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ABSTRACT: The NADH:ubiquinone oxidoreductase (complex I) couples the transfer
of electrons from NADH to ubiquinone with the translocation of protons across the
membrane. It was proposed that the electron transfer involves quinoid groups localized
at the end of the electron transfer chain. To identify these groups, fluorescence excitation
and emission spectra of Escherichia coli complex I and its fragments, namely, the NADH
dehydrogenase fragment containing the flavin mononucleotide and six iron−sulfur (Fe−
S) clusters, and the quinone reductase fragment containing three Fe−S clusters were
measured. Signals sensitive to reduction by either NADH or dithionite were detected
within the complex and the quinone reductase fragment and attributed to the redox
transition of protonated ubiquinone radicals. A fluorescence spectroscopic electro-
chemical redox titration revealed midpoint potentials of −37 and− 235 mV (vs the
standard hydrogen electrode) for the redox transitions of the quinone radicals in complex
I at pH 6 with an absorption around 325 nm and a fluorescence emission at 460/475 nm.
The role of these cofactor(s) for electron transfer is discussed.

The proton-pumping NADH:ubiquinone oxidoreductase,
also known as respiratory complex I, is involved in cellular

respiration by coupling electron transfer from NADH to
ubiquinone with the translocation of protons across the
membrane according to the overall equation

+ + → + ++ + +NADH Q 5H NAD QH 4Hn 2 p

where Q refers to ubiquinone and H+
n and H+

p refer to the
protons taken up from the negative inner and delivered to the
positive outer side of the membrane, respectively.1−3

Mitochondrial complex I from bovine heart consists of 45
different subunits and contains one flavin mononucleotide
(FMN) and eight iron−sulfur (Fe−S) clusters as cofactors.4,5

The mitochondrial complex has a mass of ∼980 kDa. Bacterial
complex I typically consists of 14 subunits that add up to a mass
of ∼550 kDa.6,7 The bacterial complex contains the same
cofactors as the mitochondrial one and is sensitive to the same
inhibitors. Bacterial complex I is considered to be a minimal
structural form of an energy-converting NADH:ubiquinone
oxidoreductase.6,8 Electron microscopy revealed the two-part
structure of the complex consisting of a peripheral arm and a
membrane arm.9−11 In bacteria, seven globular subunits
containing the binding sites for NADH, FMN, and the Fe−S
clusters build up the peripheral arm.6,12,13 The membrane arm
consists of the seven residual polytopic proteins forming 64
transmembrane α-helices.11 The arm most likely participates in
quinone binding and is involved in proton translocation.8,14−16

Thus, the electron transfer reaction is spatially separated from
the proton translocation reaction. Most likely, these processes
are coupled by conformational changes. This proposal was
supported by the X-ray structures of bacterial complex I from
Thermus thermophilus at a resolution of 3.3 Å17−19 and the
mitochondrial complex from Yarrowia lipolytica at a resolution
of 6.3 Å.20,21

Escherichia coli complex I contains 13 different subunits
[NuoA−NuoN (from NADH:ubiquinone oxidoreductase)].
The primary electron acceptor FMN accepts a hydride from
NADH. The electrons are transferred further to the substrate
ubiquinone by a chain of seven Fe−S clusters [N3, N1b, N4,
N5, N6a, N6b, and N2 (nomenclature of Ohnishi)]. An
additional cluster (N7) found in some species is not involved in
the electron transfer reaction but was shown to be essential for
the stability of the complex.22 The fact that Fe−S cluster N1a is
not directly involved in the transfer of the electron to the
quinone and acts as an antioxidant to prevent the formation of
reactive oxygen species (ROS) has been discussed.23

The mechanism of quinone reduction is not known. As Fe−S
clusters are one-electron donors and the quinone is a two-
electron acceptor, a sequential reduction of the substrate by the
most distal Fe−S cluster N2 would lead to the formation of a
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quinone radical. If not tightly bound by the protein, this radical
might escape the complex and contribute to the production of
ROS. Two quinone radicals have been detected during turnover
of the complex.24−26 These radicals seem to be essential for the
enzyme’s mechanism; the molecular identity of these radicals
remained unclear. The presence of an additional, quinoid-type
cofactor probably involved in quinone reduction was previously
suggested on the basis of UV−vis, EPR, and Fourier transform
infrared spectroscopy experiments.27,28 Preparations of mito-
chondrial complex I from Neurospora crassa and the bacterial
form from E. coli were spectroscopically analyzed under
anaerobic conditions in various redox states. UV−vis redox
difference spectra were obtained that derived neither from the
FMN nor from the EPR-detectable Fe−S clusters. The
midpoint potential of this group was determined to be
approximately −100 mV [vs the standard hydrogen electrode
(SHE)]. Here, we use fluorescence spectroscopy and electro-
chemistry to substantiate the presence of quinoid cofactors in
complex I.

