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a b s t r a c t
EPR-based potentiometric titrations are a well-established method for determining the reduction potentials of
cofactors in large and complex proteins with at least one EPR-active state. However, such titrations require
large amounts of protein. Here, we report a new method that requires an order of magnitude less protein than
previously described methods, and that provides EPR samples suitable for measurements at both X- and Qband microwave frequencies. We demonstrate our method by determining the reduction potential of the terminal [4Fe-4S] cluster (N2) in the intramolecular electron-transfer relay in mammalian respiratory complex I. The
value determined by our method, Em7 = −158 mV, is precise, reproducible, and consistent with previously reported values. Our small-volume potentiometric titration method will facilitate detailed investigations of EPRactive centres in non-abundant and refractory proteins that can only be prepared in small quantities.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Potentiometric titrations are instrumental for obtaining the reduction potentials of redox-active centres in proteins. They provide essential information for understanding the roles of these centres in
electron and energy transfer processes. Various spectroscopic techniques can be used to monitor the presence of an oxidised or reduced
state (or both) during a titration but electron paramagnetic resonance
(EPR) spectroscopy, owing to its selectivity for unpaired electrons and
its sensitivity to the different environments of otherwise identical centres, is particularly useful for investigating large and complex proteins
with numerous redox-active sites. However, potentiometric titrations
monitored by EPR have a major drawback: they require large amounts
(tens of nanomoles) of protein that, in many cases, are not readily available. A typical EPR-based titration requires 10 to 20 samples, each with a
volume of 100–250 μL and a spin concentration of at least 20 μM, so it is
surprising that there have been so few attempts to address this limitation. Recently, Murray et al. described an in situ electrochemical method
for oxidising or reducing small-volume EPR samples for high-frequency
EPR measurements [1], but the ability of this diffusion-limited method
to set a precise reduction potential in a large and hydrophobic protein
is questionable. Clearly, a robust and reliable method for accurately
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setting the potential in low-volume samples that are suitable for characterization by EPR is required.
Iron-sulfur (Fe-S) clusters are ubiquitous in nature. They lack convenient UV–visible spectroscopic handles but all have a paramagnetic
(S ≠ 0) ground state in at least one oxidation state, making EPR a preferred
method for investigating them. Within Fe-S clusters the Fe subsites couple ferro- and antiferro-magnetically to produce a ladder of spin states
with different energies, but for the EPR-active oxidation state the ground
state is often S = 1/2 [2,3]. In the simplest example of a (reduced) [2Fe2S]+ cluster the Fe2+ (S = 2) and Fe3+ (S = 5/2) subsites couple antiferromagnetically to produce an S = 1/2 ground state [4]. In (reduced) [2Fe2S]+ clusters, the type investigated here, the coupling between Fe2+ and
mixed-valence Fe2.5+ pairs is complex but still commonly results in an
S = 1/2 ground state.
Respiratory complex I (NADH:ubiquinone oxidoreductase), a key
enzyme in oxidative phosphorylation in mitochondria, contains a particularly intriguing electron-transfer relay formed from [2Fe-2S] and
[4Fe-4S] clusters (Fig. 1) [5]. This unusually long (80 Å) relay (comprising 8 clusters in most species) [6–8] channels electrons from the site of
NADH oxidation to the site of quinone reduction, providing the redox
energy required for proton translocation. Almost everything known
about the properties of the Fe-S clusters in complex I stems from EPR
spectroscopy. All the clusters are diamagnetic and thus EPR silent in
their oxidised forms, whereas reduction of the enzyme by NADH (to approximately −0.4 V) typically reduces only ﬁve clusters – in mammalian complex I their EPR signals are named N1b, N2, N3 and N4; N5 is only
observed at very low temperatures (Fig. 1) [9,10]. The implication that
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2. Methods
2.1. Complex I preparation and assays

