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ABSTRACT: The extraction of membrane proteins from their native environment by
detergents is central to their biophysical characterization. Recent studies have
emphasized that detergents may perturb the structure locally and modify the dynamics
of membrane proteins. However, it remains challenging to determine whether these
perturbations are negligible or could be responsible for misfolded conformations,
altering the protein’s function. In this work, we propose an original strategy combining
functional studies and molecular simulations to address the physiological relevance of membrane protein structures obtained in
the presence of detergents. We apply our strategy to a structure of isoform 2 of an uncoupling protein (UCP2) binding an
inhibitor recently obtained in dodecylphosphocholine detergent micelles. Although this structure shares common traits with the
ADP/ATP carrier, a member of the same protein family, its functional and biological significance remains to be addressed. In the
present investigation, we demonstrate how dodecylphosphocholine severely alters the structure as well as the function of UCPs.
The proposed original strategy opens new vistas for probing the physiological relevance of three-dimensional structures of
membrane proteins obtained in non-native environments.

■ INTRODUCTION

Uncoupling proteins (UCPs) belong to the mitochondrial
anion carrier family (MCF) (for reviews, see Rousset et al.1 and
Kunji2). Uncoupling protein 1 (UCP1) is exclusively found in
mitochondria of brown adipocytes of mammals, where it
increases the inner mitochondrial membrane permeability to
protons. As a consequence, the energy from substrate oxidation
stored in the electrochemical proton gradient does not promote
ATP synthesis, but is dissipated. Both in vivo3 and in vitro
experiments4−7 reflect the proton transport activity of UCP1
activated by free fatty acids and inhibited by purine
nucleotides.8 The mechanism of proton transport is, however,
controversial. Several MCFs are able to perform free-fatty-acid
cycling through the inner mitochondrial membrane by
facilitating the pathway of fatty acids in their charged form
from the internal to the external leaflet of the membrane (see
Table 2 in Rial et al.9). Yet, the physiological relevance of this
mechanism is still contentious, not only for UCP1, but also for
UCP2 and UCP3, which are clearly not physiological
uncouplers.10,11 Patch-clamp measurements on isolated brown
fat mitochondria have recently revealed that UCP1 is a fatty
acid/proton symporter with an aborted transport for long-chain

fatty acids.12 This evidence is strongly in favor of a second
model for UCP transport mechanism, in which fatty acids play
a catalytic function.13,14 In contrast to UCP1, the physiological
function of UCP2 is linked with reactive oxygen species
regulation in immune cells and neurons.15−17 At the cellular
level, UCP2 promotes fatty acid oxidation without detectable
uncoupling of respiration, and its metabolite transport activity
is still a matter of debate (for review, see Bouillaud18).
However challenging, structural investigation of the MCF is

crucial for the understanding of transport mechanisms and
regulation. Several strategies have been developed to overcome
the low natural abundance of most of the carriers. Kunji and
collaborators succeeded in producing the ADP/ATP carrier
(AAC) from yeast mitochondria and in obtaining a two-
dimensional projection map of the carrier.20 A high-resolution
structure of bovine AAC was obtained by three-dimensional
crystallization of the protein isolated from natural sources.21

The presence of a conserved motif repeated three times along
the sequence between members of the MCF suggest a common
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three-dimensional fold. This assumption was strengthened by
the low-resolution structure of UCP2 obtained recently by a
cutting-edge strategy based on solution-state NMR and
molecular fragment replacement.22 Even armed with such an
advanced methodology, solving membrane protein structures
remains challenging, and requires detergent to extract these
biological macromolecules from their native environments.
How different the structure of the membrane protein in
detergents is from its membrane-bound state remains difficult
to predict. Previous studies suggest that the replacement of
natural lipids by detergents could modify to different extents
the structure and/or the dynamics of membrane proteins.23−30