■ MATERIALS AND METHODS

Sample Preparation. Complex I was prepared by affinity
chromatography from overproducing E. coli strain ANN0221/
pBADnuo/nuoFHis as described previously.

29 The overproduced
NADH dehydrogenase fragment consisting of subunits NuoE,
NuoF, and NuoG was prepared from E. coli strain BL21(DE3)/
pET11a/nuoB-G/NuoFC as described previously.30,31 The
quinone reductase fragment consisting of all complex I subunits
but NuoE, NuoF, and NuoG was obtained by alkaline
treatment of the complex as previously reported.10 All
chromatography steps were conducted at 4 °C. The samples
were concentrated by ultrafiltration (100 kDa molecular mass
cutoff, Amicon, Millipore), shock-frozen in liquid nitrogen, and
stored at −80 °C until they were used. The samples were
concentrated as approximately 200 μM stock solutions. Prior to
the measurements, 4 μL aliquots were diluted with 50 mM
MES-NaOH, 50 mM NaCl, and 0.1% (w/v) dodecyl maltoside
(pH 6.0) to a final concentration of 2 μM. NADH (Sigma-
Aldrich) was added to final concentrations of 0.5, 1, and 2 mM.
Alternatively, samples were reduced by addition of 1 mM
dithionite. Ubiquinone-10 was purchased from Sigma-Aldrich.
A 1 mM solution in CH3CN (electrochemical grade) was used,
and TBAPF6 (was recrystallized) was also from Sigma-Aldrich.
Steady-State Fluorescence Spectroscopy. The fluores-

cence emission and excitation spectra were recorded with a
Fluorolog FL3-22 instrument equipped with a 450 W xenon
lamp and a TBX 04 detector (Horiba Jobin Yvon), using 5 nm
bandpasses for the excitation and emission monochromators,
increments of 1 nm for the emission monochromator, and
integration times of 0.1 s. The excitation wavelengths were 295
nm (Trp contribution), 365 nm (FMN contribution), and 420
nm (other chromophores). The emission wavelengths were 470
and 532 nm.
Electrochemically Induced Fluorescence Spectrosco-

py. For the electrochemically induced fluorescence studies, a
spectroelectrochemical thin layer cell adapted for usage in the
front-face fluorescence modulus is used as described recently.32

A 10 nm bandpass monochromator was used for the excitation
and a 5 nm bandpass for the emission. The increment for the
emission monochromator was 1 nm and the integration time 1
s. The excitation wavelength was 365 nm. All fluorescence
measurements were performed at 10 °C, and the emission

spectra were corrected for the lamp, the monochromator, and
the detector response.

Electrochemistry. The ultra-thin layer spectroelectrochem-
ical cell with the path length set to 6−8 μm for the fluorescence
was used as previously described.32−35 To prevent protein
denaturation, the gold grid working electrode was chemically
modified with a solution containing 2 mM cysteamine.34,35 The
gold grid was incubated for 30 min in the solution and washed
with distilled water. To accelerate the redox reaction, mediators
were used at a final concentration of 45 μM each as described
previously.34 At the given concentrations and with a path length
of <10 μm, no spectral contributions from the mediators in the
emission spectra and with the giving excitation wavelength were
detected in control experiments with samples lacking the
protein. Approximately 6−7 μL of the protein solution was
sufficient to fill the spectroelectrochemical cell. Prior to the
electrochemical measurements, each sample was mixed with 17
different redox mediators, to a final concentration of 25 μM in
each case.35