Fig. 1. The structure, reactions and Fe\
\S clusters in B. taurus complex I. Two electrons are
transferred from NADH to ubiquinone (FMN = ﬂavin mononucleotide, UQ = ubiquinone,
\S clusters are labelled according to their EPR signals;
UQH2 = ubiquinol). The Fe\
unlabelled clusters in the chain remain oxidised in the NADH-reduced enzyme. The
ﬁgure was created using PyMOL from the electron cryo-microscopy density map EMD2676 and the structural model 4UQ8.pdb.

the other three clusters remain oxidised in the NADH-reduced enzyme
has been conﬁrmed by Mössbauer spectroscopy [11]. EPR-based potentiometric titrations have been used to investigate the reduction potentials of the ﬁve EPR-visible Fe-S clusters [9,10] and have contributed to
establishing an alternating potential energy proﬁle of low- and highpotential centres along the relay [11,12].
The terminal [4Fe-4S] cluster in the complex I relay, cluster N2, is the
donor of electrons to bound ubiquinone and may play an important role
in the unknown mechanism by which intramolecular electron transfer
is coupled to proton translocation [5]. Improved knowledge of the properties of cluster N2 is essential for establishing its role in energy transduction. Furthermore, the ability to study N2 alone (without
interference from the other clusters) is a prerequisite for its detailed investigation by pulse EPR methods. The N2 EPR signal cannot be observed in isolation in the NADH-reduced enzyme by simply adjusting
the measurement temperature – although Prisner and co-workers
exploited the very different relaxation properties of N1b and N2 to investigate N2 separately in Yarrowia lipolytica complex I using REFINE
(relaxation ﬁltered hyperﬁne) spectroscopy [13]. Alternatively, it may
be possible to set the reduction potential of the enzyme solution to
make N2 the only paramagnetic centre present, as N2 is known to
have the highest reduction potential of all the Fe-S clusters in the mammalian complex [5]. Two reduction potential values have been reported
for N2 in Bos taurus complex I, the subject of this study: − 140 mV at
pH 7 and − 154 mV at pH 7.8 (vs. the standard hydrogen electrode)
[9,14]. Although these values differ by only 14 mV, the reduction potential of cluster N2 in the same enzyme has also been reported to shift by
− 60 mV per pH unit [9,14] so the different values are not fully
consistent.
Here, we describe a new method that minimizes the amount of protein required for an EPR-based redox titration. Our method requires
10–40 times less protein than established methods, and by taking advantage of the small sample volume requirements of the standard Bruker
split-ring X-band EPR resonator ER 4118X-MS2, it enables continuouswave and pulse EPR measurements at X- and Q-band frequencies on
the same sample. We demonstrate the effectiveness of our method by determining the reduction potential of cluster N2 in mammalian complex I,
and demonstrate that N2 can be reduced selectively to enable future
pulse EPR measurements to interrogate its properties and role in energy
transduction.

