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Abstract
An effective method was developed for isolation and analysis of bovine heart Complex I subunits.
The method utilizes C18 reversed-phase HPLC and a water:acetonitrile gradient containing 0.1%
trifluoroacetic acid. Employing this system, 36 of the 45 Complex I subunits elute in 28 distinct
chromatographic peaks. Nine subunits do not elute including B14.7, MLRQ and the seven
mitochondrial-encoded subunits. The method, with UV detection, is suitable for either analytical (<
50 µg protein) or preparative (>250 µg protein) applications. Subunit(s) eluting in each
chromatographic peak were initially determined by MALDI-TOF/MS with subsequent positive
identification by reversed-phase HPLC-ESI/MS/MS analysis of tryptic digests. In the latter case,
subunits were identified with a 99% probability using Scaffold analysis software combined with a
X! Tandem protein search engine. The RP-HPLC subunit analysis method represents a major
improvement over previous separation methods with respect to resolution, simplicity and ease of
application.
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INTRODUCTION
NADH-dehydrogenase ubiquinol-oxidoreductase (Complex I; E.C. 1.6.5.3) is the largest, most
complex, and least understood multi-subunit enzyme of the electron transport chain system of
bacteria and mitochondria. The enzyme catalyzes electron transfer from NADH to ubiquinone
and couples this to the translocation of protons across the inner mitochondrial membrane [1,
2]. The mammalian enzyme is composed of 45 non-identical subunits [3], a non-covalently
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bound flavin mononucleotide (FMN), and eight iron-sulfur clusters, with a combined molecular
mass of ~980 kDa [1,4]. Seven subunits are encoded by mitochondrial DNA and the remaining
subunits are nuclearly-encoded [5,6].

Subunit analysis of Complex I is difficult by conventional methodologies because of its high
degree of complexity. Two approaches have been used to resolve the subunits: 1) two-
dimensional resolution of subunits by isoelectric focusing combined with SDS-PAGE (high
and low pH isoelectric focusing is required to resolve all subunits [7]); and 2) fractionation of
the enzyme into three major sub-complexes (Iα, Iβ and Iγ) followed by RP-HPLC and mass
spectrometry [8]. In each case, subunit identifications have been based upon either N-terminal
amino acid sequencing of the purified subunits, or mass spectrometry analysis of tryptic
peptides [8,9,10]. However, each experimental approach involves several procedures and
provides only a qualitative assessment of the subunit content.

Interest in the individual subunits of Complex I has recently increased because chemical
modification of individual subunits has been linked to important biological processes.
Examples include: 1) pathological states initiated by reactive oxygen species (ROS), e.g.,
Parkinson’s disease [11], cardiac ischemia and reperfusion injury [12], and Alzheimer’s disease
[13]; and 2) phosphorylation sites implicated in regulation of Complex I function [14,15,16,
17,18,19]. As studies focus on individual Complex I subunits, an analytical method for their
separation and analysis is required. Our laboratory previously developed RP-HPLC methods
for resolving all but the most hydrophobic, mitochondrially-encoded subunits of bovine heart
cytochrome c oxidase [[20,21] and cytochrome bc1 22]. Combined with mass spectrometry
analysis of the resolved subunits, we have used this methodology to detect and quantify ROS-
induced damage at selective sites within cytochrome c oxidase [23,24]. Although the subunit
content of the two complexes is much less complicated than Complex I, the polarity,
hydrophobicity, and mass range are similar, suggesting that subunit analysis of Complex I by
RP-HPLC is feasible.

MATERIALS AND METHODS
Materials

Reagents and their sources were as follows: dodecyl maltoside (Anatrace, Inc); bicinchoninic
acid (BCA)1 assay reagents (Pierce Biotechnology); phenylmethanesulphonylfluoride (USB
Corporation); nicotinamide adenine dinucleotide (NADH) and ubiquinone-1 (Sigma-Aldrich
Co); sequencing grade bovine pancreatic trypsin (Promega Corp.). Ultracell YM-10,
regenerated cellulose centrifugal filters (10,000 MWCO), were purchased from Millipore; the
C18 High Performance RP-HPLC column (300 Å, 4.6 mm × 250 mm, 10 µm) from Vydac;
and the High Performance Q-Sepharose column (24.5 × 0.9 cm) from Amersham Biosciences.
All other chemicals were of analytical grade.

