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Abstract
The production of reactive oxygen species (ROS) in mitochondria is very sensitive to the proton motive force and may be
decreased by mild uncoupling, mediated e.g. by mitochondrial uncoupling proteins (UCPs). UCPs were conversely
hypothesized to be activated by ROS. Conclusions from experiments studying the reactive product of lipid peroxidation 4hydroxy-2-nonenal (HNE) in isolated mitochondria and UCP knock-out mice are highly controversial. Here we investigated
the molecular mechanism of HNE action by evaluating the separate contributions of lipid and protein phases of the
membrane and by comparing UCP1 and UCP2, which were reconstituted in planar lipid bilayers. We demonstrated that
aldehyde does not directly activate either UCP1 or UCP2. However, HNE strongly potentiated the membrane conductance
increase (Gm) mediated by different long-chain fatty acids in UCP-containing and in UCP-free membranes and this suggest
the involvement of both lipid-mediated and protein-mediated mechanisms with FA playing the central role. Gm increase
was concentration-dependent and exhibited a typical saturation kinetic with the binding constant 0.3 mM. By using
Electron Paramagnetic Resonance, membrane fluidity change could be excluded as a cause for the HNE-mediated increase
in the presence of FA. The impact of the HNE binding to definite positively charged UCP amino acid residues is discussed as
a possible protein-mediated mechanism of the UCP activation.
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According to the ‘‘mild uncoupling’’ hypothesis [7], a regulated
H+ leak may lead to the attenuation of mitochondrial ROS
production, as confirmed for superoxide formation at both
Complex III [8] and Complex I sites [9]. Mitochondrial
uncoupling proteins (UCPs) were proposed to be a part of a selfregulating system, where ROS and lipid peroxidation products
activate UCP that leads to the proton motive force and membrane
potential (DYm) decrease, followed by a decline of ROS
generation [10–12]. Although such negative feedback seems to
be an attractive hypothesis, it is highly controversial [13–15].
UCP1 activation by HNE was first demonstrated by Echtay et
al. [16] in isolated rat mitochondria and supported by data
obtained from plant mitochondria [17]. It was proposed that the
aldehyde is able to convert UCPs into active protein transporters
by their covalent modification [18]. In contrast, using UCP1
knock-out mice, Shabalina et al. demonstrated that HNE ‘‘neither
(re)activates purine nucleotide-inhibited UCP1, nor induces
additional activation of innately active UCP1’’ [13]. Comparing
the re-activating ability of aldehyde and corresponding FAs (2nonenoic and nonanoic acid) on UCP1 in the presence of GDP
they showed that the presence of carboxyl groups is absolutely
required [13]. Interestingly, this ability was independent on the
degree of FA saturation. It contradicts our results, which

Introduction
Free radicals and other reactive oxygen species (ROS) have
been implicated in aetiology of numerous pathological states such
as neurodegenerative disease, diabetes, obesity, cardiovascular
disease, etc. [1,2]. Diminishing mitochondrial ROS production is
therefore an important therapeutic strategy in the treatment of
diseases in which ROS are thought to be involved. Mitochondria
produce a substantial amount of superoxide anion (O2-?), which is
able to give rise to other ROS and lipid peroxidation products.
Among them is 4-hydroxy-2-nonenal (HNE), which is formed
during peroxidation of v-6 PUFA side chains (linoleic,c-linolenic,
and arachidonic acid). HNE was shown to modify intracellular
components, such as lipids, DNA and proteins [3,4]. The
biological effects of HNE on cells were reported to strongly
depend on its concentration [5,6]. HNE in a concentration of
100 mM and above causes unspecific cytotoxic effects. Concentrations in the range of 30 to 50 mM, used in the experiments with
mitochondria, can inhibit DNA and protein synthesis, stimulate
phospholipase A2 and inhibit c-myc expression, which is essential
for mammalian cell proliferation. Significant protein conformational changes have already been observed at a physiologically
relevant concentration of mM HNE (for review, see [6]).
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demonstrated a clear correlation of UCP activity and the number
of double bonds [19,20].
No protein-related effect was found for superoxide anion
radicals [14] that were previously reported to activate UCP1,
UCP2 and UCP3 [21]. However, Parker et al. [22,23] suggested
that high DYm is required for the activation of UCP-mediated
uncoupling by HNE. The discussion was recently extended to the
uncoupling protein of unicellular eukaryotes. Woyda-Ploszczyca
and Jarmuszkiewicz demonstrated that HNE activates UCP in
Acanthamoeba castellanii mitochondria during non-phosphorylating
respiration [24].
In order (i) to test whether the reactive aldehyde 4-hydroxy-2nonenal can directly activate UCP1, (ii) to evaluate the discrepancies obtained in experiments with mitochondria and (iii) to gain
insight into the mechanism of this process, we now use the welldefined system of the artificial lipid bilayers [25]. The total
membrane conductance of lipid membranes with reconstituted,
highly purified protein is compared in the presence of HNE, fatty
acids or both. The role of high potentials and the degree of FA
saturation is investigated. Finally, we discuss the mechanism
underlying the increase of proton leakage as seen in the presence
of UCP, HNE and FAs.