Complex I from B. taurus was puriﬁed at 4 °C using a modiﬁed version of the protocol of Sharpley et al. [15]. 30 mL of mitochondrial membrane suspension were solubilised by addition of 1% n-dodecyl-β-Dmaltoside (DDM, Glycon) and loaded onto a Q-sepharose ionexchange column. The ion exchange buffers (set to pH 7.55 at 20 °C)
contained 20 mM Tris-HCl, 2 mM EDTA, 10% (v/v) ethylene glycol and
0.2% (w/v) DDM (Buffer A). Buffer B also contained 1 M NaCl and complex I was eluted in 35% B. Complex I-containing fractions were pooled,
concentrated, applied to a Superose 6 Increase column and eluted in
buffer (set to pH 7.0 at 20 °C) containing 30 mM HEPES, 20 mM sodium
phosphate, 150 mM NaCl, 10% (v/v) glycerol and 0.03% (w/v) DDM. The
complex I concentration was determined by the bicinchoninic acid
assay (Pierce) and a further 20% glycerol was added before the sample
was ﬂash-frozen for storage in liquid N2. The indicator dyes bromocresol
green and bromothymol blue (Sigma Aldrich) were used as described
by Sieracki et al. [16] to establish that the pH of the buffer did not change
upon freezing in dry-ice and acetone, the cooling bath used for freezing
EPR samples (see Section 2.2.). Using 30% glycerol instead of the previously employed 50% [16] did not affect the temperature independence
of the pH 7.0 buffer, which is henceforth referred to as the TIP (temperature independent) buffer.
2.2. EPR sample preparation
EPR samples were prepared under anaerobic conditions in a Braun
UniLab-plus glovebox (O2 b 0.5 ppm, N2 atmosphere) at room temperature (22 °C). With the exception of the NADH-reduced sample (Fig. 3),
complex I samples were titrated to the desired reduction potential as
ﬁrst described by Dutton [17]. Fig. 2 shows a diagram of the custommade electrochemical glass cell (Scientiﬁc Glassblowing Service, University of Southampton) used to carry out the titrations. The cell was
equipped with a 2 or 0.5 mm glass-encased platinum working electrode
(total diameter at tip ~5 mm, Scientiﬁc Glassblowing Service, University
of Southampton; Pt from GoodFellow) and an Ag/AgCl mini-reference
electrode (2 mm diameter, DRI-REF-2, World Precision Instruments).
The electrodes, held in place through screw-cap joints with rubber Oring seals, were connected to an EmSTAT3+ potentiostat (PalmSens)
to monitor the potential of the cell solution continuously throughout
the titration. Due to the pointed base of the cell, the potential of the solution can be measured in volumes as low as 30 μL. A micro stirring bar
(2 mm diameter) was used to stir the cell solution; the experiments
discussed here were carried out at room temperature but the cell is
ﬁtted with a water jacket for experiments at different temperatures. A
further un-capped joint enabled addition of mediators and oxidising
and reducing agents, and the removal of samples, using microliter
glass syringes (SGE Analytical Science). To make an EPR sample, 9 μL
of cell solution were transferred into a 1.6 O.D. suprasil quartz EPR
tube (Wilmad, inner diameter 1.10 ± 0.05 mm) and ﬂash-frozen in a
cold trap containing ethanol, cooled from outside the glovebox by a
dewar ﬁlled with dry ice and acetone. Frozen EPR samples were removed from the glovebox and stored in liquid nitrogen.
For titration 1, 150 μL of 20–25 μM complex I solution in pH 7 TIP
buffer was transferred to the electrochemical cell and stirred in the
glovebox for 1 h at room temperature to remove O2. 9 μL of the cell solution were mixed with 1 μL of 20 mM NADH (Sigma, in TIP buffer) to
make the NADH-reduced sample. Then, the redox mediators methylene
blue, indigotrisulfonate, 2-hydroxy-1.4-naphthoquinone and benzyl
viologen were each added to the remainder of the cell solution to a
ﬁnal concentration of 30 μM. To make each titration sample the reduction potential of the solution was adjusted through successive additions
(0.1–0.5 μL) of 5, 10, 25 or 50 mM sodium dithionite (in 50 mM
tetraborate buffer, pH 9.6 – these tiny additions did not change the pH
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only N2 (Fig. 4A). The ﬁt in Fig. 3 was obtained by keeping the parameters for N2 ﬁxed and taking the values for N1b, N3 and N4 reported previously [12] as starting parameters.
In order to generate the ‘Nernst plots’ (Fig. 4C), the double integrals
(‘areas’) of the N2 spectra derived from the full simulations (Fig. 4A)
were plotted as a function of the reduction potential of individual samples and normalized, with 0 corresponding to fully reduced N2 and 1 to
fully oxidised N2. The one-electron Nernst equation was ﬁtted to the experimental data points using the Matlab curve-ﬁtting tool. A clear outlier from titration 1 (sample S8) was not included in the ﬁtting of the
Nernst curve in Fig. 4C.

