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Background: Complex I is the largest proton pump in mitochondria, yet its mechanism is unknown.
Results: For the first time, inhibitor-sensitive semiquinone and cluster N6 signals were detected in affinity-purified E. coli

complex L.

Conclusion: The semiquinone species is involved in the redox-driven proton-pumping mechanism.
Significance: Our highly pure complex I will help advance the mechanistic study of the protein.

NADH:ubiquinone oxidoreductase (complex I) pumps pro-
tons across the membrane using downhill redox energy. The
Escherichia coli complex I consists of 13 different subunits
named NuoA-N coded by the nuo operon. Due to the low abun-
dance of the protein and some difficulty with the genetic manip-
ulation of its large ~15-kb operon, purification of E. coli com-
plex I has been technically challenging. Here, we generated a
new strain in which a polyhistidine sequence was inserted
upstream of nuoE in the operon. This allowed us to prepare large
amounts of highly pure and active complex I by efficient affinity
purification. The purified complex I contained 0.94 = 0.1 mol of
FMN, 29.0 = 0.37 mol of iron, and 1.99 = 0.07 mol of ubiqui-
none/1 mol of complex I. The extinction coefficient of isolated
complexIwas495mm~ ' cm ™ 'at274nmand 50.3mm 'cm ™' at
410 nm. NADH:ferricyanide activity was 219 = 9.7 umol/
min/mg by using HEPES-Bis-Tris propane, pH 7.5. Detailed
EPR analyses revealed two additional iron-sulfur cluster signals,
N6a and N6b, in addition to previously assigned signals. Fur-
thermore, we found small but significant semiquinone signal(s),
which have been reported only for bovine complex I. The line
width was ~12 G, indicating its neutral semiquinone form.
More than 90% of the semiquinone signal originated from the
single entity with P, (half-saturation power level) = 1.85 milli-
watts. The semiquinone signal(s) decreased by 60% when with
asimicin, a potent complex I inhibitor. The functional role of
semiquinone and the EPR assignment of clusters N6a/N6b are
discussed.
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NADH:ubiquinone oxidoreductase (complex I: EC 1.6.5.3) is
the entry enzyme of the respiratory chain in mitochondria. It
couples scalar transfer of electrons from NADH to ubiquinone
(UQ)?* with vectorial proton translocation across the inner
membrane (1-3). Complex I provides ~40% of the proton-mo-
tive force required for ATP synthesis (4). On the other hand,
complex I is a major site of reactive oxygen species generation
and is extremely vulnerable to oxidative stress. Accordingly,
complex I dysfunction has been implicated in a variety of mito-
chondrial diseases including heart failure, type 2 diabetes, and
several neurodegenerative diseases such as Parkinson disease
(5). Mammalian complex I is recognized as one of the most
elaborate membrane-bound iron-sulfur proteins with a total
mass close to 1,000 kDa, and it is composed of 45 different
protein subunits (6), seven of which are encoded by mitochon-
drial DNA (mtDNA) and the rest of which are encoded by
nuclear DNA (7, 8). On the other hand, the bacterial complex I
catalyzes the same reaction and harbors the same set of cofac-
tors and consists of only 13—-17 subunits (2, 9, 10), but at least
13-14 of them have homologs in the mitochondrial enzyme (9).
Taking advantage of its simplicity and ease of genetic manipu-
lation, we have used E. coli complex I as a model system to study
the structure and function of complex L.

The recent x-ray crystal structures revealed that complex I
has a characteristic L-shaped structure with two distinct
domains: a hydrophilic peripheral arm and a transmembrane
hydrophobic arm (11, 12). The high resolution, three-dimen-
sional structure of Thermus thermophilus HB-8 complex I
defined locations of a noncovalently bound flavin mononucle-
otide (FMN) and nine iron-sulfur clusters, N1a, N1b, N2, N3,
N4, N5, N6a, N6b, and N7, in the peripheral arm (13-15). The
quinone reduction site is thought to be at the interface between

2 The abbreviations used are: UQ, ubiquinone; Q, quinone; SQ, semiquinone;
MK, menaquinone; Ni-NTA, nickel-nitrilotriacetic acid; Bis-Tris, 2-(bis(2-hy-
droxyethyl)amino)-2-(hydroxymethyl)propane-1,3-diol; mW, milliwatt(s);
DDM, dodecyl-B-p-maltoside; Tricine, N-[2-hydroxy-1,1-bis(hydroxy-
methyl)ethyl]glycine.
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the peripheral and membrane arms. The transmembrane arm is
involved in proton pumping (16 —20) and quinone (Q)/inhibi-
tor binding (21-26). The mechanism of how electron transfer is
linked to vectorial proton translocation, however, remains
largely unknown.

