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Abstract

Background: The reconstitution of membrane proteins and complexes into nanoscale lipid bilayer structures has
contributed significantly to biochemical and biophysical analyses. Current methods for performing such
reconstitutions entail an initial detergent-mediated step to solubilize and isolate membrane proteins. Exposure to
detergents, however, can destabilize many membrane proteins and result in a loss of function. Amphipathic
copolymers have recently been used to stabilize membrane proteins and complexes following suitable detergent
extraction. However, the ability of these copolymers to extract proteins directly from native lipid bilayers for
subsequent reconstitution and characterization has not been explored.

Results: The styrene-maleic acid (SMA) copolymer effectively solubilized membranes of isolated mitochondria and
extracted protein complexes. Membrane complexes were reconstituted into polymer-bound nanoscale discs along
with endogenous lipids. Using respiratory Complex IV as a model, these particles were shown to maintain the
enzymatic activity of multicomponent electron transporting complexes.

Conclusions: We report a novel process for reconstituting fully operational protein complexes directly from cellular
membranes into nanoscale lipid bilayers using the SMA copolymer. This facile, single-step strategy obviates the
requirement for detergents and yields membrane complexes suitable for structural and functional studies.

Keywords: Styrene-maleic acid, Copolymer, Amphipols, Membrane proteins, Nanoscale model membranes,
Mitochondria, LipodisqsW
Background
Integral membrane proteins are vital to cellular function.
They represent nearly a third of all gene products and
account for roughly half of all current pharmaceutical
targets [1,2]. These proteins are embedded in the
membrane bilayer, which supports the lipid and pro-
tein interactions essential for protein function and
structural stability. The transmembrane segments of
integral membrane proteins are enriched in hydropho-
bic side chains that are in direct contact with lipid acyl
chains or with the nonpolar surfaces of other transmem-
brane segments. Without suitable detergents, membrane
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reproduction in any medium, provided the or
proteins denature or aggregate during extraction pro-
cedures. Therefore, solution-based analysis of isolated
membrane proteins and protein complexes requires an
experimental means of shielding their hydrophobic
surfaces from water.
Detergent solubilization is commonly used to isolate

and characterize membrane proteins. Yet the identification
of a detergent that is compatible with a given target protein
can be a challenge. More critically, detergent micelles are
often unsatisfactory substitutes for lamellar membranes.
Native lipid bilayers present specific physical and
chemical properties to an integral membrane protein
in the interfacial and nonpolar regions and generate an
environment that is critical for membrane protein
function, stability and folding [3-6]. Such an environ-
ment is not well represented in micellar structures. In
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Figure 1 The chemical structure of the SMA copolymer. The 3:1
SMA copolymer consists of heterogeneously coupled hydrophobic
styrene and hydrophilic maleic acid pendant groups.
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addition, detergents can displace functionally relevant
annular lipids. Thus, it has long been observed that
many integral membrane proteins can denature and
lose function once removed from the bilayer by deter-
gent solubilization [6-12].
Several types of model membrane systems have therefore

been developed that more closely mimic the lamellar lipid
bilayer of native membranes. Proteoliposomes, synthetic
lipid vesicles containing membrane proteins, provide such
an environment. However, they can be heterogeneously
sized and may promote protein aggregation. Further,
their large size (up to several microns in diameter)
makes them unsuitable for many spectroscopy tech-
niques due to scattering or low rotation rates, and their
vesicular structure precludes direct experimental ac-
cess to both sides of the bilayer [13]. To address these
technical issues, discoidal nanoscale lipid bilayers have
been developed for membrane protein reconstitution.
These include bicelles and nanodiscs. In bicelles, the
rim of the lipid bilayer disc is stabilized by surfactants
or by short-chain lipids [14,15]; in nanodiscs, the lipid
discoid is bound by an amphipathic scaffolding protein
[6,13]. These model membranes have been successfully
used for both spectroscopic and structural studies
[13,14,16-18]. However, bicelles require very specific
combinations of lipids that may not be commensurate
with the native bilayer and may not provide the opti-
mal lipid environment for the protein of interest.
Nanodiscs have no such specific lipid requirement;
however, the reconstitution of membrane proteins into
nanodics stabilized by a scaffolding protein requires an
initial detergent solubilization step. Thus, it may be
difficult to quantitatively remove the potentially desta-
bilizing detergents following their assembly or to
deconvolute the contribution of the scaffolding protein
from the reconstituted membrane protein.
More recently, amphipathic polymers (amphipols) have

emerged as a detergent-free means of membrane protein
solubilization [6,15,19-21]. Amphipols likely form torroids
around the transmembrane domains of membrane
proteins, with the inner and outer polymer surfaces
comprising nonpolar and polar pendant groups, re-
spectively. Amphipols were originally developed to
maintain membrane protein solubility after treatment
with a nondenaturing detergent. The amphipols PMAL-
B-100 and A8-35, for example, have been used to main-
tain the solubility [22] and catalytic activity [23] of a range
of proteins, even very large (1.7 MDa) multisubunit com-
plexes from mitochondrial membranes [24].
Amphipols have not typically been used for the ex-

traction of membrane proteins from lipid bilayers.
However, a copolymer prepared from a 3:1 molar ratio
of styrene to maleic acid (3:1 SMA, Figure 1) has been
previously shown to solubilize lipids from vesicles of
1,2-dimyristoyl-sn-phosphocholine (DMPC), forming mono-
disperse disc-shaped polymer-lipid complexes 9–10 nm in
diameter, termed LipodisqsW [25]. This SMA copolymer
has also been shown to extract the α-helical bundle
protein bacteriorhodopsin [26,27] and the β-barrel protein
PagP [27] from DMPC vesicles. The resulting lipid- and
protein-containing particles had a larger diameter (11–
12 nm) than empty discs and maintained the protein ac-
tivity [26,27]. These investigations demonstrated that
SMA could be used to extract membrane proteins that
have been previously reconstituted into bilayers of syn-
thetic phospholipids. They also highlighted the intri-
guing possibility that amphipols can be used in place of
detergents for membrane protein reconstitution into
soluble lipid nanoparticles. In the present study, we
demonstrate for the first time that it is possible to extract
functional membrane complexes directly from native
biological membranes without prior detergent-mediated
isolation or reconstitution. To this end, we tested whether
the SMA copolymer could both disrupt membranes of
mitochondria isolated from yeast (Saccharomyces cerevisiae)
and extract functional membrane complexes.

