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Reduction of the Iron—Sulfur Clusters in Mitochondrial NADH:Ubiquinone

Oxidoreductase (Complex I) by Eu'-DTPA, a Very Low Potential Reductant’
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ABSTRACT: NADH:ubiquinone oxidoreductase (complex I) is the first enzyme of the mitochondrial electron
transport chain. It contains a flavin mononucleotide to oxidize NADH, and eight iron-sulfur clusters.
Seven of them transfer electrons between the flavin and the quinone-binding site, and one is on the opposite
side of the flavin. Although most information about their properties is from EPR, the spectra from only
five clusters have been observed, and it is difficult to match them to the structurally defined clusters.
Here, we analyze complex I from bovine mitochondria reacted with a very low potential reductant, to
impose a potential approaching —1 V. We compare the spectra with those from higher potentials and
from the 24 kDa subunit and flavoprotein subcomplex, and model the spectra by starting from those with
fewer components and building the complexity gradually. Spectrum Nla, from the 24 kDa subunit [2Fe-
2S] cluster, is not observed in bovine complex I at any potential. Spectrum N1b, from the 75 kDa subunit
[2Fe-28S] cluster, exhibits a lower potential than the N3, N4 and N5 spectra of three [4Fe-4S] clusters. In
the lowest potential spectra an N5-type spectrum is observed at unusually high temperature (indicating a
significant change to the cluster, or that two clusters have very similar g values), the relaxation rate of
N1b increases (indicating that a nearby cluster has become reduced) and a new feature with an apparent
g value of 2.16 suggests an interaction between two reduced clusters. The consequences of these
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observations for electron transfer in complex I are discussed.

Complex I (NADH:ubiquinone oxidoreductase) is the first
enzyme of the electron transport chain in many aerobically
respiring organisms (/-3). In bovine mitochondria it com-
prises forty-five different subunits (4), and it is arranged in
two major domains, a hydrophobic domain in the inner
mitochondrial membrane, and a hydrophilic domain which
extends into the mitochondrial matrix. NADH is oxidized
to NAD* by a flavin mononucleotide (FMN') cofactor
located in the hydrophilic domain, and ubiquinone is reduced
to ubiquinol in the hydrophobic domain. The two substrate
binding sites are separated from one another by more than
70 A (5), so the transfer of electrons between them is
mediated by a “chain” of iron—sulfur (FeS) clusters. The
electron transfer process must conserve the energy from the
redox reaction as the proton motive force across the
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2In bovine complex T the iron—sulfur clusters are ligated by five
subunits, the 75 kDa, 51 kDa, 24 kDa, PSST and TYKY subunits (PSST
and TYKY are the first four amino acids in the mature proteins). They
are homologous, respectively, to the NuoG, NuoF, NuoE, NuoB and
Nuol subunits in Escherichia coli, the Nqo3, Nqol, Nqo2, Nqo9 and
Nqo6 subunits in Thermus thermophilus, the NUAM, NUBM, NUHN,
NUIM and NUKM subunits in Yarrowia lipolytica, and to the NDUFSI1,
NDUFVI1, NDUFV2, NDUFS8 and NDUFS7 subunits in Homo
sapiens.
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mitochondrial inner membrane. The structure of the hydro-
philic domain of complex I from Thermus thermophilus
provides the best available model for the structure of the
subunits which coordinate the FeS clusters and the FMN in
mitochondrial complex I,? and for the relative positions of
the cofactors (see Figure 1) (5). Current knowledge of the
properties of the FeS clusters in complex I has been derived
predominantly from electron paramagnetic resonance (EPR),
and extensive studies, particularly of the bovine enzyme, have
been undertaken (see for example refs 6—8). The enzyme’s
complexity renders the interpretation of spectroscopic data
difficult, so the elucidation of its structure provides new
opportunities for the development of an integrated and self-
consistent picture.

Complex I from bovine mitochondria contains eight FeS
clusters (5, 8-10) (see Figure 1). Seven of them form the
chain of clusters which extend between the FMN and the
ubiquinone binding site, whereas the eighth cluster is located
on the opposite side of the FMN (5). Its role is not defined
clearly at present (/, /7). Only five reduced FeS clusters
have been observed in the EPR spectra of bovine complex
I (8), and these have the EPR spectra referred to as Nlb,
N2, N3, N4 and N5. N1b is from the [2Fe-2S] cluster in the
75 kDa subunit (cluster 2Fe[75]). The distal [2Fe-2S] cluster
in the 24 kDa subunit (cluster 2Fe[24]) displays the spectrum
named Nla in reduced Escherichia coli complex I (12), but
has not been observed in reduced bovine complex I (73).
The initial and final clusters in the chain (4Fe[51] and
4Fe[PS]) display the N3 and N2 spectra, respectively (8, 14).
Assignment of the N4 and N5 spectra to specific clusters is
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FIGURE 1: Cofactor distribution and schematic representation of the
electron pathway through complex I. The positions and edge-to-
edge distances of the FMN, the two [2Fe-2S], and six [4Fe-4S]
clusters are shown, according to structural information from the
hydrophilic domain of 7. thermophilus complex I (5). The clusters
are named for their nuclearity (2Fe or 4Fe), their subunit (75, 51
24 kDa, TYKY or PSST, abbreviated here to TY or PS) and, when
necessary, as C (all cysteine ligated) or H (three cysteine ligands,
one histidine ligand). Their EPR spectra are named N1la, N1b (2Fe
clusters), N2, N3, N4 and N5 (4Fe clusters), and the assignment
of spectra to clusters is taken from ref /0.