The question of whether or not the detergents may favor non-
native conformations, which in turn would alter the protein
function, has remained hitherto elusive.
The comparison of the UCP2 structure with that of AAC

indeed gives rise to some concerns related to structural
differences possibly due to the surrounding detergent. The
structures of AAC and UCP2 were solved in the presence of
zwitterionic detergents, LAPAO and DPC respectively, and in
the presence of inhibitors, namely carboxyatractyloside for AAC
and GDP3− for UCP2. Yet, if the structure of AAC is
admittedly very compact, that of UCP2 appears looser and
features unusual cavities between transmembrane spans with
polar residues exposed at the surface of the hydrophobic region
of the protein. Furthermore, the relative organization of glycine
residues obliterates their participation in the helix packing, in
stark contrast with AAC.31 Given the unexpected NMR model
of UCP2, we endeavored to investigate the conformational
stability of UCP2 both in detergent and in a lipid bilayer by
means of molecular dynamics (MD) simulations. The MD
approach is particularly suited to unveil the dynamics of
chemical and biological systems at the atomistic level. It is
widely used to investigate the behavior of membrane proteins
in a lipid environment and, hence, can complement structural
data obtained in detergent solution. MD was recently employed
to study the mitochondrial AAC, confirming that the structure
solved in the presence of a specific inhibitor is also capable of
binding spontaneously its endogenous nucleotide sub-
strates.19,32,33 Here, we show that UCP2 behaves as a pore in
DPC, but rapidly collapses in a lipid environment, suggesting
that the structure of UCP2 in DPC does not reflect the

membrane-bound, functional conformation. To rationalize this
finding, we tested the effect of DPC on UCP1 and UCP2
activities after purification from native and recombinant
sources, respectively. Our results indicate that DPC is not a
suitable detergent to maintain the activity of either UCP1 or
UCP2, and suggest that it should be avoided in structural
studies of mitochondrial uncoupling proteins.

■ RESULTS

Molecular Dynamics Simulation of UCP2 with Its
Backbone Constrained to the NMR Structure in a
Membrane-like Environment. The NMR structure of
UCP222 (successively with and without GDP3−) was embedded
in a bilayer of pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phospha-
tidyl-choline (POPC). After proper equilibration of the lipids,
water and GDP3−, the side chains were progressively allowed to
relax for 10 ns while the backbone atoms were kept fixed to
their NMR positions (see Methods). The dynamics of water
and the topology of the internal cavity of the protein were
analyzed in the subsequent 10 ns (Figure 1a). The results were
compared to the data accrued previously for AAC in the same
environment19 (Figure 1b). In its NMR structure, UCP2
mainly consists of a large water channel that spans the entire
protein and connects both sides of the membrane, irrespective
of the presence of GDP3− (see Supporting Information, Figure
S1). In the narrowest region of the protein, the effective radius
of the internal cavity of the spatially constrained UCP2 is about
6.1 Å, at variance with AAC, which is fully occluded over
approximately 10 Å on the matrix side19,34 (see Figure 2). This
large cavity radius resembles the size of constriction regions in
pore-forming proteins, e.g., α-hemolysin,35 and in bacterial
outer-membrane proteins,36 which convey in a nonselective
fashion a variety of substrates across the membrane. To
reinforce this analysis and exclude a putative intermediary
transport state of UCP2, the osmotic permeability (Pf) for
water of the constrained UCP2 was estimated following the
method of Zhu et al.37 For constrained UCP2 in the absence of
GDP3−, Pf = (0.53 ± 0.02) × 10−12 cm3/s, while it is (0.32 ±
0.02) × 10−12 cm3/s for constrained UCP2 binding GDP3−.
This value is only 4 times smaller than the corresponding
quantity calculated for α-hemolysin, 1.9 × 10−12 cm3/s.35 The
qualitative behavior of UCP2 NMR structure is, therefore,

Figure 1. The UCP2 NMR structure acts as a large transmembrane channel. (a) Cross-sectional view of UCP2-GDP embedded in a POPC bilayer.
Backbone atoms are constrained to their original positions in pdb:2LCK. A large water channel spanning the entire protein connects the two sides of
the membrane. (b) Cross-sectional view of AAC-ADP3− embedded in a POPC bilayer.19 The protein is fully occluded on the matrix side and
prevents water from crossing the bilayer. (c) Cross-sectional view of UCP2-GDP3− embedded in a POPC bilayer after full relaxation of the entire
protein. The large water channel observed in the backbone-constrained simulation collapses rapidly, leading to a markedly reduced internal cavity,
occluded toward the intermembrane space. The protein surface is colored in gray. Violet and cyan spheres represent phospholipid headgroups and
water molecules, respectively. Phosphorus, nitrogen, oxygen, and carbon atoms of GDP3− and ADP3− are colored in brown, blue, red, and green,
respectively.
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closer to that of a porin than that of an occluded
transmembrane protein like AAC, for which Pf is formally zero.
Molecular Dynamics Simulation of UCP2 Fully

