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Interaction between integral membrane proteins and the lipid-
bilayer component of biological membranes is expected to mutually
influence the proteins and the membrane. We present quantita-
tive evidence of a manifestation of the lipid–protein interactions
in liposomal membranes, reconstituted with actively pumping
Na+,K+-ATPase, in terms of nonequilibrium shape fluctuations
that contain a relaxation time, τ, which is robust and indepen-
dent of the specific fluctuation modes of the membrane. In the
case of pumping Na+-ions, analysis of the flicker-noise temporal
correlation spectrum of the liposomes leads to τ ≃ 0.5 s, comparing
favorably with an intrinsic reaction-cycle time of about 0.4 s from
enzymology.

sodium pump reconstituted in giant vesicles | vesicle fluctuation analysis |
membrane dynamics

The interaction between integral proteins and lipids in biological
membranes is a key to unraveling the molecular organization

and the biological functioning of cell membranes (1, 2). Quanti-
tative studies of lipid–protein interactions in membranes proceed
most conveniently by means of well-defined biophysical model
systems (3). Fundamental questions involve how lipids influence
protein function, on the one hand, and how proteins and protein
function impact on the properties of the lipids and membrane
organization, on the other hand. Generally, biophysical model
studies are performed under some kind of equilibrium conditions,
and it is difficult to quantitatively read out membrane properties
under the conditions of fully functional proteins. We present here
a model study of a lipid–protein reconstitution in giant unilamellar
vesicles (GUVs) from which it is possible not only to read out
a well-defined nonequilibrium property, the dynamic flicker
spectrum, of an active membrane but also to analyze this property
in terms of a molecular time scale of an active protein, Na+,K+-
ATPase, while pumping sodium ions.
It has been known for a long time that thermal noise establishes

itself in equilibrium bending fluctuations and the characteristic
flickering motion of erythrocytes (4), and it has been proposed that
protein activity contributes to an enhancement of the flickering in
erythrocytes (5–8) and lymphocytes (9). The physical picture is that
protein activity, in particular the pumping of ions across the
membrane, couples to the lipid-bilayer component of the mem-
brane or the cytoskeleton and hence renormalizes the effective
bending rigidity. Quantitative interpretation of experimental data
for complex real biological membranes is, however, difficult and
questionable (10). For this reason, model studies of so-called ac-
tive membranes, being lipid bilayers with reconstituted active
proteins, such as bacteriorhodopsin (11) and Ca2+-ATPase (12),
have been advanced, showing, by use of micropipette aspiration
techniques, that the membranes become softer when the proteins
were active, an observation that was interpreted as due to en-
hanced bending fluctuations and flickering. We demonstrate here,
in the case of active membranes with Na+,K+-ATPase, that this is
indeed the case and that analysis of the flicker spectrum further-
more shows that this enhancement leads to a quantitative measure

of the intrinsic reaction-cycle time scale of the enzyme. Hence we
can relate a macroscopic membrane property out of thermal
equilibrium to a microscopic molecular property of an enzymatic
ion pump of crucial importance for membrane function.

Results
GUVs Reconstituted with Nonactive and Active Na+,K+-ATPase.
GUVs of diameters in the range of 17–50 μm, reconstituted with
Na+,K+-ATPase, were formed from submicron-size proteolipo-
somes using a modified electroswelling technique applicable in a
buffer under high salt conditions (13). The proteoliposomes were
produced from small liposomes (∼100 nm) that were composed
by either 1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC)/cho-
lesterol (Chol):60/40 (mol/mol) or DOPC/1,2-dioleyl-sn-glycero-3-
phosphoserine (DOPS)/Chol:40/20/40 (molar ratio) with 3.4mg/mL
of lipids and 0.31 mg/mL or 0.39 mg/mL of enzyme. The Na+,K+-
ATPase, prepared from the rectal gland of the shark Squalus
acanthias (14), was functionally reconstituted into the liposomes as
described earlier (15), and they were characterized with respect to
protein density, symmetry of insertion, as well as hydrolytic activ-
ity. The turnover number in the absence of potassium ions (16) was
determined for Na+-ATPase to be 221 ± 15 min−1 at 23 °C. We
have estimated the molar lipid–protein ratio in the two types of
GUVs to be 2,698 and 2,128, respectively. In the following we will
restrict ourselves to the case of only sodium-ion pumping in which
Na+ replaces extracellular K+ (17). The activity of the recon-
stituted enzymes can be controlled by the absence or presence of
ATP in the buffer medium containing 30 mM NaCl, 200 mM su-
crose, 30 mM histidine, and 2 mM MgCl2.

