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SMALL-ANGLE NEUTRON SCATTERING
STUDY OF BICELLES AND PROTEOBICELLES
WITH INCORPORATED MITOCHONDRIAL
CYTOCHROME c OXIDASE

The structural investigations of a model membrane system, bicelles, and the aggregation state
of isolated and purified bovine heart cytochrome c oxidase (CcO) in bicelles have been per-
formed using small-angle neutron scattering (SANS), SANS contrast variation, and com-
plemented by various biophysical and biochemical techniques. The average size of bicelles
prepared from long-chain 1,2-dimyristoyl-sn-glycero-3-phosphocholine and short-chain 1,2-
dihexanoyl-sn-glycero-3-phosphocholine was found to be about 22 nm with a thickness of about
4 nm. Enzyme in bicelles was remained active and structurally unaltered. The estimated vol-
ume of protein in bicelles of 240 nm3 corresponded well to the monomeric form of CcO. The
ab initio modeling supports the experimental data and suggests that CcO in bicelles is a ho-
mogeneous monomeric complex incorporated into bicelles.
K e yw o r d s: small-angle neutron scattering, bicelles, cytochrome c oxidase, aggregation state.

1. Introduction

Cytochrome c oxidase (EC 1.9.3.1; Complex IV;
CcO) is a large transmembrane electron transfer com-
plex found in bacteria and mitochondria of eukaryo-
tes. Mitochondrial CcO is a protein-phospholipid
complex consisting of 13 dissimilar protein subunits
with a combined molecular weight of ≈205000 Da
for monomeric CcO [1]. However, only two subunits
contain the redox-active centers. Two hemes, heme
a and heme 𝑎3, and two copper centers, CuA and
CuB, are located in subunits I and II. In addition,
CcO also contains a certain amount of protein-bound
phospholipids. The enzyme catalyzes the transfer of
electrons from ferrocytochrome c to oxygen, a reac-

c○ K. SIPOSOVA, V.I. PETRENKO, O.I. IVANKOV,
L.A. BULAVIN, A. MUSATOV, 2020

tion coupled to the proton translocation across the
inner mitochondrial membrane [2]. CcO, being iso-
lated, purified, and crystalized in the presence of
sodium cholate, is clearly dimeric within three-di-
mensional crystals [3]. However, the self-association
of isolated and detergent-solubilized enzyme is more
complicated and strongly depends upon a full com-
plement of subunits, the presence of bound cardio-
lipin, and last, but not least the type and con-
centration of a detergent [4, 5, 6]. Moreover, the
detergent-induced monomerization/dimerization is a
reversible process. Therefore, the homogeneous dime-
ric or monomeric state of CcO is difficult to maintain.
A somewhat different approach to investigate struc-
tural and functional properties of the membrane pro-
teins is to use the membrane model systems, includ-
ing vesicles, supported bilayers, nanodisks, and bi-
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celles. Bicelles represent an attractive membrane-like
structure widely used as model membranes in biolog-
ical studies. Structurally, bicelles can be thought of
as lipid bilayer disks that are formed by the addition
of a short-chain lipid or detergent (such as zwitteri-
onic bile salt derivative CHAPS or CHAPSO) to a
long-chain lipid in an aqueous medium (Fig. 1). In
our previous work, CcO isolated from bovine heart
was successfully incorporated into bicelles which
were formed from 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine, (DMPC) and 1,2-dihexanoyl-sn-glyce-
ro-3-phosphocholine, (DHPC) [7]. The bicelles and
CcO incorporated into bicelles (“proteobicelles”) were
characterized by absorption spectroscopy, dynamic
light scattering (DLS), atomic force microscopy
(AFM), sedimentation velocity, and differential scan-
ning calorimetry. It was demonstrated that, at the to-
tal concentration of phospholipids CL = 24 mM and
the molar ratio “q” of long-chain DMPC over short-
chain DHPC equal to 0.5, the thickness of analyzed
individual bicelles was very similar within an entire
population and found to be 4 ± 1 nm. However, the
size of bicelles, measured by DLS and AFM, varied
from 10 to 50 nm. On the other hand, adding CcO
to bicelles generated only one single DLS peak sug-
gesting that the main fraction of CcO in bicelles was
uniform having a well-defined size. It was concluded
that the insertion of CcO to bicelles of different sizes
resulted in the size unification of “proteobicelles”. It
was also concluded that CcO in bicelles is monomeric
[7]. In the present work, we will focus on the struc-
tural investigation of bicelles and complexes of bi-
celles with CcO. Structural information about such
systems and formed complexes was obtained using
the small-angle neutron scattering (SANS) technique
and complemented by atomic-force microscopy and
dynamic light scattering. It is well known that SANS
is well suitable for the nanoscale structural charac-
terization and has proven itself in structural studies
of various complex nanosystems [8, 9]. In addition,
the SANS contrast variation technique was success-
fully used to detail a structural characterization of
some complexes with bio-macromolecules and to ob-
tain information about the volume fractions of com-
ponents in a two-component object [10]. It should
be also mentioned that the combination of SANS
and AFM was used previously for a detailed struc-
tural characterization of specific protein aggregates
[11]. Thus, in the present work, SANS, SANS con-