Relaxed in a Membrane-like Environment. For UCP2
associated to GDP3−, the MD trajectory was extended further
up to 175 ns without any positional holonomic constraint (a
function that depends only on the atomic coordinates and the
time, Figure 1c).
In sharp contrast with the majority of membrane proteins

studied by MD, UCP2 quickly moves away from its initial
reference structure as reflected in a large root-mean-square-
deviation (RMSD) of the backbone atoms of about 6 Å (see
Figure S2). Moreover, the decrease of both the radius of
gyration (Rg) and the solvent-accessible surface area (SASA)
measured in pdb:2LCK from 22.9 Å and 22 900 Å2 to mean
values of 20.9 Å and 16 300 Å2, respectively, is representative of
a collapse of UCP2 toward a more compact structure (see
Figure 3b,c). This alteration is illustrated further by a
pronounced decrease of the effective radius of the internal
cavity (see Figure 2). The overall volume of the cavity is
reduced by 60%, and, in its narrowest region, the effective
radius is 2.4 Å. Although the fully relaxed structure appears
much more occluded than the NMR reference, the water
osmotic permeability still remains appreciable, Pf = (0.11 ±
0.01) × 10−12 cm3/s, suggesting that the collapsed structure is
unlikely to correspond to the actual membrane-bound
structure.
The UCP2 NMR structure is organized in a bundle of six

integral helices, but unlike AAC,21 packing of this bundle
appears suboptimal, presenting numerous cavities between
transmembrane spans (see Figure 3a). Their surface exposes
not only hydrophobic residues to the core of the bilayer but
also many polar amino acids (see Figure S3). In the
constrained-backbone simulation, lipid tails fill interhelix
cavities. When the constraints are eliminated, lipids rapidly
move away from these interstices, allowing the helices to couple
tightly, which in turn lowers the exposure of polar residues
toward the membrane hydrophobic core and is responsible for
the collapse of the initial NMR structure. It should be
emphasized that brute-force MD simulations, due to current

computational limitations, cannot capture slow processes like
folding of large proteins. Our data, therefore, only highlight that
the UCP2 NMR structure is not stable in a lipid bilayer
environment (see Figure 1c and Figure S4). In the following
section, we test the conclusions from the MD simulations by
measuring the activities of UCP1 and UCP2 in liposomes after
purification in DPC.

Loss of Activities of UCP1 and UCP2 after Being
Purified in DPC. There is no abundant natural source of
UCP2. Therefore native UCP1 was selected as a reference of
native mitochondrial uncoupling protein. UCP1 is closely
related to UCP2 with 57% of sequence identity. The effect of
DPC was compared with that of Triton X-100, a relatively mild
detergent known to preserve the activity of mitochondrial
carriers.38,39 Native UCP1 from brown adipose tissue (BAT) of
mice was solubilized and purified in Triton X-100 and in DPC
while recombinant UCP2 overexpressed in E. coli was
solubilized from a pellet containing bacterial membranes and
cell fragments and then purified in DPC (see Figure 4a). The
proton-transport activity of UCP1 was measured after
reconstitution in liposomes loaded with KCl. The ΔpH formed
after addition of nigericin was converted into ΔΨ when proton
transport occurred through UCP1 (see Figure 4b). The electric
potential was measured by recording the absorbance at 520 nm
of the safranine O, which aggregates as a function of the
membrane potential.6 When purified in Triton X-100, proton-
transport activity of UCP1 was strongly enhanced by the
presence of 30 μM lauric acid and fully inhibited by addition of
50 μM GDP3− (see Figure 5). In contrast, when UCP1 was
purified in DPC, lauric acid had no significant activating effect
on proton transport, and, as a consequence, no eventual
inhibitory effect of GDP3− could be measured. Next, the free-
fatty-acid-dependent protonophoric activity of UCP2 was
investigated. No proton-transport activity was observed when
the protein was purified in DPC. Altogether, our results suggest
that exposure to DPC severely compromises the proton-
transport activity of both UCP1 and UCP2. In order to explain
the irreversible inactivating effect of DPC, MD simulations in
this detergent were performed on the structure of UCP2
obtained by NMR.