polyunsaturated fatty acids. The typical profile of an E. coli fatty
acid methyl ester fraction analyzed by GC-MS [32] was identified
as methyl hexadecanoate (36%), methyl (Z)-11-octadecenoate
(28%), methyl (Z)-9-hexadecenoate (2%), methyl octadecanoate
(1%), methyl tetradecanoate (1%) and two cyclopropyl fatty acids,
methyl 9,10-methanohexadecanoate 1 (20%) and methyl lactobacillate 2 (12%). The low amount of unsaturated fatty acid chains
was advantageous for this study, because additional internal
sources of oxidation were minimized.
Hexane, hexadecane, Na2SO4, K2SO4, MES, TRIS, TES,
EGTA, arachidic (ArA, 20:0), 9-cis,12-cis-Linoleic acid (LA, 18:2,
v6) and arachidonic (AA, 20:4, v6) acids were purchased from
Sigma Aldrich GmbH (Germany), 11(Z),14(Z), 17(Z)-eicosatrienoic acid (EA, 20:3, v3) came from Cayman Chemicals. FAs were
added to the lipid phase prior to membrane formation. FAcontaining liposomes were then mixed with proteoliposomes in
required proportions. The concentration of FA in membranes was
15 mol%. An ethanol solution of HNE was obtained from Biozol
GmbH (Eching, Germany).
Membrane formation and quality was monitored by capacitance measurements (0.7460.06 mF/cm2). The capacitance depended neither on protein nor on fatty acid content. Currentvoltage (I–V) characteristics of model membranes were measured
with a patch-clamp amplifier (EPC 10, HEKA Elektronik Dr.
Schulze GmbH, Germany). Membrane conductance Gm was
determined at voltages within the range of 10–220 mV from a
linear fit of the current-voltage relationship obtained at voltage
intervals of 10–20 mV.

Materials and Methods
mUCP1 and hUCP2 expression, extraction, purification,
and reconstitution into liposomes
The production of murine uncoupling protein 1 (mUCP1) is
reported in our previous work [20]. The same batch of inclusion
bodies was used for the protein reconstitution. Human uncoupling
protein 2 (hUCP2) was produced in bacterial strain BL21
(Novagen, Germany) as described previously [19]. Inclusion
bodies (IB) containing UCP1 or UCP2 were purified, solubilized
and incorporated into liposomes according to the procedures
previously established [19,20,26]. Aggregated proteins were
eliminated by centrifugation of the dialysate at 14000 g for
10 min. In order to eliminate the incorrectly folded protein, the
supernatant was filled into a column containing 1 g hydroxyapatite (Bio-Rad, Germany) [27,28]. To eliminate non-ionic
detergent, the sample was incubated with Bio-Beads SM-2 (BioRad, Germany) [29]. The total protein content in proteoliposomes
was measured by Micro BCA Protein Assay (Perbio Science,
Germany) according to the manufacturers instructions. The purity
of the proteoliposomes was controlled by SDS-PAGE as described
in [30] and subsequent silver staining was carried out according to
[31]. The correct folding was assessed by the conductance
measurements in the presence of protein activators and inhibitors
as described in [25].
To investigate the effect of HNE the proteoliposomes were
subsequently incubated with different concentrations of HNE for
30 min at 37uC. Proteoliposomes prepared in this way were used
in EPR, electrophysiological and Western Blot experiments.

Measurements of the membrane order parameter with
Electron Paramagnetic Resonance (EPR) method.
The 5-doxyl stearic acid spin label (5-DSA) was used for
assessment of the order parameter S (inversely correlated with the
membrane fluidity). A stock solution aliquot of the respective spin
label in acetonitrile was placed in an Eppendorf reaction tube and
the solvent was evaporated by a stream of nitrogen. Then the
remaining thin film of the spin label was incubated with the
liposomal suspensions for 10 min at 37uC under frequent
agitation. The spin label/lipid ratio was 7.5 nmol/(mg lipid).
After cooling to room temperature (25uC), 50 ml of the
suspension was aspirated into a 50 ml glass micropipette, which
was subsequently placed in the resonator of the EPR instrument.
The EPR measurements were performed using a Bruker EMX
instrument equipped with a Flexline dielectric resonator
ER4118X-MD5 (Bruker, Rheinstetten, Germany). The following
parameters were used for measurements: microwave frequency
9.683 GHz, modulation frequency 100 kHz, modulation amplitude 1 G, time constant 0.163 sec, center field 3448.86 G, scan
rate 35 G/min, sweep 100 G, sweep time 168 s, receiver gain
26104, resolution 2048, scans 3. The peak positions of the EPR
spectra were analyzed by our internally-designed software. The
positions of Amax and Amin were directly measured for all spin label
molecules. The order parameter S was calculated from these line
positions according to the equation 1 and 2 [33,34].

