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ABSTRACT: The proton-translocating NADH:ubiquinone oxidoreductase (complex I) has been purified from
Aquifex aeolicus,a hyperthermophilic eubacterium of known genome sequence. The purified detergent
solubilized enzyme is highly active above 50°C. The specific activity for electron transfer from NADH
to decylubiquinone is 29 U/mg at 80°C. The A. aeolicuscomplex I is completely sensitive to rotenone
and 2-n-decyl-quinazoline-4-yl-amine. SDS polyacrylamide gel electrophoresis shows that it may contain
up to 14 subunits. N-terminal amino acid sequencing of the bands indicates the presence of a stable
subcomplex, which is composed of subunits E, F, and G. The isolated complex is highly stable and active
in a temperature range from 50 to 90°C, with a half-life of about 10 h at 80°C. The activity shows a
linear Arrhenius plot at 50-85 °C with an activation energy at 31.92 J/mol K. Single particle electron
microscopy shows that theA. aeolicuscomplex I has the typical L-shape. However, visual inspection of
averaged images reveals many more details in the external arm of the complex than has been observed
for complex I from other sources. In addition, the angle (90°) between the cytoplasmic peripheral arm
and the membrane intrinsic arm of the complex appears to be invariant.

The proton pumping NADH:ubiquinone oxidoreductase
(complex I) is the first energy transducing complex of the
respiratory chain. It couples the transfer of electrons from
NADH to ubiquinone to the generation of an electrochemical
proton gradient across the membrane that drives energy
consuming processes such as ATP synthesis and flagella
movement (1-4). Complex I is the most complicated and
least understood multisubunit enzyme in the respiratory chain
of mitochondria and aerobic bacteria (5, 6). So far, complex
I has been isolated from eukaryotic mitochondrial mem-
branes, from chloroplasts of plants, and from prokaryotic
cytoplasmic membranes (7-10). The bacterial complex I has
a molecular mass of about 550 kDa. InEschericha coli, 14
genes are organized in one operon specifying its minimal
structure (11). The mitochondrial complex I is even larger,
with a molecular mass of around 1 mDa, and comprises at
least 43 subunits. Electron microscopy and single particle
analysis shows that the complexes are L-shaped, with a

peripheral arm and a membrane intrinsic arm of nearly equal
length (12-14). Complex I isolated from several bacteria
appears to be both unstable and of varying morphology (7).
The E. coli complex I is the only bacterial enzyme being
isolated so far in an intact form (6, 15). The reasons for the
difficulties in obtaining a homogeneous complex I from
bacteria, yeast, or mammals are revealed by electron
microscopy, where each preparation shows particles of
varying shapes. This finding may explain why no crystals
of complex I have been reported yet, and no high resolution
structure of the enzyme has been determined. In addition,
until stable and homogeneous preparations are obtained, the
structure and catalytic mechanism of the enzyme will be
discussed controversially (16-18).

Hyperthermophilic microorganisms are a diverse group
adapted to growth temperatures above 80°C (19). The
enzymes of these organisms are attractive for studies of
structural and functional adaptation to high temperature and
for biotechnological applications because they are stable and
active even under conditions that were previously regarded
as incompatible with life.A. aeolicusis a microaerophilic,
obligate chemolithoautotrophic eubacterium, with a maxi-
mum growth at about 95°C (20). It is the first hyperther-
mophilic eubacterium with a completely sequenced genome
(20, 21). In contrast to other organisms, genes encoding the
enzyme for many metabolic pathways are not functionally
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grouped in operons inA. aeolicus, instead, they are dispersed
throughout the genome. This feature is even found for the
genes encoding the subunits of protein complexes. Genes
encoding potential subunits of complex I are located in three
different operons, and for many of these subunits two or three
homologous genes are found (21, 22). Given the ecological
niche occupied byA. aeolicusand the apparent genetic
complexity of complex I, we have set out to investigate the
properties of this multisubunit complex. Some properties of
this enzyme in membranes ofA. aeolicushave been reported
(23). Here, we describe the first purification of a highly stable
and active complex I from this hyperthermophilic eubacte-
rium and its further characterization. Electron microscopy
and single particle analysis reveals a complex having the
typical L-shape. Visual inspection of averaged images reveals
clearer details in the cytoplasmic domain of the complex,
and an invariant angle (90°) between the base domain of
the cytoplasmic arm and the membrane arm as compared
with complex I preparations from other species, indicating
a better preservation of the enzyme and a more homogeneous
preparation.