Isolation of Complex I from bovine heart
Complex I was isolated from bovine heart mitochondria according to the procedure of Sazanov
et al. [8] with minor modifications. Mitochondrial membranes were suspended to a final protein
concentration of 12 mg/mL (determined by the Biuret method), in 20 mM TrisCl buffer, pH
7.4, containing 1 mM EDTA, 10% v/v glycerol, 300 µM PMSF, and 9.5 mg/mL dodecyl
maltoside. The suspension was placed on ice and stirred for 30 min. followed by centrifugation
for 30 min. at 30000 × g. The resulting supernatant, containing dodecyl maltoside-solubilized
proteins, was applied to a High Performance Q-Sepharose column (24.5 × 0.9 cm) that had

1Abbreviations: Reversed-phase high performance liquid chromatograph (RP-HPLC); bicinchoninic acid (BCA); trifluoroacetic acid
(TFA); reactive oxygen species (ROS)
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been equilibrated with 20 mM TrisCl buffer, pH 7.4, containing 1 mM EDTA, 10% ethylene
glycol, and 2 mM dodecyl maltoside, at a flow rate of 0.5 mL/min. Bound proteins were eluted
from the column in the same buffer at 0.5 mL/min. as follows: 1) linear gradient from 0 to 250
mM NaCl in 40 min.; 2) isocratic elution with buffer containing 250 mM NaCl for 140 min.;
3) elution of Complex I with a linear gradient from 250 to 350 mM NaCl in 80 min. Eluant
containing the enzyme was collected and the protein concentrated by ultracentrifugation in a
Beckman 50Ti rotor, at 165,480 × g, at 4 °C. The resulting pellets, containing Complex I, were
resuspended in 20 mM TrisCl buffer, pH 7.4, containing 1 mM EDTA, 10% ethylene glycol,
2 mM dodecyl maltoside, and 125 mM NaCl, and re-chromatographed on the Q-Sepharose
High Performance column using the same gradient elution conditions. Once again, Complex
I was concentrated by ultracentrifugation, and the pellets were re-solubilized in 20 mM TrisCl
buffer, pH 7.4, containing 1 mM EDTA, 10% ethylene glycol, 2 mM dodecyl maltoside, and
350 mM NaCl. The protein concentration was determined by BCA assay using bovine serum
albumin as a standard. The enzyme was stored in 0.5 mg aliquots at −80 °C.

Molecular activity assay
The NADH:ubiquinone oxido-reductase activity of Complex I was determined
spectrophotometrically by following the oxidation of NADH at 340 nm, using ε340 = 6.22
mM−1 cm−1 [25]. The reaction was initiated by adding 12 µM NADH to 3.6 nM Complex I
(solubilized in 50 mM Tris-acetate buffer, pH 7.8, containing 2 mM dodecyl maltoside and
100 µM ubiquinone-1. The NADH:ubiquinone1 activity of purified Complex I was 9–11 (mol
NADH ) (mol Complex I)−1 (sec.)−1.

Resolution of subunits by RP-HPLC
Isolated Complex I (250 µg in 160 µL) was dialyzed against 50 mM Tris-acetate buffer (pH
7.8, containing 350 mM NaCl and 0.2 mM dodecyl maltoside) to remove ethylene glycol, and
trifluoroacetic acid (TFA) was added to a final concentration of 0.1%. After 5 min. at RT in
0.1% TFA, the sample was applied at 1.0 mL/min to a C18 RP-HPLC column (300 Å, 4.6 mm
× 250 mm, 10 µm). The HPLC system (Waters), controlled by a Waters System Interface
Module using Millennium32 software (Version 3.20, ©1999 Waters Corporation), consisted of
two 501 HPLC pumps, a manual injector with a 2 mL loop, a Vydac C18 High Performance
guard column, the Vydac C18 column, and a Waters photodiode array detector. The mobile
phases consisted of water containing 0.1% TFA (solvent A), and acetonitrile containing 0.1%
TFA (solvent B). The following gradient was applied at a flow rate of 1.0 mL/min.: linear
gradient from 0% to 25% B in 5 min.; linear gradient from 25% to 30% B in 5 min.; linear
gradient from 30% to 55% B in 95 min.; isocratic elution with 55% B for 5 min.; linear gradient
from 55% to 100% B in 36 min.; isocratic elution with 100% B for 5 min.; linear gradient from
100% to 100% A in 6 min.; isocratic elution with 100% buffer A for 30 min. to re-equilibrate
column for the next injection. Elution of the protein was monitored at 214 nm, and elution
fractions were collected at 1 min. intervals.

