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Respiratory complex I (R-CI) is an essential enzyme in the
mitochondrial electron transport chain but also a major source
of reactive oxygen species (ROS), which are implicated in
neurodegenerative diseases and ageing. While the mechanism
of ROS production by R-CI is well-established, the feedback of
ROS on R-CI activity is poorly understood. Here, we perform EPR
spectroscopy on R-CI incorporated in artificial membrane
vesicles to reveal that ROS (particularly hydroxyl radicals) reduce
R-CI activity by making the membrane more polar and by

increasing its hydrogen bonding capability. Moreover, the
mechanism that we have uncovered reveals that the feedback
of ROS on R-CI activity via the membrane is transient and not
permanent; lipid peroxidation is negligible for the levels of ROS
generated under these conditions. Our successful use of
modular proteoliposome systems in conjunction with EPR
spectroscopy and other biophysical techniques is a powerful
approach for investigating ROS effects on other membrane
proteins.

Introduction

Respiratory complex I (NADH :ubiquinone oxidoreductase; R-CI)
is the entry point of electrons into the mitochondrial electron
transport chain.[1–3] The enzyme oxidises nicotinamide adenine
dinucleotide (NADH) to NAD+ at a flavin mononucleotide (FMN)
and reduces ubiquinone to ubiquinol, with the difference in
reduction potential providing the driving force to translocate
protons across the inner mitochondrial membrane. This trans-
location from the matrix into the intermembranous space
contributes to the proton motive force needed for ATP
synthesis. The electron transport chain of aerobic organisms has
evolved into a highly precise and efficient system, but the
nature of the oxidation-reduction reactions it catalyses makes
electron carriers susceptible to side reactions with oxygen,
leading to reactive oxygen species (ROS).[4] 45% of all ROS is
thought to originate from mitochondria, with the electron
transport chain serving as one of the main producers.[5,6]

Although ROS are now also recognised as signalling molecules

essential for health,[7–9] with strict regulation needed to maintain
the balance between ROS production and scavenging,[10] ROS
produced by R-CI are linked to neurodegenerative diseases,[11]

including Parkinson’s[10,12] and Alzheimer’s disease,[13] as well as
ageing.[14–16]

The mechanisms of ROS production by R-CI have been
subject to intense research.[17–20] Electrons from the oxidation of
NADH travel through a long chain of iron-sulfur clusters and
reduce ubiquinone, with superoxide formed as a result of
leakage of electrons from the reduced flavin.[17,18] Indeed, an
inhibitor was recently reported that blocks ROS production at
the flavin site of R-CI.[21] The flavin site can also produce
hydrogen peroxide depending on the level of NADH.[20] In
addition, superoxide can spontaneously dismutate into hydro-
gen peroxide, or react with cytosolic superoxide dismutase
(Cu,Zn–SOD) or MnSOD in the mitochondrial matrix to form
H2O2.

[5] The Haber–Weiss and Fenton reactions then transform
H2O2 into highly reactive hydroxyl radicals. Thus, even though
superoxide is the primary ROS species produced by R-CI, all
main ROS species (superoxide, hydrogen peroxide, and hydroxyl
radicals) are ultimately generated. A highly reduced quinone
pool and large proton motive force can push electrons back-
ward through R-CI, leading to reverse electron transfer.[7,19] In
this scenario, it is debated whether the Q-binding site can act
as a further source of ROS.[18,22,23] Thus, while questions remain
about the mechanism of ROS production under conditions of
reverse electron transfer, the flavin site mechanism is generally
accepted for forward electron transfer.

Surprisingly, despite these detailed mechanistic investiga-
tions into how R-CI produces ROS, their feedback on the
enzyme and the role of the membrane environment are poorly
understood. ROS-induced oxidative damage to lipids such as
cardiolipin, which is fundamental to the function and structural
integrity of R-CI,[24] was suggested to be the origin of decreased
R-CI activity in ROS-exposed bovine submitochondrial particles
(inner membrane vesicles)[25] and mitochondria from ischemic
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rat hearts.[26] Thus, although it is generally thought that ROS
lead to lipid peroxidation,[27–30] the link between R-CI activity
and ROS effects remains unclear.