MATERIALS AND METHODS

Purification of Complex I. A. aeolicuscells were stored
at -20 °C, and 40 g batches of thawed cells were
resuspended in 200 mL of buffer containing 50 mM Tris-
HCl (pH 7.4) and disrupted using a microfluidizer (Model:
110 LA, Microfluidics Corporation, New, Massachusetts) at
1000 MPa. Cell debris was removed by centrifugation at
10 000g for 15 min, and membranes were sedimented from
the supernatant by centrifugation at 100 000g for 1 h. The
membranes were washed and resuspended in the same buffer
at an approximate protein concentration of 12 mg/mL and
stored in aliquots at-80 °C.

Dodecyl-â-D-maltoside (GLYCON, Luckenwalde, Ger-
many) was added to the membrane suspension to a final
concentration of 3% (w/v), and the suspension was slowly
stirred at 40°C for 1 h. The detergent treated membranes
were centrifuged at 100 000g for 1 h to remove nonsolu-
bilized material. The supernatant was loaded onto a Mono
Q HR 10/10 column (Pharmacia Biotech), preequilibrated
with five column volumes of 20 mM Tris-HCl buffer (pH
7.4), 0.05% sodium azide, and 0.05% dodecyl-â-D-maltoside.
The bound proteins were eluted with a linear gradient of
0-0.5 M NaCl, pH 7.4. The fractions showing complex I
activity were collected and then concentrated to approxi-
mately 5 mg/mL using 10 kDa cutoff centriprep filters
(Amicon, Beverl, MA) and then loaded onto a TSK 4000
(Tosoh, Japan) or Superdex 200 (Pharmacia) gel filtration
column. The columns were eluted with 20 mM Tris-HCl
buffer (pH 7.4), 150 mM NaCl, 0.05% sodium azide, and
0.05% dodecyl-â-D-maltoside. Protein samples were stored
at -80 °C.

Gel Electrophoresis and Sequencing of the Protein.The
sample was subjected to analytical isoelectric focusing (IEF)1.
Servalyt 3-10 was used. IEF was performed according to
the manufacturer’s instructions (Servalyt precotes, Serva)
with the following modifications: The gel was preincubated

with 2% (v/v) Servalyt, 5% (v/v) of glycerol, and 0.05%
(w/v) dodecyl-â-D-maltoside for 30 min, and dried at room
temperature for 1 h.

The polypeptide composition of the complex I was
determined by SDS polyacrylamide gel electrophoresis
(PAGE) using a 5-20% linear polyacrylamide gradient or
15% polyacrylamide (24). The protein sample was boiled
for 3 min in sample buffer. Gel electrophoresis was
performed at 4°C, and the protein bands were visualized
by Coomassie blue R250 or silver staining. Protein concen-
trations were measured by the Microtiter Plate BCA Assay
(Pierce). For sequencing, the proteins were transferred onto
a PVDF membrane using a semi-dry blotting apparatus by
applying 1.5 mA/cm2 gel for 1.5 h at 4°C. After transfer,
the membrane was stained and destained according to ref
25, and the proteins were then ready for N-terminal sequenc-
ing and mass spectrometric analysis.

Enzyme ActiVity Assay.The activity of complex I was
assayed by monitoring electron transfer from NADH to the
ubiquinone analogue 6-decyl-ubiquinone (DQ, 80µM) as
electron acceptor. The assay buffer was prepared as described
(26). Samples were diluted to 12-15 µg/mL (membranes)
and 1-3 µg/mL (complex I). A total of 2.5µM rotenone
was added as a specific inhibitor where indicated. The
reaction was started by adding 150µM NADH to the
solutions of the sample premixed in the cuvette with DQ,
with or without inhibitor. The time course of NADH
oxidation was monitored over 5 min at 80°C, using a UV-
VIS spectrophotometer (DW 2000, SLM AMINCO) equipped
with a rapid mixing apparatus. The absorption difference of
λ ) 340 nm minusλ ) 400 nm was measured.