MALDI/TOF-MS of RP-HPLC-purified subunits
Each 1 mL RP-HPLC fraction was made 0.8 mM in dodecyl maltoside, reduced to ~50 µL by
vacuum centrifugation at 65 °C (Speed Vac) and 1 µL of the concentrated sample was spotted
on the MALDI target plate. After partial drying, 1 µL of a saturated solution of sinapinic acid
in 50% acetonitrile containing 0.1 % TFA was added to the applied Complex I and dried at RT
under a gentle stream of air. MALDI/TOF mass spectra for each fraction were acquired on an
Applied Biosystems Voyager-DE STR in reflectron mode, by averaging the results of 100 laser
shots. Mass assignments were made by the “close external calibration” method, using insulin,
thioredoxin, apomyoglobin, and enolase as references. Noise reduction and smoothing
algorithms were applied to each spectrum.
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HPLC-ESI-MS/MS analysis of tryptic-digests of RP-HPLC fractions
Each 1 mL sample was concentrated to ~50 µL by vacuum centrifugation at 65 °C, adjusted
to ~200 µL with 50 mM NH4HCO3 containing 80% acetonitrile, and digested with trypsin (0.5
µg) at 37 °C for 4 h. The resulting digests were completely dried by vacuum centrifugation,
dissolved in 10–15 µL of 0.1% TFA, and 5 µL analyzed by capillary HPLC-electrospray
ionization tandem mass spectrometry (HPLC-ESI-MS/MS). Spectra were acquired on a
Thermo Fisher LTQ linear ion trap mass spectrometer fitted with a New Objective PicoView
550 nanospray interface. On-line HPLC separation of the peptides was accomplished with an
Eksigent nanoLC micro HPLC: column, PicoFrit™ (New Objective; 75 µm i.d.) packed to 10
cm with C18 adsorbent (Vydac; 218MS 5 µm, 300 Å). The mobile phase consisted of: 0.5%
acetic acid containing 0.005% TFA (solvent A); and 90% acetonitrile containing 0.5% acetic
acid and 0.005% TFA (solvent B). The elution gradient was from 2% to 42% B in 30 min., at
a flow rate of 0.4 µL/min. The mass spectrometer settings were: ESI voltage, 2.9 kV; isolation
window for MS/MS, 3; relative collision energy, 35%. A survey scan of the peptides mass
spectra with intensities above a set threshold was used to select the seven most intense ions,
of which collision-induced dissociation (CID) spectra were collected.

Interpretation of tandem MS data
Experimental mass values obtained by tandem mass spectrometry of the tryptic peptides were
searched, by means of Mascot (Matrix Science), against mass values calculated for predicted
peptides and peptide fragments using sequence data in the Swiss-Prot database. The resulting
matches were cross-correlated with X! Tandem, and probabilities of protein and peptide
identification were assessed by Scaffold. This software has the capability to combine results
from different engine searches, and thus increase the number of identified peptide sequences
and, therefore, the probability of a correct identification. Scaffold™ further evaluated the
tandem MS data by combining the Mascot search results with those produced by the X! Tandem
search engine (The Global Proteome Machine Organization), which is part of the Scaffold™
software package. Oxidation of tryptophan, histidine and methionine were considered as
possible variable modifications for all searches.

RESULTS
Separation of Complex I subunits by RP-HPLC

The subunits of Complex I were separated by reversed-phase HPLC using water:acetonitrile
gradient elution after denaturing the dodecyl maltoside-solubilized enzyme with 0.1% TFA.
Initially, a two-step linear gradient from 33% to 55% acetonitrile over 50 min., followed by
isocratic elution at 55% for 5 min. and then a linear gradient from 55% to 100% acetonitrile
for 18 min. was utilized. This elution gradient separated the subunits into 26 chromatographic
peaks. Subunit resolution by this gradient system was incomplete, and only 15 subunits could
be identified by MS analysis, all nuclearly-encoded. Modification of the gradient greatly
improved the resolution. Decreasing the rate of the gradient between 33% and 55% produced
28 well-resolved peaks, permitting identification of 21 additional subunits by MS analysis.
With these modifications, 36 of the 45 Complex I subunits eluted in 28 well-resolved
chromatographic peaks (Figure 1 and Table 1).

MS analysis of RP-HPLC-resolved subunits
RP-HPLC resolved subunits were identified by either MALDI-TOF/MS and/or HPLC-ESI-
MS/MS analysis of peptides produced by in-solution tryptic digestion. Subunits eluting in 15
of the peaks were directly identified by MALDI-TOF/MS, while subunits in all 28 peaks were
positively identified by RP-HPLC ESI-MS/MS analysis of peptides (Table 1). Representative
MALDI/TOF mass spectra are shown in Figure 2. Subunits 9 kDa, 15 kDa, and B14.5b were
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each positively identified by MALDI-TOF mass spectra peaks corresponding to protein eluting
in RP-HPLC peak 2 (Fig. 2, panel A), peak 3 (Fig. 2, panel B), and peak 23 (Fig. 2, panel C),
respectively. Each spectrum provides clear evidence that discrete subunits are contained in
each chromatographic elution peak. MALDI/TOF analysis of protein eluting in RP-HPLC peak
16 (Fig. 2, panel D) is an example of co-elution of subunits. In this case, the chromatographic
elution peak contains two subunits, subunits KFYI and AGGG.