Electron paramagnetic resonance (EPR) spectroscopy has
been one of the most successful and informative methods to
study the properties of iron-sulfur clusters of complex I (27—
30), but not all of the clusters are detectable by EPR spectros-
copy. For example, if iron-sulfur clusters are not paramagnetic
due to their very low midpoint potential, their EPR signals are
undetectable. Furthermore, when iron-sulfur clusters have very
fast spin relaxation, their EPR signals become too broad to be
detected even at extremely low temperatures like 4 K. In addi-
tion, considerable overlap of signals exists in the observed EPR
spectra for complex I for tetranuclear ([4Fe-4S]) clusters (13,
31). This makes the actual assignment of observed g values to
the individual clusters an extremely challenging and debatable
issue (14, 32). In E. coli complex I, EPR signals from at least six
iron-sulfur clusters (N1a, N1b, N2, N3, N4, and N7) were iden-
tified (28 —30, 33, 34). Recently, it was suggested that EPR sig-
nals from cluster N6a were detectable based on mutational
analysis (35).

Here, we developed our new purification system for E. coli
complex I by generating a strain in which a polyhistidine
sequence was inserted upstream of nuoE in the nuo operon
(from NADH:ubiquinone oxidoreductase). This allowed us to
prepare large amounts of highly pure and active enzyme by
rapid and efficient affinity purification despite its low abun-
dance in the membranes. Our detailed EPR analyses including
power saturation profiles and simulation revealed two addi-
tional iron-sulfur cluster signals, presumably clusters N6a and
N6b, in addition to previously assigned signals. Furthermore,
we successfully detected small but significant and inhibitor-
sensitive semiquinone (SQ) signal(s), which until now have
been reported only for bovine complex I (36, 37). The func-
tional role of SQ in proton-pumping mechanism and the EPR
assignment of clusters N6a and N6b are discussed.

EXPERIMENTAL PROCEDURES

Materials—The pCRScript cloning kit, QuikChange® II XL
site-directed mutagenesis kit, and Herculase®-enhanced DNA
polymerase were obtained from Stratagene (Cedar Creek, TX).
Materials for PCR product purification, gel extraction, plasmid
preparation, and Ni-NTA agarose were from Qiagen (Valencia,
CA). The gene replacement vector, pKO3, was a generous gift
from Dr. George M. Church (Harvard Medical School, Boston,
MA). Asimicin was synthesized according to Ref. 38. The BCA
protein assay kit and SuperSignal West Pico chemiluminescent
substrate were from Pierce. Anti-His tag antibody was pur-
chased from Abgent (San Diego, CA). All chemicals used were
reagent grade.

Preparation of nuoE Knock-out and Mutant Strains Carrying
the Gene for a His-tagged NuoE Subunit—The E. coli MC4100
strain was used to generate knock-out and site-specific muta-
tions of nuoE employing the pKO3 system with the modifica-
tion described previously by Kao et al. (17). Oligonucleotides
used in this study are listed in supplemental Table S1. A DNA
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fragment, which includes the nuoE gene with its upstream and
downstream 1-kb DNA segments, was amplified from E. coli
DH5a by PCR. E. coli nuoE knock-out was constructed by
replacement of the nuoE gene in the nuo operon encoding
E. coli complex I with the nuoE fragment disrupted by spc
(spectinomycin) gene with pKO3/nuoE(spc). A total of six his-
tidine residues were sequentially introduced into the N termi-
nus of NuoE by PCR using the sense and antisense primers in
which the codes for polyhistidines were added (supplemental
Table S1). In subsequent steps, the pKO;/(His)g ,, o #140E plas-
mid was used for the construction of His-tagged nuoE mutant
strains. The introduction of polyhistidine sequences in the
chromosome was verified by direct DNA sequencing.

Bacterial Growth and Membrane Vesicle Preparation—The
E. coli membranes were prepared according to (17). In brief, the
cells were grown in 4.8 liters (800 ml X six flasks) of Terrific
Broth medium at 33 °C until A4y, of ~7 and then harvested at
5,800 X gfor 20 min. The cells were resuspended at 10% (w/v) in
a buffer containing 50 mm Bis-Tris (pH 6.0), 0.1 mm EDTA, 1
mw dithiothreitol (DTT), 1 mm phenylmethylsulfonyl fluoride
(PMSF), and 10% (w/v) glycerol. The cell suspensions were son-
icated twice with a 1-s on/1-s off cycle for 60 s, passed once in a
French press at 25,000 p.s.i., and centrifuged at 23,400 X g for
20 min. The supernatant was ultracentrifuged at 256,600 X g
for 60 min. The pellet was resuspended in the buffer containing
50 mm Bis-Tris (pH 6.0 at 4 °C), 2 mm CaCl,, 10 mm 2-mercap-
toethanol, and 10% glycerol, and a protease inhibitor mixture
(Complete EDTA-free tablets, Roche Diagnostics) (buffer A)
was added. The resulting membrane suspension was frozen in
liquid nitrogen and stored at —80 °C until use.