Electron Microscopy and Image Analysis of NegatiVely
Stained Complex I.Complex I (6µL, 0.07 mg/mL of protein)
purified by anion exchange plus TSK 4000 and Superdex
200 chromatography was applied to 400 mesh copper grids
coated with a thin carbon film. The specimen was stained
with 2% ammonium molybdate using a deep staining
technique based on the method developed by Stoops et al.
(27). Micrographs were recorded under low dose conditions
on a Philips CM120 electron microscope (FEI, Holland)
equipped with a LaB6 cathode at an accelerating voltage of
100 kV and a calibrated magnification of 58 300×. Selected
micrographs were scanned on a Zeiss SCAI flat bed scanner
(Zeiss, Germany) with 7µm raster size. Images were
converted to SPIDER format and reduced three times by
binning to a final pixel size corresponding to 0.36 nm on
the sample scale. Image processing was carried out using
SPIDER (version 5.0 modified), WEB (28), and XMIPP (29).

For image analysis, 1500 particles were picked from eight
micrographs selecting those that were separated from neigh-
boring particles and excluding obvious fragments. These
images were normalized with the average background of the
micrograph. All alignments were performed using a simul-
taneous translational/rotational alignment algorithm, based
on the correlation of Radon transforms (30). A preliminary
alignment was made using an L-shaped image as reference
and its mirror image and applied to 380 particles. Two
averages were obtained, which then were used for the
alignment of all 1500 images. The aligned images were
analyzed with a neural network algorithm (31) using an array
of 7 × 7 nodes. Two nodes corresponding to a flip and flop
orientation of the molecules were used as references for a

1 Abbreviations: IEF, isoelectric focusing; PAGE, polyacrylamide
gel electrophoresis; DQ, 6-decyl-ubiquinone; DQA, 2-n-decyl-quinazo-
line-4-yl-amine.
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multireference alignment, and the data set was split into two
classes. The alignment was repeated three times, each time
using the two class averages as new references. The
microscope transfer function was determined for each
micrograph, and the originally picked images were corrected
for defocus and astigmatism by phase flipping. These
corrected images then were again aligned to the last two
references by multireference alignment. Finally, two averages
were obtained corresponding to the flip and flop related
positions of the particles on the carbon film, comprising 815
and 685 particles, respectively.

The resolution for each class average was determined by
Fourier ring correlation (32) using a cut off criterion of five
times the noise correlation. The resolution was estimated to
be 2.6 nm before correcting for the microscope transfer
function and between 2.1 and 2.2 nm after correction.

RESULTS

Purification of Complex I.Complex I was isolated from
A. aeolicusmembranes solubilized with dodecyl-â-D-mal-
toside followed by anion exchange chromatography and TSK
4000 gel filtration (Figure 1A,B). It was first eluted from a
Mono Q column with a salt concentration gradient of 100-
150 mM NaCl at pH 7.4 (Figure 1A). Fractions with complex
I activity were collected and most of the other proteins were
already removed at this step. The protein was further purified
on a TSK 4000 gel filtration column (Figure 1B). The first
peak was enriched in complex I. Using yeast cytochrome-

bc1 complex dimers with two bound Fv fragments as a
standard (molecular mass: 505.5 kDa, ref33), the molecular
mass of complex I on the Superdex 200 column (Pharmacia,
Biotech) was found to be greater than 520 kDa. Figure 2
shows the activity profile (A) and the protein bands analyzed
by SDS-PAGE (B) when the purified complex I was rerun
on a superdex 200 column. Each fraction shows nearly
identical subunit composition on SDS-PAGE.

Representative data for complex I purification are listed
in Table 1. Dodecyl-â-D-maltoside solubilized the mem-
branes, with an apparent loss of 80% of complex I activity.
It is a very common observation that complex I loses quinone
reduction ability upon solubilization and purification (7-

FIGURE 1: Isolation ofA. aeolicuscomplex I. (A) Chromatography
on a Mono Q ion exchange column; (B) gel filtration on a TSK
4000 column; (-) absorbance at 280 nm; and (b) NADH/
decylubiquinone oxidoreductase activity.

FIGURE 2: Homogeneity ofA. aeolicuscomplex I determined by
SDS-PAGE. (A) Additional gel filtration chromatography using
superdex 200 column; (-) absorption at 280 nm; and (b) enzyme
activity. (B) SDS-PAGE (15% polyacrylamide gel) of the fractions
of superdex 200 with NADH/decylubiquinone reduction activity
(fractions 4-9) visualized by silver staining. The numbers on the
left refer to the apparent molecular masses of marker proteins (in
kDa).