MALDI/TOF analysis of proteins eluting in other chromatographic peaks was inconclusive.
For that reason, the subunit content of each elution peak was also determined by HPLC-ESI-
MS/MS analysis of peptides produced by in-solution tryptic digestion. Thirty-four subunits
were identified by searching tandem mass spectral data obtained for the tryptic peptides against
the Swiss-Prot database by means of Mascot (Table 1). Over one half of the analyzed subunits
had greater than 50% sequence coverage. The highest degree of sequence coverage was for
subunits B14, 13 kDa-B and B17.2 (94%, 91% and 86%, respectively); the lowest for subunits
MWFE, PSST, SDAP and 42 kDa (24%, 20%, 15%, 4%, respectively). The 34 subunits that
could be identified included those that had been identified by MALDI-TOF/MS (except subunit
KFYI), together with 19 additional subunits. Each protein was accurately identified with a ≥
99% probability score, based on Scaffold analysis.

The tandem mass spectrometry data were also analyzed using a cross-correlation of the Mascot
results with X! Tandem. This analysis matched a higher number of spectra per subunit, allowing
the identification of two additional subunits, KFYI and MWFE (Table 1). In total, 36 subunits
were positively identified within the 28 RP-HPLC peaks. Nineteen RP-HPLC peaks contained
a single Complex I subunit, five contained two subunits, and three contained three subunits.

Nine subunits did not elute from the HPLC column. Subunits B14.7, MLRQ and all seven
mitochondrial-encoded subunits were not detected in the RP-HPLC fractions. All of these
subunits, except for MLRQ, are quite hydrophobic, as indicated by their positive GRAVY
score (a measure of protein hydrophobicity [26]), e.g., subunit ND1 has a GRAVY score of
0.798; ND2, 0.785; ND3, 0.863; ND4, 0.826; ND5, 0.637; ND6, 1.031; ND4L, 1.259; B14.7,
0.245 [27]. It is likely that either these highly hydrophobic subunits are insoluble in the 0.1%
TFA/water loading solution, or they bind irreversibly to the C18 reversed-phase column and
can not be eluted.

Several subunits belonging to other mitochondrial inner membrane complexes were detected
as eluting from the RP-HPLC column, confirming earlier reports that the isolated enzyme
usually contains small amounts of contaminating subunits [27,28,29]. In agreement with these
earlier reports, several CcO subunits (subunits VIb, VIc, Va, VIIa and IV), together with small
amounts of the dihydrolipoyllysine-residue succinyltransferase (a component of the 2-
oxoglutarate dehydrogenase complex), and the alpha and beta chains of ATP synthase were
also detected in the elution peaks.

Surprisingly, subunits B14.5a and SDAP each eluted at two separate times. Subunit B14.5a
was detected in both elution peaks 4 and 5, while SDAP eluted in peaks 21 and 22, suggesting
possible partial post-translational modification or oxidative damage within each of these
subunits. HPLC-ESI-MS/MS analysis of the tryptic peptides produced from each elution peak
confirmed that partial oxidation of subunits had occurred. Subunit B14.5a eluting earlier
contained oxidized Trp13 and Trp103 while B14.5a eluting later contained only oxidized
Trp13. Similarly, SDAP containing oxidized His103 eluted earlier than its non-oxidized
counterpart did. In each case, the more oxidized, more polar subunit eluted earlier than the less
oxidized, less polar subunit.
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DISCUSSION
A reversed-phase HPLC system was successfully developed for resolving and analyzing all
but the most hydrophobic subunits of Complex I. This is the first time that the Complex I
subunits have been resolved and purified by a one-step procedure. Reversed-phase HPLC
combined with mass spectrometry has a distinct advantage over previous analytical procedures,
e.g. one-dimensional SDS-PAGE, or two-dimensional isoelectric focusing/SDS-PAGE, in that
it is ideally suited for the detection of chemically modified subunits and/or amino acids.