Isolation of Complex I—All steps were carried out at4 °C. The
pellet (membrane fraction) was suspended at 5 mg of pro-
tein/ml in buffer A. After the addition of dodecyl-B-p-malto-
side (DDM) at a final concentration of 1.2% (w/v), the sample
was gently stirred for 30 min and centrifuged at 250,000 X g for
20 min. After this, 200 mm NaCl and 5 mM histidine (at the final
concentrations) were added drop by drop to the supernatant.
This was followed by the addition of Ni-NTA resins (Qiagen)
equilibrated in 50 mM Bis-Tris, pH 6.0. The supernatant was
incubated with gentle stirring for 1 h. Then, the sample was
poured into an empty column. The gravity packed column
was washed with 3-5 column volumes of buffer A containing
200 mMm NaCl, 0.1% DDM, and 5-10 mM histidine, and the
enzyme was eluted with buffer A containing 200 mm NaCl, 0.1%
DDM, and 200 mm histidine. The brown-colored fractions were
pooled and concentrated (Amicon-Ultra, molecular weight
cut-off 100K; Millipore) to 2— 8 mg of protein/ml. The concen-
trated complex I was immediately applied onto a desalting col-
umn (Econo-Pac 10DG, 10 ml; Bio-Rad), which had been equil-
ibrated with buffer A containing 200 mm NaCl and 0.1% DDM,
to remove histidine. The desalted enzyme fraction was quickly
frozen in liquid nitrogen and stored at —80 °C until use.

Gel Electrophoresis and Western Blot Analysis—SDS-PAGE
was performed according to Laemmli (39) and Schégger (40).
The expression of the NuoE subunit was immunochemically
determined using antibodies specific to NuoE. The assembly of
E. coli complex I was evaluated by using Blue-Native PAGE
according to Refs. 41 and 42. The position of the complex I band
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was confirmed by activity staining with nitroblue tetrazolium
(16).

Quantification of Bound Quinones—The bound quinones in
purified complex I were basically determined according to
Shinzawa-Itoh et al. (43) except that we used ~1 mg of the
complex I/extraction. We also isolated ubiquinone 8 (UQ8) and
menaquinone 8 (MKS8) from E. coli membranes grown aerobi-
cally and semi-anaerobically and used them as standards. The
20-ul portion of each sample was applied to an HPLC system
(LC-20AB, Shimadzu, Kyoto, Japan) equipped with a C18 col-
umn (Inertsil ODS3, 5 um, 4.6 X 250 mm; GL science, Tor-
rance, CA) equilibrated with a mobile phase consisting of eth-
anol/methanol/acetonitrile (4:3:3 v/v/v) at a flow rate of 1
ml/min at 50 °C. The elution was monitored on a UV-visible
detector (SPD-20AYV, Shimadzu, Kyoto, Japan) at 260 and 320
nm, and the content of UQ8 was estimated from the peak area
by comparison with authentic compounds of known concen-
trations based on the molecular extinction, 14.9 mM ' cm™ ' at
275 nm reported (44).

Quantitative Analyses of FMIN—The isolated complex I of 2
mg of protein was dissolved in 1 ml of 50 mm Bis-Tris buffer, pH
6.0, containing 0.1% DDM. The enzyme solution was treated
with 5% trichloroacetic acid and homogenized with a Vortex
mixer for 20 s and followed by heat treatment at 100 °C for 5
min. The denatured protein was removed by centrifugation.
The FMN content was determined by the absorbance differ-
ence between 445 and 580 nm using the molecular extinction
coefficient of FMN, A€45 550 nms Of 11.1 mM~ ' cm ™! in the
presence of 5% trichloroacetic acid (43).

Activity Analyses—The NADH:K;Fe(CN),, NADH:hexaamine
ruthenium), and NADH:#n-decylubiquinone activity was spec-
trophotometrically measured at 30 °C using a Cary 60 UV-vis-
ible spectrophotometer (Agilent, Santa Clara, CA). The buffers
used were: () 50 mMm MES buffer (pH 6.0) containing 50 mm
NaCl, (b) 10 mm potassium phosphate buffer (pH 7.0) contain-
ing 1 mm EDTA, and (c¢) 25 mm HEPES-Bis-Tris propane (pH
7.5) containing 3 mm KCl. Reaction mixtures contained 150 um
NADH, 10 mm KCN, and 1 mm K Fe(CN), and 350 um
hexaamine ruthenium or 25 um n-decylubiquinone. Extinction
coefficients of €;,, = 6.22 mM ' cm ™ * for NADH and €,,, =
1.00 mM~* cm ™! for K,;Fe(CN), were used for activity calcula-
tions. Reported values are the average of three measurements.

EPR Spectroscopy—EPR samples were prepared under strict
anaerobic conditions. After the addition of 6 mm NADH or
10-20 mM neutralized sodium dithionite solution, each sample
was incubated for 10 min, transferred to an EPR tube, and then
frozen immediately. EPR spectra were recorded by a Bruker
Elexsys E500 spectrometer at X-band (9.4 GHz) using an
Oxford Instrument ESR900 helium flow cryostat. EPR spectra
of the iron-sulfur clusters were simulated by SimFonia
(Bruker). Power saturation data were analyzed by a computer
fitting method as described previously (37, 45).