3. Results
3.1. Temperature dependence of CW EPR spectra of reduced complex I in the
MS-2 resonator

Fig. 2. Schematic diagram of the glass cell and electrodes used for potentiometric
titrations. The temperature of the cell solution can be controlled using the water jacket.

Fig. 3 shows X-band CW EPR spectra of NADH-reduced B. taurus
complex I measured in a split ring MS-2 resonator as a function of
temperature. At 20 K four of the eight clusters (N1b, N2, N3, and N4,
see Fig. 1) are clearly visible, as expected, as S = 1/2 species. As the temperature is increased clusters N4, N3 and N2 successively broaden and
become indistinguishable from the background, in agreement with the

of the enzyme solution signiﬁcantly), or of 5 or 10 mM potassium ferricyanide (in TIP buffer). Once the desired reduction potential was
reached, 9 μL of the solution was transferred to an EPR tube and ﬂashfrozen. Titration 2 was carried out in the same way, using a different
sample from the same protein preparation, except the starting volume
was 140 μL and no NADH-reduced sample was made.
All reduction potentials are given relative to the potential of the
standard hydrogen electrode (SHE). The reference electrode potential
was determined to be +210 mV vs. SHE using quinhydrone (Sigma Aldrich) as an external standard, and found to be stable over the experimental timescale.
2.3. EPR spectroscopy
EPR measurements were performed using an X/Q-band Bruker
Elexsys E580 Spectrometer (Bruker BioSpin GmbH, Germany) equipped
with a closed-cycle cryostat (Cryogenic Ltd, UK). The EPR measurement
temperature was calibrated with an external Cernox thermometer. The
magnetic ﬁeld was calibrated at room temperature with a Bruker strong
pitch sample (g = 2.0028). All measurements were carried out in an Xband split-ring resonator module with 2 mm sample access (ER 4118XMS2), operated in either continuous-wave (CW) or pulse mode. Baseline spectra of the empty resonator, of samples containing only buffer,
as well as of oxidised complex I were found to be identical; all the spectra presented have been baseline-subtracted.
For CW measurements of the titration samples, the Q value, as reported by the built-in Q indicator in the Xepr programme (typically
800), was used as a guide to position each sample in the same position
in the resonator. CW measurements were carried out at lower
microwave powers and higher temperatures than usual [10,12,18] because of the high conversion factor of the ER 4118X-MS2 resonator
(8 G/W1/2). For comparison, the standard Bruker cavity (ER 4102ST) operating at 9.8 GHz has a conversion factor of 1.48 G/W1/2. The measurement time for each of the CW EPR spectra presented in Figs. 3 and 4 was
ca. 12.5 min. The two-pulse echo-detected ﬁeld sweep (Fig. 5) was acquired with the pulse sequence π/2–τ–π–τ–echo (π/2 = 16 ns, τ =
132 ns) and measured at 12 K.
2.4. EPR spectral analyses
All spectral simulations were carried out using EasySpin [19]. The
parameters for cluster N2 were determined from CW spectra showing

Fig. 3. X-band CW EPR spectra of NADH-reduced B. taurus complex I recorded at different
temperatures using the MS-2 resonator. 9 μL of complex I (~20 μM) in TIP buffer (pH 7.0)
was reduced with 2 mM NADH. EPR measurement conditions: 3.2 mW power, 100 kHz
modulation frequency and 0.7 mT modulation amplitude. The gain and number of scans
was the same throughout and the spectra were not normalized. Simulation parameters
(gx,y,z): N1b = (1.926, 1.942, 2.023), N2 = (1.923, 1.927, 2.056), N3 = (1.868, 1.934,
2.039), N4 = (1.886, 1.928, 2.107). The vertical dotted lines correspond to g values used
in the simulations. The asterisk at 10 K indicates the gx peak of N5 (expected g values:
1.898, 1.928, 2.064 [18]).
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Fig. 4. Small-volume potentiometric titration of the N2 cluster of B. taurus complex I. (A) X-band (9.5 GHz) CW EPR spectra of B. taurus complex I reduced to selected reduction potentials
(titration 1) with simulations (dotted lines). Measurements were performed at 25 K, 2 mW power, 100 kHz modulation frequency and 0.7 mT modulation amplitude. (B) Potentiomentric
titration trace of complex I (titration 1). Steps correspond to the addition of sodium dithionite or potassium ferricyanide. Sample extractions are indicated with arrows and numbered
according to descending reduction potential. (C) Peak areas of the N2 spectra as a function of reduction potential (black circles for titration 1, white triangles for titration 2), ﬁtted to
the one-electron Nernst equation (solid line) with midpoint potentials of −159 mV (titration 1, R2 = 0.9961) and −158 mV (titration 2, R2 = 0.9988). The combined ﬁtting for the
Nernst curve across both titrations was −158 mV (R2 = 0.9972).