For the electrochemical redox titrations, the spectra were
recorded between 200 and −450 mV (Complex I and NADH
dehydrogenase fragment) versus the SHE with an interval of
20−30 mV for each step, and the equilibration time was
between 15 and 40 min for each point. At the end of each
titration, the fully oxidized and fully reduced spectra were
compared to the data obtained at the beginning of the
experiments to verify the stability of the sample. All potentials
described hereafter have been obtained versus Ag/AgCl and
then given versus the SHE, by adding 208 mV.
At each potential step, emission spectra were taken with λex

values of 295, 365, and 420 nm with an integration time of 0.3
s. Analysis of the redox-dependent shift was conducted by
taking into account the intensity shift of the signals at 448 and
475 nm, which have been observed in the emission spectra
obtained with a λex of 420 nm. Then the difference in intensity
was plotted versus potential in millivolts (SHE), and the
calculation of the midpoint potential was made on the basis of a
Nernst fit of the redox transition in the presence of three
cofactors.
For the experiments in CH3CN, the electrochemical cell was

adapted to the solvent by changing all materials to Teflon. The
reference electrode was replaced by a so-called pseudorefer-
ence, including the solution of the quinone as a relative
reference and a platinum wire as described previously.36 The
emission spectra were obtained with λex values of 365 and 420
nm, and with an integration time of 0.3 s. The difference in the
intensity was recorded by applying a potential of −600 mV for
the reduced state, and taking 15 successive spectra, doing the
same for the oxidation state, and applying a potential of 200
mV. All results were reproducible and fully reversible with an
error of ±20 mV, estimated from at least two titrations.

■ RESULTS AND DISCUSSION
Biochemical Characterization of the Complex I Frag-

ments and the Full Complex. Complex I was prepared from
an overproducing strain as reported previously.29 The complex
eluted at 250 mM NaCl from the fractogel anion exchange
column and at 260 mM imidazole from the Ni2+-IDA affinity
chromatography column. Analytical size exclusion chromatog-
raphy of the preparation revealed a single peak of the expected
size as reported previously.29 The preparation contained 1.20 ±
0.22 mol of FMN and 1.99 ± 0.34 mol of extractable
ubiquinone per mole of complex I. After reconstitution in
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phospholipids,37 the preparation catalyzed the NADH:decyl-
ubiquinone oxidoreduction with a vmax of 2.9 μmol min−1 mg−1.
This reaction was inhibited by approximately 95% by an
addition of 10 μM piericidin A, a specific complex I inhibitor.
The Km

NADH was determined to be 13 μM and that for decyl-
quinone to be 3 μM.
The NADH dehydrogenase fragment was obtained from an

overproducing strain as described previously.31 The fragment
eluted at 160 mM NaCl from a DEAE anion exchange column
and was eluted with 2.5 mM D-desthiobiotin from a Strep-
Tactin Sepharose column.31 Analytical size exclusion chroma-
tography of the preparation revealed two peaks representing
the monomeric and dimeric forms of the preparation. The
dimeric form containing all Fe−S clusters in stoichiometric
amounts was used for further studies.31 The preparation
contained 1.10 ± 0.12 mol of FMN per mole of protein and no
detectable amounts of extractable ubiquinone. The fragment
shows the same rate of NADH/ferricyanide oxidoreduction as
complex I, namely 80 μmol min−1 mg−1, and has the same
Km

NADH of 13 μM. However, the fragment exhibits only a very
low rate of NADH:decyl-ubiquinone oxidoreduction with a vmax
of 0.1 μmol min−1 mg−1 that is not inhibited by piericidin A.
The Km

decyl‑quinone of 120 μM is much higher than that of the
complex. Thus, the NADH dehydrogenase fragment contains
the physiological NADH oxidation site but is missing the
quinone reduction site.30

The quinone reductase fragment was obtained by splitting
the isolated complex at pH 9.10 The fragment was separated
from the NADH dehydrogenase fragment that is also obtained

by this treatment by size exclusion chromatography on Bio-Sep-
Sec-4000 material. Under the chosen conditions, the NADH
dehydrogenase fragment eluted at 65 mL and the quinone
reductase fragment at 57 mL corresponding to a molecular
mass of ∼720 kDa, thus indicating the dimeric state of the
preparation.10 The quinone reductase fragment showed neither
NADH/ferricyanide nor NADH:decyl-ubiquinone oxidoreduc-
tion. The preparation contained 1.55 ± 0.22 mol of extractable
ubiquinone per mole of protein but no detectable amounts of
FMN. Thus, the quinone reductase fragment contains the
physiological quinone reduction site but is missing the NADH
oxidation site.10

Fluorescence Spectra of Complex I and the NADH
Dehydrogenase Fragment. Panels A and B of Figure 1 show
the fluorescence emission spectra at an excitation wavelength of
295 nm of complex I and the NADH dehydrogenase fragment,
respectively. The fluorescence emission of the soluble fragment
is seen at 337 nm, a position typical for Trp residues exposed to
a polar aqueous environment.38,39 In complex I, a fluorescence
emission signal is seen at 322 nm at a position typical for Trp
residues buried in a hydrophobic region.38,39 Panels C and D of
Figure 1 show the fluorescence emission spectra in the spectral
range from 400 to 700 nm obtained at an excitation wavelength
(λ) of 365 nm. The FMN leads to a signal at 532 nm in the
fragment and at 525 nm in complex I. The emission bands at
∼440 nm, in both samples, arise from Trp residues.
The spectra of the same samples reduced by dithionite are

shown as gray lines in panels A−F of Figure 1 as obtained at
the different excitation wavelengths. The reduction by