Formation of planar membranes and measurements of
membrane electrical parameters
Planar lipid bilayers were formed on the tip of disposable plastic
pipettes as described previously [25]. A lipid extract from E. coli
was chosen for the formation of bilayer membranes, because of its
similarity to the mitochondrial inner membrane lipid (phosphatidylethanolamine, phosphatidylglycerol and cardiolipin; 67.0:
23.2:9.8 w% respectively) and because our previous results
indicated that UCP properly folds in this lipid. However, in
contrast to the composition of eukaryotic lipids, the fatty acid
residues of phospholipids and cardiolipins of E.coli do not contain
PLOS ONE | www.plosone.org
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Western blot analysis
As described previously [30], SDS-polyacrylamide gel electrophoresis was performed on 15% acrylamide gels loaded with 1 ml
of proteoliposomes per lane. Proteins were transferred on
nitrocellulose membranes. After incubation in block solution
(1xTBS, 2% BSA, 0.5% Tween 20, 0.02% Thimerosal) overnight,
membranes were incubated with HNE antibody (15 mg/ml,
Abcam ab48506) in block solution two days at 4uC. Membranes
were washed with buffer (1xTBS, 0.5% Tween 20) and
subsequently incubated in horseradish peroxidase-linked antimouse antibody (GE Healthcare, UK) 1:5000 in block solution for
an hour. After washing, antibody-binding was visualized by ECL
reagent (GE Healthcare, Germany) and measured with ChemiDoc-It-600 System (UVP, UK).

Statistical analysis
Data are presented as mean 6 SD. Statistical significance was
determined using unpaired Student’s t test. P values ,0.05 were
considered to be significant.

Results
Effect of HNE on the total membrane conductance (Gm)
in the absence and presence of UCP1.
In order to evaluate the direct action of HNE on uncoupling
proteins, we reconstituted artificial bilayer membranes formed
from E. coli lipid extract with UCP1. In agreement with our
previous results [20,25], the reconstitution of protein in the lipid
membrane did not lead to the increase in Gm if no further
substitutes were added (Fig. 1, A, first bar set). In contrast, the
reconstitution of UCP1 or UCP2 in the presence of arachidonic
acid (AA, Fig. 1, A, second bar set and Fig. 1, B) led to the
expected increase in the membrane conductance Gm, similar to the
data reported earlier [19]. The protein activation could be
inhibited with ATP, as shown in the accompanying study using the
same protein charge (Fig. 5 in [20]), ensuring proper protein
folding. In order to evaluate its putative activating efficiency, HNE
was added to lipid membranes without further additives (Fig. 1, A,
third bar set, white bar) and to the membranes reconstituted with
UCP1 or UCP2 (Fig. 1, A, third bar set, grey and black bars
respectively). The comparison of protein-free membranes and
membranes containing reconstituted proteins clearly demonstrated that no HNE-induced Gm increase occurred in the absence of
FA.
In order to investigate the origin of proton conductance increase
seen in mitochondria [16], we measured Gm in the presence of
HNE and AA in both protein-free and protein-containing
membranes. Fig. 1, A (fourth bar set) shows that in the presence
of arachidonic acid Gm was increased after addition of HNE in
both UCP-free (white bar), and UCP1(UCP2)-containing membranes (grey and black bars). Notably, the Gm increase in the
presence of UCP, arachidonic acid and HNE was stronger than
without protein. This excludes a simple additive effect and
indicates a potentiation of the UCP1 and UCP2 activation by
AA in the presence of HNE.
The potentiation of AA-mediated Gm increase was concentration-dependent and exhibited typical saturation kinetics at
Gmax = 303 mV (Fig. 2). The calculated binding constant corresponds to 0.3 mM. Only a slight Gm increase was seen at
concentrations of 30-50 mM HNE used in the experiments of
Echtay et al. [16], although the lipid to protein ratio in our
experiments was higher.
To test whether the potentiating action of HNE is AA-specific
we compared several FAs with different degrees of saturation, such
PLOS ONE | www.plosone.org

Figure 1. The effect of 4-hydroxy-2-nonenal on membrane
conductance (G). A. Influence of HNE and/or arachidonic acid (AA) on
G in the absence (white bars) and presence of UCP1 (grey bars) or UCP2
(dark grey bars). The concentrations of E. coli polar lipid, UCP1, UCP2
and HNE were 1 mg/ml, 5.5 mg/(mg of lipid, charge 9), 4.7 mg/(mg of
lipid) and 0.86 mM respectively. AA was directly added at a
concentration of 15 mol% to the lipid phase prior the membrane
formation. The buffer solution contained 50 mM K2SO4, 25 mM TES
0.6 mM EGTA at pH 7.4 and T = 32uC. HNE was directly added to the
buffer solution. Data points represent mean 6 standard deviation from
3–5 independent experiments. B. Comparison of membrane conductance ratios in the presence (G) and absence (G0) of 0.64 mM HNE for
arachidic (ArA, 20:0), linoleic (LA, 18:2, v6), eicosatrienoic (EA, 20:3, v3)
and arachidonic acid (AA, 20:4, v6). Inset. Membrane conductance in
the presence (grey bars) and absence (black bars) of HNE. Membranes
from E. polar lipid were reconstituted with 15 mol% FA and 7 mg UCP1/
(mg of lipid) (charge 33). The buffer solution contained 50 mM Na2SO4,
10 mM Tris, 10 mM MES, 0.6 mM EGTA, at pH 7.4 and T = 32uC. Data
represent mean 6 standard deviation from at least 3 independent
experiments.
doi:10.1371/journal.pone.0077786.g001

as arachidic (ArA, Gm = 56.866.8), linoleic (LA, Gm =
153.3621.3), eicosatrienoic (EA, Gm = 115.8613.7). Arachidonic
acid was measured (AA, Gm = 277.7639.3) as a control for a new
protein charge. The results revealed that although the absolute Gm
is the highest in the presence by polyunsaturated FA and at the
lowest after addition of saturated FA (Fig. 1, B, inset), the ratio
Gm/G0 is nearly constant for all tested FAs (Fig. 1, B).