Results and discussion
The SMA copolymer solubilizes native mitochondrial
membranes
Mitochondria contain two protein-rich membranes, with
the topologically complex inner membrane (IM) subdivided
into the inner boundary membrane and the cristae
membrane (Figure 2A). The respiratory complexes of
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the IM generate a redox-coupled proton gradient
across the IM, the majority of which is stored as a
transmembrane electric potential (Δψm, 150–180 mV;
Figure 2A) [28]. We first determined whether SMA
could disrupt the IM by testing its ability to dissipate
this ion gradient in actively respiring mitochondria.
The relative Δψm can be assessed by the fluorescent
potentiometric probe tetramethyl rhodamine methyl
ester (TMRM), whose fluorescence intensity decreases
with increasing membrane potential [29-31]. TMRM
can thus be used as a reporter for membrane integrity,
because an intact IM is required to generate and maintain
a measurable Δψm. As a positive control, we confirmed
that the addition of detergent [n-dodecyl-β-D-maltoside
(DDM)] dissipated the ion gradient across the IM as it
solubilized the membranes (Figure 2B). Interestingly,
the addition of the SMA copolymer dissipated the ion
gradient to a similar extent as detergent, indicating that
it also disrupted the integrity of the IM (Figure 2C). As
a negative control, the addition of SMA buffer by itself
had no effect on the mitochondrial membrane potential
(Figure 2D). The K+ ionophore valinomycin was added
at the end of each time course to cause the complete
collapse of the Δψm. Following DDM or SMA addition,
there was no additional valinomycin-induced increase
in TMRM fluorescence, indicating that the ion gradients
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Figure 2 Disruption of mitochondrial membranes by the SMA copoly
protein complexes analyzed in this study. Subunits of the TIM23 Complex a
and respiratory Complex IV (green) was analyzed for enzyme activity. (B-D)
with the addition of the following to actively respiring mitochondria: (B) D
(final concentration 1 g SMA : 1 g mitochondrial protein), and (D) SMA buf
completely collapse the membrane potential.
had been completely collapsed in both cases. We therefore
conclude that the SMA copolymer effectively disrupted
the integrity of the IM.

SMA extracts membrane proteins from the mitochondrial IM
To analyze directly the ability of the SMA copolymer
to extract mitochondrial membrane complexes, we first
employed Blue Native Polyacrylamide Gel Electrophoresis
(BN-PAGE) [32,33]. It has been amply demonstrated
that multicomponent complexes solubilized from mito-
chondrial membranes with mild nonionic detergents
such as DDM remain intact and can be resolved by
native electrophoresis [34-37]. Thus, we subjected
mitochondria to incubation with increasing amounts
of DDM or the SMA copolymer, removed non-solubilized
membrane by centrifugation, and analyzed the super-
natants by BN-PAGE and Coomassie G-250 staining.
We found that incubation of mitochondria with in-
creasing amounts of SMA resulted in the extraction of
large complexes (Figure 3A, lanes 1–5) that resolved as
discrete bands with apparent molecular weights compar-
able to those solubilized by DDM (Figure 3A, lanes 6–10).
Taken together, the results shown in Figures 2 and 3
confirm that the SMA copolymer can solubilize the
native membranes of mitochondria, and does extract
large protein complexes.
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Figure 3 Extraction of mitochondrial membrane proteins by
the SMA copolymer. (A) BN-PAGE analysis of proteins extracted
from isolated mitochondria following incubation with increasing
concentrations of SMA copolymer (lanes 1 to 5) or DDM
(lanes 6 to 10). Arrows indicate locations of detectable bands.
(B) Immunodetection of Sdh3 (left panel, lanes 1–5) and Tim50
(right panel, lanes 6–10) extracted from mitochondria by SMA and
DDM at the concentrations indicated.
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We next used Western blotting to demonstrate un-
equivocally that the SMA copolymer extracted integral
membrane proteins from the mitochondrial membranes,
and did not simply release proteins that were peripher-
ally bound. Following incubation with SMA and DDM
as above, mitochondrial extracts were resolved by de-
naturing gel electrophoresis and probed by immuno-
blotting with antisera against two integral membrane
proteins: the Sdh3 subunit of respiratory Complex II
(located in the cristae) and the Tim50 subunit of the
TIM23 protein transport complex (located in the inner
boundary membrane) (see Figure 2A). We found that
both proteins were detected in mitochondrial extracts
following incubation with DDM (Figure 3B, lanes 5 and
10 respectively) and with sufficient concentrations of the
SMA copolymer (Figure 3B, lanes 4 and 9 respectively).
Based on band quantification, the amount of Tim50
extracted by SMA at the concentration used was nearly
equivalent (within 5%) to the amount extracted by
DDM. By contrast, with the same SMA concentration,
the amount of Sdh3 extracted was approximately 30%
of that extracted by DDM. This difference in SMA ex-
traction efficiency may be related to the location of the
membrane protein within the morphologically com-
plex inner membrane, and it suggests that SMA-based
extraction conditions must be optimized on a protein-
specific basis. Nonetheless, these results confirm that
the SMA copolymer does extract integral membrane
proteins from cellular membranes.