Molecular Dynamics Simulation of UCP2 Fully
Relaxed in DPC. The interaction of DPC with the NMR
structure of UCP2 was investigated by means of MD
simulations. Bond et al.25,40 have shown that DPC aggregation
time around membrane proteins is short enough to be
described by MD. Using all-atom and coarse-grained
simulations, they were able to reproduce the self-assembly of
detergents into a ring-shape bundle around the hydrophobic
core of gramicidin A and OmpF, a common feature observed
with membrane proteins.41,42 All-atom and coarse-grained MD
simulations were carried out starting from randomly disperse
solutions of DPC surrounding a single UCP2 protein
constrained to its NMR structure (see Supplementary
Methods). Qualitatively, the ring-shape bundle of DPC
systematically forms around UCP2 on a time scale consistent
with previous studies.25,40 Interestingly enough, protein
amphiphilic segments exposed to the solvent on the
cytoplasmic (residues 298−308) and the matrix (residues
29−59) sides catalyze the formation of two additional detergent
micelles (see Figure S5).
Based on the information yielded by the MD simulations, an

initial model was built, in which all monitored DPC-protein
interactions were, whenever possible, integrated. It consists of a

Figure 2. Effective radii of UCP2 and AAC internal cavities for (i)
UCP2 binding GDP3− embedded in POPC with the backbone frozen
in its NMR conformation by means of holonomic constraints (dashed
black line), (ii) UCP2 binding GDP3− embedded in POPC with the
backbone fully relaxed (black line), (iii) UCP2 binding GDP3−

embedded in DPC with the backbone fully relaxed (red line), and
(iv) AAC embedded in POPC with the backbone fully relaxed (blue
line), plotted as a function of the distance from the center of mass of
the protein along the z axis.
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200-μM solution of detergent, composed of 300 DPC
molecules lying on the surface and in the internal cavity of
UCP2. After proper equilibration of DPC around the
constrained protein, the entire system was fully relaxed for
175 ns. The RMSD of backbone-atom positions converges
toward a value of about 4.5 Å, corresponding to a lesser degree
of reorganization than observed in the POPC simulation (see
Figure S2). The topology of the overall NMR UCP2 structure
is retained, as suggested by the effective radius of the internal
cavity, in line with the NMR conformation (see Figure 2).
Similarly, the water osmotic permeability, (0.32 ± 0.01) ×
10−12 cm3/s, agrees nicely with the value calculated for UCP2
with backbone atoms constrained to their NMR positions. The
evolution of Rg and SASA further confirms that in MD

simulations in DPC, UCP2 retains a structure akin to the NMR
one (see Figure 3). Interstitial spaces between helices are
stabilized not only by the hydrophobic tails of DPC, but also by
its polar head groups. The amphiphilic segments lying on both
sides of the protein are steadily encapsulated into micelles of a
size compatible with their solution counterpart43 (see Figure
6). The small length of the DPC chain combined with its
flexibility allows for precise targeting of every amphiphilic
patches lying all over the exposed surface of the protein. About
three DPC molecules are trapped at the edges of the internal
cavity, in regions wide enough to not significantly affect the
water osmotic permeability. Continuity of the ring-shape
bundle of detergents around the protein is interrupted (see
Figure 6). This disruption stems from a groove of polar

Figure 3. (a) Top and side views of three UCP2-GDP3− complexes from simulations beginning with the pdb:2LCK structure. (Left) UCP2-GDP3−

in a POPC bilayer after 26 ns with its backbone holonomically constrained to the PDB structure. (Middle) UCP2-GDP3− in a POPC bilayer after
175 ns, bereft of holonomic constraints or harmonic restraints. (Right) UCP2-GDP in the presence of 300 DPC detergent molecules after 175 ns,
bereft of holonomic constraints or harmonic restraints. The top and bottom images show UCP2 from above the bilayer and in the plane of the
bilayer, respectively. The protein DPC is aligned consistently with the views obtained for the constrained complex. For clarity, ions and water
molecules, lipids, and detergents are not shown. (b) Radius of gyration of the UCP2 backbone atoms as a function of time for each one of the three
systems. The constant value for the system where the backbone is constrained to that of the PDB structure is shown as a dashed black horizontal
line. (c) Surface area of the protein as a function of time for each one of the three systems. The constant value for the system where the backbone is
constrained to that of the PDB structure is shown as a dashed black horizontal line. In (a), each helix is colored differently.
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residues distributed along helix 2 (residues 76−110) and
exposed toward the detergent bundle (see Figure S3).