Investigating the effect of ROS on individual enzymes such
as R-CI, and elucidating the reasons for their impact, is
challenging not least due to the number of ROS production
sites in mammalian mitochondria (at least 11).[7] Previous
studies have shown that the activity of R-CI can be maintained
when incorporated selectively into artificial membrane systems
with a well-tuned lipid composition, in which the cardiolipin
content is critical.[31,32] Moreover, reconstituting R-CI into such
liposomes together with the alternative oxidase (AOX) allows
sustained turnover of the native ubiquinone substrate.[31–33]

These artificial membrane vesicles (proteoliposomes) are both
well-defined and offer a simplified model of the native
membrane whilst maintaining the native lipid environment.
Such proteoliposomes provide an untapped strategy for a
mechanistic investigation into the effects of ROS produced by
R-CI.

Here, we employ artificial membrane vesicles in combina-
tion with electron paramagnetic resonance (EPR) spectroscopy
and other biophysical and biochemical techniques to inves-
tigate the impact of ROS directly produced by R-CI (Figure 1).
Our data provide unprecedented insight into the mechanisms
involved and reveal how the membrane plays a key role in R-CI
activity when the enzyme produces ROS.

Results and Discussion

ROS Production by R-CI in Liposomes

We were able to successfully reconstitute Pichia pastoris R-CI
into liposomes, as shown by the protein retention and outward
orientation of our P. pastoris R-CI proteoliposomes (PLs)
(Table S2), comparing favourably with previously reported B.
taurus R-CI PLs.[31–33] The average outward-facing protein
concentration was ~84 μg/mL.

To establish the functionality of our artificial membrane
system, we first investigated how these R-CI PLs produce ROS.
The rate of ROS production in PLs was determined by adapting
an established assay for the isolated bovine enzyme that
monitors acetylated cytochrome c reduction to calculate the
rate of superoxide production for R-CI.[17] The presence of
ubiquinone (Q10) in the PLs does not induce ROS production, as
evidenced by zero absorbance over the first 60 s, while addition
of NADH initiates superoxide production (Figure 2A). The rate of
superoxide production slows down after ~200 s as NADH is

Figure 1. Schematic representation of the proteoliposome system to inves-
tigate the effect of ROS produced by R-CI. R-CI from P. pastoris is
reconstituted into liposomes with the lipid mixture of DOPC:DOPE:CL in an
8 :1 : 1 mass ratio; DOPC=1,2-dioleoyl-sn-glycero-3-phospho-choline,
DOPE=1,2-dioleoyl-sn-glycero-3-phosphoethanol-amine, CL= tetraoleoyl
cardiolipin. Small quantities of NADH initiate superoxide formation at the
flavin site of R-CI. The initial ROS species can be transformed into H2O2 or
hydroxyl radicals by the addition of SOD (superoxide dismutase) and ferrous
ions as shown. Doxyl-PC (phosphocholine) is a paramagnetic lipid acting as a
spin label and scavenger. See Table S1 for an overview of the chemical
structures.

Figure 2. Superoxide production by reconstituted and isolated R-CI. The rate
of superoxide production is determined from the reduction of cytochrome c,
plotted as subtracted absorbance ΔA (e550� 540¼ 18 mM� 1cm� 1) after addition
of NADH. A: ROS production rate for reconstituted R-CI (outward-facing
concentration 4 μg/mL) in the presence of either Piericidin A or alternative
oxidase (AOX). B: ROS production rate of isolated R-CI (concentration 4 μg/
mL) in asolectin/CHAPS micelles. Decylubiquinone (DQ) was added where
indicated to both the untreated and piericidin A treated samples.
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consumed (and NAD+ is generated) due to catalytic turnover
with Q10 present in the PLs. The presence of the R-CI Q-site
inhibitor piericidin A prevents the decrease in the rate of ROS
formation and results in a constant linear increase in absorb-
ance over the entire measurement time.

These results are in excellent agreement with ‘isolated’ R-CI
(Figure 2B), in which addition of the hydrophilic substrate
analogue decylubiquinone (DQ) reduces the rate of superoxide
formation, due to NADH being consumed in the catalysis, but
remains linear in the presence of piericidin A. Investigating the
rate of ROS production during sustained turnover with the
native Q10 substrate is only possible with PLs. Addition of AOX
(from Trypanosoma brucei brucei) to the R-CI PLs ensures that
the quinone-pool is replenished during catalytic turnover and
leads to an earlier onset and greater rate decrease in ROS
production compared to R-CI PLs without AOX (Figure 2A).