SMA solubilization of mitochondrial membranes yields
discoidal nanoparticles
To assess the size and shape of SMA particles formed
after incubation with mitochondria, we visualized the
extracts by transmission electron microscopy (TEM)
following fractionation by size exclusion chromatography
(SEC). The gel filtration chromatogram of these extracts
(Figure 4A) shows that particles formed from native
mitochondrial membranes had a broad size range. This
is in contrast to the monodisperse peaks previously ob-
served following the extraction of single types of mem-
brane proteins from synthetic bilayers [26,27]. However,
our results are not unexpected given the large range of
protein complex sizes that exist within the membranes
of mitochondria and are consistent with the broad
molecular weight range of extracted complexes detected
by BN-PAGE (Figure 3A).
Samples from the fraction denoted by an asterisk on the

SEC chromatogram were chosen for imaging because this
fraction displayed robust mitochondrial enzymatic activity
(see the following section). The TEM image of this
fraction (Figure 4B) revealed a monodisperse popula-
tion of SMA-stabilized discoidal nanoparticles consist-
ent with those observed in previous reports [26,27].
We therefore conclude that the SMA copolymer can
solubilize native cellular membranes and stabilize the
bilayers as discoidal, polymer-bound particles. Here-
after these SMA-bound nanoparticles will be termed
mitochondrial-LipodisqsW.

Respiratory Complex IV in SMA nanoparticles is
functionally active
To confirm the ability of mitochondrial-LipodisqsW to
support the function of extracted membrane complexes,
we analyzed the activity of respiratory Complex IV
(cytochrome c oxidase, Figure 2A) as a model. Com-
plex IV consists of a catalytic core of three subunits
(Cox1, Cox2 and Cox3) and multiple additional proteins
(eight in yeast, ten in mammals) (Figure 5A) [38-41]. As
the terminal enzyme of the electron transport chain,
Complex IV catalyzes the oxidation of ferrocytochrome
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Figure 4 The formation of discoidal SMA-bound nanoparticles. (A) Size exclusion fractionation of SMA particles assembled with
mitochondrial membranes. The chromatogram is absorbance at 280 nm to detect protein content. (B) Electron micrograph of mitochondrial-
LipodisqsW from the SEC fraction denoted by * (scale bar = 100 nm).
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c and the reduction of molecular oxygen to water,
pumping protons into the intermembrane space in the
process (Figure 5B).
We assayed Complex IV activity spectrophotometrically

by the decrease in absorbance at 550 nm resulting from the
oxidation of pre-reduced cytochrome c. As shown previ-
ously (e.g., [37]) Complex IV maintained potassium cyanide
(KCN)-sensitive activity following the solubilization of
mitochondria by nonionic detergent [0.4% (w/v) DDM,
Figure 5C, left panel]. We observed similar robust Com-
plex IV activity in mitochondrial-LipodisqsW formed upon
incubation with the SMA copolymer (final concentra-
tion, 2 g SMA : 1 g mitochondrial protein, Figure 5C, cen-
ter panel), confirming that the enzyme was active within
those particles. To ensure that mitochondria-LipodisqW

preparations were free of contaminating membrane
fragments that could potentially contribute to enzyme
activity, all samples were carefully filtered (0.4 μm) fol-
lowing SMA solubilization (see Methods). To confirm
further that our measured Complex IV activity originated
from SMA-bound particles, we performed negative con-
trols in which mitochondria were subjected to SMA buffer
only, and no enzyme activity was found in those samples
(Figure 5C, right panel).
To measure the specific cytochrome c oxidase activities

in our DDM-solubilized and SMA nanoparticle samples,
we measured the absorption bands of cytochromes a + a3
as an index of Complex IV concentration (Figure 5D).
The α absorption peaks of cytochromes aa3 can be eas-
ily resolved from the α peaks of other respiratory chain
cytochromes, thereby allowing a reliable measure of
Complex IV in each sample [42-44]. Based on these
measurements, we found that the specific Complex IV
activity within mitochondrial-LipodisqW preparations
was comparable to that of DDM-solubilized mitochon-
dria (Table 1).
As an additional means of confirming that Complex

IV remained active within SMA-bound nanoparticles,
we subjected mitochondrial-LipodisqsW to SEC purification
and measured the enzymatic activity of the fraction corre-
sponding to that used for TEM imaging (Figure 4). This
fraction displayed robust and cyanide-sensitive cytochrome
c oxidase activity (Table 2), confirming the presence of
active Complex IV within these particles.
An estimate of the dimensions of these mitochondrial-