problematic. Ohnishi and co-workers assigned both spectra
to the 75 kDa subunit (8), but we have proposed recently
that N4 should be assigned to the TYKY subunit instead
(10). In addition to the 2Fe[24] cluster, two 4Fe clusters
remain undetected in the EPR spectra of reduced bovine
complex I, and so nothing is currently known about their
properties. The nomenclature used here for the FeS clusters
in complex I is defined in Figure 1. The clusters are named
for their nuclearity (2Fe or 4Fe), their subunit (75, 51 or 24
kDa, TYKY or PSST) and, when necessary, as C (all cysteine
ligated) or H (three cysteine ligands, one histidine ligand).
Their EPR spectra are named Nla, N1b (2Fe clusters), N2,
N3, N4 and N5 (4Fe clusters).

Here, we use the low potential reductant Eu-DTPA (Eu'-
diethylenetriamine-N,N,N’,N” ,N”-pentaacetate) (15) to im-
pose a strongly reducing potential (close to —1 V) on bovine
complex I. We compare the spectra of complex I samples at
higher potentials with those at very low potential, and model
the spectra by starting from those with fewer components
and progressing toward the most complex spectra gradually,
to arrive at the most internally consistent description. Thus,
we aim to investigate the three clusters which have not so
far been observed in reduced mitochondrial complex I by
EPR, to obtain further information about the properties of
those clusters which have already been observed, and to
identify possible interactions between the reduced clusters.
Definition of the properties of the individual clusters, and
of the cluster ensemble, is an important part of defining the
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FIGURE 2: EPR spectra of the 24 kDa subunit of bovine complex I
and the flavoprotein subcomplex (FP). (A) The purified, over-
expressed 24 kDa subunit reduced by 2 mM dithionite at pH 7.8
recorded at 12 K (gray) and the simulated spectrum (black) (B) FP
reduced by 2 mM dithionite at pH 7.8 recorded at 12 K (gray)
with the simulated spectrum (black), constructed from Nla (pa-
rameters from A, dashed line) and N3 (parameters from C, dotted
line). (C) FP reduced by 2 mM NADH at pH 7.8 recorded at 12 K
(gray) and simulated (black). (D) Radical spectrum from FP reduced
with NADH at 100 K, probably from the flavin semiquinone. The
spectra in A and C have been scaled to match those in B. C and D
are from the same sample; they were normalized for temperature
using the Curie Law, and then the intensity of D was scaled by
0.2. See Table 1 for simulation parameters.

mechanisms of energy transduction and reactive oxygen
species generation by complex I.

MATERIALS AND METHODS

Sample Preparation. The 24 kDa subunit from bovine
complex I, the flavoprotein subcomplex (FP) of bovine
complex I, and complex I from bovine heart mitochondria
were prepared as described previously (/6—18); the protein
composition of the complex I preparation has been character-
ized and described in detail (9). Each sample was dialyzed
at 4 °C inside an anaerobic chamber (Belle Technology, O,
< 5 ppm) to remove residual O, before it was reduced, and
all samples were both prepared and frozen (within two to
five minutes) inside the anaerobic chamber. The redox
mediator cocktail (inset to Figure 3) comprised 25 uM
phenazine, phenosafranin, neutral red (Sigma), and 50 uM
methyl viologen (Fluka). The redox potential was set using
sodium dithionite (Sigma) and monitored using a platinum
electrode and an Ag/AgCl, saturated KClI reference electrode.
NADH (Sigma) was repurified before use (/9) to remove
NAD™. Complex I was reduced to very low potential using
Eu-DTPA (15). 2 mM Eu?>" was generated by the bulk
electrolysis of EuyO; [10 L. of 50 mM Eu,Os (Aldrich) in
0.5 M HCI was added to 0.49 mL of 50 mM Tris-HCI pH 7
and 100 mM NaCl] in a graphite “pot” electrode. A small
magnetic stirrer was used to agitate the solution, and an
applied potential of —0.6 V reduced the Eu’t to Eu?"
completely within 15 min (total charge passed > 0.95[Eu™]).
Eul-DTPA was generated in situ by the addition of 1.3 mM
DTPA (Fluka, from a 50 mM stock solution in 0.2 M NaOH)
to a solution containing 0.65 mM Eu** and ~20 mg mL™!
of complex I, resulting in 22 Eu™-DTPA molecules for every
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complex I (a 2.2-fold excess of reducing equivalents,
assuming complex I requires ten electrons to become fully
reduced).

EPR Spectroscopy. EPR measurements were conducted
using an X-band Bruker EMX spectrometer (Bruker BioSpin
GmbH, Germany) with an ER4119HS high-sensitivity cavity.
The sample temperatures were controlled using an ESR 900
helium flow cryostat (Oxford Instruments, U.K.), and
measured with a calibrated Cernox resistor (Lake Shore
Cryotronics Inc., OH). Unless stated otherwise the modula-
tion amplitude was 5 G at 100 kHz and the microwave power
was 0.5 mW. The magnetic field was calibrated using strong
and weak pitch standards. The spectrometer configuration
does not include a microwave frequency counter (microwave
frequency + 5 MHz).