The initial (first 100 s after NADH addition) and final (500–
600 s) superoxide production rates are summarised in Table 1.
The initial rates for isolated R-CI show that the presence of
piericidin A has no impact on the initial ROS production rate,
but rather influences the final rates, possibly because upon
addition of DQ some catalysis can still occur that consumes
NADH. In PLs, ubiquinone is present from the start and hence
the initial rates in the absence of piericidin A are lower: the
addition of NADH directly initiates catalytic turnover as well as
ROS formation. Nonetheless these initial rates remain high,
suggesting that initially ‘leaked’ electrons from NADH form
superoxide almost exclusively, rather than reducing Q10.

Our artificial membrane system shows unambiguously that,
even under turnover conditions and with the native substrate
Q10, superoxide formation must be controlled by the flavin site
of R-CI. This conclusion is consistent with previous work on
isolated R-CI[17] and submitochondrial particles.[18] Superoxide is
thus formed in the bulk solution surrounding the PLs,
equivalent to the mitochondrial matrix in the native system. To
understand how superoxide and other ROS (formed as a result
of downstream reactions in the matrix) affect R-CI activity, we
need to consider how they associate with and penetrate the
lipid bilayer.

The Role of the Membrane in Decreased R-CI Activity

Having established that PLs constitute a fully functional system
for investigating ROS production by R-CI – in a native-like and
yet well-defined lipid environment – we proceeded to inves-
tigate how different ROS species (superoxide, hydrogen
peroxide, and hydroxyl radicals) affect catalytic activity. Super-
oxide was generated by simply adding NADH,[17,18] with further
addition of SOD generating hydrogen peroxide,[5] and finally
the addition of Fe2+ leading to hydroxyl radicals (Figure 1).[29,35]

To allow the ROS species to travel into the lipid bilayer, R-CI PLs
were incubated with NADH on ice for 1 hour (Figure 3A). R-CI
activity of ROS-incubated samples was subsequently deter-
mined from the NADH:O2 oxidoreduction rate after the
addition of AOX.[31]

PLs that were incubated without NADH (henceforth termed
‘No ROS’) retain approximately 90% of their initial catalytic
activity, showing that the incubation itself did not affect
enzyme activity (Figure 3B). Incubations at elevated temper-
atures were avoided because the R-CI activity was found to
decline substantially under these conditions, even in the
absence of ROS (Figure S2).

R-CI activity of ROS-incubated samples were normalised
against the rate determined for freshly prepared PLs without
any treatment (Figure 3B). In the presence of all three different
types of ROS, catalytic activity in PLs declined to 20–25% of the
control values. In contrast, R-CI re-solubilised from ROS-
incubated PLs (see Section 3.1 and Figure S1, Supporting
Information) exhibited approximately 50% activity, with the
largest difference in activity before and after re-solubilization
observed for the hydroxyl radical. Thus, about half of the
activity of R-CI is irreversibly lost (Figure 3B). This might be due
to damage of the non-membrane bound part of the enzyme
which harbours all the redox cofactors, so that redox activity is
likely to be impacted. Moreover, ROS could decrease R-CI
activity through oxidation of amino acids (Scheme S1).[36] Be-
sides these somewhat expected irreversible effects on R-CI
activity, it is remarkable that ROS also decrease the enzyme’s
activity reversibly, through a membrane effect that is yet to be
established and in which hydroxyl radicals have the greatest
impact (see also Figure S2B).

The experiments in Figure 3B only consider reconstituted R-
CI with the hydrophilic domain facing outwards into the bulk
solution. However, ~25% of R-CIs (Table S2) are inserted with
the flavin site pointing into the PL lumen. Further experiments
were thus devised to investigate whether the regained catalytic
activity of R-CI re-solubilised from PLs could be the result of
previously inward-facing R-CI, whose hydrophilic domain could
be largely undamaged by ROS, now becoming accessible. PLs
were incubated with superoxide and hydroxyl radicals without
and with alamethicin (AlaM) (Table 2), a pore-forming agent
that enables these ROS species as well as NADH to reach the
previously protected inward-facing R-CI. The catalytic activity of
R-CI in PLs in the presence or absence of AlaM was then
determined. Activities reported in Table 2 were corrected for
the total protein accessible in the assay (only outward-facing R-
CI without AlaM, but all R-CI with AlaM), to allow direct

Table 1. Overview of superoxide production rates by R-CI PLs and isolated
R-CI. Initial (first 100 s after NADH addition) and final (last 100 s) rates of
the superoxide production by reconstituted and isolated R-CI as pictured in
Figure 1 (mean�S.D. of data from three different PL batches). Literature
data refers to bovine submitochondrial particles (SMPs) and isolated P.
pastoris R-CI. Pier A=Piericidin A and AOX=alternative oxidase.