Effect of high membrane potential on the HNE-mediated
membrane conductance in the absence and presence of
UCP1.
In the next experiment we tested the hypothesis that stimulation
of mitochondrial proton conductance by HNE requires a high
membrane potential [22]. For this purpose, the Gm of membranes
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order parameter S for liposomes without additives and for
liposomes containing AA or HNE or both. Fig. 4, D shows that
the addition of AA to the membrane decreased the membrane
order parameter S, and therefore increased the membrane fluidity
as previously hypothesized [19]. In contrast, HNE in maximal
concentration did not lead to a significant increase in S. This
was similar to the negative controls that contained ethanol
(Sx/S0 = 99.4%, Fig. 4, D) or saturated arachidic acid
(Sx/S0 = 98.3%). S0 and Sx stand for order parameters measured
with or without additives (AA, HNE, and Ethanol). The addition
of different concentrations of HNE also did not lead to any

Figure 2. Dependence of UCP-mediated proton conductance
on HNE concentration. Membranes from E. polar lipid were
reconstituted with 15 mol% arachidonic acid and 10.5 mg/(mg lipid)
UCP1 (charge 19). Buffer solution contained 50 mM Na2SO4, 10 mM Tris,
10 mM MES, 0,6 mM EGTA, at pH 7.5 and T = 32uC. Data points
represent mean 6 standard deviation from at least 3 independent
experiments. The data points were fitted following Michaelis-Menten
kinetics as described in the text.
doi:10.1371/journal.pone.0077786.g002

reconstituted with UCP1 and protein-free membranes were
compared at potentials of up to 220 mV in the presence and
absence of HNE. Figure 3 demonstrates a strong increase in the
membrane conductance after the addition of HNE (compare white
squares and white triangles), indicating the potentiating effect of
the transmembrane potential on the membrane conductance.
However, the comparison of protein-free (Fig. 3, white triangles)
and protein-reconstituted membranes (Fig. 3, black triangles)
demonstrated that the activating effect of HNE on Gm is proteinindependent in the absence of FAs, even if high transmembrane
potential is applied.

Impact of AA and HNE on order parameters of the lipid
bilayer.
We used the electron paramagnetic resonance technique (EPR)
(s. Methods, Fig. 4, A–C) to test whether arachidonic acid and/or
HNE influence membrane fluidity by measuring the membrane

Figure 4. Alteration of order parameters in the presence of
arachidonic acid (AA) and/or hydroxynonenal (HNE). Liposomes
(5 mg/ml) were made from E.coli lipid. The concentration of the spin
label 5-doxyl stearic acid (5-DSA) was 7.5 nmol/(mg lipid). Graph (A)
shows a typical EPR spectrum of 5-DSA incorporated in liposomes in the
absence and presence of AA. Details of the spectral shift in the low-field
and the high-field line caused by AA are shown in (B) and (C),
respectively. (D) The order parameter measured in control liposomes
(S0) was set to 100 and all other order parameters (Sx) were expressed in
relation to this value. S0 and Sx were measured with or without
additives (AA, HNE, Ethanol).
doi:10.1371/journal.pone.0077786.g004

Figure 3. Effect of membrane potential on the HNE-mediated
membrane conductance in the absence of AA. The concentration
of membrane E. coli polar lipid, UCP1 and HNE were 1 mg/ml, 5.5 mg/
mg of lipid, and 0.86 mM. Buffer solution contained 50 mM K2SO4,
25 mM TES, 0.6 mM EGTA at pH 7.4 and T = 32uC. Data points represent
mean 6 standard deviation from 3–5 independent experiments.
doi:10.1371/journal.pone.0077786.g003
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significant concentration-dependent increase in S in comparison to
liposomes that were only reconstituted with AA (Fig. 4, D).

Membrane conductance decrease in the presence of
amino acid blockers
Most of HNE-mediated biological effects are attributed to its
capacity to react with several amino acid residues of proteins,
forming covalently modified biomolecules. The main HNE targets
are cysteine, lysine and histidine [5,35–38]. Because of 7 cysteine,
17 lysine and 3 histidine residues, UCP1 also represents a target
for aldehyde binding.
To test whether the binding of amino acid blocking substances
affects the observed HNE-mediated G potentiation in the presence
of FAs, we used N-ethylmaleimide (NEM), sulfo-NHS-acetate
(NHS) or metyl-4-nitrobenzen-sulfonate (MNBS), which competitively bind to cysteine, lysine or histidine respectively [37]. For
these experiments, proteoliposomes containing UCP1 (0.48 nM)
were incubated with NEM (0.5 mM, 100-fold molar excess per Cys
residue), NHS (1.3 mM, 100-fold molar excess per Lys residue) or/
and MNBS (0.2 mM 100-fold molar excess per His residue) for 1 h
at 37uC according to [37,38]. As an unmodified control, UCP1
was incubated with an equal volume of water. The proteoliposomes were than subsequently incubated with 840 mM HNE for
30 min at 37uC.
The addition of amino acid blockers (one by one or in different
combinations) did not change the conductance of bilayer
membranes if UCP and HNE were not present (Fig. 5, A, bar
1–2). In contrast, the HNE-mediated Gm (Fig. 5, A, bar 3) was
significantly decreased in the presence of each (NHS or MNBS or
NEM, Fig. 5, A, bars 5–7) and all substances (Fig. 5, A, bar 8), if
the system contained both UCP1 and AA. Also, the combination
of two substances (NHS+MNBS, or NHS+NEM or NEM+MNBS)
gave similar results (data not shown).
Western blot analysis has shown that HNE-specific antibodies
bind to proteoliposomes after their incubation with HNE
(Fig. 5, B). However, even UCP1 pre-incubation with NHS,
MNBS and/or NEM did not completely inhibit HNE binding,
although the substances were added in excess (100 times more
than the amount of corresponding amino acid residue). Incomplete inhibition of HNE binding can be partly explained by the
fact that HNE was also reported to bind to arginines [39],
however, with much lower affinity.