Spectra Normalization and Simulation. All samples were
prepared at approximately 20 mg mL ™! protein. To account
for small variations in protein concentration all complex I
spectra were normalized to the intensity of an internal
reference, the simulated N2, signal at 12 K. Simulations were
performed using WINEPR SimFonia Version 1.25 (Bruker
BioSpin GmbH, Germany). The simulated spectra are defined
by their g values (x, y, z), line widths (L, the half-width at
half-height) and line shapes (R, the relative contributions
from the Lorentzian (R = 1) and Gaussian (R = 0) line
shapes).

RESULTS

The 24 kDa Subunit and the FP Subcomplex (Spectra Nla
and N3). The EPR spectrum of the reduced [2Fe-2S] cluster
in the overexpressed 24 kDa subunit of complex I from
bovine mitochondria (cluster 2Fe[24]) is shown in Figure
2A (16). The typical thombic spectrum, Nla, has been
modeled using the parameters in Table 1. The spectrum from
the isolated subunit is clearly visible over an extended
temperature range, from 4 to 100 K (see Figure S2A,
Supporting Information), and the spectrum in Figure 2A was
recorded at 12 K, under the conditions used for comparison
throughout this study. The g. signal is prominent at g ~ 2,
clearly separated from the other signals (see below).

The flavoprotein (FP) subcomplex of bovine complex I
contains the FMN at the active site for NADH oxidation,
cluster 2Fe[24], and the [4Fe-4S] cluster in the 51 kDa
subunit (cluster 4Fe[51]) (17, 20). When FP is reduced with
sodium dithionite N1a and N3 are observed, from the reduced
2Fe[24] and 4Fe[51] clusters, respectively (see Figure 2B).
Nla dominates at higher temperature (see Figure S2B), and
the spectrum at 12 K can be modeled accurately by
combining Nla and N3 (see Table 1 for parameters). Only
N3 is visible in the spectrum of FP reduced by NADH (see
Figure 2C), showing that 2Fe[24] is not reduced; voltam-
metric studies on the overexpressed bovine 24 kDa subunit
suggested previously that its potential is below that of NADH
(16). At high temperature (100 K, see Figure 2D) an
additional isotropic spectrum is observed in the NADH-
reduced FP sample. It corresponds well to the spectrum of
the semiflavoquinone radical in complex I (g = 2.002, L =
0.75 mT at 100 K (Table 1) vs g = 2.005 and L = 0.85 mT
at 169 K (with L defined as half-width at half-height) (/4)).
The reduction of the 2Fe[24] cluster and formation of the
semiflavoquinone in FP are discussed below.
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FIGURE 3: EPR spectra of complex I poised at —0.3 V using NADH
and NAD™, and poised potentiometrically at —0.1 V. Main figure:
Complex I was reduced using a total of 2 mM NAD* + NADH at
a ratio of 29.94 to 1, to set the potential to —0.3 V (pH 7.8); the
NADH oxidized by the protein was taken into account. The
spectrum recorded at 12 K (black) is compared to the simulated
spectrum (red), comprising N2, N3, and N4. Inset: Complex I was
titrated in a mixture of redox mediators, using sodium dithionite,
to —0.1 V at pH 7.8. The spectrum recorded at 12 K (black) is
compared to the simulated N2 spectrum (red). The scale bars refer
to the height of the modeled N2, feature. See Table 1 for parameters.

The [4Fe-4S] Cluster in PSST (Spectrum N2) in Complex
I. Complex I poised at a moderately reducing potential
displayed, as expected (8), essentially only spectrum N2 (see
inset to Figure 3), attributed to the [4Fe-4S] cluster in subunit
PSST, cluster 4Fe[PS]. N2 is clearest at intermediate
temperatures (9 to 25 K, see Figure S3A, Supporting
Information), and it can be modeled accurately using an axial
spectrum (see Table 1 for parameters). 4Fe[PS] has the
highest reduction potential of all the EPR-visible clusters in
complex I (8), so that we consider it fully reduced in all the
lower potential samples and use the intensity of the modeled
N2, signal (at g = 2.055, 12 K) for normalization; we use
the modeled signal to avoid interference from adjacent
overlapping signals.

The N1b, N3, N4 and N5 Spectra in Complex I. Figure 3
shows the 12 K spectrum of complex I poised at —0.3 V,
using NADH and NAD™ concentrations defined by the
Nernst equation. The g, components of N4 (g, = 2.107), N2
(g:=2.055), and N3 (g, = 2.041) are clearly visible, though
N3 presents as a shoulder to the right of N2. Two clear g,
signals are observed at g = 1.884 and 1.865. They have been
attributed previously to N4 and N3, respectively (8). As
discussed previously (/0), we attribute N4 to one (or both)
of the clusters in the TYKY subunit, 4Fe[TY]1 and 4Fe[TY]2
(see Figure 1). Figure 3 compares the observed spectrum
with a modeled spectrum comprising N2, N3 and N4. The
N2 parameters are from the spectrum shown in the inset,
and the N3 parameters were based on those from FP but
with minor modifications. N3, is shifted in complex I relative
to FP, consistent with changes in the environment of 4Fe[51]
due to interactions between FP and the rest of complex I;
4Fe[51] is bound by a four helix bundle, and located at the
interface with the 75 kDa subunit (5). The intensities of N2,
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Table 1: EPR Parameters for the Individual Spectra of the Components of Complex I, and Their Variation Depending on the Sample Identity and

Reduction State”