– Condition Initial rate
(nmol/
min per mg)

Final rate
(nmol/
min per mg)

R-CI
PLs

PLs 93.5�8.5 12.9�1.5

PLs+Pier A 104.3�9.3 87.3�7.4

PLs+AOX 86.0�8.4 3.6�0.7

Ref. [18] (in SMPs) 101.5�2.4

R-CI
isolated

� Pier A 107.8�9.5 13.1�1.2

+Pier A 109.1�9.0 92.4�7.9

Ref. [34] (� Pier A) 105.0�11.6 –
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comparison. The near unity respiratory control ratio (RCR,
Table 2) agrees with previous work[33] and shows that the rate
of NADH oxidation is similar with and without gramidicin D
(GramD), which uncouples to protons but does not allow NADH
to traverse the membrane. Therefore, the NADH oxidation
activity (and therefore rate of ROS production) of R-CI is
unaffected by the proton gradient generated during R-CI
catalysis. In addition, it is important to note that ROS are
generated under non-turnover conditions (during the incuba-
tion period no AOX is present, Figure 3A), such that the proton
motive force is unlikely to be generated at a rate that
outcompetes proton leakage and hence does not play a role
during ROS generation. The effect of different ROS can thus be

evaluated through a comparison of the activities with and
without AlaM (to account for inward-facing R-CI). The increase
in catalytic activity upon AlaM addition to ‘intact’ PLs (incubated
without AlaM) shows that inward-facing R-CI was indeed less
affected by ROS compared to outward-facing R-CI; the increase
is less pronounced for *OH (~7% compared to ~17% for
superoxide), suggesting its more facile penetration of the
membrane. For both ROS species, the activity increase is not as
high as might be expected if it was solely due to inward facing
R-CI become accessible (~25%). Thus, ROS-induced damage of
the hydrophobic domain of R-CI occurs independently of the
protein’s orientation in the membrane.

Figure 3. Comparison of the catalytic activity of reconstituted R-CI and R-CI re-solubilised from PLs. A: Schematic representation of the incubation process for
PLs (outward-facing protein concentration ~84 μg/mL) and measurements of R-CI catalytic activity via the NADH:O2 assay (Section S2, Supporting
Information). Alternative oxidase (AOX) was added after the incubation period while preparing the samples for the assay measurements. B: Violin plots were
constructed from four PL batches (shown as individual data points). PLs were incubated on ice for 1 h with or without ROS. The width of the ‘violin’ reflects
the density of data at that value. Percentage values are calibrated against the catalytic activity of freshly prepared PLs (22.2�2.0 μmol/min per mg). Results
from R-CI re-solubilised from PLs are based on NADH:DQ assays. The labels ‘*O2

� ‘, ‘H2O2
’ and ‘*OH’ refer to the predominant ROS species (some mixture of ROS

is expected, see Scheme S2).

Table 2. Impact of inward-facing R-CI on the decrease in catalytic activity. One batch of PLs treated with superoxide and hydroxyl radicals was incubated
(Inc.) with and without the presence of alamethicin (�AlaM, columns 4–7) and R-CI re-solubilised to analyse regained catalytic activity. NADH:O2 assays
were performed with and without alamethicin (Assay�AlaM, rows 2–3). Catalytic rates are in μmol min� 1 mg� 1; for PLs the rates refer to the total and
outward-facing R-CI (R-CItotal and R-CIout), which were corrected for the total amount of protein present to enable direct comparison (see Methods). The rates
from PLs without incubation (‘fresh PLs’) and incubated without ROS (‘No ROS’) are also shown. For fresh PLs, the respiratory control ratio (RCR) was
determined by adding gramicidin D (+GramD); RCR= [activity of R-CIout (+GramD)]/[activity of R-CIout (� AlaM)]. Matching NADH:APAD+ results are
summarised in Table S3; N.A.=not applicable. The % values given are relative to Fresh PLs without AlaM.