LipodisqsW underscores the feasibility of reconstituting
the multisubunit Complex IV holoenzyme into a single
polymer-bound particle. The dimensions for the bovine
homolog of Complex IV (the only high-resolution structure
of the complex solved to date [38,39]) are approximately
9.3 nm × 7.3 nm (Figure 5A). The core subunits of the
complex consist of a total of 14 helical transmembrane
segments (Figure 5A, blue); in yeast, the supernumerary
subunits contribute five additional transmembrane helices
(Figure 5A, green). The dimensions of the mitochondrial-
LipodisqsW formed here (Figure 4B) are consistent
with the previously reported diameter of ~12 nm
(area ~113 nm2) [26]. Therefore, a single particle
could easily accommodate one copy of Complex IV
(area ~50 nm2). Further, assuming an average lipid
cross-sectional area of 0.6 nm2, a discoid of this dimension
could accommodate roughly 100 lipids per leaflet in
addition to a single copy of the enzyme. These estimates of
dimensions and lipid content are similar to those reported
for the photoreceptor bacteriorhodopsin incorporated
into LipodisqsW [26].
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Figure 5 Analysis of Complex IV enzymatic activity. (A) Complex IV monomer structure from bovine (PDB 1 V54) with the catalytic core
(blue), supernumerary subunits (green), and subunits absent in yeast (yellow). (B) Schematic of the Complex IV redox pathway with the color
scheme as in panel A, showing redox centers [heme (square) and copper (circle)], paths of electron (thin grey line) and proton (thick grey line)
transfer, and site of cyanide inhibition (yellow X). (C) Representative time courses of Complex IV catalytic activity monitored as the kinetics of
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604 nm absorbance peaks of hemes a and a3, both coordinated by the Complex IV Cox1 subunit, were used to calculate the concentration of
Complex IV in DDM- and SMA-treated samples.

Table 1 Specific cytochrome c oxidase activity of Complex IV

Sample Specific activity

(nmol cyt. c min-1 pmol cyt. aa3-1)a,b

DDM (no KCN) 7.651 (2.232)

DDM (+ KCN) 0.002 (0.086)

SMA (no KCN) 6.358 (1.098)

SMA (+ KCN) 0.004 (0.033)
aMean values are from a minimum of eight experiments from three
independent preparations.
bNumbers in parenthesis are standard deviations.

Table 2 Cytochrome c oxidase activity of SEC-purified
SMA particles

Sample Cytochrome c oxidation rate

(μM cyt. c min-1)a,b

no KCN 3.350 (0.503)

+KCN 0.017 (0.015)
aMean values are from a minimum of three experiments from three
independent preparations.
bNumbers in parenthesis are standard deviations.
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Taken together, our results confirm that Complex IV
maintains activity in SMA-bound particles. Therefore,
while previous studies have demonstrated the activity of
monomeric proteins (22 to 25 kDa) in LipodisqsW [26,27],
we show here, using Complex IV (ca. 220 kDa) as a
model, that even large, multisubunit complexes can be
reconstituted into these particles from cellular membranes
in a fully operational state.

Mitochondrial LipodisqsW contain lipids from
mitochondria
It has been previously shown that monomeric proteins
reconstituted from synthetic bilayers into LipodisqsW are
surrounded by lipids [26]. By thin-layer chromatography
we confirmed the presence of the major mitochondrial
lipids [phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and cardiolipin (CL)] in the mitochondrial-LipodisqsW

prepared in the present study (Figure 6, lane 5). By contrast,
a control sample (SMA buffer only) revealed no residual
lipids following our preparative steps (Figure 6, lane 4).
These results indicate that lipids as well as intact complexes
were extracted from the mitochondrial membranes and
bound by the SMA copolymer and were thus present in the
mitochondrial-LipodisqsW. These results support the prob-
ability that native lipids are co-reconstituted into the SMA
nanoparticles with the protein complexes.

Conclusions
This study documents for the first time that LipodisqsW

containing isolated protein complexes from cellular
membranes can be formed and used for biochemical and
CL
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Figure 6 Analysis of mitochondrial lipids contained in SMA
particles. Mitochondria subjected to mock SMA incubation (lane 4)
or incubated with SMA to form mitochondrial-LipodisqsW (lane 5)
were analyzed for lipid content by thin layer chromatography. Lipid
standards are shown in lanes 1–3.
biophysical analyses. Specifically, we have shown that the
SMA copolymer can disrupt native mitochondrial mem-
branes and extract membrane proteins (Figures 2 and 3)
and native lipids (Figure 6); that mitochondrial LipodisqsW

are SMA-bound discoids with dimensions similar to
previously reported SMA nanoparticles [26,27] (Figure 4);
and that the SMA copolymer can be used to isolate
large multisubunit complexes in a fully-functional state
(Figure 5, Tables 1 and 2). The mechanism by which the
SMA copolymer fragments lipid bilayers into nanometer-
scale discoids is not known. However, the process is highly
pH-dependent, which may be related to conformational
transitions of the hypercoiling SMA polymer that are
dependent on the ionization states of its carboxylate
groups [15,19].
By eliminating the requirement of a detergent-mediated

step, the use of the SMA copolymer represents a sig-
nificant advance in the study of native membrane com-
plexes. As a tool for basic research, LipodisqsW are an
excellent means of analyzing membrane protein acti-
vities and interactions that may be lipid-dependent and
sensitive to detergents. Additionally, these systems
have potential in biophysical studies, in particular where
single (or small numbers of) proteins are required. As a
tool for practical applications, they have potential for the
rapid characterization and diagnosis of dysfunctional
membrane proteins taken directly from tissue samples
of patients with suspected heritable diseases manifest
in membrane proteins.