Table 1: Yield and Purity of Complex I

preparation
protein
(mg)

specific activity
(U/mg)

total units
(U)

yield
(%)

membranes (81.75)a (0.132) 10.8 100
solubilized protein 126.6 0.015 1.9 17.75
Mono-Q 2.96 0.606 1.8 16.75
TSK4000 0.05 19.3 0.97 8.98

a The amount of protein was determined using the BCA assay. We
find that this assay yields unrealistically low values when unsolubilized
membranes are used.
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9). However, it is likely that the access of quinone to its
binding site may be different for the membrane embedded
complex as compared to the detergent solubilized one, so
that the assay conditions are not comparable. The enzyme
activity was almost completely retained during the anion
exchange chromatography, but there was a 50% loss of
activity during TSK 4000 gel filtration. Both steps retain
substantial amounts of protein and together provide a more
than 1000-fold increase in specific activity over the initially
solubilized membrane. The specific activity of the preparation
after TSK 4000 gel filtration, measured as rotenone-sensitive
electron transfer from NADH to DQ, was 19.3 U/mg, with
a final yield of 9%.

Subunit Composition of Complex I.Figure 3A shows the
subunit composition of the purified complex I. At least 14
bands were resolved by silver and Coommasie stained SDS-
PAGE when the sample was boiled (Figure 3A, lane 1).
Figure 3A, lane 2, shows the band pattern when the sample
was not boiled but only heated at 40°C. Apparently, some
of the bands did not originate from individual subunits but
were formed by aggregates or more likely by sample buffer
resistant subcomplexes. The sequencing results show that
the subcomplex consists of subunits E, F, and G. The
temperature dependence of the band pattern of complex I
showed that the subcomplex was stable at 40-80 °C. This
result may indicate that the three subunits form one highly
stable structural subcomplex in complex I. Seven protein
subunits were identified by N-terminal sequencing and mass
spectrometry; these are nuo D2, nuo E, nuo F, nuo G, nuo
H1, nuo I1, and nuo M1 (Table 2). Using the web tool
TMHMM 2.0 (34, 35), subunits H1 and M1 are predicted to
have eight and 14 transmembrane spanning segments,
respectively. The total number of membrane spanning
segments in complex I ofA. aeolicusis estimated to be at
least 63. Complex I focused as a single broad band with an
isoelectric point of 6.2 as determined by analytical scale IEF
as compared with standards (Serva, Test mixture for PI

determination) on a pH 3-10 Servalyt system (Figure 3B).
Catalytic ActiVity and Stability.The specific activity of

the purified A. aeolicuscomplex I was measured in the
temperature range from 50 to 85°C. The rotenone sensitive
activity of complex I increases essentially linearly from 50
to 85°C. The substrate for the assay was stable in this range
of temperature, with no detectable oxidation or degradation
of NADH. An Arrhenius plot is shown in Figure 4 and yields
an activation energy of 31.92 J/mol K (line a). In addition,
the membrane bound enzyme shows a higher activation
energy than the isolated enzyme and yields 69.5 J/mol K
(line b). The difference might be caused by different access
of substrates in the membrane integrated complex as
compared to the solubilized complex I.

The high stability of the enzyme is indicated by retention
of 80% of its activity during incubation at 80°C for 8 h
(Figure 5). After this time, the activity decreased more
rapidly, and 50% of the activity was lost after 10 h. Exposure
of the enzyme to pH values in the range of 4.5-9 for 1 h
showed no dissociation of the complex that could have been
detected by size-exclusion chromatography. Whereas expo-
sure to pH 4.5 had no effect on the activity of the enzyme,
exposure to pH 9.0 caused a loss in activity of about 50%.
It seems that the complex is sensitive to basic conditions.

The results of inhibitor studies are shown in Figure 6. Both
rotenone and DQA inhibit the activity of complex I, with
DQA showing higher affinity. The relative IC50 values are
approximately 0.4 and 2µM for DQA and rotenone,
respectively.