Shape Fluctuations and Flickering. The GUVs were observed in a
phase-contrast microscope at 20 °C, their 2D contour was recorded
at 25 frames per second with a video integration time of 4 ms,
and the flickering was analyzed by statistical methods involving
both Fourier and Legendre polynomial decompositions of the
angular correlation function developed for equilibrium fluctuating
liposomes (18). This analysis takes into account that the me-
chanical properties of the actual liposome monitored will depend
on its composition and tension. The time-dependent angular au-
tocorrelation function is decomposed into a cosine representation,
and the amplitudes of the corresponding modes can be correlated
with the Fourier amplitudes of the contour fluctuations (18). For
each set of conditions, a number of independent liposomes, 7–22,
were analyzed and the same procedures were applied for both
nonactive membranes (without ATP) and active membranes (with
ATP). Somewhat surprisingly it turns out that the distributions of
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the fluctuations in the active case are effectively Gaussian with no
mode correlation (as in the nonactive case) as shown in Fig. 1.
However, the amplitudes are markedly enhanced. The analysis
shows that upon activation, the bending modulus diminished in an
amount of 7–8 kBT compared with the nonactive case (Table 1,
systems 1 and 2). This is consistent with the softening found pre-
viously from micropipette aspiration techniques applied to active
membranes reconstituted with bacteriorhodopsin (11) and Ca2+-
ATPase (12). For control it has been verified that the presence of
ATP in nonactive membranes has only a marginal influence on the
bending modulus (Table 1, system 3).
The mode decomposition of the angular correlation function

filters out the contributions from the lateral length scales πR/n. Our
analysis in Fig. 1A shows that the average of the amplitudes of these
modes are well described by Gaussian fluctuations of Helfrich’s
functional around a spherical configuration for active as well as
nonactive membranes, although the bending rigidity κ is varying.
Therefore, we expect the spatial correlation function to have the
same form in the two cases, with an effective κ for the active
membrane. Although the spatial correlations are similar for the
active and nonactivemembrane, the temporal correlations are vastly
different in the two cases, so we focus on these in the following
section.

Temporal Correlations and Their Time Scales. In equilibrium, the
temporal autocorrelation function of the amplitudes for a given
mode n is predicted to exhibit a monoexponential decay (19)
characterized by a relaxation time τ1. This is indeed found to be the
case, as illustrated in Fig. 2A, at early times (≲ 1 s). At later times,
the instrumental limitations prevent the observation of a relaxation
time. The relaxation time τ1 for the nonactive case is found, as
expected, to depend on the mode number and to scale as τ1 ∼ n–3

(19). Turning then to the active case (compare with Fig. 2B), it is
found that the temporal autocorrelations are considerably stronger
than in equilibrium and they can be observed at much later times
than in the nonactive case. However, the decay function is more
complex but rather well described by a double exponential, as il-
lustrated in Fig. 2B—i.e., by two relaxation times τ1 and τ2. Similar
to the nonactive case, the first relaxation time is strongly dependent
on mode number, and it is found that in the early-time regime it
is effectively described by τ1 ∼ n–3, as shown in Fig. 3A, for modes
in the range of 2–12 (higher modes are unresolved due to in-
strumental limitations)—i.e., the very same power-law decay as in
the nonactive case. In contrast, the second relaxation time is after
an initial decay found to be independent of mode number beyond
n ≳ 8 (for lower modes, τ2 is too close to τ1 to be resolved). Hence,
we have found that the system of activemembranes is characterized
by a specific time constant that is robust and independent of mode
number. Furthermore we have found that this time constant is in-
dependent of vesicle size and vesicle tension (Table 2). As shown
in Fig. 3B, the corresponding time scale is τ2 ≃ 0.5 s. The robustness
of this number suggests that it is related to an intrinsic property of
the functioning enzyme, as we shall discuss below.