Methods
Preparation and solubilization of mitochondria
Mitochondria were isolated from Saccharomyces cerevisiae
wild type strain D273-10B as described [45,46], resuspended
in SIB buffer [20 mM HEPES-KOH (pH 7.5), 80 mM
KCl, 5 mM MgCl2, 2 mM potassium phosphate (pH 7.5),
250 mM sucrose, and 0.3% (w/v) bovine serum albu-
min (BSA, fatty acid-free)], frozen in liquid nitrogen
and stored at −80°C until use. For solubilization, mito-
chondria pellets were resuspended to a concentration
of 1 mg mitochondrial protein ml-1 in either SIB buffer
adjusted to pH 8.0 or SB buffer [50 mM Tris (pH 8.0),
200 mM NaCl]. For detergent solubilization, DDM was
added to final concentrations ranging from 0.4 to 6.0%
(w/v) as indicated. For SMA solubilization, lyophilized
3:1 SMA copolymer (Malvern Cosmeceutics Ltd, UK)
was reconstituted as a stock of 25 mg ml-1 in 50 mM
Tris (pH 8.0) as described [25] and added to samples at
final concentrations ranging from 1 g SMA : 8 g mito-
chondrial protein to 2 g SMA : 1 g mitochondrial protein
as indicated. For both DDM and SMA solubilization,
samples were incubated at 26°C for 20 min, centrifuged
(20,000 × g, 10 min, 4°C) and the resulting supernatants
containing solubilized membrane proteins were collected.
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Further purification steps of SMA-treated samples for
particular applications are described below.

Measurement of membrane potential
The relative membrane potential (Δψm) of isolated
mitochondria was assayed with the fluorescent potentio-
metric probe tetramethyl rhodamine methyl ester (TMRM,
Molecular Probes) as described [47] using a Spex Fluorolog
3–22 spectroflorometer (Horiba Jobin-Yvon). Mitochondria
were diluted to a concentration of 0.1 mg ml-1 in SIB
lacking BSA with 100 nM TMRM (quenching mode)
and kinetics measurements were taken (λex = 547 nm,
λem = 570 nm) with constant stirring of the sample.
Prior to time course measurements, respiratory substrate
(2.5 mM malate and 2.5 mM pyruvate) and 2 mM ATP
were added to establish a maximal Δψm. Subsequent addi-
tions included DDM at a final concentration of 0.4%
(w/v), the SMA copolymer at a final concentration of
1 g SMA : 1 g mitochondrial protein, or an equivalent vo-
lume of SMA buffer only. At the end of each time course,
the potassium ionophore valinomycin was added to a final
concentration of 2.5 μM to completely collapse the Δψm.

Native gel electrophoresis and western blotting
For BN-PAGE analysis, mitochondria were prepared as
above, but resuspended in 50 mM Tris (pH 8.0) prior to
DDM and SMA solubilization. 5X BN-PAGE sample
buffer [50 mM Trizma, 500 mM 6-aminohexanoic acid,
10% (v/v) glycerol, 2% (w/v) Serva Blue G] was added to
supernatants, and 12 μl of each sample were loaded onto
4-15% precast polyacrylamide Mini-Protean TGX gels
(BioRad). The cathode buffer contained 190 mM glycine,
23 mM Tris (pH 8.0) and 0.002% (w/v) Serva Blue G
and the anode buffer consisted of 25 mM Trizma (pH 8.0)
[33]. Following electrophoresis, gels were destained in
50% (v/v) methanol, 10% (v/v) glacial acetic acid and
subsequently washed several times in water before
visualization.
For immunodetection of mitochondrial proteins, samples

were resuspended in SIB and solubilized with DDM
or SMA as indicated. Supernatants were treated with
equivalent volumes of 2X sample buffer [140 mM Trizma,
20% (v/v) glycerol, 4% (w/v) sodium dodecyl sulfate,
0.05% (w/v) bromophenol blue, 0.25 M dithiothreitol]
and resolved by electrophoresis on 12% SDS-PAGE
gels. Following transfer onto nitrocellulose membranes,
Western blotting was performed with primary antibodies
against the Sdh3 subunit of respiratory Complex II
(Pacific Immunology) or against the Tim50 subunit of the
TIM23 Complex (a gift from Dr. Dejana Mokranjac) and
Amersham ECL Plex Cy5-conjugated secondary antibodies.
Immunoblots were imaged on a BioRad Pharos Plus
Molecular Imager using the Cy5 setting (635 nm laser
excitation, 695 nm emission filter).
Electron microscopy
For TEM imaging, SMA-solubilized mitochondria were
filtered (0.22 μm) and purified by size exclusion chroma-
tography on an AKTA Purifier system (GE Healthcare)
using a Superdex 200 10/300 GL column equilibrated
with 50 mM Tris (pH 8.0) and 200 mM NaCl. Purified
samples were adsorbed for 30 sec onto carbon-coated,
400-mesh copper grids (Ted Pella, Inc.) made hydrophilic
by glow discharge, washed with three drops of distilled
water and stained with 1% uranyl acetate. Images were
acquired using an AMT XR-40 (2048 × 2048 pixel) camera
mounted on a Tecnai Biotwin G2 Spirit transmission
electron microscope operated at 80 kV.

Complex IV activity assays and spectrophotometric
measurement of cytochromes
Respiratory Complex IV (cytochrome c oxidase) activity of
solubilized samples was determined spectrophotometrically
as described [48,49]. Equine cytochrome c (Sigma) was
reduced in the presence of ascorbate, purified by gel
filtration on a Sephadex G-50 column, and quantified
by absorbance at 550 nm (ε550nm = 27.6 mM-1 cm-1)
[48]. To prepare samples for activity assays, mitochondria
were incubated with 1% (w/v) DDM, with SMA at a
concentration of 2 g SMA : 1 g mitochondrial protein, or
with SMA buffer only (mock SMA incubation) and treated
as described above. For SMA-solubilized and mock
incubation experiments, samples were filtered through a
0.4 μm membrane to remove fragmented mitochondrial
particulates that could contribute to enzyme activity. 120 μl
reaction mixtures containing assay buffer [50 mM
potassium phosphate (pH 7.4) and 50 μM EDTA]
with 30 μM reduced cytochrome c were added to a
quartz cuvette (path length 1 cm) and the reaction was
initiated by the addition of 20 μl of mitochondrial sample.
Cytochrome c oxidation kinetics were monitored by the
reduction of absorbance at 550 nm on an Ultrospec 2100
pro spectrophotometer over 180 s with 5 s measurement
intervals. Complex IV enzymatic rates were calculated
from the difference in absorbance at 550 nm over the
linear range (first 20 sec). For activity measurements of
samples fractionated by gel filtration, SMA-solubilized
particles were prepared as above and subjected to size
exclusion chromatography on a Superdex 200 10/300 GL
column equilibrated with assay buffer. Complex IV activity
was measured as above except that 1 ml fractions were
measured and 30 μM of reduced cytochrome c was added
to initiate the reaction. In all cases, parallel reactions
containing 4 mM potassium cyanide were assayed to
confirm specific Complex IV activity.
To assay the cytochrome content of DDM- and SMA-