NADH:X Fresh PLs No ROS *O�2
*OH

Inc. � AlaM Inc. +AlaM Inc. � AlaM Inc. +AlaM

X=O2 in PLs R-CIout
(� AlaM)

20.2�1.5
(100.0%)

18.4�1.1
(91.1%)

7.0�1.0
(34.7%)

N.A. 5.6�0.9
(27.7%)

N.A.

R-CIout
(+GramD) RCR

21.6�1.2
1.07�0.03

X=O2 in PLs R-CItotal
(+AlaM)

21.1�1.2
(104.5%)

19.6�1.4
(97.0%)

10.6�1.1
(52.5%)

4.6�0.8
(22.8%)

7.0�1.0
(34.7%)

3.2�0.7
(15.8%)

X=DQ re-solubilised R-CI 19.0�1.4
(94.1%)

18.3�1.2
(90.6%)

12.1�1.0
(59.9%)

6.7�0.7
(33.2%)

11.8�1.1
(58.4%)

8.3�0.9
(41.1%)
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Adding AlaM before incubation resulted in a larger decrease
in catalytic activity, as expected because more R-CI is available
to produce ROS. Notably, there is a gain in catalytic activity of
~10% with superoxide and of ~25% with *OH, when R-CI was
re-solubilised from PLs (grey-shaded entries in Table 2), both
when AlaM was present (dark grey) or absent (light grey) during
incubation. These measurements disentangled membrane ef-
fects from those of inward-facing R-CI, allowing further insight
into the results shown in Figure 3B. Remarkably, this revealed
that, though the restored activity upon re-solubilization in the
presence of superoxide is largely due to undamaged inward-
facing R-CI, in the presence of *OH, it is primarily due to
removing the impact of the ROS species on the membrane. The
unequal impact of the different ROS species on activity in a
membrane environment (Table 2 and Figure 3B) can be ration-
alised. Superoxide radicals remain close to the lipid bilayer
surface in the aqueous environment, whereas its protonated
form (hydroperoxyl) and hydroxyl radicals can penetrate deeply
into the membrane, where they are thought to cause enhanced
lipid damage.[30] Superoxide radicals spontaneously convert to
hydrogen peroxide (at a rate of k�105� 106 M� 1 s� 1),[37] with
SOD accelerating the transformation (k�2� 109 M� 1 s� 1),[37] but
hydrogen peroxide remains close to the lipid headgroups.[30]

Our data show that hydroxyl radicals have the greatest effect
on R-CI activity in a membrane environment, which is consistent
with this type of ROS travelling deeper into the membrane.
However, it is striking that the deleterious effects of ROS,
particularly hydroxyl radicals, are not permanent because some
R-CI activity is recovered when the membrane is removed.
Therefore, further investigation is needed to establish how the
three main types of ROS affect the membrane and induce the
observed feedback on R-CI activity.

Effect of ROS on the Membrane

To understand how the membrane induces reduced R-CI
activity in the presence of ROS, their penetration into the lipid
bilayer and their effect on membrane structure and fluidity
were investigated. Unlike the ‘intrinsic’ paramagnetic centres in
R-CI,[38–41] EPR cannot be used to detect ROS directly because
they are too short-lived.[35,42] Although spin traps are often used
to determine the nature of ROS, their use in a membrane
environment is challenging and precludes quantitative
investigations.[43,44] We thus performed EPR measurements with
PLs containing small quantities of spin-labelled phospholipids,
which act as sensitive reporters of ROS within the lipid
bilayer.[45,46]

The chemical structure of the spin-labelled phospholipids is
pictured in Figure 4A. The position of the doxyl unit along the
carboxylic acid reports on the local environment across the
entire lipid bilayer. The doxyl unit of 16-DSPC is located at the
end of the chain, whereas with 5-DSPC the nitroxide is close to
the carbonyl region in the bilayer. The line shapes of the
corresponding EPR spectra reflect the dynamics of the spin
label, which depends on the fluidity of its environment
(Figure S3). The local membrane viscosity was determined by
EPR (see Section 3.2, Tables S4–S6, Figure S6, Supporting In-
formation) and through fluorescence lifetime measurements
with BODIPY-based molecular rotor systems (Figure S7 and
Table S7).[47,48] These quantitative studies show that reconstitu-
tion of R-CI has no impact on the membrane viscosity, and
incubation with different types of ROS did not change the lipid
bilayer fluidity significantly in this study. This supports the view
that viscosity is not thought to be a major factor for membrane
protein activity.[49]