Electron Microscopy of the NegatiVely Stained Particles
and Image Processing.The purified complex I was analyzed
by electron microscopy and image processing. L-shaped
particles are clearly visible in the electron micrograph (Figure

FIGURE 3: SDS-PAGE after incubating the sample at different
temperatures and analytical isoelectric focusing. (A) SDS-PAGE
(5-20% polyacrylamide gradient gel) ofA. aeolicuscomplex I
visualized by Coomassie staining. The numbers refer to the
molecular masses of markers (in kDa). Lane 1: sample boiled for
3 min. Lane 2: sample incubated at 80°C for 3 min. Subunits that
could be N-terminally sequenced are on the right. (B) Isoelectric
focusing in pH range from 3 to 10; the isoelectric points of two
standard proteins are indicated.

Table 2: Predicted Complex I Subunits ofA. aeolicusa

subunit

molecular
mass
(kDa)

N-terminal sequences
as determined by

protein sequencing

no. of predicted
membrane spanning

segments

Nuo A1 14.83 3
Nuo A2 13.33 3
Nuo B 19.88 0
Nuo D1 68.69 1
Nuo D2* 67.89 MKWVNKGTVER 0
Nuo E* 18.55 MFKTEFEFPEE 0
Nuo F* 47.51 MRSYPAIPRYIYAE 0
Nuo G* 72.78 SEKVKIYIDD 0
Nuo H1* 36.92 MEATAYS
Nuo H2 28.79 8
Nuo H3 11.60 5
Nuo I1* 23.41 GVKKLSRKDYLNI 3
Nuo I2 24.57 0
Nuo J1 17.86 0
Nuo J2 19.38 5
Nuo K1 10.74 5
Nuo K2 10.90 3
Nuo L1 68.94 3
Nuo L2 88.99 16
Nuo L3 71.95 20
Nuo M1* 55.03 METLLNVA 16
Nuo M2 56.53 14
Nuo N1 51.29 14
Nuo N2 54.27 14

14
a The membrane spanning segments were predicted using the

TMHMM server, v. 2.0 (32, 33). The subunits identified by protein
sequencing are marked with an asterisk.
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7) of a negatively stained complex I preparation. A neural
network analysis of 1500 aligned particles (Figure 8A)
showed as the main difference two groups of images,
corresponding to the flip/flop related positions of the particles
on the grid. Two-dimensional averages of both classes
(Figure 8B,C) show a horizontal arm of about 20 nm in
length and 5.5 nm in width. The vertical arm can be divided
into two domains: a base (B) and a peripheral domain (P).
Between the base and the peripheral domain a low density
gap (G) can be observed. Within the peripheral domain there
is a further low density area with a diameter of about 1.8
nm. The resolution of both averages was estimated to be
approximately 2.2 nm (Figure 9), determined by the Fourier
ring correlation with a cut-off level of five times the noise
correlation. Another significant morphologic characteristic

is that the base domain in the vertical arm is always
connected by an angle of 90° to the horizontal arm.

DISCUSSION

Complex I is the largest and the most complicated enzyme
in the respiratory chains of bacteria and mitochondria. Unlike
other major components of the chain, no high resolution
structural data have been obtained so far (36, 18). This fact
greatly hampers the design of directed experiments to a
detailed understanding of the mechanism of action of this
important enzyme. A common explanation for this deficit is
the difficulty in obtaining stable, homogeneous, detergent-
solubilized preparations of this large membrane protein
complex with high catalytic activity and inhibitor sensitivity
(37, 38).

This report describes the purification and first character-
ization of the proton pumping NADH:ubiquinone oxi-

FIGURE 4: Arrhenius plot ofA. aeolicuscomplex I. The NADH/
decylubiquinone activity was determined as described in the
Materials and Methods at temperatures ranging from 50 to 85°C.
Isolated enzyme (0.25 mg/mL) as incubated at 50, 60, 70, and 80
°C, respectively; membrane bound enzyme (6 mg/mL) as incubated
at 60, 70, 80, and 85°C; (a) purified enzyme; and (b) membrane
bound enzyme.

FIGURE 5: Time dependence of the activity of theA. aeolicus
complex I (a small fraction with the highest activity after Mono Q
chromatography was used) when incubated at 80°C. Data points
are the averages of three experiments. Error bars represent standard
errors of the mean.

FIGURE 6: Effects of DQA and rotenone on the activity ofA.
aeolicuscomplex I at 80°C. Data points are the averages of three
experiments. (a) Effects of rotenone; and (b) effects of DQA.