treated mitochondria, samples were diluted 2X in buffer
[50 mM Tris (pH 8.0) 200 mM NaCl] in a 1 ml quartz
cuvette (path length 1 cm) and absorbance spectra were
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taken from 500 to 650 nm. Spectra of oxidized cyto-
chromes of respiratory chain enzymes were recorded first,
followed by spectra of fully reduced cytochromes in
the presence of 3 mM sodium dithionite. The difference
spectrum (reduced – oxidized) was used to calculate the
concentration of cytochrome a + a3 of Complex IV by the
peak of the alpha absorption band (604 nm) normalized by
the isobestic point (630 nm) using the differential extinction
coefficient value Δε603-630nm = 24 mM-1 cm-1 [42,43].

Thin layer chromatography
Isolated mitochondria were incubated with SMA at a
concentration of 2 g SMA : 1 g mitochondrial protein
as above and subjected to filtration followed by incuba-
tion with a chloroform, methanol and water mixture
(final volume ratio of 1:2:1.6) to extract lipids. Extraction
was carried out for 1 h, followed by treatment with add-
itional chloroform and salt (final volume ratio of 1:1:1.25).
Phases were separated by low speed centrifugation and
extracted lipids were then collected, dried down, and
resuspended in 15 μl of chloroform. The entire volume
was then spotted onto a silica gel plate (Analtech). As
references, 1 μl each of POPC, POPE, and tetraoleoyl-CL
(Avanti Polar Lipids) were also spotted. Plates were placed
in a pre-equilbrated tank containing solvent (chloroform,
ethanol, water and triethylamine at volume ratios of
30:35:4:32) for 1.5 h [50] and visualized by aerospray
with molybdenum blue spray reagent (Sigma) [51].

Abbreviations
SMA: Styrene maleic acid; amphipols: Amphipathic polymers; DMPC:
1,2-Dimyristoyl-sn-phosphocholine; POPC: 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; POPE: 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine; tetraoleoyl CL: 1’,3’-bis[1,2-dioleoyl-sn-glycero-3-
phospho]-sn-glycerol; IM: Inner membrane; Δψm: Transmembrane electric
potential; TMRM: Tetramethyl rhodamine methyl ester; DDM: N-dodecyl-β-D-
maltoside; BN-PAGE: Blue native polyacrylamide gel electrophoresis;
TEM: Transmission electron microscopy; SEC: Size exclusion chromatography;
KCN: Potassium cyanide.

Competing interests
The authors declare they have no competing interests.

Authors’ contributions
AL participated in the conception and design of the study, conducted all
laboratory experimentation except for TMRM assays and drafted the
manuscript. CO assisted in BN-PAGE and Complex IV activity assays.
KM performed the TMRM assays. CS participated in the design and
implementation of the TLC experiments. AA and AW contributed to the
conception and design of the study. NA coordinated the conception and
design of the study, performed SEC and Complex IV activity assays and
drafted the manuscript. All authors read and approved the final manuscript.

Acknowledgements
We acknowledge Malceutics, Malvern, UK for supplying the SMA for Lipodisq
formation and use in structural biology (GB 2426703, 2007, WO 2006129127,
2006). We thank Stephen Daniels of the University of Connecticut Electron
Microscopy Laboratory for his technical assistance and Dr. Dejana
Mokranjac (Ludwig-Maximilians University, Munich) for the αTim50
antibody. This work was supported by a grant from the National Science
Foundation to NA (MCB-1024908) and by a Scientist Development Grant
from the American Heart Association to NA (09SDG238019). AW was
funded by MRC (UK) and BBSRC (UK).

Author details
1Department of Molecular and Cell Biology, University of Connecticut, 91
North Eagleville Rd, Storrs, Connecticut 06269, USA. 2Department of
Biochemistry, Biomembrane Structure Unit, University of Oxford, Oxford OX1
3QU, UK.

Received: 15 January 2013 Accepted: 7 May 2013
Published: 11 May 2013

References
1. Sanders CR, Myers JK: Disease-related misassembly of membrane

proteins. Annu Rev Biophys Biomol Struct 2004, 33:25–51.
2. Wallin E, von Heijne G: Genome-wide analysis of integral membrane

proteins from eubacterial, archaean, and eukaryotic organisms.
Protein Sci 1998, 7(4):1029–1038.

3. White SH, Ladokhin AS, Jayasinghe S, Hristova K: How membranes shape
protein structure. J Biol Chem 2001, 276(35):32395–32398.

4. Lee AG: How lipids affect the activities of integral membrane proteins.
Biochim Biophys Acta 2004, 1666(1–2):62–87.

5. Charalambous K, Miller D, Curnow P, Booth PJ: Lipid bilayer composition
influences small multidrug transporters. BMC Biochem 2008, 9:31.