Other Analytical Procedures—Protein assay was routinely
done by the methods of Lowry et al. (46) and/or Bradford (47)
using bovine serum albumin as the standard. Iron content was
determined by a colorimetric assay using ferrozine (48). Any
variations from the procedures and other details are described
in the figure legends.
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FIGURE 1. Gel analysis of His-tagged complex I. A,immunoblotting analysis
of E. colimembranes from wild type (lane 1) and the (His)s-nuoE mutant (lane
2). Membranes (20 ug/lane) were loaded onto a 12.5% Laemmli SDS-poly-
acrylamide gel. After electrophoresis, the proteins were transferred onto
nitrocellulose membranes, and Western blotting was carried out using the
SuperSignal West Pico system. Antibodies specific to NuoE and His tag were
used. B, SDS-PAGE of purified complex I. Tricine SDS-PAGE on a 10% gel was
performed according to Ref 40. C, Blue-Native PAGE of purified complex | (Cl).
The arrows show the location of the fully assembled complex | and NuoEFG
subcomplex. Blue-Native gels were stained with Coomassie Brilliant Blue (left)
or incubated with 2.5 mg/ml nitro blue tetrazolium and 150 um NADH for 1 h
at 37 °C (right).

RESULTS

Affinity Purification of E. coli Complex [—After the second
round of PCR to extend three additional histidines in the N
terminus of the NuoE subunit, we obtained the final plasmid
containing (His)y-nuoE in addition to the originally designed
(His)¢-nuoE plasmid. The NuoE deletion strain was comple-
mented by pKO, plasmids containing either (His),-nuoE or
(His)y-nuoE, and we obtained both (His)s-nuoE and (His)o-
nuoE mutant strains. Both mutant strains showed normal
growth. Complex I activities in membrane fractions were sim-
ilar to those in the wild type (data not shown). Western blotting
using anti-NuoE antibody revealed that the size of the NuoE
subunit was slightly increased as expected (Fig. 1A, left) and that
the same band reacted with anti-His tag antibody (Fig. 14,
right). Because a longer polyhistidine tag increases binding
affinity to the Ni-NTA resin and results in greater purity, the
(His)y-nuoE strain was used for purification of complex I.

Cytoplasmic membranes were routinely prepared from ~50
g of E. coli cells from 4.8 liters of culture. About 70% of mem-
brane proteins were extracted with 1.2% DDM (lipid:protein =
2.4:1). The concentration of histidine in the binding and wash-
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ing buffer for the Ni-NTA resin was critical to obtain highly
pure complex I. We found that the presence of 5 mm histidine in
the buffer drastically reduced contamination to almost zero.
The specific activity became 25 times higher at the affinity col-
umn step (Table 1). Overall, 10% of total NADH:ferricyanide
activity was recovered. NADH:ferricyanide and NADH:n-decy-
lubiquinone activities of the final preparation were 219 * 9.7
and 39.2 = 8 umol/min/mg, respectively, by using HEPES-Bis-
Tris propane, pH 7.5. We found that NADH:ferricyanide activ-
ities varied depending on the buffers used (supplemental Table
S2), although NADH:ferricyanide activities are not pH-depen-
dent (49).

The SDS-PAGE pattern of purified complex I demonstrated
the presence of all complex I subunits (Fig. 1B). No impurities
were detected. There was almost no ~85-kDa band, which has
been frequently detected in purified complex I and identified as
a proteolytically cleaved fragment of NuoG (50). We further
verified the assembly of the His-tagged complex I assembly by
Blue-Native PAGE with NADH dehydrogenase activity stain-
ing. As shown in Fig. 1C, the one major band was detected
around the molecular mass of ~570 kDa, which is close to the
estimated molecular mass, 535 kDa, based on the amino acid
sequences of 13 subunits NuoA-N in E. coli complex I. The
more densely stained band around 170 kDa corresponds to the
NADH dehydrogenase complex. Due to the low concentration

TABLE 1
Isolation of E. coli complex | from strain MC4100/His, (NuoE)
NADH:ferricyanide
activity”
Preparation Volume Protein Totalactivity Specific activity Yield
ml mg wmol/min wmol/min X mg %
Membranes 35 1100 7056 6.41 100
Extract 225 909 4860 5.35 68.9
Ni-NTA 7.5 3.3 438 134.0 6.2
MWCO? 115 3.2 707 219.0 10.0
100 kDa
“HEPES-BTP 25 mm (pH 7.5) buffer containing 3 mm KCl was used.
? MWCO, molecular weight cut-off.
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of DDM (0.1%) in the purified sample, some portion of purified
complex I disintegrated during electrophoresis. Clearly, the
polyhistidine insertion in NuoE did not affect the subunit
assembly of complex L.

The purified complex I contained 0.94 * 0.1 of FMN and
29.0 = 0.37 of iron/1 mol of CI, respectively. The complex I
preparation exhibited absorption spectra as shown in Fig. 2A. It
has a sharp peak at 274 nm and two broad shoulders at 410 and
560 nm. This feature was consistent with the previous study
(51). No contaminant hemeproteins were detectable. The
apparent molecular extinction coefficients of peaks at 274 nm
(orat 280 nm) and 410 nm were 495 (472) and 50.3mm ™~ ' cm ™~ ?,
respectively. The broad shoulders from 400-600 nm were
quenched by dithionite (Fig. 24, inset).