reported trend in relaxation rate, N1 b N2 b N3 b N4 b N5 [10,18,20,21].
The parameters for the simulated spectrum presented alongside the experimental data at 18 K (see Fig. 3 legend) are in excellent agreement
with those reported previously [10,12,18]. Note that resonators typically used for X-band CW measurements reveal N3 and N4 clearly only
below 12 K; we attribute our ability to observe them at higher temperatures and lower microwave powers to the much higher power conversion factor of the split-ring MS-2 resonator (see Section 2.3.). Consistent
with this, N5, usually detected only at 4–7 K [10,18], was faintly detectable at 10 K, though it became clearer at lower temperatures (spectra
not shown).
3.2. Small-volume titration of complex I
CW EPR spectra of complex I poised at decreasing potentials, and
measured at 25 K, are summarised in Fig. 4A. The potential vs. time
trace accompanying the titration (Fig. 4B) reveals that conﬁdence in
the reduction potential of each sample is very high (±1 mV). The measurement temperature was chosen so that only N2 and N1b contribute
signiﬁcantly to the spectra (see Fig. 3), and both the temperature and
microwave power were optimised for N2. In agreement with previous
data showing that N2 has a higher potential than N1b in B. taurus complex I, the almost axial EPR spectrum of N2 (gx,y,z = 1.923, 1.927, 2.056)
becomes visible before N1b (gx,y,z = 1.926, 1.942, 2.023) as the potential
becomes more negative. At −173 mV and below, the broad and featureless signal developing below g = 1.9 reveals that N3 and N4 are becoming reduced (see Fig. 3). Simulations for N2 and N1b are included in Fig.
4A and the N2 signal reaches its maximal intensity at approximately
− 310 mV, when the cluster is fully reduced. The normalized double-

integrals of the simulated N2 EPR signals were plotted as a function of
potential (Fig. 4C, black circles) and ﬁtted to the one-electron Nernst
equation, giving a reduction potential of −159 mV. The titration was repeated and the reduction potential of N2 was determined to be
−158 mV (Fig. 4C, open triangles; corresponding CW EPR spectra not
shown) – demonstrating excellent reproducibility between independent data sets. Our value (−158 mV) for the reduction potential of N2
is broadly in agreement with those determined previously in bovine
complex I (Table 1). It differs by ~20 mV with that determined in submitochondrial particles at the same pH but in a buffer mixture whose temperature dependence is not known. A direct comparison with the value
previously determined in isolated complex I (in pH 7.8 bis-tris propane
buffer) is difﬁcult not only because the (−60 mV per pH unit) pH dependence of the N2 reduction potential requires conﬁrmation but also
because of the large pH difference (1.6 pH units) between bis-tris propane solutions at ambient and cryogenic temperatures [16].
In order to conﬁrm the successful selective reduction of cluster N2,
an echo-detected ﬁeld sweep of complex I reduced to −154 mV (sample S7 from titration 1) was measured at 12 K using the MS-2 resonator
(Fig. 5). The numerical ﬁrst derivative is equivalent to the CW ﬁeld
sweep obtained at 25 K, demonstrating that N2 is indeed the only reduced Fe-S cluster present. Measurements at lower temperatures
(down to 5 K) also did not reveal any additional paramagnetic species.
4. Discussion
The titration method described has been demonstrated to be a
straightforward method for obtaining reliable and consistent reduction
potential data on EPR- and redox-active centres in large and complex
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Table 1
Experimentally determined midpoint potentials for cluster N2 in B. taurus complex I. The
estimated Em value of −106 mV was obtained by applying a shift of −60 mV per pH unit
[9].
Em (mV)