6. Popot JL: Amphipols, nanodiscs, and fluorinated surfactants: three
nonconventional approaches to studying membrane proteins in
aqueous solutions. Annu Rev Biochem 2010, 79:737–775.

7. Helenius A, Simons K: Solubilization of membranes by detergents.
Biochim Biophys Acta 1975, 415(1):29–79.

8. Stubbs GW, Litman BJ: Effect of alterations in the amphipathic
microenvironment on the conformational stability of bovine opsin. 1.
Mechanism of solubilization of disk membranes by the nonionic
detergent, octyl glucoside. Biochemistry 1978, 17(2):215–219.

9. Bogdanov M, Xie J, Dowhan W: Lipid-protein interactions drive
membrane protein topogenesis in accordance with the positive inside
rule. J Biol Chem 2009, 284(15):9637–9641.

10. Breyton C, Tribet C, Olive J, Dubacq JP, Popot JL: Dimer to monomer
conversion of the cytochrome b6 f complex. Causes and consequences.
J Biol Chem 1997, 272(35):21892–21900.

11. Lee AG: Lipid-protein interactions. Biochem Soc Trans 2011, 39(3):761–766.
12. Seddon AM, Curnow P, Booth PJ: Membrane proteins, lipids and detergents:

not just a soap opera. Biochim Biophys Acta 2004, 1666(1–2):105–117.
13. Nath A, Atkins WM, Sligar SG: Applications of phospholipid bilayer

nanodiscs in the study of membranes and membrane proteins.
Biochemistry 2007, 46(8):2059–2069.

14. Whiles JA, Deems R, Vold RR, Dennis EA: Bicelles in structure-function studies
of membrane-associated proteins. Bioorg Chem 2002, 30(6):431–442.

15. Jamshad M, Lin YP, Knowles TJ, Parslow RA, Harris C, Wheatley M, Poyner
DR, Bill RM, Thomas OR, Overduin M, et al: Surfactant-free purification of
membrane proteins with intact native membrane environment. Biochem
Soc Trans 2011, 39(3):813–818.

16. Nath A, Trexler AJ, Koo P, Miranker AD, Atkins WM, Rhoades E: Single-molecule
fluorescence spectroscopy using phospholipid bilayer nanodiscs.
Methods Enzymol 2010, 472:89–117.

17. Gluck JM, Wittlich M, Feuerstein S, Hoffmann S, Willbold D, Koenig BW:
Integral membrane proteins in nanodiscs can be studied by solution
NMR spectroscopy. J Am Chem Soc 2009, 131(34):12060–12061.

18. Wadsater M, Laursen T, Singha A, Hatzakis NS, Stamou D, Barker R,
Mortensen K, Feidenhans’l R, Moller BL, Cardenas M: Monitoring shifts
in the conformation equilibrium of the membrane protein
cytochrome P450 reductase (POR) in nanodiscs. J Biol Chem 2012,
287(41):34596–34603.

19. Tonge SR, Tighe BJ: Responsive hydrophobically associating polymers: a
review of structure and properties. Adv Drug Deliv Rev 2001, 53(1):109–122.

20. Popot JL, Althoff T, Bagnard D, Baneres JL, Bazzacco P, Billon-Denis E,
Catoire LJ, Champeil P, Charvolin D, Cocco MJ, et al: Amphipols from A to
Z. Annu Rev Biophys 2011, 40:379–408.

21. Popot JL, Berry EA, Charvolin D, Creuzenet C, Ebel C, Engelman DM,
Flotenmeyer M, Giusti F, Gohon Y, Hong Q, et al: Amphipols: polymeric
surfactants for membrane biology research. Cell Mol Life Sci 2003,
60(8):1559–1574.



Long et al. BMC Biotechnology 2013, 13:41 Page 10 of 10
http://www.biomedcentral.com/1472-6750/13/41
22. Tribet C, Audebert R, Popot JL: Amphipols: polymers that keep membrane
proteins soluble in aqueous solutions. Proc Natl Acad Sci USA 1996,
93(26):15047–15050.

23. Gorzelle BM, Hoffman AK, Keyes MH, Gray DN, Ray DG, Sanders CR: Amphipols
can support the activity of a membrane enzyme. J Am Chem Soc 2002,
124(39):11594–11595.

24. Althoff T, Mills DJ, Popot JL, Kuhlbrandt W: Arrangement of electron
transport chain components in bovine mitochondrial supercomplex
I1III2IV1. EMBO J 2011, 30(22):4652–4664.

25. Orwick MC, Judge PJ, Procek J, Lindholm L, Graziadei A, Engel A, Grobner G,
Watts A: Detergent-free formation and physicochemical characterization
of nanosized lipid-polymer complexes: Lipodisq. Angew Chem Int Ed Engl
2012, 51(19):4653–4657.

26. Orwick-Rydmark M, Lovett JE, Graziadei A, Lindholm L, Hicks MR, Watts A:
Detergent-free incorporation of a seven-transmembrane receptor
protein into nanosized bilayer Lipodisq particles for functional and
biophysical studies. Nano Lett 2012, 12(9):4687–4692.

27. Knowles TJ, Finka R, Smith C, Lin YP, Dafforn T, Overduin M: Membrane
proteins solubilized intact in lipid containing nanoparticles bounded
by styrene maleic acid copolymer. J Am Chem Soc 2009,
131(22):7484–7485.

28. Alder NN: Biogenesis of Lipids and Proteins within Biological Membranes.
In The Structure of Biological Membranes. Thirdth edition. Edited by Yeagle
PL. New York: CRC Press; 2011:315–377.