Fluorescence spectra of the purified complex I were also
measured. We detected a weak, but substantial fluorescence
emission, maximal at ~445 nm in the oxidized state (Fig. 2B,
panel a). The signal was doubled and shifted to ~425 nm in the
reduced state (Fig. 2B, panel b). Their excitation spectra suggest
that these emission signals originate from the flavin chro-
mophore. Interestingly, we found an additional fluorescent
emission peak at ~650 nm regardless of the redox state of the
protein (Fig. 2B, panels c and d), which originates from an exci-
tation peak at 280 nm and 560 nm (data not shown). This fea-
ture somewhat resembles the luminescent properties of NADH
dehydrogenase-2 (NDH-2) from E. coli, which was predicted to
bind a copper (52). This possibly suggests that there might be a
metal binding to complex I.

The ubiquinone content of complex I purified from aerobi-
cally grown E. coli cells was determined by cyclohexane extrac-
tion and HPLC measurements (Fig. 3). The amount of ubiqui-
none was found to be 1.99 * 0.07 mol of ubiquinone/1 mol of
complex I. The result opposed previous studies in which only
one ubiquinone molecule is bound to E. coli (53) and bovine
(43) complex L. It is known that UQ8 and MKS8 are major qui-
none components in E. coli (54). In fact, our complex I prepa-
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FIGURE 2. A, UV-visible absorption spectra of purified E. coli complex |. Complex | was dissolved in 50 mm Bis-Tris (pH 6.0), 2 mm CaCl,, 10% glycerol, and 0.1%
DDM at 0.73 mg/ml. Inset, the enlarged absorption spectra from 350 to 800 nm. Thick solid line, the oxidized form; dotted line, the reduced form by the addition
of 10 mm sodium dithionite. B, fluorescence emission spectra of purified E. colicomplex | at various excitation wavelengths (370,410,450, 550, 600,and 650 nm).
Fluorescence emission spectra were taken from the oxidized enzyme (panels a and c) and reduced enzyme with 10 mm dithionite (panels b and d).
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rations isolated from cells grown in semi-anaerobic conditions
contain a significant amount of MK8 as well as UQ8 (data not
shown).

EPR Analysis—The iron-sulfur clusters of the preparations
were characterized by X-band EPR spectroscopy. EPR signals
from binuclear clusters N1a and N1b were observed at 40 K and
2 mW (Fig. 4A). Their signal intensities were almost the same in
both NADH-reduced and dithionite-reduced samples (Fig. 44,
spectra a and b). The EPR signals of the tetranuclear iron-sulfur
clusters N2, N3, and N4 were present in the spectra of both
NADH-reduced and dithionite-reduced samples recorded at
13 K and 5 mW microwave power in addition to the signals of
the binuclear clusters (Fig. 4B). No obvious difference was
detectable concerning the g, values and line width of the signals
from those clusters. The signal intensities at g, = 2.05 and 2.03
and in the g, = ~1.94 region, however, were much larger in the
dithionite-reduced sample than those in the NADH-reduced
sample. This difference between NADH- and dithionite-re-
duced seemed to be mostly caused by EPR signals from cluster
N7, which cannot be reduced with NADH but can be reduced
with dithionite due to its long distance (20.5 A) from the main
electron pathway (55). Therefore, previously assigned signals
were all present at the expected positions in our complex I
preparation. Their relative signal intensities were similar to
those in published literature (56).

UQs MK8 uQ1o

- |

Signal intensity, mAU

—A260
----A320
-3000 — ———————————

0 2 4 6 8 10 12 14 16 18 20
Retention time, min

FIGURE 3. HPLC analysis of quinones extracted from purified complex |
using cyclohexane. The chromatograms were shown at 260 and 320 nm.
Arrows indicate the elution times for standards UQ8, MK8, and UQ10. mAU,
milliabsorbance units.

A
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Clusters N6a and N6b are historically believed to be EPR
silent signals. The recent mutational study by the Yagi group
suggest that the g, = 2.08, 1.88 signals are arising from cluster
N6a (35). Therefore, we carried out more detailed EPR power
saturation analysis at different temperatures. For the first time,
we found that there were overlapping EPR signals at ~2.09 in
E. coli complex I as shownin Fig. 5. The g = 2.099 signal showed
much higher intensity at 204 mW than at 1.2 mW (Fig. 5, spec-
tra a and b), indicating that it has faster spin relaxation, whereas
the g = 2.086 signal showed the opposite; its intensity is larger
at 1.2 mW than at 204 mW (Fig. 5, spectra c and d). There are
two peaks in the difference spectrum at 81 mW (dithionite-
reduced minus NADH-reduced, Fig. 5, spectrum e). These data
strongly suggest that the cluster N6a signal does exist in the
spectra of purified complex I, in addition to cluster N4. Previ-
ously, Yano et al. (57) showed the EPR signals of clusters N6a
and N6b in the overexpressed Paracoccus denitrificans Nqo9
(an E. coliNuol homologue) subunit: an outside-pair g, , = 2.08
and 1.89 and an inside-pair g, , = 2.05 and 1.92. Because the
outside-pair signals showed much faster spin relaxation (P, =
342 mW) than the inside-pair signals (P, = 8 mW) at 14 K, the