Figure 5. Analysis of HNE-mediated UCP1 modification. A.
Membrane conductance decrease in the presence of Cys, Lys, and His
blockers. Membranes were made from E. polar lipid (1mg/ml) and
reconstituted with arachidonic acid (15 mol%) and UCP1 (charge 18,
11.9 mg/(mg of lipid). Bar 1 shows the conductance of the membrane
without additives (control). NEM, NHS and MNBS in concentrations of
0.5 mM, 1.3 mM and 0.2 mM respectively were incubated with protein as
described in Results. HNE was added in concentration 860 mM (grey
bars). Buffer solution contained 50 mM Na2SO4, 10 mM Tris, 10 mM
MES, 0.6 mM EGTA at pH 7.5. Data points represent mean 6 standard
deviation from 3–5 independent experiments. * p,0.05; ** p,0.01. B.
Western blot analysis of the UCP1-containing proteoliposomes in the
presence of different additives (arachidonic acid, AA; hydroxynonenal,
HNE; NEM; NHS; MNBS). Only HNE-modified UCP1 is recognized by HNE
antibody.
doi:10.1371/journal.pone.0077786.g005

impact on UCP is not surprising if the ‘‘fatty acid cycling’’
hypothesis [40,41] as mechanism for protein activation is
presumed to be correct. This hypothesis postulates two steps in
proton transport: (a) the flip-flop of protonated fatty acids along
their interleaflet concentration gradient and (b) the subsequent
backward transport of deprotonated (anionic) fatty acids by UCP.
The proton transport in the presence of aldehydes can only be
measured under special conditions, e.g. alcohol dehydrogenase
and NADH [42], which are present in cells but were excluded in
our model system. Our results support the data of Shabalina et al.
[13] that UCP1 activation requires the presence of carboxyl
groups.
Although no direct UCP activation by HNE was observed, it
further enhanced the membrane conductance if added in the
presence of different (saturated and unsaturated) FAs (Fig. 1, A
and B). These data partly confirm the results obtained using
mitochondria [43]. However, the authors showed that HNE had
already increased proton conductance when added alone,
palmitate synergistically enhanced this effect. The fact that we
have not found the effect of HNE alone has led us to interpret our
data as a potentiation of the FA-mediated membrane conductance
increase by HNE rather than synergic action of both substances.
In light of these data, we assume that the effect of HNE in
mitochondria was due to the presence of small amounts of