Discussion
In this article we have demonstrated that the flickering of active
membranes reconstituted with functional proteins, viz. Na+,K+

-ATPase, can be analyzed by techniques well known from equi-
librium systems. In particular we have found that the temporal
autocorrelations of the shape fluctuations are strongly correlated
and can be observed on much longer times than is the case for
equilibrium, nonactivemembranes. The relaxation behavior is well
described by a double exponential. The short-time decay is effec-
tively described by τ1 ∼ n–3 for modes in the range of 2–12—i.e.,
the very same power-law decay as in the nonactive case and as
predicted by the classical Milner-Safran theory (19). This obser-
vation is in accordance with our finding that it is possible to obtain
the bendingmodulus for the fluctuating GUVs in the case of active
membranes in the same way as for the nonactive, equilibrium case,
and that a Gaussian distribution effectively describes the modes in
both cases. We have also found that there is no correlation of
crossing modes for neither the nonactive nor the active mem-
branes (Fig. 1B).
The most conspicuous finding of our work on active mem-

branes is a robust relaxation time, τ2 ≃ 0.5 s, describing the long-
time behavior in a way that is independent of mode number and
details of the individual GUVs. This finding strongly suggests
that this time scale is a characteristics of the active protein—i.e.,

Fig. 1. For a proteoGUV of DOPC/DOPS/Chol/ATPase, a radius of 12.97 μm in the presence of 1 mM of ATP is shown: (A) Experimental distribution of the
Fourier amplitudes of the contour fluctuations; α5 or β5. (B) Plot of the normalized temporal cross-correlation function between modes 5 and 6. Mode 5 has
been chosen randomly among the midrange modes (4–10), which have good statistics and are not limited by the video integration time. The solid curve in A is
the best fit of the data to a Gaussian.

Table 1. Influence of the presence of ATP (1 mM) on the
bending rigidities for three different systems

System ATP Bending rigidity (kBT)

(1) DOPC/Chol/ATPase No 26.40 ± 0.75 (16)
Yes 19.45 ± 1.02 (8)

(2) DOPC/DOPS/Chol/ATPase No 28.88 ± 0.97 (10)
Yes 20.40 ± 0.60 (17)

(3) DOPC/Chol No 22.93 ± 0.60 (22)
Yes 23.80 ± 0.63 (10)

The number of vesicles recorded for each system is indicated in parenthe-
ses and the error represents the SD among the population of vesicles.
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the sodium-pumping Na+,K+-ATPase. Enzymatic studies of Na+

-
ATPase activity (16) have shown that the maximum turnover
number of this pump activity (the inverse intrinsic reaction-cycle
time scale) is about 0.9 s−1 at 10 °C and 3.7 s−1 at 23 °C, leading by
interpolation to an estimate of about 3 s−1 at 20 °C, corresponding
to a characteristic time scale of 0.3–0.4 s The good correspondence
between this number and our finding of 0.5 s from analysis of the
flicker spectrum suggests that not only does the actively functioning
protein manifest the lipid-protein interactions in a perturbation in
the membrane physical properties but also the quantitation of this
perturbation allows a readout of a fundamental intrinsic property
of the enzyme. The relaxation time, corresponding to the turnover
number (also know as the molecular activity), reflects the slowest
step in the enzymatic reaction cycle, which for Na+-ATPase is the
E2P dephosphorylation step (20). It is possible that this step is
accompanied by conformational and shape changes that directly
couple to the lipid bilayer matrix (21).
The finding in the present study, that the intense structural