Figure 1. Fluorescence emission spectra of complex I and the NADH dehydrogenase fragment from E. coli as isolated (black line), reduced by
dithionite (gray line), and reduced by NADH (dashed line). λex = 295 nm for panels A and B. λex = 365 nm for panels C and D. λex = 420 nm for
panels E and F.
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dithionite leads to a decrease in fluorescence intensity and a
red-shift of the emission of 7−10 nm. The spectra recorded at
an excitation wavelength of 365 or 420 nm show a quenched
fluorescence of the FMN due to its reduction.
Via comparison of the spectrum of the reduced complex with

that of the reduced NADH dehydrogenase fragment at an
excitation wavelength of 365 nm, an additional emission at 460
nm can be detected in the spectrum of complex I (Figure 1C,D,
gray lines). This signal is seen as a shoulder in the oxidized
form, and its intensity strongly increases in the reduced form.
The emission energy indicates that it could arise from the
contribution of a quinol or another quinoid chromophore,
present in complex I, but not in the soluble fragment.
Finally, the samples were reduced with different concen-

trations of NADH (Figure 1A−F, dotted lines). In the presence
of 500 μM NADH, the Trp fluorescence emission was found to
be quenched and blue-shifted by 4 nm (not shown). When the
NADH concentration was further increased to >1 mM, the Trp
signal was completely quenched. We note that NADH shows a
well-known contribution at 464 nm that does not overlap with
the protein signals studied here.40 The spectra obtained at a λex
of 365 nm are dominated by the NADH emission at 465 nm
(Figure 1C,D). The FMN emission observed after addition of
NADH in the spectra with a λex of 420 nm shifts by 11 nm to
521 nm because of the reduction and the interaction between
NADH and the flavin (Figure 1E,F).
Fluorescence Spectra of the Quinone Reductase

Fragment. Figure 2 shows the fluorescence emission spectra
of the oxidized (black line) and dithionite-reduced (gray line)
quinone reductase fragments at three excitation wavelengths
(295, 365, and 420 nm). For the λex of 295 nm, the
fluorescence intensity decreases upon reduction together with
a red-shift of the emission peak. With an excitation wavelength
of 365 nm, a well-structured fluorescence emission band is
observed at 438 nm. The fluorescence band around 416 nm is
found to be narrow, most likely because of the superimposition
of Raman lines with the emission maximum. In the spectra with
a λex of 420 nm, two different emission bands at 475 and 514
nm can be distinguished in the reduced form.
In a complementary experiment, the corresponding

excitation spectra were analyzed (Figure 3; λem = 470 nm). A
broad excitation band is seen between 330 and 425 nm that
red-shifts by 11 nm after reduction from 360 to 371 nm. These
signals are characteristic for quinone-like compounds and may

include the weak and overlapping bands of quinoid and benzoid
π−π* transitions.41−43

Fluorescence Spectra of Ubiquinone Radicals. A model
compound study was performed to confirm the attribution of
the signals by monitoring the reduction of ubiquinone-10 in
CH3CN, an aprotic solvent including residual H2O in an
electrochemical cell by fluorescence spectroscopy. Under these
conditions, the formation of the protonated radical can be
monitored.36 The fluorescence emission obtained for a λex of
365 nm at 456 nm and for a λex of 420 nm at 476 nm (Figure
4A−D) clearly corresponds to the signals seen in complex I and
the quinone reductase fragment. These signals are attributed to
the increased intensity of the π−π* transitions upon
reduction.44

Electrochemically Induced Fluorescence Analysis of
Complex I and the NADH Dehydrogenase Fragment.
The redox reactions of complex I and the NADH dehydrogen-
ase fragment were characterized in a thin layer electrochemical
cell, specifically adapted for a fluorescence front-face setup.32

This setup was first extensively tested with cytochrome c and
then applied to more complex redox proteins.
The electrochemically controlled fluorescence emission

spectra of complex I (Figure 5A) and the soluble fragment
(Figure 5B) were obtained in the potential range from −450 to

Figure 2. Fluorescence emission spectra of the oxidized (black line) and dithionite-reduced (gray line) NADH dehydrogenase fragment of complex
I. λex = 295 nm for panel A. λex = 365 nm for panel B. λex = 420 nm for panel C.