Protein Figures | g, or | Syorl I gorl | Lz ‘ Ly ‘ Ly R
FMNH* FP 2 2.002 0.75 0.01
Nla 24 kDa and FP 2 2,004 | 1.945 | 1917 | 09 | 1.45 1.2 | 0.01
CI(-04V) 4 2.024 | 1.941 0.5
Ni1b 1.926 0.4 0.5 0
CI(-1V) 5 2.026 | 1.945 0.7
N2 CI 3-5 |2.055 1926|1925 | 05 0.6 0.7 | 0.01
FP 2 2.037 | 1.945 | 1.852 | 1.25 1 1.9
N3 CI(-0.3 and -0.4 V) 3,4 2.041 1.5 1.1 | 0.01
1.927 | 1.865 1.5
CI(-1V) 5 2.045 0.9 1.7
CI(-0.3V) 3 2.107 1.884
1.4 1.0
N4 CI(-0.4V) 4 2.114 | 1.930 | 1.882 1.5 0.01
CI(-1V) 5 2.109 1.880 | 1.25 1.8
CI (-0.3 and -0.4 V) 4 2.064 1.898 0.75
N5 1.928 0.6 0.5 0.01
CI(-1V) 5 2.070 1.918 0.5
No CI(-1V) 5 2.164 | 1.919 | 1.912 1.8 1 1.0 0.01

“ Each spectrum is defined by one to three g values, the corresponding line widths in mT, and R (the relative contributions from the Lorentzian (R =

1) and Gaussian (R = 0) line shapes). CI, complex I.

N3 and N4 depend differently on temperature (see Figure
S3B). N2 is most visible at 12 and 25 K, N4 is observed at
12 K and below, and N3 is most apparent at 7 to 12 K. An
additional spectrum, N5, is observed at the lowest temper-
atures, with g, = 1.898 and g, = 2.064 (see Figure S3B).
Previously we attributed N5 to the all-cysteine ligated [4Fe-
485] cluster in the 75 kDa subunit, 4Fe[75]C (10) (see Figure
1); N5 is described below and in Figure 4.

Figure 4 shows spectra from complex I reduced by NADH,
at approximately —0.4 V. The obvious difference between
Figures 3 and 4 is the appearance of a rhombic spectrum,
N1b, attributed to the [2Fe-2S] cluster in the 75 kDa subunit,
2Fe[75]. The clusters which produce N1b, N3, N4 and N5
have previously been considered to have the same potential,
and to form an “isopotential pool” (8). The results presented
here show that the N1b cluster actually has a lower potential
than those of N3, N4 and N5, and so should not be
considered isopotential with them. NIb is most clearly
observed at 40 K (see below), but it contributes over a wide
temperature range, at 12 K (Figure 4A), and even at 4 K
(Figure 4B) (see also Figure S4, Supporting Information).
The relatively weak temperature dependence of N1b has been
noted previously (27). In Figure 4A the 12 K spectrum has
been modeled accurately with the same components as in
Figure 3, plus a contribution from N1b. The spectra are
normalized to the N2, signal; in Figure 4 a small increase in
the relative intensity of N4 is observed, but the relative
intensity of N3 is unchanged. The small observed shift in
N4, has been noted previously (6, 22) (see below). The 4 K
spectrum (Figure 4B) exhibits the N5 spectrum clearly, in
addition to the signals from N1b, N2, N3, and N4.

Complex I at —1 'V, Reduced Using Eu"-DTPA. Figure 5
shows the 12 K spectrum from complex I poised with Eu-
DTPA to a potential of approximately —1 V. Eu-DTPA
was detected in the sample as a broad spectrum (g = 1.1—10,

see Figure S6, Supporting Information) confirming that the
potential in solution was close to the reduction potential of
Eu™-DTPA (—1.14 V) (15). The spectrum in Figure 5 has
been modeled using the same components as those in Figures
3 and 4, plus an additional spectrum referred to as Na (see
Table 1), which is used to account for the new signals at g,
= 2.164 and g, = 1.912. It is important to realize that the
modeling presented in Figure 5 is not a unique solution. It
combines six different components, some of which are
modified slightly to produce a viable fit to the data, and
varying interpretations are possible. In Figure 5 we have
increased the intensity of the N3 spectrum, and modified its
g values and line widths slightly (see Table 1), instead of
introducing an additional spectrum to account for the otherwise
“missing intensity”. In doing so our aim was to produce as
concise an interpretation as possible, rather than to account for
changes simply by including extra, uncharacterized components.
Thus, Figure 6A compares the 12 K spectra from Figures 3, 4
and 5, and indicates the main differences between them
(numbered I to IX). These differences are discussed below, then
characterized further using modeling of the spectra and deter-
mination of the relaxation properties, to try construct an
internally consistent interpretation.

1. The Intensity of NIb Increases Significantly As the
Potential Is Decreased (IV, V, VI). It is obvious at 12 K
(Figure 6A, IV) that the g. component of N1b increases each
time the potential is decreased. Modeling of the spectra in
Figures 4 and 5 suggests that N1b causes much of the change
in the g, region also (Figure 6A, V and VI) since it adds
significant positive intensity to V, and negative intensity to
VI. The fact that the changes at IV, V and VI are all
consistent with an increased contribution from N1b strongly
supports the idea that N1b is their common cause. At 12 K
(Figure 6A) N1b is approximately 7.2 times more intense at
—1 than at —0.4 V (relative to N2). However, the effective
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FIGURE 4: EPR spectra of complex I reduced by NADH. Complex
I was dialyzed, anaerobically, against a solution (pH 7.8) containing
0.1 mM of purified NADH, and then an additional 2 mM NADH
was added immediately before the sample was frozen. (A) The
spectrum recorded at 12 K (black) is compared to the simulated
spectrum (red). The scale bar refers to the height of the modeled
N2, feature. The inset (not on the same x-axis scale) has been
expanded 2-fold along the y-axis to show how the modeled spectrum
comprises N1b (gray), N2 (green), N3 (blue, same intensity as
Figure 3), N4 (magenta, 1.1 times the intensity of Figure 3), and
NS (orange). See Table 1 for parameters. (B) The spectrum recorded
at 4 K (black) has been expanded by 7.5 times on the y-axis,
following normalization to temperature according to the Curie Law,
to display the signals of N5.