FIGURE 7: (A) Electron micrographs ofA. aeolicuscomplex I
particles in deep stain (scale bar 100 nm). (B) A gallery of particles,
selected for image processing (scale bar 10 nm).
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doreductase from the hyperthermophilic bacteriumA. aeoli-
cus. Electron microscopy and single particle image analysis
show two classes of averaged complex I particles, which
correspond to flip and flop positions. In contrast to complex
I from other species (12, 13), the angle between the
cytoplasmic and the membrane integrated arm ofA. aeolicus
complex I is invariant. The low-density region at the top of
the vertical arm may correspond to a channel with an
approximate diameter of about 1.8 nm. The low density
between the peripheral and the base domain (Figure 8B) is
a structural feature more pronounced in the images of the
enzyme fromA. aeolicusthan from other species, although
a close inspection of the images presented by Gue´nebaut et
al. (13) of complex I fromE. coli may already indicate such
a feature. This finding may hint to a better preservation of
the structure of the peripheral arm of theA. aeolicusenzyme
and may indicate that complex I fromA. aeolicusis more

stable and the preparation more homogeneous than that from
the other species. In this first analysis, the tip of the
membrane arm, however, exhibits some blurring, and first
indications exist that this blurring may be caused by
variations in the length of this arm. Bo¨ttcher et al. (39)
reported as a novel conformation a horseshoe-like shape of
complex I in E. coli under low salt conditions. Such
horseshoe-like particles were clearly not present in our
preparation.

The specific activity for rotenone-sensitive reduction of
ubiquinone homologous of the purified enzyme is much
higher than that reported for other complex I preparations
(7, 8, 37, 38). Compared to other bacterial preparations such
as that fromE. coli, the specific activity of the highly purified
A. aeolicuscomplex I is at least 29 U/mg, and a completely
rotenone-sensitive activity is retained. The enzyme activity
shows a biphasic decay, when exposed to high temperatures,

FIGURE 8: Image analysis ofA. aeolicuscomplex I particles. (A) Self-organizing map from a neural network analysis of 1500 aligned
particles. The numbers in the label of each square indicate the number of images that contribute to this node in the map. (B) and (C) Two
averages ofA. aeolicuscomplex I corresponding to a flip (B) and flop (C) position on the carbon support of the EM grid. The averages
contain 815 and 685 particles, respectively (scale bar 10 nm).

Complex I ofAquifex aeolicus Biochemistry, Vol. 42, No. 10, 20033037



with only 20% of the activity lost after 8 h at 80°C and a
half-life of 10 h. This complex I does not appear to form
aggregates or to dissociate in the pH range of 4.5-7.4, with
the bulk of the enzyme activity maintained at these pH
extremes.

The unusual stability of theA. aeolicuscomplex I is a
consequence of its adaption to high temperatures. Early work
indicated increased intersubunit ion pairs and ion-pair
networks in hyperthermostable enzymes (40). The equal
increase of subclasses of oppositely charged residues in
hyperthermophiles are most likely derived from the increased
ion pairing at the surface of their proteins (41). Structural
data further suggest that enhanced thermal stability involves
additional features such as a higher proportion of helix
forming hydrophobic residues involved in internal packing
and a decreased hydrophobic surface area (42-44). Genomic
sequences indicate the presence of higher levels of charged
amino acids inA. aeolicusthan in mesophilic bacteria (21).
It is estimated that the average percentage of charged amino
acids in the proteins fromA. aeolicusis higher than 20%,
and a quarter of the subunits of theA. aeolicuscomplex I
contains more than 30% charged residues. A detailed
structural analysis of the highly stable complex I fromA.
aeolicusmay provide a system to test these assumptions for
a multisubunit enzyme complex.