rearrangements in the enzyme taking place during Na+,K+-
ATPase turnover as shown by structural studies of ion-pumps (22)
are transmitted to the lipid-membrane matrix by a mechanical
coupling, may open up possibilities for studying directly lipid–
protein interactions associated with important regulatory and
signaling properties of ion-pumps. Examples of discovered

properties of Na+,K+-ATPase regulation, where the application of
such direct lipid–protein interaction studies may also prove useful,
include (i) the putative role of Na+,K+-ATPase in cell signaling
(23, 24) and (ii) oxidative regulation and signaling by Na+,K+-
ATPase activity (25–27). Furthermore, because our work has
demonstrated a route between measurement of a macroscopic
membrane property, viz. the flicker spectrum, on the one hand and
a microscopic, molecular property, viz. the molecular activity or
reaction-cycle turnover number, on the other hand, it now
becomes possible to test and identify potent anticancer agents
directed toward the Na+,K+-ATPase (28). Furthemore, our find-
ings hold a promise for the application of a similar approach to
other membrane proteins for which catalytic reaction cycle times
have not yet been determined.

Materials and Methods
Materials. DOPC (1,2-dioleyl-sn-glycero-3-phosphocholine), DOPS (1,2-dioleyl-
sn-glycero-3-phosphoserine), and cholesterol were purchased from Avanti
Polar Lipids and used without further purification. NaCl (sodium chloride,
purity > 99.5%) and sucrose (purity > 98%) were from Fluka, whereas L-
Histidine (purity > 99%) and MgCl2 (magnesium dichloride, purity > 99%)
were from Sigma-Aldrich. Ultra pure MilliQ water (18.3 MΩcm) was used in
all steps involving water.

Preparation of Proteoliposomes. Membrane-bound Na+,K+-ATPase from
rectal glands of the shark Squalus acanthias was prepared essentially as

Fig. 2. Normalized temporal correlation function for mode n = 5 for proteoGUVs of DOPC/DOPS/Chol/ATPase of similar reduced membrane tension. (A)
Nonactive membranes in the absence of ATP conforming to a monoexponential form of the short-time decay (solid line). (B) Active membranes in the
presence of ATP (1 mM) conforming to a double-exponential form for the full duration of the experiment. The double-exponential fit is illustrated by the
solid line. The corresponding decay constants (relaxation times) for the first and second exponentials are depicted in Fig. 3.

Fig. 3. Relaxation time as a function of mode number, n, for active membranes consisting of a proteoGUV of DOPC/DOPS/Chol/ATPase in the presence of
ATP, (compare with Fig. 2B). (A) The initial relaxation time scales as τ1 ∼ n–3.1 for modes in the range of 2–12. (B) Second relaxation time, τ2, is found to be
independent of mode number for n ≳ 8. The error bars are calculated from the double-exponential fit for each exponential parameter and subsequently
converted to an error bar for each relaxation time.
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described in (14). This involved isolation of well-defined membrane frag-
ments by differential centrifugation, following treatment of microsomes
with low concentrations of deoxycholic acid (∼0.15%), which permeabilized
the microsomes and removed loosely attached proteins. The specific hy-
drolytic activity was 30–33 U/mg of protein (1 U = 1 μmol Pi/min) at 37 °C at
standard conditions according to Ottolenghi (29). The protein content was
determined according to Lowry et al. (30) using bovine serum albumin as
the standard.

Functional reconstitution of shark Na+,K+-ATPase was achieved as de-
scribed in (15, 31). Cosolubilization of shark Na+,K+-ATPase membranes and
the lipids of choice in 130 mM NaCl, 4 mM MgCl2, and 30 mM histidine, pH
7.0, at a lipid–protein weight ratio estimated to give a final lipid-to-protein
ratio of 10 was obtained using the nonionic detergent C12E8 (ethylene
glycol dodecyl monoether, at 4 mg/mg protein). The detergent was sub-
sequently removed by addition of hydrophobic Bio-Beads, and liposomes
containing reconstituted Na+,K+-ATPase spontaneously formed. Careful
control during enzyme solubilization ensured that reconstitution took place
without loss of catalytic activity or ion-transport capacity. The reconstitution
of Na+,K+-ATPase by cosolubilization of protein and lipids in the detergent
C12E8 followed by detergent elimination using Bio-Beads led to an asym-
metric incorporation of fully active Na+,K+-ATPase (15).