N6a N4

. g=2086
g=2.099

erT T T T T T T T T T T T
3100 3150 3200 32

Magnetic field, gauss

FIGURE 5. EPR spectra of the g, region of cluster N4 and Né6a signals in
E. coli complex I. The samples were anaerobically reduced with 20 mm
dithionite (spectra a and b) or 6 mm NADH (spectra ¢ and d). The EPR spectra
were recorded at 10 Kand 204 mW (spectra a and c) or 1.2 mW (spectra b and
d). The difference spectra (dithionite-reduce minus NADH-reduced) were
taken at 10 Kand 81 mW (spectrum e). Other EPR conditions are the same asin
Fig. 4.
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FIGURE 4. EPR spectra of the isolated complex I. The samples (8.28 mg/ml) were anaerobically reduced with 6 mm NADH (spectrum a) or 20 mm dithionite
(spectrum b). The EPR spectra were recorded at 40 Kand 2 mW (A) or 13 Kand 5 mW (B). The position of the EPR signals arising from each iron-sulfur cluster is
indicated. Other EPR conditions were: microwave frequency, 9.45 GHz; modulation frequency, 100 kHz; modulation amplitude, 6 G; time constant, 82 ms.
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FIGURE 6. A, fitting the experimental EPR spectra of complex | reduced by dithionite (panel a) or NADH (panel b) and their difference (dithionite-reduced minus
NADH-reduced) spectra (panel ¢) with simulated EPR signals of individual iron-sulfur clusters. The spectra were recorded at 20 K and 5 mW and are displayed
atthe same scale. The dotted lines show the sum of the simulated spectra of each iron-sulfur clusters. B, simulated EPR signals of individual tetranuclear clusters.

The spectra are normalized to give the same spin quantity (panels a-c).

g = 2.099 was assigned to cluster N6a, and the g = 2.086 signal
was assigned to cluster N4 (Fig. 5).

The g, signal of the inside-pair g, , = 2.05 and 1.92 signals
detected in the overexpressed P. denitrificans Nqo9 arising
from cluster N6b is completely overlapped with the g, signal of
cluster N2. In the search for cluster N6b signals in our complex
I samples, we further obtained difference spectra at different
temperatures and different microwave powers and analyzed
the data by using simulation techniques. We observed that the
reduction levels of iron-sulfur clusters in complex I were the
same or higher in dithionite-reduced spectra than in NADH-
reduced spectra. We decided to use EPR data at 20 Kand 5 mW
(Fig. 6), minimizing the contribution from other tetranuclear
clusters in difference spectra (dithionite-reduced minus
NADH-reduced). Based on the long accepted fact that cluster
N2 is fully reduced with NADH (13, 58), the dithionite-reduced
samples, the NADH-reduced samples, and their difference
spectra at 20 Kand 5 mW were individually simulated using the
g-value parameters for EPR signals of each iron-sulfur cluster
(supplemental Table S3). As shown in Fig. 6A, panel c, the
dithionite-reduced minus NADH-reduced difference spectrum
revealed additional axial type EPR signals at g = 2.05 and 1.93,
which cannot be simulated using parameters for clusters N3
(g, = 2.03,1.94, 1.88, Fig. 6B, panel a), N4 (g, . = 2.09, 1.94,
1.89, Fig. 6B, panel b), and N7 (gz,y,x = 2.05, 1.94, 1.90, Fig. 6B,
panel a). This strongly suggested the presence of the cluster
N6b signals that can only be reduced with dithionite under
strict anaerobic conditions. This nature is completely opposite
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to the nature of cluster N2 signals, which can completely be
reduced with NADH even under aerobic conditions. However,
both N2 and N6b signals are axial and detectable at higher tem-
peratures. The spectrum (Fig. 6B, panel c, red line) shows the
simulation of the axial-type EPR signal arising from cluster
N6b, overlapped with the g, value of the cluster N2 signal. The
dotted line in Fig. 6A, panel ¢, shows the sum of simulated spec-
tra using the following spin contributions of individual clusters:
N3:N4:N6b:N7 = 0.77:0.19:0.31: 1.

