are known to interact specifically with the
major energy-transducing complexes and to have important
influences on their structure and function. Cardiolipin is
important for electron transport activity and subunit-subunit
interactions in cytochromec oxidase (49, 50) and for the
structural integrity of the cytochromebc1 complex (51, 52).
It may participate in proton uptake at the Qi site (53) and
modulate the properties of QA in the bacterial photoreaction
center (54). Here we have shown that 10 tightly bound
cardiolipins support the native activity of complex I, but our
experiments do not address their structural or functional role.
Interestingly, cardiolipin oxidation is a possible cause of
decreased complex I activity in submitochondrial particles
following treatment with reactive oxygen species (55).
Therefore, understanding the role of cardiolipin in complex
I is relevant to understanding pathologies in which complex
I function is impaired, as well as to understanding the
enzyme’s mechanism.

Here, we have identified three classes of phospholipid
interaction for bovine complex I. (i) Cardiolipin is tightly
and specifically bound. (ii) PE and PC are less tightly bound,
exchange slowly with PE and PC in solution, and can
substitute for one another. However, they are required to
maintain the complex in an active state, and their sustained
and progressive depletion leads to irreversible loss of the

NADH:decylubiquinone oxidoreductase activity. (iii) Phos-
pholipids are required in solution during the assay. It is likely
that they partition and solubilize the hydrophobic decylu-
biquinone, facilitate formation of the enzyme:decylubiquino-
ne complex, and perhaps help to disperse the enzyme in the
assay buffer.

In 1973 Ragan and Racker used cholate/ammonium sulfate
precipitation to delipidate Hatefi’s complex I (from∼240
to ∼110 phospholipids per complex) (56). Reactivation of
the delipidated enzyme required an additional∼500 phos-
pholipids. Heron and co-workers concluded that∼200
phospholipid molecules per enzyme were required to main-
tain the activity of bovine complex I (57), and Fry and Green
required∼360 phospholipids per complex for reconstitution,
following delipidation using high concentrations of detergent
(5% Triton X-100) (58). Thus, it is likely that these
experiments primarily addressed the dispersive role of the
phospholipid annulus (58), not specifically bound phospho-
lipids. Correspondingly, spin label studies demonstrated that
the phospholipid annulus of complex I comprises 300-400
molecules (59).

There are several clear distinctions between the earlier
work described above (56-58) and that described here. The
absolute number of phospholipids discussed is very different,
suggesting that different classes of phospholipid are being
addressed. The methodologies are also distinct: our chro-
matographic purification requires maintenance of the phos-
pholipid level, rather than exhaustive delipidation of the
isolated enzyme. Indeed, the delipidation methods applied
led to significant loss of activity even in control samples
[for example, the control enzyme of Heron and co-workers
retained only 2µmol of e- min-1 mg-1 of rotenone-sensitive
ubiquinone-1 reductase activity (57)]. Despite these differ-
ences, some observations are common to both approaches:
Heron and co-workers observed that decreasing the PC and
PE content decreased the enzyme activity, and they could
replace PC and PE by DMPC without significant effect (57).
They noted also that large amounts of DMPC and cholate
were required to decrease the cardiolipin content (so decreas-
ing the activity), and Fry and Green described a specific
cardiolipin requirement during reconstitution (58). Finally,
Ragan used ubiquinone analogues of different hydrophobici-
ties to propose that phospholipids in the assay buffer exert
their effect by partitioning the quinone substrate into the
hydrophobic phase, as also suggested here (60).

Recently, native phospholipids have been used in the assay
buffer to stimulate the activity of complex I fromE. coli
(61). Assuming that theE. coli enzyme retains specific lipids
during its preparation, these phospholipids probably play the
same role as those added to our assay buffer.Y. lipolytica
complex I retains∼50 phospholipids per complex I during
preparation (similar to the “active” enzyme described here)
(42). However, it did not exhibit activity unless preincubated
with additional phospholipids before addition to the assay
buffer. Again, it is likely that most of these phospholipids
fulfill the same role as those added to our assay buffer. For
the bovine enzyme, similar results were obtained whether
the phospholipids were added directly to the assay buffer or
in a preincubation step. Preincubation with phospholipids
also effected a 2-fold activation ofE. coli complex I (40).
Interestingly, activation did not affect the observedKm of
the substrate quinone, but it did affect the EPR signals from
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two [4Fe-4S] clusters, perhaps consistent with a modification
of the enzyme’s conformation. Similar changes were not
observed here for the bovine complex.

Finally, direct comparison of the activities of our prepara-
tion and previous preparations is difficult because of the
different ubiquinone substrates and assay conditions. How-
ever, the Sazanov preparation [upon which our method is
based (20)] and the Finel preparation (18) both display only
rotenone-insensitive activity, demonstrating that quinone
reduction does not occur at the physiological site. Conversely,
all of the activities reported here are rotenone sensitive. This
allows decylubiquinone to be employed as the substrate: it
partitions effectively into the hydrophobic phase (62) and is
effective in proton pumping (63, 64). Buchanan’s preparation
had∼25% of the inhibitor-sensitive activity reported here,
but surprisingly, phospholipids could not be detected in this
preparation (19). Conversely, Okun’s preparation had only
low activity but contained∼100 phospholipids per complex
(21), indicating that its activity is decreased for a different,
unknown, reason. Hatefi’s preparation is the only one which
possesses comparable catalytic activity to the enzyme
described here (16). However, its very high phospholipid
content [0.22 mg (mg of CI)-1] is incompatible with
contemporary purification methods, and it is impure, poly-
disperse, and difficult to reproduce (17). Therefore, this paper
describes the first method for preparing complex I from
bovine heart mitochondria in a pure, monodisperse,andfully
catalytically active state. Consequently, bovine complex I,
which is closely related to the human enzyme, can now be
exploited for structuraland mechanistic studies.

SUPPORTING INFORMATION AVAILABLE

Figure S1, elution of complex I from the gel-filtration
column; Figure S2, SDS-PAGE analysis of complex I
preparations; Figure S3, electron paramagnetic resonance
spectra of complex I prepared using asolectin. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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