29. Baracca A, Sgarbi G, Solaini G, Lenaz G: Rhodamine 123 as a probe of
mitochondrial membrane potential: evaluation of proton flux through F
(0) during ATP synthesis. Biochim Biophys Acta 2003, 1606(1–3):137–146.

30. Floryk D, Houstek J: Tetramethyl rhodamine methyl ester (TMRM) is
suitable for cytofluorometric measurements of mitochondrial membrane
potential in cells treated with digitonin. Biosci Rep 1999, 19(1):27–34.

31. O’Reilly CM, Fogarty KE, Drummond RM, Tuft RA, Walsh JV Jr: Quantitative
analysis of spontaneous mitochondrial depolarizations. Biophys J 2003,
85(5):3350–3357.

32. Reisinger V, Eichacker LA: Solubilization of membrane protein complexes
for blue native PAGE. J Proteomics 2008, 71(3):277–283.

33. Wittig I, Schagger H: Native electrophoretic techniques to identify
protein-protein interactions. Proteomics 2009, 9(23):5214–5223.

34. Nijtmans LG, Henderson NS, Holt IJ: Blue Native electrophoresis to study
mitochondrial and other protein complexes. Methods 2002, 26(4):327–334.

35. Wittig I, Braun HP, Schagger H: Blue native PAGE. Nat Protoc 2006, 1(1):418–428.
36. Schagger H, von Jagow G: Blue native electrophoresis for isolation of

membrane protein complexes in enzymatically active form. Anal Biochem
1991, 199(2):223–231.

37. Schagger H, Pfeiffer K: Supercomplexes in the respiratory chains of yeast
and mammalian mitochondria. EMBO J 2000, 19(8):1777–1783.

38. Tsukihara T, Aoyama H, Yamashita E, Tomizaki T, Yamaguchi H, Shinzawa-Itoh K,
Nakashima R, Yaono R, Yoshikawa S: The whole structure of the 13-subunit
oxidized cytochrome c oxidase at 2.8 A. Science 1996, 272(5265):1136–1144.

39. Marechal A, Meunier B, Lee D, Orengo C, Rich PR: Yeast cytochrome c oxidase:
a model system to study mitochondrial forms of the haem-copper oxidase
superfamily. Biochim Biophys Acta 2012, 1817(4):620–628.

40. Capaldi RA: Structure and function of cytochrome c oxidase. Annu Rev
Biochem 1990, 59:569–596.

41. Michel H, Behr J, Harrenga A, Kannt A: Cytochrome c oxidase: structure
and spectroscopy. Annu Rev Biophys Biomol Struct 1998, 27:329–356.

42. van Gelder BF: On cytochrome c oxidase. I. The extinction coefficients of
cytochrome a and cytochrome a3. Biochim Biophys Acta 1966, 118(1):36–46.

43. Monge C, Beraud N, Kuznetsov AV, Rostovtseva T, Sackett D, Schlattner
U, Vendelin M, Saks VA: Regulation of respiration in brain
mitochondria and synaptosomes: restrictions of ADP diffusion in situ,
roles of tubulin, and mitochondrial creatine kinase. Mol Cell Biochem
2008, 318(1–2):147–165.

44. Schagger H, Pfeiffer K: The ratio of oxidative phosphorylation complexes
I-V in bovine heart mitochondria and the composition of respiratory
chain supercomplexes. J Biol Chem 2001, 276(41):37861–37867.

45. Daum G, Bohni PC, Schatz G: Import of proteins into mitochondria.
Cytochrome b2 and cytochrome c peroxidase are located in the
intermembrane space of yeast mitochondria. J Biol Chem 1982,
257(21):13028–13033.

46. Zinser E, Daum G: Isolation and biochemical characterization of organelles
from the yeast. Saccharomyces cerevisiae. Yeast 1995, 11(6):493–536.
47. Perry SW, Norman JP, Barbieri J, Brown EB, Gelbard HA: Mitochondrial
membrane potential probes and the proton gradient: a practical usage
guide. Biotechniques 2011, 50(2):98–115.

48. Lemaire C, Dujardin G: Preparation of respiratory chain complexes from
Saccharomyces cerevisiae wild-type and mutant mitochondria: activity
measurement and subunit composition analysis. Methods Mol Biol 2008,
432:65–81.

49. Spinazzi M, Casarin A, Pertegato V, Salviati L, Angelini C: Assessment of
mitochondrial respiratory chain enzymatic activities on tissues and
cultured cells. Nat Protoc 2012, 7(6):1235–1246.

50. Vaden DL, Gohil VM, Gu Z, Greenberg ML: Separation of yeast
phospholipids using one-dimensional thin-layer chromatography.
Anal Biochem 2005, 338(1):162–164.

51. Dittmer JC, Lester RL: A simple, specific spray for the detection of
phospholipids on thin-layer chromatograms. J Lipid Res 1964, 15:126–127.

doi:10.1186/1472-6750-13-41
Cite this article as: Long et al.: A detergent-free strategy for the
reconstitution of active enzyme complexes from native biological
membranes into nanoscale discs. BMC Biotechnology 2013 13:41.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	The SMA copolymer solubilizes native mitochondrial membranes
	SMA extracts membrane proteins from the mitochondrial IM
	SMA solubilization of mitochondrial membranes yields discoidal nanoparticles
	Respiratory Complex IV in SMA nanoparticles is functionally active
	Mitochondrial Lipodisqs® contain lipids from mitochondria

	Conclusions
	Methods
	Preparation and solubilization of mitochondria
	Measurement of membrane potential
	Native gel electrophoresis and western blotting
	Electron microscopy
	Complex IV activity assays and spectrophotometric measurement of cytochromes
	Thin layer chromatography
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