Semiquinone Signals in Purified E. coli Complex I—SQ sig-
nals have never been detected in purified E. coli complex I from
other research laboratories. However, we detected a small but
significant SQ signal at 20 K (Fig. 6A, panel c, in the g = 2.00
region). We examined the power saturation profiles of this g =
2.005, SQ signal at 150 K. Unfortunately, even at 150 K, the
relatively large g, = 2.00 signal from cluster N1a was still over-
lapped with the SQ signal (Fig. 7, spectrum a). Thus, we sub-
tracted the dithionite-reduced spectra from NADH-reduced
spectra to isolate the SQ signal. This was feasible because clus-
ter N1a was completely reduced by either NADH or dithionite,
whereas the SQ signal disappeared in the dithionite-reduced
spectra (Fig. 7, spectrum c). Finally, we successfully isolated the
SQ signal in E. coli complex I (Fig. 7, top right). The peak-to-
peak line width (AH,,) was ~12 G, indicating its neutral
semiquinone form (QH’) (59). It is known that protonation
increases spectral line width because of an asymmetric pertur-
bation of the spin density on the quinone ring. Based on power
saturation analysis, more than 90% of the SQ signal originated
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FIGURE 7. EPR spectra of SQ signals in isolated complex . Left, EPR spectra
were recorded at 150 K and 1.2 mW. Complex | (15 um) was reduced with
NADH in the absence (spectrum a) or presence (spectrum b) of asimicin, a
potent E. coli complex | inhibitor, or reduced with dithionite (spectrum c).
Right, the difference spectra of NADH-reduced minus dithionite-reduced
spectra in the absence (spectrum a-c) or presence (spectrum b-c) of asimicin.

from the single entity with Py, (half-saturation power level) =
1.85 mW. There was no flavosemiquinone component that
does not saturate above 10 mW and has a broader AH,,,, typi-
cally >15 G (60, 61). It was reported that if complex I was
chemically reduced in the potentiometric titration, the AH,,,
value of flavosemiquinone in complex I was around 24 G (60).

Furthermore, the SQ signal was decreased by 60% in the pres-
ence of asimicin (100 uM) (20), a potent inhibitor of E. coli com-
plex I (Fig. 7, spectrum b). This phenomenon can be seen more
clearly in the difference spectrum of the NADH-reduced spec-
tra minus the dithionite-reduced spectra (Fig. 7, bottom right).
Our data strongly suggest that this SQ signal is likely to be
involved in redox-coupled proton-pumping mechanism of
complex I.

DISCUSSION

Inserting a polyhistidine coding sequence into the N termi-
nus of the NuoE subunit of complex I allowed for highly effi-
cient and rapid affinity purification of this enzyme, overcoming
its low abundance in E. coli membranes. We obtained fully
assembled, highly pure, and active complex [, in which all cofac-
tors FMN, iron-sulfur clusters, and bound quinones are present
in stoichiometric amounts. Using these preparations, we suc-
cessfully detected SQ signals for the first time in E. coli complex
L. In addition, we detected two additional EPR signals arising
from clusters N6a and N6b, which have been believed to be
undetectable by EPR.

UQ Binding Sites and Semiquinone Signals—It is thought
that complex I contains two quinone binding sites (62). One
UQ site is located in the vicinity of cluster N2, whereas the
second UQ site is in the hydrophobic membrane relatively far
from cluster N2 where UQ is easily exchanged in the quinone
pool. In fact, two protein-associated SQ species in complex I
have been characterized using tightly coupled bovine heart sub-
mitochondrial particles. They are distinguished as SQy (fast)

14316 JOURNAL OF BIOLOGICAL CHEMISTRY

and SQy (slow), based on their spin relaxation properties. Both
signals are sensitive to complex I inhibitors, whereas only SQy,
signal is uncoupler-sensitive. Using a powerful program to ana-
lyze exchange and dipolar interactions, the center to center
distance between and SQ,; has been estimated to be 12 A (63),
whereas the SQ is located >30 A away from cluster N2, sug-
gesting that SQ,, is not the direct electron acceptor from clus-
ter N2 (64). Because of the high stability constant of the SQy
(2.0), it has been suggested that SQ, functions as a converter
between n = 1 and n = 2 electron transfer steps (64).

Because our SQ signal was detected under no proton motive
force (Ap), we believe that this SQ signal corresponds to the
slow relaxing SQ, in bovine complex I. The SQ,, signal in
isolated bovine complex I after aerobic reduction with NADH
was detected in an anionic form at pH 7.8 with AH,,, = 6.1 G at
173 K, and its spin relaxation rate (Py,) was 0.57 mW (64). This
value is reasonably comparable with the Py, data (1.85 mW) of
our SQ signal at 150 K. Interestingly, the SQ signal in our E. coli
complex I was detected in a neutral semiquinone form (QH") at
pH 6 with AH,,, = 12 G (Fig. 7, top right). On the other hand, in
bovine complex I, the SQu, and SQyy signals were both
reported to be anionic at pH 8.0. In the recent model of the
proton translocation mechanism proposed by Treberg and
Brand (65), protonations and deprotonations of Q at some steps
were added to incorporate their observation of ApH depen-
dence of superoxide formation from SQ. Although it is not clear
whether QH' or Q' as described in their model actually corre-
sponds to SQu or SQus, the experimental fact that the SQ
signal detected in our E. coli complex I was neutral at pH 6.0 fits
this prediction. More detailed characterization of this SQ signal
including pH dependence and the redox mid-potential (E,, )
for the Q/SQ couple is underway.