Preparation

Buffer

Ref.

−158 (pH 7)

Isolated complex I

−140 (pH 7)

Submitochondrial
particles &
mitochondria
Isolated complex I

HEPES:phosphate (temperatureindependent [16])
MES/MOPS/HEPES/TAPS
(temperature dependence
not known)
Bis-Tris Propane (temperature
dependent [16])

This
work
[9]

−154 (pH 7.8)
est. −106 (pH 7)

[14]

proteins using only minute sample volumes. The total volume of enzyme solution required for each complete titration was 140 μL whereas
established EPR-based potentiometric methods typically require 1.5 to
5 mL. Moreover, by working under strictly anaerobic conditions we
achieved remarkably stable potential readings, over the entire potential
range (Fig. 4B).
Despite the small sample volumes used, the ER 4118X-MS2 resonator produces spectra with good signal-to-noise ratio (Fig. 4A) and our
spectra are comparable to spectra obtained using standard CW instrumentation. Nonetheless, we note that the high microwave ﬁeld in the
MS2 resonator has disadvantages, although immaterial for the present
study. In particular, given the high conversion factor, we found it difﬁcult to record CW EPR spectra at lower temperatures (b 10 K) under
non-saturating conditions. This could hamper the reliable determination of spectral parameters (e.g. linewidths) for some species. Notably,
our use of standard Q-band EPR tubes opens up the possibility of carrying out Q-band measurements on the same set of samples as used for
CW and pulse X-band measurements. This constitutes a considerable
advantage for spectra that display (unlike N2 [12]) a poorly resolved g
anisotropy at X-band.
The reduction potential we have determined for cluster N2 in bovine
complex I agrees well with an equivalent value from submitochondrial
particles (Table 1), suggesting that this physical property of the buried
Fe-S cluster is independent of the preparation. A larger difference might
have been expected with the value obtained previously with isolated
complex I at pH 7.8 (see Table 1) – given that the reduction potential of
N2 is known to be pH dependent [9,22]. The observed inconsistencies between previously published data and our value may be attributable to the
different buffers used: it is well known that some buffers change their pH