Discussion
In the present work we evaluated the effect of the lipid
peroxidation product, 4-hydroxy-2-nonenal (HNE), on two
uncoupling proteins, UCP1 and UCP2. Difficulties in interpretation of results obtained in isolated mitochondria and UCP knockout mice motivated us to use an experimental system essentially
limited to two compounds (lipid and protein). Our data clearly
show that HNE does not activate both UCP1 and UCP2 directly.
These results are in line with data obtained for UCP1 using UCP1
knock-out mice [13], but contradict the results of other groups
[16,17,24]. The latter have found HNE to be a strong activator of
proton conductance mediated by mitochondrial uncoupling
proteins UCP1, UCP2, UCP3, StUCP and AcUCP, using isolated
rat, plant or amoeba mitochondria. Parker et al. [22] reported that
‘‘both endogenous HNE production and high membrane potential
are required before mild uncoupling will be triggered to attenuate
mitochondrial ROS production.’’ The direct application of high
potentials (up to 220 mV, as observed in mitochondria), to the
membranes, containing recombinant UCP revealed no direct
alteration of uncoupling protein activity. Lack of direct HNE
PLOS ONE | www.plosone.org
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Although HNE did not influence membrane fluidity, the fact
that membrane conductance increased without any protein, but in
the presence of FA and HNE, indicated the participation of a
lipid-mediated mechanism and FA’s central role in it. Unfortunately, it is difficult to prove whether the modification of
aminophosholipids (e.g. phosphatidylethanolamine) as proposed
in [46] would influence the membrane conductance in our system,
because the alteration of the membrane composition itself strongly
influences Gm. The incomplete inhibition of HNE-mediated Gm
increase by NHS, MNBS and/or NEM (see (ii)) can be a further
indication for two independent mechanisms underlying the effect
of HNE.
(ii) The direct modification by HNE has already been reported
for several proteins [10,37,47]. Saturation kinetics of the
concentration dependence (Fig. 2) and HNE binding to the
protein demonstrated by Western Blot analysis using anti-HNE
antibody both support the idea that HNE may affect UCP by
direct binding. Indeed, the competitive inhibition of HNE binding
by several reagents known to bind to Cys, Lys and His residues
reduces the increase in HNE-mediated Gm. Interestingly, the
maximal inhibition of each residue (Cys, Lys or His) or all residues
together led to a similar decrease in membrane conductance,
implying that the localization of HNE binding residue and not the
amount of occupied binding sites is important. Moreover, despite
the following order of binding potency Cys..His.Lys [48], no
difference in inhibition was determined in our experiments. To
obtain some further clues about the inhibition mechanism, we
visualized the HNE binding sites in both studied proteins, based
on NMR-structure of UCP2 [49], using PyMOL Software (Fig. 6).
Two His residues of UCP1 (His 146 and His 148, marked in red,
Fig. 6, A) are located at the loop between transmembrane domain
III and IV exposed to mitochondrial matrix and are not likely to
contribute to the protein conformation change. The third His
residue (His 215, marked in red, Fig. 6, A and B) is localized at the
lipid-protein boundary facing the inter-membrane space and is a
good candidate for the covalent binding of lipophilic HNE
followed by putative protein modification. At the same location (at
the bottom of the cytosolic vestibule) we find other putative
residues for the HNE binding: Cys 214 (pink, Fig. 6, A), Lys 199
(yellow, Fig. 6, A). The identical degree of membrane conductance
inhibition in the presence of NEM, NHS and MNBS implies that
HNE binding to any molecules at this location may be sufficient
for the initiation of the protein conformational changes. The
comparison of UCP1 structure with that of UCP2 (Fig. 6, B)
reveals the presence of similarly localized residues His 217, Cys
216, Lys 201, which would explain the similarity of HNE action
on both UCP1 and UCP2.

Figure 6. Position of cysteines (pink or mint), lysines (yellow)
and histidines (red) in UCP1 (A) and UCP2 (B), visualized with
PyMOL.
doi:10.1371/journal.pone.0077786.g006

endogenous FA. The conductance of membranes reconstituted
with AA in our experiments was increased in the concentrationdependent manner starting with approximately 50 mM (concentration used in [16]) up to 0.86 mM (measured in cells under
conditions following oxidative stress [5,44]).
Because of the pronounced lipophilic properties, it was
previously proposed that HNE would preferentially affect (i)
membrane lipids and/or (ii) membrane proteins. (i) HNE can alter
the physical state of lipids, which in turn can directly affect the
transport properties of membranes or influence the function of
transmembrane proteins as described for high HNE concentrations [45]. Changes of lipid membrane properties, such as the
alteration of membrane fluidity, loss of phospholipids asymmetry
and chemical modification of lipids (for example, phosphatidylethanolamine, [46]) were suggested. Because an increase in the
membrane conductance was observed in our experiments to a
lesser extent even without protein, but always in the presence of
FA [20], we initially considered that the alteration of the
membrane fluidity might be the reason. EPR study showed that
the presence of arachidonic acid decreases the membrane order
parameter S, supporting our hypothesis that the increase in
membrane fluidity after addition of unsaturated fatty acids leads to
UCP activity increase [19]. In contrast, the addition of aldehyde in
different concentrations clearly showed the absence of the HNE
effect on the membrane order parameter. It rules out the
hypothesis that the facilitation of FA flip-flop may be due to the
alteration of membrane fluidity by HNE. Interestingly, our results
differ from findings of Subramaniam et al. [45] who reported the
membrane fluidity increase in synaptosomes after treatment with
HNE. This difference could be due to the differences in membrane
composition: synaptosomes contain proteins in addition to lipids;
in contrast, pure lipid was used in our study. Another reason may
be different measurement conditions. In experiments described in
this study, all spin label molecules were located in the lipid phase
(Fig. 4, A, no isotropic signal from 5-DSA in the aqueous phase),
while in the study of Subramaniam et al. an excess of spin label
over lipids was used, giving rise to an additional isotropic signal
from 5-DSA (Subramaniam et al., Fig. 5, C). This suggests that the
artificial liposomal system, used in this study provides more direct
information about HNE/lipid interactions.

Acknowledgments
We thank Nadine Burchardt for technical and Quentina Beatty for
editorial assistance.

Author Contributions
Conceived and designed the experiments: EP AR PJ. Performed the
experiments: EM AR OJ LG MJ. Analyzed the data: EP AR OJ LG.
Contributed reagents/materials/analysis tools: EP LG PJ. Wrote the
paper: EP AR.

References
1. Zhang Y, Du Y, Le W, Wang K, Kieffer N, et al. (2011) Redox control of the
survival of healthy and diseased cells. Antioxid Redox Signal 15: 2867–2908.

PLOS ONE | www.plosone.org

2. Grimm S, Hoehn A, Davies KJ, Grune T (2011) Protein oxidative modifications
in the ageing brain: consequence for the onset of neurodegenerative disease. Free
Radic Res 45: 73–88.