The proteoliposomes were characterized morphologically and function-
ally. This included the determination of (i) the pump density through protein
determination of reconstituted ATPase performed according to Peterson
modification (32) of the Lowry method; (ii) the symmetry of protein in-
sertion—i.e., rightside-out (r/o), inside-out (i/o), or nonoriented (n-o), where
the fraction of enzyme reconstituted as i/o was determined using functional
tests as described in detail in (15, 31); and (iii) the maximum hydrolytic ac-
tivity of reconstituted i/o-oriented Na+,K+-ATPase measured using [32P]-ATP
as described in (33). The protein orientation after reconstitution was de-
termined taking advantage of the sidedness of the Na,K-ATPase including
a high cytoplasmic Na+-affinity, a high extracellular K+-affinity, and an ex-
tracellular ouabain binding site. Essentially, the maximum hydrolytic Na,K-
ATPase activity of i/o-oriented enzyme was measured by first equilibrating
the proteoliposomes with 20 mM KCl using the K+-ionophore nigericin
(7 μM) to ensure optimal K+ concentration at the extracellular face (inside)
of i/o enzyme. Then, the proteoliposomes were incubated with 5 mM Mg2+,
1 mM Pi, and 1 mM ouabain to inhibit enzyme with the extracellular side
exposed, as the hydrophilic ouabain cannot penetrate the proteoliposome.
Finally, the hydrolytic activity was determined in a test solution of 130 mM
NaCl, 20 mM KCl, 4 mM MgCl2, and 3 mM ATP. If the same measurement is
performed but now without ouabain, the nonoriented enzyme is activated
too. The measured activities are then compared with the maximum activity
of the total amount of reconstituted enzyme measured in proteoliposomes
reopened by addition of 0.35 mg C12E8/mg lipid, giving the relative amount
of i/o-oriented enzyme (activity in the presence of ouabain) and of i/o plus n-
o-oriented enzyme (activity in the absence of ouabain). The reconstitution
described results in an asymmetric incorporation with about 15% of the
enzyme oriented inside-out.

The proteoliposomes were composed by either DOPC/Chol:60/40 (molar
ratio) or DOPC/DOPS/Chol:40/20/20 (molar ratio) with 3.4 mg/mL of lipids and

0.31 or 0.39 mg/mL of enzymes. These proteoliposomes were unilamellar and
large with a diameter of about 100 nm, as determined from freeze-fracture
electron microscopy pictures and quasi-elastic laser light-scattering (34).
Functional analysis showed that about 45% of the enzymes were in-
corporated with an orientation as in the cell (r/o), whereas only around 15%
had the opposite orientation (i/o). The rest was incorporated in a way, where
it was accessible to both ATP (intracellular side) and ouabain (extracellular
side). The Na+,K+-ATPase activity at 23 °C of Na+,K+-ATPase reconstituted in
liposomes was estimated to be 564 ± 21 μmol/mg/h, whereas the Na+-ATPase
activity, where Na+ substitutes for extracellular K+ (17, 35), was 92 ± 9.7
μmol/mg/h (16). The turnover number for Na+-ATPase was thus found to be
equal to 221 ± 15 min−1, knowing that the number of phosphorylation sites
was 6.9 ± 0.6 nmols/mg of protein (16).