Figure 3. Fluorescence excitation spectra of the oxidized (black line)
quinone reductase fragment and the fragment reduced by 500 μM
(dark gray line) 1 mM (gray line), or 2 mM dithionite (light gray line)
at a λem of 470 nm.
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200 mV (vs SHE) using an excitation wavelength of 420 nm.
The intensity of the fluorescence emission spectrum increases
upon reduction of the enzyme. The emission of the
chromophore in question is involved in the large structure at
475 nm in the complex I spectrum. The Nernst fit of the redox-
dependent intensity change leads to three redox transitions.
The potential at −337 mV (vs SHE) corresponds to the
midpoint potential of the FMN cofactor. This result is in line
with previous reports and confirms the reliability of the
approach.45,46 Two additional transitions are present at −37
and −235 mV (vs SHE). In the fragment, this redox-dependent
change is not detectable and only the change in intensity
corroborating the flavin signal can be depicted.

■ CONCLUSION

The fluorescence emission spectra obtained for complex I and
different fragments of the complex indicate the presence of two
chromophores with emission at 460 and 475 nm, respectively,
and an absorption around 325 nm. The chromophores were
reduced by either NADH or dithionite. The electrochemical
titration monitored by fluorescence spectroscopy of complex I
reveals redox transitions at −37 and −235 mV (vs SHE)
indicating the presence of either two compounds with similar
spectral properties or two distinct transitions of the same
compound. Spectroscopic analysis of the quinone reductase
fragment demonstrates that the cofactor(s) is located at the
most distal end of the electron transfer chain in accordance
with the determined midpoint potentials. As previously
reported,27 complex I contains a NADH-reducible redox
group with a midpoint potential above −100 mV that does
not appear in the soluble fragment and seems to be the direct

electron transfer partner of cluster N2.47 Because the signals of
the chromophores detected in this study show absorbancies in
the same spectral area described by Bauscher et al.,36 we suggest
that the redox transition at −100 mV is an average of the two
transitions depicted in this study.
On the basis of structural data, the presence of one

ubiquinone binding site was reported for complex I.19

However, two quinone radicals were described by EPR
spectroscopy, namely, SQNf (fast) and SQNs (slow), because
of their spin relaxation properties.16,24−26,48

We propose that the signals described in this work
correspond to mainly SQNs due to the fact that the stability
of SQNf strongly depends of the presence of a proton motive
force that is not established in our experiments. The redox
potentials of the transitions are in line with the proposal and
imply an involvement of SQNf in the electron transfer reaction
to the pool ubiquinone during the catalytic cycle.27 EPR studies
have determined the distance between N2 and ubiquinone to
be 12 Å and place ubiquinone 5 Å within the lipid bilayer.16

This proposal was confirmed by the recently published
structure of the complex.19 This would imply a location of
N2 approximately 7 Å above the membrane. These data suggest
that SQNf that is sensitive to the presence of a membrane
potential is the direct electron acceptor from cluster N2, while
SQNS being insensitive to the presence of a membrane potential
works as a converter to transform two one-electron transitions
to one two-electron transition as reported for the QA/QB
couple in photosystem II.49−51 The possibility that complex I
works with a modified Q-cycle, as, for example, the bc1
complex, was excluded for complex I from bovine heart.52

The authors suggest as a possible explanation for their

Figure 4. Electrochemically controlled fluorescence emission spectra of ubiquinone in CH3CN for the potential step from −450 to 200 mV (vs
SHE) The fluorescence emission obtained for a λex of 365 nm at 456 nm and for a λex of 420 nm at 476 nm.
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observations made for the inhibited enzyme a quinone retained
in the enzyme and “switched” internally by a second active site.
This would require a controlled directional uptake and release
of protons from a single large site to alternate sides of the
membrane.
In an alternative interpretation, it may be suggested that the

signals seen in the fluorescence spectra arise from quinoid
cofactors that derive from post-translational modifications of
amino acids.53 However, mass spectrometric analysis of bovine
heart complex I subunits revealed no evidence of such post-
translational modifications.54 Together with the observation
that ubiquinone in an aprotic solvent shows signals similar to
the one detected in complex I, we conclude that the redox
transitions described here derive from intermediates of the
electron transfer involving two protonated ubiquinone radical
species.
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