In accordance with the negligible changes in membrane
fluidity, ferric thiocyanate assays (Figures S8–S10) reveal mini-

Figure 4. EPR spectroscopy with spin-labelled phospholipids to determine membrane fluidity and ROS penetration across the bilayer. A: Chemical structure of
the spin-labelled phospholipid n-DSPC highlighting the three locations of the doxyl-unit along the hydrocarbon chain (n=5, 12, 16). Penetration of ROS
species across the lipid bilayer derived from EPR measurements. Schematic representation of adduct formation of a nitroxide radical, causing the formation of
a diamagnetic oxoammonium ion. B: Remaining EPR signal intensity in PLs and liposomes after incubation for each ROS species. For liposomes, incubations
were performed at “low” and “high” levels of ROS as described in Materials and Methods. For the corresponding EPR spectra (carried out at room
temperature), see Figures S4 and S5.
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mal lipid peroxidation in ROS-producing PLs. Approximately
40–50 μM ROS are typically formed in our experiments (see
Section 3.2, Supporting Information). While lipid peroxidation
due to these ROS concentrations is detectable in principle, the
Q10 present in PLs is a known antioxidant[5,50,51] and lowers lipid
peroxidation to below the detection limit (<1% of the total
lipid content, Figure S8). Although native membrane systems
contain polyunsaturated carboxylic acids that are more prone
to autoxidation (Scheme S3),[52] the observed membrane-in-
duced activity drop of R-CI cannot be ascribed to lipid
peroxidation (Figure 3 and Table 2).

We thus turned to EPR spectroscopy to investigate ROS
permeation and its effects on the membrane in greater detail.
The scavenging of nitroxide radicals on labelled phospholipids
leads to a decrease in the EPR signal intensity through the
formation of diamagnetic adducts with ROS species (Figure 4A).
The remaining intensity after 1 h of incubation as a function of
the location of the doxyl unit is summarised in Figure 4B. As a
control, two concentrations of ROS were investigated in
liposomes by adding either hydrogen peroxide or the Fenton
reaction mixture (forming hydroxyl radicals), with ‘low’ corre-
sponding to an initial H2O2 concentration of 100 μM and ‘high’
corresponding to 1000 μM (i. e. around double and 20-fold the
ROS concentration in PLs, respectively). For both H2O2 and

*OH,
more scavenging was observed in the centre of the lipid bilayer,
which scaled with ROS concentration. Diffusion of H2O2 into the
bilayer is facilitated by the formation of oxidised lipids,[53] which
is significant in liposomes in the absence of Q10 as an
antioxidant (Figure S8). Hydroxyl radicals travel deeply into the
lipid bilayer.[30] Hence, efficient scavenging of the nitroxide
occurs even at the end of the carboxylic acid chain (16-DSPC).
In PLs, all types of ROS are able to enter the lipid bilayer. For *

O�2 , the scavenging effect was the strongest in the centre of the
hydrocarbon chain (C-12), whereas in the interfacial region (C-
5), a reduced impact was found due to electrostatic repulsions
to the phosphate moiety in the lipid headgroups. Notably, close
to the lipid headgroup scavenging of H2O2 and *OH was
considerably greater compared to similar concentrations in the
liposomes. However, in contrast to liposomes, the centre of the
lipid bilayer was only reached by hydroxyl radicals.

To understand the effects of hydroxyl radicals on the
membrane, which also led to the greatest effect on R-CI activity
(Figure 3 and Table 2), the isotropic g values and apparent
hyperfine values (giso and aiso) of the spin-labelled lipids in
liposomes and PLs were analysed as indicators of proticity
(hydrogen donor capability) and polarity, respectively (Fig-
ure 5).[54,55] In a more protic environment, spin-density on the
oxygen atom is reduced due to increased hydrogen-bonding
and the smaller spin-orbit coupling results in a smaller giso. To
resolve gxx as a direct measure of proticity, measurements at
higher microwave frequencies would be needed.[56] Although
previous work has shown a good correlation between gxx and
giso,

[57] owing to the subtle changes observed in giso we focus
our discussion on trends. With increasing polarity, the zwitter-
ionic resonance structure of the nitroxide group becomes more
favoured and the increased spin-density on the nitrogen atom
leads to a larger aiso. The opposite trend is observed in more
hydrophobic (less protic and less polar) environments.