Preparation of GUVs. The proteoGUVs were formed by the electroswelling
technique, which has been presented in (13) with some modifications, here
to obtain a functional insertion of the sodium pump in the lipid bilayer. The
preformed proteoliposomes were diluted to 1.1 mg/mL of lipids, and drop-
lets of 2 μL of this suspension were carefully deposited on platinum elec-
trodes. The mixed lipid film was then partially dried overnight in a desiccator
under saturated vapor pressure of a saturated NaCl solution, as suggested in
(36). This step was crucial, as a complete drying of the mixed lipid film would
denature the enzyme. The electroswelling of the mixed film was done
in a buffer composed of 30 mM NaCl, 2 mM MgCl2, 200 mM sucrose, and
30 mM histidine at pH 7. The parameters of the electric field were adjusted
to the conditions of the particular system, specifically the presence of Na+,K+-
ATPase and the complex composition of the buffer solution. It was necessary
to apply a high electric amplitude field of about 1,000 V/m for the swelling
period that lasted longer than for simple GUVs, namely up to 2–3 h, to obtain
vesicles of proper sizes, whereas the frequency of the electric field was fixed at
50 Hz and 5 Hz for the so-called “swelling period” and “rebounding period,”
respectively (13).

If we assume that the ratio lipid–pump measured in the proteoliposomes
was maintained in the proteoGUVs, we obtained for DOPC/Chol and DOPC/
DOPS/Chol lipid–pump weight ratios equal to 10.97 and 8.72, respectively—
i.e., lipid–pump molar ratios of 2,698 and 2,128.

Video Recordings. Vesicles, after having been detached from the electrodes at
the end of the electroformation protocol, were observed either directly in the
electroformation cuvettete where no ATP was added or in an ATP-containing
chamber (1mMof ATP) towhich the GUV suspensionwas transferred. In both
cases, a temperature-controlled chamber holder (T = 20 °C) was used to
maintain constant temperature. The giant vesicles were visualized using
a phase contrast microscope (Axiovert S100 Zeiss), equipped with a 40/0.60×
objective (440865 LD Achroplan). The vesicle 2D contour in the focal plane of
the objective was thus obtained, and a CCD Camera (SONY SSC-DC50AP) was
used to record a series of 10,000–45,000 pictures at a rate of 25 frames per
second with a video integration time of 4 ms.

Numerical Analysis of the Flicker Spectrum. The video image sequences of the
GUV thermal fluctuations were analyzed using custom-made software to
perform contour extraction, contour cleaning, and the fluctuation-analysis
procedures presented in (18, 37). Because a complex dependence of the
membrane properties on the vesicle composition was expected, a precise
analysis of the statistical distribution of vesicle contours based on a mode de-
composition of the angular correlation function introduced in (18) was per-
formed. Static analysis of the flicker spectrum led to the determination of the
bending modulus by analysis of the distributions of the amplitudes of de-
composition of the angular correlation function in the cosine basis. For a given
system, the bending elastic modulus represented an average ofmeasurements
among a population of 7–22 vesicles, whose diameters were between 17 and
50 μm. We wish to stress that the same standard procedure presented in (18)
has been applied to obtain bending moduli for both passive and active
membranes. Dynamic analysis of the flicker spectrum of the amplitudes of
decomposition in the Legendre polynomial basis enabled us to determine the
temporal correlation functions for a given mode (19). Relaxation times were
extracted from the fitting of these temporal correlation functions.
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Table 2. Influence of the vesicle size and vesicle tension on the
relaxation time τ2 for system 1 (DOPC/Chol/ATPase) and system 2
(DOPC/DOPS/Chol/ATPase)

System τ2 (s) Reduced tension Radius R (μm) Modes

(1) 0.39 ± 0.09 −9.12 14.23 4–20
0.63 ± 0.05 −3.62 10.63 7–15
0.50 ± 0.07 −2.84 17.28 8–20
0.66 ± 0.05 2.84 10.02 9–18
0.95 ± 0.08 7.92 17.76 7–16

(2) 0.70 ± 0.06 −4.64 12.97 8–20
0.46 ± 0.04 −3.26 8.13 6–19
0.43 ± 0.05 2.74 12.46 6–20
0.43 ± 0.07 7.71 11.52 6–20

The values of τ2 given in this table are averages of τ2 data extracted from
the temporal correlation function fit for the modes indicated in the fifth
column. The reduced tension is defined as σred = σR2/κ, where R is the vesicle
radius and σ is a small effective tension set by the entrapped volume of the
vesicle. σred is a measure of how deflated the vesicle is.
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