Py, value for N1b is higher at —1 V than at —0.4 V; the
relaxation rate of N1b is increased at the low potential, and
this effect contributes to its increased signal intensity.
Consequently, Figure 6B compares the spectra of the three
samples recorded at 40 K, under conditions in which N1b is
not saturated. At 40 K the N1b signal is 3.3 times more
intense at —1 V than at —0.4 V, providing a realistic
evaluation of the increase in the concentration of the reduced
2Fe[75] cluster. In addition, N1b displays an unusual power
saturation profile (see Figure 7A). Similar behavior was
observed previously for N5 in the overexpressed NuoG
subunit (75 kDa homologue) from E. coli complex 1 (10),
and may result from dipolar interactions with one or more
neighboring paramagnetic centers (23, 24). The 2Fe[75]
cluster is between two [4Fe-4S] clusters, which may provide
these interactions (5), and which may explain the increased
relaxation rate also.

2. Signals Corresponding to the g, and g, of N5 Are
Observed at Low Potential at 12 K (111, VIII). Figure 4 shows
that N5 is observed clearly only at 4 K in complex I reduced
by NADH, consistent with previous consensus (8). It is not
observed at 12 K, but appears as a broader and less distinct
spectrum at 7 and 9 K (see Figure S4). In contrast, Figure 5
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FIGURE 5: EPR spectrum of complex I poised at close to —1 V in
the presence of Eu'-DTPA. Complex I was reduced by the addition
of 0.65 mM Eu! and 1.3 mM DTPA at pH 7.8. EPR spectra at
lower field confirmed the presence of Eu'! in the EPR samples (see
Figure S6). The spectrum recorded at 12 K (black) is compared to
the simulated spectrum (red). The scale bar refers to the height of
the modeled N2, feature. The inset (not on the same x-axis scale)
has been expanded 2-fold along the y-axis to show how the modeled
spectrum comprises N1b (gray), N2 (green), N3 (blue), N4
(magenta), an N5-type spectrum (orange) and No (cyan). N1b, N3,
N4, and the N5-type spectrum are scaled by 7.2, 1.9, 1.2, and 18.2
respectively, relative to Figure 4A. See Table 1 for parameters.

clearly displays features analogous to N5 in the 12 K
spectrum of complex I at —1 V. The power saturation profile
at the position of N5, at 9 K (see Figure 7D) shows that Py,
decreases significantly (33-fold) at —1 V relative to at —0.4
V. These intriguing observations indicate that N5 relaxes
more slowly upon the further reduction of the enzyme, or
that there are two clusters with similar g values but very
different relaxation properties. These two possibilities are
discussed below.

3. Further New Signals at g, = 2.164 and g, = 1.912 (I
and VII). Two additional features are clearly visible in the
—1 V spectrum in Figure 6A, and they may indicate the
reduction of a further iron—sulfur cluster. In Figure 5 they
have been reproduced simply by including the contribution
from a rhombic spectrum with g. = 2.164 and g, = 1.912
(see Table 1) [alternatively, these two signals may also cross
match to the two N5-type signals described above, rather
than to each other]. However, a g, value of 2.164 is unusually
high for a [4Fe-4S] cluster, indicating that a more likely
explanation is that it represents the coupling of two adjacent
reduced clusters (see below).

4. Modification of the N3 and N4 Spectra at Low Potential
(II, IX). Figure 6A shows clearly that N4, is not well
conserved between the three samples, and that the “envelope”
created by N3, and N4, has changed in shape, from “W” at
higher potential to “U” at low potential. Corresponding shifts
in N4, noted previously were used to suggest that it comprises
two overlapping signals, or that spin—spin interactions or a
conformational change are present (6, 22). Interestingly, in
these analyses N4 was found to provide spin concentrations
approximately equal to that of the flavin, irrespective of
whether it was considered as one or two clusters. Our model
also includes a small shift and increase in the width of N4,
(see Table 1) and a moderate (20%) increase in the relative
intensity of N4 upon reduction to —1 V. Notably, the
relaxation properties of the clearly defined N4, feature are
unchanged (see Figure 7C).



8890 Biochemistry, Vol. 47, No. 34, 2008

g-value
T

I T | T T T l T

22 21 20 1.9 1.8

FIGURE 6: Comparison of the low potential spectra of complex I
with the spectra at —0.3 and —0.4 V. (A) The spectra were recorded
at 12 K (taken from Figures 3, 4 and 5) and normalized using the
intensity of the modeled N2, feature (indicated by the scale bar):
—0.3 V (blue), —0.4 V (green), —1 V (red). The inset (not on the
same x-axis scale) has been expanded 2-fold along the y-axis.
Differences between them are numbered as follows. I, a new signal
at g = 2.16 in the —1 V sample. II, N4, is not strictly conserved.
I11, a signal corresponding to N5, is observed at —1 V. IV, N1b; is
strongly enhanced at —1 V. V and VI, the spectrum from the
overlapping g, signals varies significantly; VII, a shoulder is
observed at g = 1.91 at —1 V. VIII, a signal corresponding to NS5,
is present at —1 V; IX, the envelope formed by N4, and N3, changes
shape from “W” at high potential to “U” at low potential. In
addition, two small signals are apparent at —1 V at g = 2.001 and
1.993. They have been observed previously in different sets of
samples: their origin is unknown, but they do not correlate to the
sample potential. (B) The spectra were recorded at 40 K. They are
reported on the same scale as A, following temperature normaliza-
tion according to the Curie Law.