trast variation, and ab initio modeling in combina-
tion with various biochemical and biophysical meth-
ods have been applied to investigate bicelles and mul-
ticomponent complexes of bicelles with incorporated
cytochrome c oxidase.

2. Materials and Methods

2.1. Materials

Both, 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) and 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) in chloroform were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). So-
dium cyanide, sodium dithionite, and Triton X-100
(TX-100, T8787) were purchased from Sigma-Aldrich
Corporation (St. Louis, MO; USA). n-Dodecyl 𝛽-
D-maltoside was obtained from Anatrace Products
LLC. All other chemicals were reagent grade.

2.2. Methods

Cytochrome c oxidase was isolated from freshly frozen
beef heart by the method of Fowler et al. [12] with
modifications as reported by Mahapatro and Robin-
son [13]. Isolated enzyme was dissolved in 0.1 M phos-
phate buffer (pH 7.4), containing 1.0% sodium cho-
late. The isolated complex contained 9 nmol of heme
𝑎 per mg of protein. The protein concentration was
measured by the Biuret method using bovine serum
albumin as a standard. The concentration of the en-
zyme was determined from the absorption difference
spectra (reduced minus oxidized) using an extinction
coefficient value at Δ605−630 of 27 mM−1cm−1. The
CcO subunit composition was verified by reversed-
phase HPLC as described previously [14], and the
results demonstrated the presence of all nuclear-
encoded subunits (data not shown). The CcO activ-
ity was measured spectrophotometrically following
the rate of oxidation of 30 𝜇M ferrocytochrome c
by 2 nM enzyme in 25 mM phosphate buffer (pH
7.0) containing either 2 mM dodecyl maltoside or
DMPC-DHPC bicelles. Spectrophotometric measure-
ments were performed using a Jasco V-630 spect-
rophotometer in 10 mm optical pathway cells at
25 ∘C. The bicellar DMPC-DHPC samples were pre-
pared as described previously [7]. Briefly, the appro-
priate volume of DMPC in chloroform was dried out
under a stream of nitrogen. Then the appropriate
volume of DHPC was added, and the mixture was
dried again. The resulting phospholipids film was dis-
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Fig. 1. 3-D beads models of DHPC and DMPC (left panel) and a schematic model of
DMPC-DHPC bicelle (right panel)

solved by the brief vortexing in a buffer solution at
25 ∘C. The hydration of phospholipids and the for-
mation of bicelles were achieved by the incubation of
phospholipids for about 3 h at 25 ∘C with an occa-
sional vortexing (Fig. 1). The CcO incorporation to
bicelles was accomplished by the addition of a concen-
trated enzyme to a final concentration of about 5 𝜇M.

SANS experiments were performed at the YuMO
small-angle scattering instrument at the IBR-2 pulsed
reactor (JINR, Dubna, Russia) operating in the time-
of-flight mode. The isotropic differential cross-section
per sample volume (hereafter, referred to as the scat-
tered intensity) was obtained with the two-detector
system [15] as a function of the scattering vector
module, 𝑞, within the 𝑞 interval 0.07–5 nm−1. SANS
measurements were performed at 20 ∘C with the con-
trol by a “Lauda” liquid flow thermostat connected
to a special thermobox with a sample cartridge in-
side. The SAS program was used for the correction of
measured scattering curves for the background scat-
tering from buffer solutions and the absolute calibra-
tion of the scattered intensity according to a special
procedure using the vanadium standard [16].

The AFM imaging was performed on a scanning
probe microscope (Veeco di Innova, Bruker AXS Inc.,
Madison, WI) working in a tapping mode. The im-
ages were recorded using antimony (n) doped Si can-
tilever (NCHV, Bruker AXS Inc., Madison, WI) with
a spring constant of 42 Nm−1 and a resonance fre-
quency of 320 kHz. AFM images were acquired at a
scan rate of 0.25–0.5 kHz with a resolution of 512 pix-
els per line (512×512 pixels/image) at 25±1 ∘C. The
AFM images were analyzed using the NanoScope
Analysis 1.20 software (Veeco di Innova, Bruker AXS
Inc., Madison, WI, USA). No smoothing or noise re-

duction was applied. Samples for the AFM visualiza-
tion were prepared by the spotting of 5 𝜇L aliquots
bicelles solution (CL = 24 mM) on a freshly cleaved
mica surface (highest grade V1 mica discs Ted Pella)
and led to dry for 24 h in air at room temperature.