6

October 2013 | Volume 8 | Issue 10 | e77786

HNE Indirectly Activates UCP

3. Petersen DR, Doorn JA (2004) Reactions of 4-hydroxynonenal with proteins and
cellular targets. Free Radic Biol Med 37: 937–945.
4. Grimsrud PA, Xie H, Griffin TJ, Bernlohr DA (2008) Oxidative stress and
covalent modification of protein with bioactive aldehydes. J Biol Chem 283:
21837–21841.
5. Esterbauer H, Schaur RJ, Zollner H (1991) Chemistry and biochemistry of 4hydroxynonenal, malonaldehyde and related aldehydes. Free Radic Biol Med
11: 81–128.
6. Poli G, Schaur RJ, Siems WG, Leonarduzzi G (2008) 4-hydroxynonenal: a
membrane lipid oxidation product of medicinal interest. Med Res Rev 28: 569–
631.
7. Skulachev VP (1998) Uncoupling: new approaches to an old problem of
bioenergetics. Biochim Biophys Acta 1363: 100–124.
8. Korshunov SS, Skulachev VP, Starkov AA (1997) High protonic potential
actuates a mechanism of production of reactive oxygen species in mitochondria.
FEBS Lett 416: 15–18.
9. Dlaskova A, Hlavata L, Jezek J, Jezek P (2008) Mitochondrial Complex I
superoxide production is attenuated by uncoupling. Int J Biochem Cell Biol 40:
2098–2109.
10. Echtay KS, Pakay JL, Esteves TC, Brand MD (2005) Hydroxynonenal and
uncoupling proteins: a model for protection against oxidative damage. Biofactors
24: 119–130.
11. Krauss S, Zhang CY, Lowell BB (2005) The mitochondrial uncoupling-protein
homologues. Nat Rev Mol Cell Biol 6: 248–261.
12. Jezek J, Jaburek M, Zelenka J, Jezek P (2010) Mitochondrial phospholipase A2
activated by reactive oxygen species in heart mitochondria induces mild
uncoupling. Physiol Res 59: 737–747.
13. Shabalina IG, Petrovic N, Kramarova TV, Hoeks J, Cannon B, et al. (2006)
UCP1 and defense against oxidative stress. 4-Hydroxy-2-nonenal effects on
brown fat mitochondria are uncoupling protein 1-independent. J Biol Chem
281: 13882–13893.
14. Lombardi A, Grasso P, Moreno M, de Lange P, Silvestri E, et al. (2008)
Interrelated influence of superoxides and free fatty acids over mitochondrial
uncoupling in skeletal muscle. Biochim Biophys Acta 1777: 826–833.
15. Couplan E, Mar Gonzalez-Barroso M, Alves-Guerra MC, Ricquier D, Goubern
M, et al. (2002) No evidence for a basal, retinoic, or superoxide-induced
uncoupling activity of the uncoupling protein 2 present in spleen or lung
mitochondria. J Biol Chem 277: 26268–26275.
16. Echtay KS, Esteves TC, Pakay JL, Jekabsons MB, Lambert AJ, et al. (2003) A
signalling role for 4-hydroxy-2-nonenal in regulation of mitochondrial
uncoupling. EMBO J 22: 4103–4110.
17. Smith AM, Ratcliffe RG, Sweetlove LJ (2004) Activation and function of
mitochondrial uncoupling protein in plants. J Biol Chem 279: 51944–51952.
18. Esteves TC, Brand MD (2005) The reactions catalysed by the mitochondrial
uncoupling proteins UCP2 and UCP3. Biochim Biophys Acta 1709: 35–44.
19. Beck V, Jaburek M, Demina T, Rupprecht A, Porter RK, et al. (2007)
Polyunsaturated fatty acids activate human uncoupling proteins 1 and 2 in
planar lipid bilayers. FASEB J 21: 1137–1144.
20. Rupprecht A, Sokolenko EA, Beck V, Ninnemann O, Jaburek M, et al. (2010)
Role of the transmembrane potential in the membrane proton leak. Biophys J
98: 1503–1511.
21. Echtay KS, Roussel D, St Pierre J, Jekabsons MB, Cadenas S, et al. (2002)
Superoxide activates mitochondrial uncoupling proteins. Nature 415: 96–99.
22. Parker N, Vidal-Puig A, Brand MD (2008) Stimulation of mitochondrial proton
conductance by hydroxynonenal requires a high membrane potential. Biosci
Rep 28: 83–88.
23. Azzu V, Parker N, Brand MD (2008) High membrane potential promotes
alkenal-induced mitochondrial uncoupling and influences adenine nucleotide
translocase conformation. Biochem J 413: 323–332.
24. Woyda-Ploszczyca AM, Jarmuszkiewicz W (2012) Hydroxynonenal, a lipid
peroxidation end product, stimulates uncoupling protein activity in Acanthamoeba castellanii mitochondria; the sensitivity of the inducible activity to purine
nucleotides depends on the membranous ubiquinone redox state. J Bioenerg
Biomembr 44: 525–538.
25. Beck V, Jaburek M, Breen EP, Porter RK, Jezek P, et al. (2006) A new
automated technique for the reconstitution of hydrophobic proteins into planar
bilayer membranes. Studies of human recombinant uncoupling protein 1.
Biochim Biophys Acta 1757: 474–479.