On first inspection the W to U transition at g, suggests an
additional contribution to the spectrum (at g ~ 1.873) to fill
the gap between N3, and N4,. A more concise interpretation,
which also accurately reproduces the observed spectrum, is
that (in addition to the changes in N4 noted above) N3
increases in intensity and N3, shifts and broadens slightly
(see Table 1). Additional intensity and a slight sharpening
of N3, improve the quality of the fit at g ~ 2.04 also.
Measurements of the dependence of the signal intensity at
the position of N3, on microwave power gave the same Py,
values for the samples at —0.4 and —1 V (P, = 3.5 mW).
It is difficult to characterize the power saturation behavior
of N3, because it is not clearly resolved, but the P;,, value
measured between N3, and N4, (¢ = 1.873) did not change
either (P1, = 2 mW). On the other hand, the increased
intensity of N3 is questionable; there is a general consensus
that N3 is already fully reduced in NADH-reduced complex
I, so the possibility of an additional contribution from an
unknown spectrum cannot be excluded.

DISCUSSION

Comparison of the N1b, N2, N3, N4 and N5 Spectra with
Those Described Previously. Extensive research efforts over
many years have defined clearly five EPR spectra from
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FIGURE 7: Comparison of power saturation profiles at characteristic
g values in complex I reduced by NADH and by Eu''-DTPA. The
intensities were recorded at the characteristic g values reported in
Table 1. (®) NADH reduced sample; (O) Eu'-DTPA reduced
sample. The spectra were recorded at 9 K, and each profile was
normalized to its highest value, /y. The data were fit using the
relationship I/(IoP"?) = (1 + P/P,;)~%2 where [ is the intensity, /
— Iy as P — 0, P is the microwave power, Pj; is the power at
half-saturation, and b is the homogeneity factor, ideally » = 1 at
the inhomogeneous limit (23, 24). The dotted line for N1b, denotes
the case for which b = 1.

reduced complex I from mitochondria, and these spectra are
the basis for the modeling described here. Close agreement
is noted between the g values found here and the values
reported earlier (8) (see Table S2, Supporting Information).

A significant (more than 3-fold) increase in the relative
intensity of N1b was found here between the —0.4 and —1
V samples. N1b is not observed at —0.3 V and is significantly
increased below —0.4 V, so it does not form an “isopotential
pool” with N3, N4 and N5 (as previously discussed (8)) but
has a lower potential than they do. We note that previous
measurements of the reduction potential of Nlb were
recorded over a more limited range of potential than accessed
here, that they were complicated by confusion about the
similarity of the N1a and N1b spectra (see below), and that
they did not consider the possibility that N1b becomes
reduced over an extended range of potential. A broad titration
curve for N1b has been elucidated recently for E. coli
complex I, and attributed to electrostatic interactions between
neighboring clusters (25). Our observation clearly contradicts
Ohnishi’s statement that N1b, N2, N3 and N4 are present in
a relative stoichiometry of 1:1:1:1 in complex I reduced by
NADH (8) also. However, a range of values have been
reported in the literature (reviewed in refs 7 and 27), and,
based on a number of different methods of analysis, Albracht
and co-workers long contended that reduced N1b is present
at only 0.5 times the concentration of reduced N2 in complex
I reduced by NADH (21).

During this work we attempted to evaluate the relative
intensities of the different spectra within a single sample but
found it deceptively difficult. Not only is it difficult to
construct an accurate deconvolution, particularly in the g,
region and where g, and g, signals overlap, but it is not
possible to make all the spectra unsaturated within one single
spectrum, so that corrections and cross-references have to
be applied. We note that, between the —0.4 and —1 V
samples, the estimated relative intensities of N3 and N4 also
increase by 1.9- and 1.2-fold, respectively. As all our
intensities are reported relative to N2, we cannot discount
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the possibility that the N2 intensity has actually decreased,
and it is tempting, though unwarranted at this stage, to
speculate about changes in conformation, cluster ligation,
or coupling to semiquinone or the clusters in the TYKY
subunit. Further investigation of these intriguing ideas is
outside the scope of the current work.

Nla Is Not Observed in Complex I Reduced to —1 V. EPR
spectrum Nla, from the 2Fe[24] cluster, is defined clearly
by the overexpressed 24 kDa subunit and by subcomplex
FP reduced by dithionite (see Figure 2), but Nla is not
observed in FP reduced by NADH. It is likely that the
cluster’s reduction potential is below that of NADH, but
constraints from the two-electron reaction of NADH may
also be limiting. When FP (containing only three redox
centers) is reduced by two electrons, the most stable state
thermodynamically is that with one electron on the flavin
and one on cluster 4Fe[51] (N3). Thus, NADH promotes
the formation of the semiquinone in FP, and, indeed, Figure
2D shows a corresponding increase in its signal. The fully
reduced, four-electron state is thermodynamically and/or
kinetically inaccessible to NADH, and its formation may be
impeded by electron density at the flavin active site also. In
contrast, complex I contains nine redox centers; they provide
many different possibilities for distributing the electrons
(relaxing the constraint which is observed in FP) and so the
flavin semiquinone is much less prominent.