■ DISCUSSION

Painting a detailed picture of mitochondrial communication
relies on high-resolution structural information, the production
of which remains a daunting challenge owing to the
considerable difficulty to express and purify mitochondrial
carriers, and ultimately determine the structure, either by
crystallography or by NMR. Associating NMR data with
molecular-fragment replacement, Berardi et al.22 succeeded in

obtaining a three-dimensional structure of an uncoupling
protein, UCP2, binding an inhibitor, GDP3−, solubilized by
DPC (pdb:2LCK). The UCP2 structure surrounded by DPC
molecules is stable in our MD simulations, suggesting that their
model is relevant in this detergent.
Moreover, their study suggests that the structure of UCP2

closely resembles that of AAC. In its crystallographic structure,
AAC is in a conformation open toward the intermembrane
space, fully occluded on the matrix side and impervious to
water or any other small substrate.19,21,44 The MD simulations
performed here enlighten, however, striking differences in the

Figure 4. UCP1 and UCP2 samples after purification. (a) SDS-PAGE of UCP1 purified from mitochondria of brown adipocytes of mice in either
Triton X-100 or DPC and mouse UCP2 overexpressed in E. coli and purified in DPC (see the Methods section). (b) Schematic representation of the
liposomes assay setup. Liposomes are loaded with 160 mM potassium ions. The antibiotic nigericin is a potassium/proton ionophore. In the absence
of UCP (control), a ΔpH is generated by exchanging potassium ions against protons. However, no signal is detected because the colorimetric probe
(safranine O) present in solution is not pH-sensitive. In the presence of UCP1 (sample), the protons accumulated inside the vesicles are transported
outside following the protons gradient created by nigericin. The ΔpH is converted into a ΔΨ, which is detected by the membrane potential-sensitive
probe safranine O (for further details see Mozo et al.6).

Figure 5. Functional assay of UCP1 and UCP2 after reconstitution in liposomes. (a) Kinetics curves of the safranine O polarization monitored at
520 nm. The arrows indicate the addition of nigericin and CCCP (the addition of ligands being done before nigericin). The delimited time scale for
the slope determination is indicated on the graphs by dashed vertical lines. (b) Histogram reflecting the proton transport activity of UCP1 and
UCP2. The bars show the differences in polarization slopes of the safranine O after subtraction of the background, i.e., no ligand. Activation of the
proton transport was monitored in the presence of lauric acid whereas inhibition was monitored in the presence of both lauric acid and GDP (for
details see the Methods section).
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structure of the two proteins. Specifically, our results show that
UCP2, wherein the backbone atoms are holonomically
constrained, primarily consists of a large water channel
connecting the two sides of a POPC membrane, irrespective
of the presence of GDP3−. This structural feature is shared by
nonselective porins, but not by membrane transporters, and,
hence, does not support an alternate access mechanism, in
which the conformation of the transporting protein sequentially
opens on each side of the membrane. The effective radius of the
internal channel of UCP2, ∼6.1 Å, clearly compares to that of
toxins or bacterial outer-membrane porins but is much larger
than the one measured for aquaporins, a family of membrane
channels that selectively conduct water while preventing proton
permeation. The continuous water flow across UCP2 is thus
likely to allow for proton leakage, a situation that could hardly
preserve the proton gradient across the inner membrane of the
mitochondria, an absolute requirement for the survival of the
organelle. When performed without positional holonomic

constraints, the molecular simulations revealed that the NMR
structure of UCP2 is not stable in a lipid bilayer environment.
The hydrophobic tails of POPC can barely stabilize the cavities
found between transmembrane helices and lined with polar and
hydrophobic residues. Consequently, the overall tertiary
structure rapidly collapses toward a compact arrangement,
which remains permeable to water. In contrast, MD simulations
of the self-assembly of DPC around UCP2 demonstrate that
small detergents can lodge themselves in these cavities and,
hence, stabilize the overall NMR protein fold. The thermody-
namic parameters of the interaction between two trans-
membrane helical spans can be affected by DPC as previously
reported,45 indicating that DPC does not behaves as an ideal
membrane mimetic environment for some membrane proteins.
It is noteworthy that, in spite of what appears to be a partial
denaturation of UCP2 in detergent, the network of interactions
formed by the protein and its inhibitor is preserved (see Figure
S6). This observation is consistent with experimental data
based on FRET experiments22 and atomic force microscopy46