3. Result and Discussion

3.1. Characterization of cytochrome c
oxidase in bicelles

In the present work, two relatively minor but impor-
tant changes have been made in the sample prepara-
tion: (i) the time of hydration of phospholipids was
increased up to 72 hours; (ii) in contrast to our pre-
vious work [7], a slow form of CcO (isolated and pu-
rified in sodium cholate, and reacting slowly with the
external ligands) has been used.

AFM images of the bicelles were obtained by an
atomic force microscope using the tapping mode. Fi-
gure 2 represents the AFM images of DMPC-DHPC
bicelles with mean particle diameters of 22 ± 3 nm.
The value is in good agreement with our DLS exper-
imental data (not shown) and previously published
data [7]. However, it should be noted that the size
of bicelles can be affected by many factors, such as
a ratio between long- and short-chain phospholipids,
total phospholipid ratio, temperature, and absence or
presence of cations. The thickness or height of bicelles
was found to be 4±1 nm, which is in good agreement
with the literature data (Fig. 2).

The concentrations of DMPC and DHPC have been
chosen based on the reducibility of CcO heme cen-
ters, and such experimental approach has been de-
scribed in our previous work [7] in detail. The con-
centration of DMPC was 7 mM, while the concen-
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Fig. 2. AFM visualization of 24 mM bicelles (mix of 17 mM
DHPC and 7 mM DMPC) in 20 mM phosphate buffer, pH
7.4 (Upper panel) and the perpendicular view to the scanning
plane image for the determination of heights (Lower panel).
The 𝑥𝑦 scale is 2.5× 2.5 𝜇M. The data analysis was performed
using the NanoScope Analysis 1.20 software

tration of DHPC was 17 mM. The key properties of
CcO in bicelles are very similar to those previously
reported for enzyme that was solubilized in a deter-
gent and DMPC-DHPC bicelles [7]. The completely
oxidized slow form of CcO in bicelles exhibits the
absorption maximum at 420 nm and a broad band
at 599 nm (Fig. 3). The sodium dithionite-reduced
enzyme exhibited a characteristic 𝛼-maximum at
605 nm, a significant absorption band at 444 nm,
and a weak maximum at 517 nm. The value of the
A444 (reduced)/A420 (oxidized) was 1.21 suggesting
that heme 𝑎 and heme 𝑎3 are fully reduced, and
heme prosthetic groups are not perturbed by DMPC-
DHPC. Figure 4 shows the typical absorption spectra
of CcO induced in the Soret region by the addition of
the external ligand, KCN (100 𝜇M) to the oxidized
enzyme (3 𝜇M). The time course of the reaction is
clearly biphasic (inset) and comprises an initial burst
observed within the first 200 sec of incubation and a
slower second phase.

Fig. 3. Absorption spectrum of oxidized (solid line) and di-
thionite-reduced (dash line) cytochrome c oxidase in DMPC-
DHPC bicelles. Inset – difference spectrum (reduced minus
oxidized). The concentration of CcO was 5.7 𝜇M

Fig. 4. Cyanide-induced spectral changes of cytochrome c
oxidase in DMPC-DHPC bicelles. Inset – kinetics of cyanide
binding to heme 𝑎3. The concentrations of CcO and KCN were
0.3 𝜇M and 100 𝜇M, respectively

Such kinetics is typical of the slow form and sug-
gests the unaltered heme 𝑎3 center of CcO. The activ-
ity of isolated and purified CcO measured in a 25 mM
phosphate buffer (pH 7.0) containing 2 mM dodecyl
maltoside was 270–280 s−1. The activity of CcO was
significantly lower in DMPC-DHPC bicelles and was
found to be ∼80 s−1. However, the full activity was
restored, if the activity of proteobicelles (CcO in bi-
celles) was measured in dodecyl maltoside containing
a buffer. Therefore, the loss of the electron transport
activity of CcO is not due to alterations of the enzyme
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a b
Fig. 5. Experimental SANS data of CcO incorporated into bicelles and detergent-micelles in TRIS-DCl buffer solution with
power law functions (a) and the experimental scattering curve of CcO incorporated into bicelles with various structural models (b)

in bicelles, but it is almost certainly due to the zwit-
terionic nature of both, DMPC and DHPC, that in-
terfere with the electrostatic interaction between cy-
tochrome c and CcO.