PLOS ONE | www.plosone.org

26. Jaburek M, Varecha M, Gimeno RE, Dembski M, Jezek P, et al. (1999)
Transport function and regulation of mitochondrial uncoupling proteins 2 and
3. J Biol Chem 274: 26003–26007.
27. Lin CS, Klingenberg M (1980) Isolation of the uncoupling protein from brown
adipose tissue mitochondria. FEBS Lett 113: 299–303.
28. Lin CS, Klingenberg M (1982) Characteristics of the isolated purine nucleotide
binding protein from brown fat mitochondria. Biochemistry 21: 2950–2956.
29. Rigaud JL, Pitard B, Levy D (1995) Reconstitution of membrane proteins into
liposomes: application to energy-transducing membrane proteins. Biochim
Biophys Acta 1231: 223–246.
30. Smorodchenko A, Rupprecht A, Sarilova I, Ninnemann O, Brauer AU, et al.
(2009) Comparative analysis of uncoupling protein 4 distribution in various
tissues under physiological conditions and during development. Biochim Biophys
Acta 1788: 2309–2319.
31. Heukeshoven J, Dernick R (1988) Improved silver staining procedure for fast
staining in PhastSystem Development Unit. I. Staining of sodium dodecyl sulfate
gels. Electrophoresis 9: 28–32.
32. Stuart LJ, Buck JP, Tremblay AE, Buist PH (2006) Configurational analysis of
cyclopropyl fatty acids isolated from Escherichia coli. Org Lett 8: 79–81.
33. Shin G, Sugiyama M, Shoji T, Kagiyama A, Sato H, et al. (1989) Detection of
mitochondrial membrane damages in myocardial ischemia with ESR spill
labeling technique. J Mol Cell Cardiol 21: 1029–1036.
34. Spin Labeling: Theory and Applications (1976) (Editor: Berliner, L.J.). Academic
Press, N.Y.
35. Carini M, Aldini G, Facino RM (2004) Mass spectrometry for detection of 4hydroxy-trans-2-nonenal (HNE) adducts with peptides and proteins. Mass
Spectrom Rev 23: 281–305.
36. Carbone DL, Doorn JA, Kiebler Z, Petersen DR (2005) Cysteine modification
by lipid peroxidation products inhibits protein disulfide isomerase. Chem Res
Toxicol 18: 1324–1331.
37. Roede JR, Carbone DL, Doorn JA, Kirichenko OV, Reigan P, et al. (2008) In
vitro and in silico characterization of peroxiredoxin 6 modified by 4hydroxynonenal and 4-oxononenal. Chem Res Toxicol 21: 2289–2299.
38. Stewart BJ, Doorn JA, Petersen DR (2007) Residue-specific adduction of tubulin
by 4-hydroxynonenal and 4-oxononenal causes cross-linking and inhibits
polymerization. Chem Res Toxicol 20: 1111–1119.
39. Isom AL, arnes S, Wilson L, Kirk M, Coward L, et al. (2004) Modification of
Cytochrome c by 4-hydroxy- 2-nonenal: evidence for histidine, lysine, and
arginine-aldehyde adducts. J Am Soc Mass Spectrom 15: 1136–1147.
40. Skulachev VP (1991) Fatty acid circuit as a physiological mechanism of
uncoupling of oxidative phosphorylation. FEBS Lett 294: 158–162.
41. Garlid KD, Orosz DE, Modriansky M, Vassanelli S, Jezek P (1996) On the
mechanism of fatty acid-induced proton transport by mitochondrial uncoupling
protein. J Biol Chem 271: 2615–2620.
42. Antonenko YN, Pohl P, Rosenfeld E (1996) Visualization of the reaction layer in
the immediate membrane vicinity. Arch Biochem Biophys 333: 225–232.
43. Esteves TC, Parker N, Brand MD (2006) Synergy of fatty acid and reactive
alkenal activation of proton conductance through uncoupling protein 1 in
mitochondria. Biochem J 395: 619–628.
44. Uchida K (2003) 4-Hydroxy-2-nonenal: a product and mediator of oxidative
stress. Prog Lipid Res 42: 318–343.
45. Subramaniam R, Roediger F, Jordan B, Mattson MP, Keller JN, et al. (1997)
The lipid peroxidation product, 4-hydroxy-2-trans-nonenal, alters the conformation of cortical synaptosomal membrane proteins. J Neurochem 69: 1161–
1169.
46. Guichardant M, Taibi-Tronche P, Fay LB, Lagarde M (1998) Covalent
modifications of aminophospholipids by 4-hydroxynonenal. Free Radic Biol
Med 25: 1049–1056.
47. Doorn JA, Hurley TD, Petersen DR (2006) Inhibition of human mitochondrial
aldehyde dehydrogenase by 4-hydroxynon-2-enal and 4-oxonon-2-enal. Chem
Res Toxicol 19: 102–110.
48. Doorn JA, Petersen DR (2003) Covalent adduction of nucleophilic amino acids
by 4-hydroxynonenal and 4-oxononenal. Chem Biol Interact 143-144: 93–100.
49. Berardi MJ, Shih WM, Harrison SC, Chou JJ (2011) Mitochondrial uncoupling
protein 2 structure determined by NMR molecular fragment searching. Nature
476: 109–113.

7

October 2013 | Volume 8 | Issue 10 | e77786