Fig. 5. Field sweep spectra of B. taurus complex I reduced to −154 mV. X-band echodetected ﬁeld sweep (EDFS, top) at 12 K, its numerical ﬁrst derivative (middle) and CW
EPR spectrum at 25 K (bottom, spectrum S7 from Fig. 4A). Small impurities in the
resonator give rise to the peak marked with an asterisk.
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signiﬁcantly upon freezing [23,24] so reduction potentials determined in
different buffers at nominally at the same pH value may not correspond.
Here, we eliminated any pH-induced reduction potential shift by using a
buffer known to retain constant pH even at cryogenic temperatures [16].
Although glycerol has been reported as having a profound effect on the
pH value upon freezing [24], we found that lowering the glycerol concentration from 50% (as reported by Sieracki et al. [16]) to 30% (in our preparations) had no detectable effect.
The work presented here enables future experiments to interrogate
the reduction potentials of redox-active centres in a much wider range
of proteins than previously possible, and it speciﬁcally enables further
experiments to probe the properties and mechanistic contributions of
cluster N2 in complex I. First, it will be important to conﬁrm the extent
and origin of the pH dependence of the N2 cluster reduction potential,
which has been proposed to be due to a nearby histidine residue [22].
Second, our ability to reduce N2 selectively will allow future investigations by pulsed EPR (without interference from the other many Fe-S
clusters present) to probe the local environment of the cluster further.
Together, these strategies will advance knowledge of the properties of
cluster N2 and lead to better understanding of its role in energy
transduction.
Abbreviations
EPR
electron paramagnetic resonance
Fe‐S
iron-sulfur cluster
mw
microwave
Acknowledgements
We thank Ms. Yumiko Tashiro (QMUL) for valuable help during
complex I puriﬁcations. This research was supported by the Engineering
and Physical Sciences Research Council (MMR, grants EP/M506394/1
(supporting JJW) and EP/M024393/1), the Royal Society (MMR, grant
RG2014R2) and the Medical Research Council (JH, grant U105663141).
References
[1] P.R. Murray, D. Collison, S. Daff, N. Austin, R. Edge, B.W. Flynn, et al., An in situ electrochemical cell for Q- and W-band EPR spectroscopy, J. Magn. Reson. 213 (2011)
206–209, http://dx.doi.org/10.1016/j.jmr.2011.09.041.
[2] H. Beinert, Iron-sulfur clusters: nature's modular, multipurpose structures, Science
277 (1997) 653–659, http://dx.doi.org/10.1126/science.277.5326.653.
[3] L. Noodleman, C.Y. Peng, D.a. Case, J.M. Mouesca, Orbital interactions, electron delocalization and spin coupling in iron-sulfur clusters, Coord. Chem. Rev. 144 (1995)
199–244, http://dx.doi.org/10.1016/0010–8545(95)07011-L.
[4] J.F. Gibson, D.O. Hall, J.H. Thornley, F.R. Whatley, The iron complex in spinach ferredoxin, Proc. Natl. Acad. Sci. U. S. A. 56 (1966) 987–990, http://dx.doi.org/10.1073/
pnas.56.3.987.
[5] J. Hirst, M.M. Roessler, Energy conversion, redox catalysis and generation of reactive
oxygen species by respiratory complex I, Biochim. Biophys. Acta Bioenerg. (2015),
http://dx.doi.org/10.1016/j.bbabio.2015.12.009.
[6] L.A. Sazanov, P. Hinchliffe, Structure of the hydrophilic domain of respiratory complex I from Thermus thermophilus, Science 311 (2006) 1430–1436, http://dx.doi.
org/10.1126/science.1123809.
[7] K.R. Vinothkumar, J. Zhu, J. Hirst, Architecture of mammalian respiratory complex I,
Nature 515 (2014) 80–84, http://dx.doi.org/10.1038/nature13686.
[8] V. Zickermann, C. Wirth, H. Nasiri, K. Siegmund, H. Schwalbe, C. Hunte, et al., Mechanistic insight from the crystal structure of mitochondrial complex I, Science 347
(2015) 44–49, http://dx.doi.org/10.1126/science.1259859.
[9] J.W. Ingledew, T. Ohnishi, An analysis of some thermodynamic properties of ironsulphur centres in site I of mitochondria, Biochem. J. 186 (1980) 111–117, http://
dx.doi.org/10.1042/bj1860111.
[10] T. Ohnishi, Iron-sulfur clusters/semiquinones in complex I, Biochim. Biophys. Acta
1364 (1998) 186–206, http://dx.doi.org/10.1016/S0005-2728(98)00027-9.
[11] H.R. Bridges, E. Bill, J. Hirst, Mössbauer spectroscopy on respiratory complex I: the
iron-sulfur cluster ensemble in the NADH-reduced enzyme is partially oxidized, Biochemistry 51 (2012) 149–158, http://dx.doi.org/10.1021/bi201644x.
[12] M.M. Roessler, M.S. King, A.J. Robinson, F.A. Armstrong, J. Harmer, J. Hirst, Direct assignment of EPR spectra to structurally deﬁned iron-sulfur clusters in complex I by
double electron-electron resonance, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
1930–1935, http://dx.doi.org/10.1073/pnas.0908050107.
[13] T. Maly, F. MacMillan, K. Zwicker, N. Kashani-Poor, U. Brandt, T.F. Prisner, Relaxation
ﬁltered hyperﬁne (REFINE) spectroscopy: a novel tool for studying overlapping biological electron paramagnetic resonance signals applied to mitochondrial complex
I, Biochemistry 43 (2004) 3969–3978, http://dx.doi.org/10.1021/bi035865e.