suggesting that the binding site of UCP2 purified in DPC is
preserved. However, retaining GDP3− binding is not sufficient
to prove that the protein is fully functional. While it is clearly
demonstrated that the protein binds GDP3−, it is difficult to
draw definitive conclusions about its proton transport activity
for several reasons. For example, if the concentration of
activator ligand is above the usual concentration of fatty-acid
required either to observe UCP1 activity4 or to trigger free
fatty-acid-mediated proton leakage on mitochondria,9,47 an
unspecific proton leakage may occur through the vesicle walls
as exemplified in our proton transport assay (see Figure S7).
Reproducing the purification procedure of the recombinant
UCP2 in DPC, our functional assay showed no proton
transport activity by UCP2. Several studies, performed on the
better-characterized native UCP1, showed that the protein
tolerates a limited variety of detergents, mainly Triton X-100
and some polyoxyethylene glycols, but not octylglucoside.5

UCP1 purified in Triton X-100 was fully regulated as expected,6

while purification of the protein in DPC abolished the activity
of UCP1 and its regulation.
Our work highlights how critically important the proper

choice of detergent is for membrane protein structure
determination. Indeed, while detergents are useful for the
solubilization of membrane proteins, they can compete with
stabilizing intramolecular interactions within the protein,
leading to inactivation.48,49 The severity of the effect strongly
depends on the nature of the membrane proteins, leading one
to distinguish between “fragile” and “robust” proteins, which
are generally α-helical and β-barrel proteins, and also,
eukaryotic and prokaryotic proteins, respectively. As a general
rule, the robustness of a membrane protein is correlated to the
compactness of interaction networks, which generally increases
with the living temperature of the organisms. This feature has
created a bias in favor of structural determination of robust
membrane proteins. Furthermore, designing a general rule for
choosing the detergent suitable for fragile membrane proteins is
difficult. Two molecular mechanisms of inactivation of
membrane proteins by detergents can be considered. One is
the presence of micelles acting as a hydrophobic sink into
which stabilizing interacting partners such as lipids, cofactors or
protein subunits can disperse, thereby leading to the loss of the
protein integrity. Working close to the critical micellar
concentration of the detergent can limit this effect. The second
mechanism of destabilization, which is the most likely to occur

Figure 6. (a). Top view of UCP2-GDP3− embedded in DPC micelles
after full relaxation of the entire protein. For clarity, the DPC micelle
lying on the cytoplasmic side is not shown. Violet and cyan spheres
represent phospholipid headgroups and water molecules, respectively.
Phosphorus, nitrogen, oxygen, and carbon of nucleotides are colored
in brown, blue, red, and green, respectively. (b) Cross-sectional view of
UCP2-GDP3− embedded in DPC micelles after full relaxation of the
entire protein. Detergent molecules are organized in a bundle around
the hydrophobic core of the protein. Two extra micelles assemble on
the matrix and cytoplasmic sides around amphiphilic patches of amino
acids. The internal cavity of the protein is fully opened, a conformation
akin to that observed in the backbone-constrained simulation
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in the case of UCPs, is the intrusion of the hydrophobic tails of
the detergents between the transmembrane helices. This
mechanism can be restrained using a more rigid detergent.
For example, novel DDM analogues with multiple, branched, or
cyclic hydrophobic moieties presenting less flexibility than
DDM have been shown to improve the stability of several
membrane proteins.50−52 Many other alternatives to replace
detergents have been developed, among which are fluorinated
detergents, nanodiscs, and amphipols (for review see Popot53).
All these innovative surfactants improve the stability of
membrane proteins, but require a previous solubilization step
with conventional detergents. Finally, it should be stressed that
genetic engineering of membrane proteins has been highly
successful in improving the thermostability of G protein-
coupled receptors.54 This strategy might also benefit other
classes of membrane proteins, including the mitochondrial
carriers.