giso increased and aiso decreased as the spin label position
moves into the membrane (from the n=5 to the 16 position,
Figure 4A), reflecting that the spin label experiences a less
protic and less polar environment in the centre of the bilayer,
with or without the protein present (Figure 5). In both lip-
osomes and PLs, hydroxyl radicals generally lead to a decrease

Figure 5. EPR-derived changes in membrane proticity and polarity in liposomes and PLs before and after incubation with hydroxyl radicals. Change in giso (A)
and aiso (B) for liposomes and PLs before (black) and after (blue) incubation with hydroxyl radials on ice for 1 h. Table S8 summarises all values.
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in giso (Figure 5A), because they strengthen the hydrogen
bonding network between the NO*-group of the doxyl units
and the surrounding water molecules.[58] Unlike giso, changes in
aiso are only observed in PLs (Figure 5B). This is in stark contrast
to liposomes, where even a ‘high’ concentration of *OH resulted
in no change of aiso. Thus, the presence of the R-CI appears to
promote the penetration of *OH, leading to greater hydro-
philicity of the membrane.

The combined EPR spectroscopic measurements explain the
reduced catalytic activity of R-CI exposed to ROS in a membrane
environment compared to its isolated form (Figure 3B). The
effects of the lipid structure on membrane protein function
have been broadly partitioned into changing molecular inter-
actions and physical properties such as membrane fluidity.[49]

We have shown that ROS produced by R-CI at ‘native’ levels
result in increased membrane proticity and polarity, hence they
primarily induce changes in molecular interactions, that are not
permanent, rather than in physical properties. It remains to be
understood how exactly changes in membrane proticity and
polarity lead to decreased R-CI activity. However, our findings
are in agreement with specific protein-lipid interactions such as
hydrogen bonding affecting membrane protein function.[49,59]

Thus, for example, changes in local pH as a result of ROS in the
membrane could have an impact on essential protein-lipid
interactions, such as with cardiolipin, which is known to be
essential for R-CI function,[32] or on ubiquinone binding and
reduction, which is essential for catalysis.

Conclusions

It is uncontested that R-CI is a major contributor to ROS in
mitochondria and the question of how R-CI is involved in the
generation of ROS was first raised in the 1960s.[50,60] However,
the feedback mechanism of these ROS on R-CI activity was
unknown, not least owing to the complexity of native
membranes. In this study, well-defined artificial membrane
systems with reconstituted R-CI have enabled us to understand
this feedback mechanism.

We have established the validity of our artificial membrane
system by showing that reconstituted R-CI produces superoxide
at similar rates compared to isolated and native systems.
Moreover, the addition of the quinone-site inhibitor piericidin A
and ubiquinone ‘recycler’ AOX showed that superoxide is
produced during forward catalysis due to electron leakage at
the flavin site of R-CI. Our experiments under native-like
conditions, with the native substrate Q10, thus lend further
evidence to ‘single site’ (flavin site only) rather than ‘two site’
(both flavin and quinone sites) superoxide production in R-CI
during forward electron transfer.

Unlike studies with either isolated R-CI or native membrane
systems, our well-defined PLs have enabled us to investigate
the effects of ROS produced by R-CI quantitatively. The catalytic
activity of R-CI almost vanished in PLs exposed to the three ROS
species typically encountered in mitochondria (superoxide,
hydrogen peroxide, hydroxyl radicals). Re-solubilising the
enzyme from these PLs revealed that the membrane has a

damaging rather than protective effect – an effect that is
however not permanent. We ruled out lipid peroxidation and
changes in membrane viscosity as the origin of the observed
membrane effects on R-CI activity in our mimetic system. EPR
measurements showed that ROS, particularly hydroxyl radicals,
not only penetrate the lipid bilayer but also cause an increase
in membrane proticity and polarity. These chemical changes in
the lipid bilayer thus emerge as a mechanism for ROS-induced
loss in R-CI activity that has been overlooked so far.

Artificial membrane systems make it possible to investigate
numerous and diverse proteins selectively and in a tailored lipid
environment. Indeed, it has been shown that the importance of
proteoliposomes extends to many biotechnological and bio-
medical applications.[61] In this work, such a well-defined system,
together with EPR spectroscopy, enabled the previously impos-
sible task of understanding the feedback of ROS produced by
an essential and complicated membrane-bound enzyme (R-CI)
on the enzyme itself. Our approach could therefore serve as a
blueprint for investigating the effects of ROS on other
membrane proteins.
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