3.2. SANS evaluation of bicelles
and bicelles with cytochrome c oxidase

The SANS method is frequently used in the struc-
tural investigation of nanoscale objects in a homoge-
neous matrix [8–11, 17, 18]. To maximize the scat-
tering length-density contrast, △𝜌, between particles
and the matrix, deuterated water is used to prepare
aqueous nanosystems. Experimental SANS data for
aqueous solutions of CcO in detergents and bicelles
are presented in Fig. 5, a. The SANS curves were fit-
ted by the form-factor of various structural models
of bicelles, and the SASView software has been used
[19]. The increased SANS signal in the small 𝑞 region
for CcO in DDM clearly indicates the aggregation in
the system. The power-law behavior of the scattering
intensity close to −2 (𝐼(𝑞) ∼ 𝑞−2) corresponds well
to so-called 2D or plate-like particles (one of the di-
mensions is much smaller than another two) which
is the case of bicelles (see the sketch in Fig. 1). It
should be noted that the model of core-shell bicelles,
parallelepiped and core-shell sphere, could fit the ex-
perimental SANS data (Fig. 5, b).

The small-angle neutron scattering from aqueous
solutions of bicelles and bicelles with CcO was mea-
sured at different volume fractions of D2O in the
aqueous medium (H2O/D2O). SANS contrast varia-

tion experiments from an individual component (bi-
celles in aqueous solutions), as well as the complex
system, CcO incorporated into the bicelles, were per-
formed to get the mean scattering length density
of pure bicelles and the complex object in a solu-
tion. The experimental scattering curves for bicelles
and the complex of CcO with bicelles in various ratios
of H2O and D2O are shown in Fig. 6, a and Fig. 6, b,
respectively.

The forward scattering intensity is proportional to
the square of the contrast (scattering length den-
sity (SLD) difference between buffer and particles),
𝐼(0) ∼ △𝜌2. Thus, the lowest value of 𝐼(0) vs △𝜌 cor-
responds to the match point. For homogeneous par-
ticles, the scattering length densities of the solvent
and particles coincide at the match point. To find out
the match point and the mean sample density, we
used the dependence of the square root of the mean
scattering intensity on the D2O content. In this case,
the linear dependence was observed (Fig. 7). Since
the forward scattering intensity with good accuracy
is not easy to obtain for all scattering contrasts, the
integration of SANS data in 𝑞-interval 0.16–0.6 nm−1

was done, and this value quite well correlates with
the forward scattering intensity which is necessary for
the contrast variation analysis. The precision of the
determined match point is rather poor ((0.14± 0.07)
[D2O] and (0.18 ± 0.03) [D2O]); however, the mean
value for bicelles corresponds well to the scattering
length density of lipids with the classical average
SLD = 0.15 [D2O]. Such small difference of the ex-
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a

b
Fig. 6. SANS curves for bicelles in aqueous solutions (a) and
of CcO incorporated into bicelles (b) at various amounts of
D2O

perimental SLD value for bicelles in comparison with
the well-known SLD value for lipids could be also ex-
plained by the presence of some other components on
the surface of bicelles in the solutions.

The next step was to estimate the volume fraction
of the component per complex (bicelle with incorpo-
rated protein). The scattering length densities of the
solvent mixtures, 𝜌𝑠, were calculated using the SLD
of H2O and D2O values (𝜌H2O = −0.559×1010 cm−2,
𝜌D2O = 6.34 × 1010 cm−2). We assume that we have
just two components in our complex, namely lipids
and protein. The calculation of the volume fraction,
𝜑, of CcO per bicelles + CcO complex from match
points was done as follows:

𝜑 =
SLDmixture − SLDbicelles

SLDprotein − SLDbicelles
, (1)

a

b
Fig. 7. Contrast variation for aqueous solutions of bicelles (a),
CcO with bicelles (b), and corresponding match point values.
The mean scattering intensity was determined for the 𝑞-interval
0.16–0.6 nm−1

where SLDmixture is the match point for the com-
plex of CcO with bicelles (=0.18), SLDmixture =
= 𝜑 · SLDprotein + (1− 𝜑) · SLDbicelles, SLDbicelles is
the match point for bicelles (=0.14), and SLDprotein