Thermophilic enzymes are much more rigid at room
temperature than mesophilic ones, whereas both classes of
enzymes show nearly identical flexibilities under their
optimum working conditions (45). A close relationship may
exist between conformational flexibility and enzyme function
(46). This property has also been observed in the complex I
preparations ofA. aeolicus. The purified enzyme showed a
detectable catalytic activity only above 50°C and high
activity under the optimal growth temperature of 85-90 °C.
Similar results have been published for the membrane bound
complex I (23). Enzymes from hyperthermophiles normally

have specific activities similar to those from mesophiles (47).
However, the specific activity of the membrane-bound
complex fromA. aeolicusappears to be at least 5-fold higher
than that of a comparable preparation fromParacoccus
denitrificans. Recent studies show that organisms living
under extreme conditions adjust the lipid composition of their
membranes so that a proper balance between proton perme-
ability and the rate of outward proton pumping is maintained
(48). However, thermophilic bacteria such asBacillus
stearothermophilusandThermotoga maritimaare prokary-
otes that appear to be unable to control the proton perme-
ability of their membranes at high growth temperatures; the
membranes of these organisms were found to be very leaky
to protons (48, 49). We therefore suggest that the high
activity of the membrane-bound complex I fromA. aeolicus
may be an adaptation to rapid proton leakage. This presum-
ably also requires structural adaptation byAquifexcomplex
I.

Generally, the complex I in bacteria consists of 14
subunits, which have been thought to form the minimum
structure of this complex (11). TheE. coli complex I can be
dissociated into three subcomplexes by changing pH and
detergent (7). The subunits E, F, and G were proposed to
form a NADH dehydrogenase subcomplex as a water soluble
part. These three subunits inAquifexcomplex I stick together
even in the SDS-containing buffer when heated to 80°C.
This finding is indeed well-compatible with the existence
of such a subcomplex. Fourteen protein bands could also be
distinguished from the complex I ofA. aeolicusby SDS-
PAGE silver staining and Coomassie staining. Analysis of
the genome ofA. aeolicusreveals the presence of 24 genes
homologous to complex I protein subunits from other
organisms. However, they code for only 13 different non-
homologous subunits because, as mentioned before, most of
them exist in two or three different versions (21). Therefore,
different variants of complex I may be present in the isolated
enzyme. However, the purified complex I always shows one
band after isoelectric focusing (Figure 3B), a single sharp
peak after anion exchange chromatography (data not shown),
and a symmetric peak on gel filtration (Figure 2). We have
identified seven subunits (Table 2), and so far, we have
obtained no evidence for the existence of different variants
of complex I subunits. Similar to theE. coli complex I (11,
21), the subunits A and H-N appear to be very hydrophobic
intrinsic membrane proteins, to be predicted to possess at
least 63 membrane spanning segments. Variants of the other
subunits present could not be decided so far because of the
strongly hydrophobic nature. Further experiments are needed
to identify the other individual subunits of theAquifex
complex I and to localize the subunits within this enzyme
complex. The existence of the stable and morphologically
homogeneous complex I preparation presented here will
allow us to proceed in these directions.
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FIGURE 9: Fourier ring correlation curve of the averages shown.
Because the curves for both averages were almost indistinguishable,
only the curves for one average (Figure 9, curve a) are shown.
With a cut off criterion of five times noise correlation (curve a),
the resolution was calculated to be 2.6 nm before correction of the
microscope transfer function (curve b) and 2.2 nm after correction
(curve c).

3038 Biochemistry, Vol. 42, No. 10, 2003 Peng et al.



REFERENCES

1. Anraku, Y. (1988)Annu. ReV. Biochemistry 57, 101-132.
2. Walker, J. E. (1992)Q. ReV. Biophys. 25, 253-324.
3. Yagi, T. (1993)Biochim. Biophys. Acta 1141, 1-17.
4. Spehr, V., and Schlitt, A. (1999)Biochemistry 38, 16261-16267.
5. Walker, J. E., Skehel, J. M., and Buchanan, S. K. (1995)Methods

Enzymol. 260, 14-34.
6. Friedrich, T., and Steinmuller, K. (1995)FEBS Lett. 367, 107-

111.
7. Leif, H., and Sled, V. D. (1995)Eur. J. Biochem. 230, 538-548.
8. Buchanan, S. K., and Walker, J. E. (1996)Biochem. J. 318, 243-

349.
9. Kashani-Poor, N., Kerscher, S., Zickermann, V., and Brandt, U.

(2001)Biochim. Biophys. Acta 1504, 363-370.
10. Sazanov, L. A., Burrows, P. A., and Nixon, P. J. (1998)Proc.

Natl. Acad. Sci. U.S.A. 95, 1319-1324.
11. Friedrich, T., and Scheide, D. (2000)FEBS Lett. 479, 1-5.
12. Grigorieff, N. (1998)J. Mol. Biol. 277, 1033-1046.
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