It is difficult to explain why Nla is not observed in
complex I at any potential, even at —1 V. Initially, the Nla
and N1b spectra were considered essentially indistinguish-
able, and this has led to confusion because values for the
reduction potential of Nla have been reported (in addition,
the reduction potential for N1b was found to be higher than
its true value). There is now sufficient evidence to conclude
that the spectrum observed in mitochondrial complex I is
from N1b alone (10, 13, 26), so that the reduction potential
of Nla is not in fact known, and N1b exhibits an extended
potential dependence (25). In E. coli complex I Nla has a
higher potential (from comparison of the cluster potentials
in the overexpressed subunits (/6)), and it is clearly visible
in spectra recorded at around 40 K (10, 12, 27). This fact,
and the spectra of FP, argue against 2Fe[24] being reduced
but Nla not being observed, for example, because of its
interactions with the reduced flavin. It is possible that 2Fe[24]
remains oxidized for either thermodynamic or kinetic reasons.

Thermodynamically, increasing the number of electrons
in complex I builds up electrostatic interactions between the
reduced clusters, and undoubtedly makes the addition of
further electrons less favorable. However, it is unlikely that
such interactions are sufficient to shift the apparent potential
of Nla to below —1 V, even if it is the last cluster in complex
I to become reduced (note that this effect would not
necessarily affect 2Fe[24] under steady state conditions, as
then the enzyme is not reduced to this extreme level).
Kinetically, it is unlikely that the direct reduction of 2Fe[24]
(unmediated electron transfer from a species in solution) is
possible in complex I due to “insulation” from the super-
numerary subunits, and it is assumed (but not proven) that
the relative positions of the flavin and 2Fe[24] are conserved
between bovine and 7. thermophilus complex I, so that the
cluster is within easy tunneling range (5). However, kinetic
limitations may result from the potential of the flavin being
above that of 2Fe[24], making cluster reduction by the flavin
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unfavorable. Furthermore, if the rate at which Eu'-DTPA
reacts with complex I is determined by the availability of
an oxidized state of the flavin, then it will decrease
significantly as the potential is decreased. For example, the
rate of reaction at —0.8 V will be approximately 107 times
slower than at —0.4 V, so that a reaction half-time of 0.35
ms at —0.4 V (assuming a turnover number of 2000 s™! (28))
becomes approximately 1 h at —0.8 V. Therefore, it is likely
that full reduction of complex I is simply not achieved during
the time scale on which sample preparation is possible.
Similar reasoning may explain previous observations that
dithionite reduces N2, N3 and N4 in complex I, but not N1b,
despite its potential clearly being low enough to do so (29).

The Unusual Behavior of N5. EPR spectrum N5 is
observed in the mitochondrial complexes I from bovine heart
(8) and Yarrowia lipolytica (30), but it has not been observed
in complex I from E. coli. In mitochondrial complex I it is
the fastest relaxing spectrum, so is observed at low temper-
ature and high power. The g values of N5 (g,» = 2.06—7,
1.93, 1.90—2) correlate closely to those of a spectrum from
the overexpressed 75 kDa subunits from Paracoccus
denitrificans (31, 32) and E. coli (33). Consequently, N5 was
assigned to the 75 kDa subunit (/0). However, two aspects
of this assignment may be questioned. First, the N5 spectrum
from mitochondrial complex I is matched to a spectrum from
the overexpressed subunits of two bacterial enzymes, though
the bacterial enzymes do not themselves display N5. The
assumption is that all complexes I contain the same comple-
ment of clusters, even though different cluster subsets are
reduced upon reaction with NADH. Second, the relaxation
rate of the N5-type spectrum is different in the two cases (it
is observed at 4 K in mitochondrial complex I, 12 K in the
overexpressed subunits), perhaps because it responds to the
presence or absence of adjacent subunits and clusters.

Figure 4B shows that N5 is observed at 4 K at —0.4 V
(and not above 9 K, see Figure S4), but Figure 5 shows that
signals with the same g values are observed at 12 K at —1
V (as well as at 4 K, see Figure S5, Supporting Information).
The difference is reflected in the power saturation data (see
Figure 7D). It is difficult to imagine how a cluster can relax
more slowly at lower potential, since the reduction of any
nearby cluster would lead to the formation (not the destruc-
tion) of a paramagnet. Two possible explanations are a
significant conformational change which changes the proper-
ties of the cluster, or the existence of two clusters giving
rise to N5-type spectra with similar g values but different
relaxation properties. Both explanations have advantages and
disadvantages. There is no apparent reason for a significant
conformational change at N5 (assigned to 4Fe[75]C (10)),
the only reasonable possibility being a change resulting from
the EPR-silent reduction of 4Fe[75]H (see below). The
existence of two N5-type clusters would modify the estab-
lished assignments of EPR spectra to structurally defined
clusters. The “high temperature” N5 spectrum is observed
in mitochondrial complex I at —1 V and in the overexpressed
subunits, suggesting that this spectrum arises from 4Fe[75]C
(it is not affected by mutation of the histidine residue) (32, 33).
The “low-temperature” N5 spectrum observed only in
mitochondrial complex I does not arise from 4Fe[75]H, since
it is not affected by mutation of the histidine residue either
(30), so it can only be assigned to TYKY. The two
possibilities are illustrated in Figure 8.
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FIGURE 8: Two possible patterns of cofactor reduction in bovine
complex I. At —0.1 V only spectrum N2 is observed. At —0.3 V
the N3, N4 and N5 spectra are visible also. In (A) N4 is from TYKY
and N5 is from the 75 kDa subunit, in (B) both N4 and the low
temperature N5 (NSLT) spectrum are from TYKY. At —0.4 V N1b
is partially reduced. At —1 V NIlb is fully reduced, and it is
influenced by the reduction of a nearby cluster (N5* or NSHT). In
(A) the characteristics of N5 are altered (N5*), perhaps because
4Fe[75]H is reduced (*), and Na arises from the interaction of the
two clusters in TYKY. In (B) 4Fe[75]C produces the high-
temperature N5 (NSHT) spectrum, and the only possibility for Na
is to assign it to 4Fe[75]H.