206

J.J. Wright et al. / Journal of Inorganic Biochemistry 162 (2016) 201–206

[14] T. Ohnishi, J.E. Johnson, T. Yano, R. Lobrutto, W.R. Widger, Thermodynamic and EPR
studies of slowly relaxing ubisemiquinone species in the isolated bovine heart complex I, FEBS Lett. 579 (2005) 500–506, http://dx.doi.org/10.1016/j.febslet.2004.11.
107.
[15] M.S. Sharpley, R.J. Shannon, F. Draghi, J. Hirst, Interactions between phospholipids
and NADH:ubiquinone oxidoreductase (complex I) from bovine mitochondria, Biochemistry 45 (2006) 241–248, http://dx.doi.org/10.1021/bi051809x.
[16] N.A. Sieracki, H.J. Hwang, M.K. Lee, D.K. Garner, Y. Lu, A temperature independent
pH (TIP) buffer for biomedical biophysical applications at low temperatures,
Chem. Commun. (Camb.) (2008) 823–825, http://dx.doi.org/10.1039/b714446f.
[17] P.L. Dutton, Redox potentiometry: determination of midpoint potentials of
oxidation-reduction components of biological electron-transfer systems, Methods
Enzymol. 54 (1978) 411–435, http://dx.doi.org/10.1016/S0076-6879(78)54026-3.
[18] T. Reda, C.D. Barker, J. Hirst, Reduction of the iron-sulfur clusters in mitochondrial
NADH:ubiquinone oxidoreductase (complex I) by EuII-DTPA, a very low potential reductant, Biochemistry 47 (2008) 8885–8893, http://dx.doi.org/10.1021/bi800437g.
[19] S. Stoll, A. Schweiger, EasySpin, a comprehensive software package for spectral simulation and analysis in EPR, J. Magn. Reson. 178 (2006) 42–55, http://dx.doi.org/10.
1016/j.jmr.2005.08.013.

[20] T. Maly, L. Grgic, K. Zwicker, V. Zickermann, U. Brandt, T. Prisner, Cluster N1 of complex I from Yarrowia lipolytica studied by pulsed EPR spectroscopy, J. Biol. Inorg.
Chem. 11 (2006) 343–350, http://dx.doi.org/10.1007/s00775-006-0081-1.
[21] G. Yakovlev, T. Reda, J. Hirst, Reevaluating the relationship between EPR spectra and
enzyme structure for the iron sulfur clusters in NADH:quinone oxidoreductase, Proc.
Natl. Acad. Sci. U. S. A. 104 (2007) 12720–12725, http://dx.doi.org/10.1073/pnas.
0705593104.
[22] K. Zwicker, A. Galkin, S. Dröse, L. Grgic, S. Kerscher, U. Brandt, The redox-bohr group
associated with iron-sulfur cluster N2 of complex I, J. Biol. Chem. 281 (2006)
23013–23017, http://dx.doi.org/10.1074/jbc.M603442200.
[23] D.L. Williams-Smith, R.C. Bray, M.J. Barber, a.D. Tsopanakis, S.P. Vincent, Changes in
apparent pH on freezing aqueous buffer solutions and their relevance to biochemical electron-paramagnetic-resonance spectroscopy, Biochem. J. 167 (1977)
593–600.
[24] Y. Orii, M. Morita, Measurement of the pH of frozen buffer solutions by using pH indicators, J. Biochem. 81 (1977) 163–168.