■ CONCLUSION

While acquiring precise structural information is crucial for a
full understanding of the biological processes like transport
mechanisms of mitochondrial carriers, assessing the physio-
logical relevance of the newly solved three-dimensional
structures is equally crucial. A recent study revealed indeed
that detergents can cause structural perturbations and
distortions leading to unsuitable interpretations as to the
molecular mechanisms of some membrane proteins.27 As
exemplified in this study, a combination of theoretical and
functional investigations represents an appealing and promising
strategy, the frontiers of which go beyond the family of
mitochondrial transporters to embrace most membrane
proteins. This work further emphasizes that molecular
simulations not only can be employed to rationalize and
predict the properties of membrane proteins near their
equilibrium conformation, but can also address the physio-
logical relevance of structures obtained in non-native environ-
ments. Our data strongly suggest that the structure of UCP2 in
DPC is not physiologically relevant and, therefore, that it may
be misleading to use it as a basis for drawing inferences about
the physiological behavior of members of the MCF. For
membrane proteins like UCP2which expose not only
nonpolar contacts to the hydrophobic core of the membrane,
but also a number of weakly polar contactsit is preferable to
avoid small, flexible detergents, which can easily target these
two types of interactions simultaneously.

■ METHODS
Purification of UCP1 and UCP2. BAT was kindly provided by V.

Lenoir (ICGM), Paris, France from mice cold-adapted for 2 days. The
purification of UCP1 was carried out as described by Lin and
Klingenberg.38 Mitochondria were isolated from BAT and washed out
with 3.2% Lubrol WX in buffer 20 mM MOPS, 20 mM Na2SO4, 0.16
mM EDTA, pH 6.9. The mitochondrial membranes were split in two.
The total mitochondrial proteins were solubilized using either Triton
X-100 with a w/w protein:detergent ratio of 1:1.6 or DPC with a ratio
1:1. The extracts were centrifuged and then applied to a
hydroxyapatite column (BioRad). The flow-through fractions contain-
ing UCP1 were collected, and the purity was controlled by SDS-PAGE
with 12% acrylamide gels (Invitrogen). The production of UCP2 was
adapted from Berardi et al.22 The cDNA of mouse UCP2 encoding for
residues 14−309 was cloned into a pET-22b vector between the
restriction sites NdeI and EcoRI. The protein was overexpressed in E.
coli Rosetta λ(DE3). The concentration of total proteins present in the
50000g pellet was determined by a BCA assay. UCP2 was solubilized

in DPC with a w/w protein:detergent ratio of 1:3 in buffer 20 mM
Tris, 150 mM NaCl, pH 8. After 30 min of incubation at 4 °C, the
sample was centrifuged at 100000g for 20 min. The supernatant was
then loaded onto a Ni-NTA column (Thermo Scientific) and elution
occurred with 300 mM imidazole. The fraction containing UCP2 was
dialyzed and then applied to an ion exchange column (GE Healthcare)
for further purification. The purity of the flow-through fractions was
controlled by SDS-PAGE. The band corresponding to UCP2 on the
gel was cut off for further analysis by MALDI-TOF mass spectrometry,
confirming the expected UCP2 protein.

Functional Assay. The functional assay was carried out as
described in Mozo et al.6 Small unilamellar vesicles composed by
phosphatidylcholine, phosphatidylethanolamine, and cardiolipin in a
w/w/w ratio of 80:80:10 were prepared by sonication in buffer 20 mM
KH2PO4, 70 mM K2SO4, pH 6.9, at a final concentration of 10 mg/
mL. The proteoliposomes were prepared by mixing UCP samples,
vesicles, and buffer in a v/v/v ratio of 1:8:4 and incubated for 1 h at
room temperature under shaking. For UCP purified in DPC, the
protein incorporation in liposomes was facilitated by supplying Triton
X-100 (2%) to the sample. The detergent was removed by adsorption
onto biobeads (BioRad), and the liposomes where then dialyzed three
times for 1 h against a buffer containing 200 mM sucrose, 0.5 mM
Hepes, and 0.5 mM EDTA, pH 6.8. For each measure, an aliquot of
the liposomes suspension (100 μL) was mixed with 2 mL of 100 mM
choline choride, 20 μM safranine O. The absorption of safranine O
was recorded at 520 nm with a UV−visible spectrophotometer. All
ligands are added first in order to avoid any perturbation of the
absorbance baseline. The activation experiments were recorded by
supplying lauric acid (30 μM) in the cuvette, while for inhibition
experiments both lauric acid (30 μM) and GDP3− (50 μM) were
added. The proton transport was activated upon addition of nigericin
(0.1 μM), which generates the pH gradient. At the end of the kinetics,
CCCP (5 μM) was added to measure the complete polarization of
liposomes, giving an indication of the internal volume of the
liposomes. The slopes of the curves were determined between 50
and 150 s, and the background of the basal activity (in the absence of
ligand) was subtracted in order to observe the ligand effects only. The
activity measurements for UCP1 were repeated from three
independent purifications and then averaged.