Another interesting fact was that we did not observe any
flavosemiquinone component when isolated complex I was
reduced with far excess amount (400-1000 times) of NADH
under anaerobic conditions. In the presence of the potent
E. coli complex I inhibitor asimicin, the SQ signal was
decreased by 60%. The remaining asimicin-insensitive SQ sig-
nal showed the somewhat larger AH,,, value of ~15 G, but this
signal was saturated at higher microwave power. Additionally,
its Pi, was 1.20 mW, which is even slightly smaller than 1.84
mW, the Py, value of the asimicin-sensitive SQ signal. These
results offer a large contrast to the results for bovine complex I,
in which the flavosemiquinone signal is enhanced when no cat-
alytic oxidation of NADH occurs or NADH oxidation is inhib-
ited by complex I inhibitors (61). This difference may partly
explain why bovine complex I produces 95% superoxide,
whereas E. coli complex I produces ~20% superoxide and 80%
hydrogen peroxide, when complex I reduces O, (66).

It remains controversial as to whether the two semiquinone
species SQyr and SQy reflect the same semiquinone interme-
diate bound to the well characterized ubiquinone binding
pocket in the vicinity of cluster N2 but in different conforma-
tional states of the enzyme or whether they are distinct
semiquinone species localized in two different quinone binding
sites: the pocket in the vicinity of cluster N2 and the hydropho-
bic membrane pocket relatively far from cluster N2. In either
case, the sum of the spin concentrations of the two semiqui-
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none species was never found to exceed one per complex I
protein. In addition, the Sazanov group (12) strongly argued
against the existence of the second Q binding site based on the
recent crystal structure of the entire T. thermophilus complex I.
Therefore, it might be very interesting to investigate the nature
of SQy, and its relationship to SQ, in our complex I prepara-
tions, which contain 1.99 = 0.07 mol of ubiquinone/1 mol of
complex L.

Cluster N6a and N6b Signals—The g, = 2.09 signal of cluster
N6a was previously detected based on mutation experiments,
whereas other changes in the g, = 2.09 region were not
observed in their partially purified E. coli complex I samples
(35). However, using highly pure and concentrated samples, we
were able to detect the heterogeneity of the g, = 2.09 signals
arising from both clusters N4 and N6b and isolate their peaks
for the first time (Fig. 5). The similar heterogeneous behaviors
showing different temperature and power dependence have
also been observed in the g = 2.10 and 1.88 regions of EPR
signals from purified bovine heart complex I (Fig. 4 in Ref. 67).
Therefore, our results strongly suggest that two overlapping
EPR signals arising from clusters N4 and N6a in the g, = 2.09—
2.10 exist in both E. coli and bovine complex I. Based on the
temperature dependence and spin relaxation features of cluster
N6a in the overexpressed subunit, we assigned the outside g =
2.099 signal to cluster N6a and the g = 2.086 signal to cluster
N4. In 1975, Ohnishi (31) potentiometrically distinguished two
signals around g = 2.10-2.11 using pigeon heart submitochon-
drial particles. The g = 2.10 and 2.11 signals exhibited different
E, ., values, —240 and —410 mV, respectively. This result
could explain our observation that the outside g = 2.099 (clus-
ter N6a) signal was not efficiently reduced with NADH com-
pared with dithionite (Fig. 5).

Toisolate cluster N6b signals from the entire EPR spectra, we
subtracted NADH-reduced from dithionite-reduced spectra at
20 K and 5 mW and simulated using parameters for each iron-
sulfur cluster. At 20 K, there should be no signal from the fast
relaxing N6a cluster. The contribution of EPR signals from
clusters N1a, N1b, and N2 can mostly be neglected because
clusters N1a, N1b, and N2 are reduced to the same extent with
NADH or dithionite. Thus, the resulting difference spectrum is
the sum of EPR signals arising from clusters N3, N4, N6b, and
N7. We successfully assigned the axial signal (g, , . = 2.05,1.94,
1.94) to cluster N6b (Fig. 6B, panel c). The recent mutational
analyses by the Yagi group (35) also suggest that the signal of
g, = 2.05 is also arising from cluster N6b.

It is noteworthy that both clusters N6a and N6b in our highly
pure E. coli complex I preparations are efficiently reduced with
dithionite but not with NADH under strict anaerobic condi-
tions. In particular, cluster N6b is not reduced with NADH.
This result is consistent with the results by Mossbauer spec-
troscopy (58). Besides the problem of extensively overlapped
EPR signals in complex I, another reason why the EPR signals
arising from clusters N6a and N6b have not been observed
might be that most EPR measurements have been done with
NADH-reduced samples.

The proton-pumping mechanism of complex I is still largely
unknown, although more detailed crystal structures of the
entire complex I from T.thermophilus have recently been
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determined at 3.3 A (12). In this study, we have shown that our
highly pure and active complex I was suitable for sophisticated
biochemical and biophysical analyses including EPR simula-
tion. Combined with available structural information, our
highly pure complex I will facilitate the study of a redox-driven
proton-pumping mechanism of complex I in the near future.
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