is the match point for protein (=0.42; tabular value
for protein). Thus, according to the SANS contrast
variation and above mentioned values, the volume
fraction of CcO which is incorporated into the bi-
celle is about ∼0.14. This value means that, on the
average, the volume fraction of protein is 𝜑 = 0.14
from the whole volume of the complex object of bi-
celle with CcO (𝜑 = 𝑉CcO/(𝑉CcO + 𝑉bic)). Account
for the average sizes of bicelle (𝑉bic ≈ 𝜋𝑑2/4ℎ =
= 1520 nm3, where the mean diameter of the disk
𝑑 = 22 nm, and the thickness of the disk ℎ =
= 4 nm), we could estimate the volume of protein
per complex 𝑉CcO = 𝑉bic𝜑/(1 − 𝜑) ≈ 240 nm3. Ru-
binson et al. (2012) calculated that the dimer of
CcO has a volume of 494 nm3 [20]. Therefore, a
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a b
Fig. 8. SANS analysis of proteobicelles. SANS data for CcO into bicelles complexes (a). The obtained
pair distance distribution function is presented in the inset. Arrows show three characteristic sizes in such
complexes. Modeling of the CcO aggregation state in bicelles (b)

volume of 240 nm3 correlates well with that of the
monomeric enzyme. We also performed the ab ini-
tio modeling to obtain a more detailed view of bi-
celles and CcO incorporated into bicelles (“proteobi-
celles”). First, the GNOM program was used to make
an indirect transformation of small-angle scattering
data. As a result, the particle distance distribution
function 𝑃 (𝑟) was evaluated [21]. Then the ab initio
shape determination from small-angle neutron scat-
tering data was done according to the well-known
bead-modelling program DAMMIF [22]. In the bead
modeling, a particle is represented as a collection
of a large number of densely packed beads inside a
search volume. Each bead belongs either to the par-
ticle or to the solvent. Starting from an arbitrary ini-
tial model, DAMMIF utilizes the simulated annealing
to construct a compact interconnected model yield-
ing a scattering pattern that fits the experimental
data. The obtained 3D distributions of small beads
are presented in Fig. 8, b, according to the DAMMIF
fitting and analysis. As a result of the fitting of our
SANS data together with the biochemical and bio-
physical characterization, we propose that CcO in bi-
celles is in a monomeric structure, and the model of
CcO incorporated into bicelles is presented in Fig. 8.

4. Conclusion

In this work, the SANS measurements in combina-
tion with various biophysical and biochemical tech-
niques have been used to investigate the structure and
morphology of bicelles prepared from long- and short-
chain phospholipids, as well as the mitochondrial mul-

tisubunit electron-transfer complex with CcO incor-
porated into bicelles. The aggregation state of CcO
isolated from bovine heart strongly depends on the
amphiphilic environment, and the homogeneous pop-
ulation of either monomer or dimer is difficult to
maintain. The scattering curves obtained for CcO in-
corporated into bicelles, dodecyl-maltoside, and TX-
100 micelles were analyzed. The volume fraction of
protein per bicelle was estimated from SANS con-
trast variation experiments. Based on the analysis of
SANS data along with the biochemical and biophysi-
cal characterization, we propose that CcO in bicelles
forms a homogeneous monomeric structure, and bi-
celles can be used as a model membrane system in
the investigation of highly hydrophobic proteins.
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Slovak Research and Development Agency
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МАЛОКУТОВЕ РОЗСIЯННЯ НЕЙТРОНIВ
У ДОСЛIДЖЕННI БIЦЕЛ ТА ПРОТЕОБIЦЕЛ
З IНКОРПОРОВАНОЮ МIТОХОНДРЕАЛЬНОЮ
ЦИТОХРОМОКСИДАЗОЮ

Р е з ю м е

За допомогою малокутового розсiяння нейтронiв (МКРН),
варiацiї контрасту в МКРН та рiзних бiофiзичних i бiохi-
мiчних методiв були виконанi структурнi дослiдження мо-
дельних мембранних систем, бiцел, та агрегацiйний стан
iзольованої та очищеної з бичачого серця цитохромоксида-
зи в бiцелах. Було отримано, що середня довжина бiцел, якi
синтезовано за допомогою довголанцюгового 1,2-дiмеристо-
iл-sn-глiцеро-3-фосфохолiну та коротколанцюгового 1,2-дi-
гексаноiл-sn-глiцеро-3-фосфохолiну, становила 22 нм, а тов-
щина дорiвнювала 4 нм. Ензим в бiцелах залишався актив-
ним та структурно незмiнним. Розрахований об’єм протеїну
в бiцелi ∼240 нм3 добре узгоджується з мономерною фор-
мою цитохромоксидази. Моделювання з перших принципiв
пiдтвердило експериментальнi данi про те, що цитохромо-
ксидаза в бiцелах є гомогенною, i що лише мономернi ком-
плекси iнкорпорованi в бiцели.
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