Evidence for Intercluster Interactions. There are eight FeS
clusters in complex I, seven of which are in a continuous
chain, so coupling effects between reduced clusters are to
be anticipated as the cluster ensemble becomes more reduced.
In complex I, spin—spin interactions between flavin semi-
quinone and N3 (/4), and between ubisemiquinone and
N2 (34, 35), have been well documented. Similar interactions
between two reduced clusters, however, have been less
widely recognized, although Albracht and co-workers sug-
gested that the effects on the N2, signal (ascribed otherwise
to its coupling to ubisemiquinone) actually originate from
spin—spin interactions between 4Fe[TY]l and 4Fe[TY]2
(36). 1t is likely that the additional features observed at —1
V, described above as Na, result from two interacting
reduced clusters. The apparent g, signal at 2.16 is unusually
high for a reduced [4Fe-4S] cluster, and reminiscent of the
8app = 2.18 feature in the spectra of fully reduced 8Fe
ferredoxins (37), and in fully reduced FeS-containing en-
zymes such as succinate dehydrogenase (g.pp = 2.27) (38).
The complexity of the underlying complex I spectrum makes
it difficult to distinguish additional features of the coupled
spectrum at present, though it may contribute to the increased
intensity observed at the N1b or N3 g. values, and possibly
to the small shifts observed in N3 and N4. Future investiga-
tion using different microwave frequencies will help to
characterize Na further.

An additional interaction between the clusters in
complex I is suggested by the increased apparent P, value
for N1b at low potential (Figure 7A), indicating that a
nearby cluster has become reduced. Three clusters are
within 20 A of Nlb: 4Fe[51] (N3, which is already
reduced), 4Fe[75]C, and 4Fe[75]H (5). Interpretation of
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the increased apparent Pj,; value of N1b depends on the
identity of N5 (see above). If 4Fe[75]C provides the high-
temperature N5 signal, then reduction of this cluster
probably affects the relaxation rate of N1b. If N5 is only
from 4Fe[75]C, then the change which affects N5 may
also affect N1b. The possibility that the “EPR-silent”
reduction of 4Fe[75]H is responsible for the increased
relaxation rate of N1b is reminiscent of the enhanced spin
relaxation properties of [2Fe-2S] cluster S1 in succinate
dehydrogenase upon the reduction of [4Fe-4S] cluster S2
(38). It is possible that the 4Fe[75]H cluster has not been
observed by EPR because it exists in a higher spin state,
as does the histidine-ligated [4Fe-4S] cluster in nitrate
reductase A (39).

Implications for Electron Transfer in Complex I. Figure
8 illustrates two possible explanations for the results
described above, and summarizes the electron distribution
in complex I at each potential. The “reduction pattern” results
from the potentials of the clusters, and from electrostatic
interactions between them. The “operating potential” of
complex I in the mitochondrion is represented best by the
sample at —0.3 V, because NADH oxidation is fast with
respect to quinone reduction, and because the mitochondrial
NAD™/ NADH pool is 90% oxidized. At —0.3 V there are
probably four electrons in the cofactor chain. Consequently,
calculations of the rate of electron transfer from flavin to
quinone need to take into account the occupancy of the chain,
as well as the potentials of the individual clusters and the
rates of electron transfer between them. This “occupancy
effect” means that the rate at which two electrons leave the
flavin and arrive at the quinone site (not necessarily the same
two electrons) is probably considerably higher than calcula-
tions which do not account for the occupancy effect suggest.
Nevertheless, by using potentials of —0.25 V for every cluster
except Nla (—0.38 V) and N2 (—0.1 V) Moser and
co-workers calculated an electron transit time of approxi-
mately 100 us (for one electron moving from flavin to N2)
(40), similar to the rate of NADH:hexaammineruthenium-
(IIT) oxidoreduction at the flavin site (~5000 electrons s~!
(28)). Although uncertainty in the cluster potentials may
affect the calculated values, the comparison indicates that
electron transfer along the cluster chain is probably much
faster than the rate of catalysis, making complex I robust
toward changes in any one of the individual cluster potentials.
Interestingly, the two models in Figure 8 suggest quite
different arrangements of the electrons in the “loaded”
enzyme (in Figure 8A they are spaced evenly across the
chain, but in Figure 8B three of the four are queued behind
the quinone binding site). It is possible that the prearrange-
ment affects the sequential delivery of two electrons to bound
quinone.

SUPPORTING INFORMATION AVAILABLE

Comparison of the principal g values of modeled spectra
with their published equivalents; spectra recorded over a
range of temperature for each sample analyzed; wide-field
spectrum of Eu'' sample. This material is available free of
charge via the Internet at http://pubs.acs.org.
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