All-Atom Molecular Dynamics. Three different molecular assays
were built based on the UCP2 NMR structure. A first setup was
obtained by inserting the protein into a fully hydrated bilayer of 146
POPC lipids, using the membrane builder module of CHARMM-GUI
(http://www.charmm-gui.org/).55 Docking of a GDP3− anion inside
UCP2 internal cavity, at a position consistent with the NMR
prediction, provided a second initial configuration. Finally, we
performed several all-atom and coarse-grained MD simulations (see
Supplementary Methods) to study self-aggregation of DPC at 200 μM
around the protein at various detergent:protein ratios. We super-
imposed the final configuration of all trajectories and built an all-atom
model, including GDP3−, and integrating all observed DPC−protein
interactions, for a total of 300 DPC molecules. Respectively 14 and 17
chloride anions were added to setups with and without GDP3− to
ensure electric neutrality. MD simulations were carried out with the
NAMD56 program. Setups and analyses were performed using VMD.57

All trajectories were generated in the isobaric−isothermal ensemble, at
300 K under 1 atm using, respectively, Langevin dynamics58 (damping
coefficient, 1 ps−1) and the Langevin piston59 method. The particle
mesh Ewald (PME) algorithm60 was used to account for long-range
electrostatic interactions. Covalent bonds involving hydrogen atoms
were constrained to their equilibrium length by means of the Rattle
algorithm.53 The equations of motion were integrated by means of a
multiple-time step algorithm62 with a time step of 2 and 4 fs for short-
and long-range interactions, respectively. The CHARMM force
field63−65 including CMAP66 corrections was employed to model
proteins, POPC lipids or DPC detergents, GDP3−, and counterions;
the TIP3P67 model was used to describe water. Water, lipids or
detergents, substrate, and counterions were first thermalized for 20 ns,
while the entire protein was kept fixed. For the next 20 ns, the
constraints on the side chains were removed, and only the backbone
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was constrained to its NMR conformation. For UCP2 associated to
GDP3−, simulations in POPC and DPC were extended further up to
175 ns without any positional constraints.
Permeability Methods. To calculate the osmotic permeability of

the UCP2 structures, we followed the algorithm described by
Aksimentiev and Schulten.35 The pore of the structure given by
NMR had a more complex topology and structure than the α-
hemolysin channel; we, therefore, calculated the permeability only
over the central region of the pore where the topology was simpler and
relatively stable among the simulations. The region was delineated by
two approximately coplanar rings of Cα atoms, with one atom chosen
from each of the six transmembrane helices. Let R0 and R1 be the
centers of mass of the bottom and top rings, respectively, consisting of
the Cα atoms of residues 34, 85, 137, 181, 239, and 274, and residues
20, 101, 120, 194, 227, and 288. The region considered had the form
of a cylinder with a base at R0 and axis lying along the vector R1 − R0.
The length of the cylinder along the axis was L = 19.5 Å, equivalent to
the distance |R1 − R0| for the NMR structure. The radius of the
cylinder was chosen to be 20 Å, which was large enough to encompass
all water molecules between the two rings. The collective displacement
of the water molecules within the protein at time t + Δt of the
simulation trajectory was calculated as

∑+ Δ = +
Δ ·

∈ +Δ

n t t n t
r e
L

( ) ( )
i S t t t

i

( , )

where S(t,t +Δt) is the union of subsets of water molecules within the
cylinder at time t and t +Δt, Δri is the displacement of water molecule
i between time t and t +Δt, and e is the unit vector along R1−R0. The
displacements of water molecules entering or leaving the region
between the frames were truncated at the boundary of the region. The
calculation was performed with Δt = 10 ps. The collective diffusion
coefficient, Dn, was obtained from ⟨n(t)⟩2 = 2Dnt, where the average
was performed over 100 subtrajectories each 10 ps in length. The
permeability was calculated as Pf = vwDn, where vw was the average
volume of a water molecule. Further, following Aksimentiev and
Schulten, the resulting permeabilities were scaled by 1/2.87 to account
for the difference in the viscosity of the TIP3P water model and real
water.35
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