Complex I dissociates into its component subunits upon incubation in dilute aqueous
trifluoroacetic acid. The resulting mixture, when applied to a large pore, C18 RP-HPLC column
and eluted with an acetonitrile gradient, produces 28 well-resolved elution peaks, that contain
36 of the 45 subunits. Most elution peaks contain a single subunit although five elution peaks
contain two subunits and three others contain three different subunits. Of the nine subunits that
do not elute from RP-HPLC, all, except for MLRQ, are quite hydrophobic. The inability to
analyze hydrophobic subunits by RP-HPLC is similar to that observed for bovine heart
cytochrome c oxidase and bovine heart cytochrome bc1 [22,21]. In each case, the large
hydrophobic, mitochondrially-encoded subunits do not elute from the column because they are
either not soluble in the aqueous 1–2% TFA loading solvent, or they bind irreversibly to the
reversed-phase column. It is not surprising that similar difficulties are encountered during
subunit analysis of Complex I.

In addition to the Complex I subunits, the elution peaks also contain small amounts of other
mitochondrial electron transport complexes, suggesting that our preparations of Complex I
have not been purified to 100 percent homogeneity. This result is not unprecedented, but is
consistent with Complex I preparations isolated by other groups [27,28,29]. All have found
co-isolation of small amounts of other mitochondrial inner membrane complexes. In fact, it
has been suggested that the harsh conditions required for removal of these contaminating
proteins is usually sufficient to compromise the integrity of Complex I [28]. The most abundant
contaminants in our isolated Complex I are five CcO subunits (VIb, VIc, Va, VIIa, and IV),
the dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate
dehydrogenase and the alpha and beta subunits of ATP synthase.

Our analytical approach has an advantage in that RP-HPLC combined with ESI-MS/MS
analysis of tryptic peptides is ideally suited for detection of chemically modified subunits and,
in fact, the exact site(s) of modification. The extent of subunit loss or modification can usually
be quantified by RP-HPLC to an accuracy of ± 5% based upon the elution yield of a particular
subunit [21]. Combined with ESI/MS/MS analysis of proteolytically generated peptides, the
exact site of chemical modification can be determined. Previously, we have used this approach
to map “hot spots” for oxidative damage in bovine heart cytochrome c oxidase [24,30,31], and
we fully expect that a similar approach can map similar “hot spots” within Complex I.

Mapping chemically modified sites within Complex I is particularly important since this
enzyme is believed to be one of the major sources of ROS, making it a major target for ROS-
initiated oxidative damage. The present study, in fact, demonstrates its ability to resolve and
detect partially oxidized Complex I subunits. Subunits B14.5a and SDAP each eluted as two
well resolved peaks that differed only in their extent of tryptophan oxidation (refer to Table
1). As expected, the subunit with the highest degree of tryptophan oxidation eluted prior to the
less modified subunit due to its increased polarity. We, therefore, predict that our analytical
procedure will be useful for the detection of other sites within Complex I that are sensitive to
oxidative stress, or chemically modified as part of metabolic regulation.
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Figure 1.
RP-HPLC elution profile of bovine heart Complex I. Complex I (250 µg) was incubated in
0.1% TFA for 5 min. at RT, and injected onto a C-18 Vydac column (300 Å, 4.6 mm × 250
mm, 10 µm). Subunits were eluted using a complex gradient made from solvent A (H2O
containing 0.1% TFA) and solvent B (CH3CN containing 0.1% TFA). Elution gradient (dashed
line) consisted of: 1) linear gradient from 0% to 30% B in 10 min.; 2) linear gradient from 30%
to 42.5% B in 50 min.; 3) linear gradient from 42.5% to 44.5% B in 20 min.; 4) linear gradient
from 44.5% to 55% B in 42 min.;5) isocratic elution with 55% B for 5 min.; 6) linear gradient
from 55% to 100% B in 36 min.; 7) isocratic elution with 100% B for 5 min.; 8) linear gradient
from 100% B to 100% A in 6 min.; and 9) isocratic elution with 100% buffer A for 30 min. to
re-equilibrate column for next injection. Elution conditions were 1.0 mL/min. with detection
at 214 nm.
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Figure 2.
Representative MALDI-TOF mass spectra of Complex I subunits that had been isolated by
RP-HPLC. Many HPLC elution peaks contain a single subunit, e.g., Panel A: elution peak 2
contains only subunit 9 kDa, m/z = 8452.63; Panel B: HPLC elution peak 3 contains only
subunit 15 kDa, m/z = 12571.13; and Panel C: elution peak 23 contains only subunit B14.5b,
m/z = 14147 m/z. Some of the other elution peaks contain more than one subunit, e.g., Panel
D: HPLC elution peak 16 contains subunit KFYI, m/z = 5824 and subunit AGGG, m/z = 8516.
It should be noted that some subunit names, e.g., 9 kDa and 15 kDa, do not accurately reflect
the true mass of either subunits.
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