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Abstract. Electrophoretic mobility data of SR vesicles
reconstituted with uncharged and two mixtures of
charged and uncharged lipids (Brethes, D., Dulon, D.,
Johannin, G., Arrio, B., Gulik-Krzywicki, T., Chevallier,
J. 1986. Study of the electrokinetic properties of recon-
stituted sarcoplasmic reticulum vesicles.Arch. Biochem.
Biophys.246:355–356) were analyzed in terms of four
models of the membrane-water interface: (I) a smooth,
negatively charged surface; (II) a negatively charged sur-
face of lipid bilayer covered with an electrically neutral
surface frictional layer; (III) an electrically neutral lipid
bilayer covered with a neutral frictional layer containing
a sheet of negative charge at some distance above the
surface of the bilayer; (IV) an electrically neutral lipid
bilayer covered with a homogeneously charged frictional
layer. The electrophoretic mobility was predicted from
the numerical integration of Poisson-Boltzmann and
Navier-Stokes equations. Experimental results were
consistent only with predictions based on Model-III with
charged sheet about 4 nm above the bilayer and frictional
layer about 10 nm thick. Assuming that the charge of the
SR membrane is solely due to that on Ca++-ATPase
pumps, the dominant SR protein, the mobility data of SR
and reconstituted SR vesicles are consistent with 12 elec-
tron charges/ATPase. This value compares well to the
net charge of the cytoplasmic portion ofATPaseesti-
mated from the amino acid sequence (-11e). The posi-
tion of the charged sheet suggests that the charge on the
ATPaseis concentrated in the middle of the cytoplasmic
portion. The frictional layer of SR can be also assigned
to the cytoplasmic portion of Ca++-ATPase. The layer
has been characterized with hydrodynamic shielding

length of 1.1 nm. Its thickness is comparable to the
height of the cytoplasmic portion of Ca++-ATPase.
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Introduction

Sarcoplasmic reticulum (SR) is an intramuscular mem-
brane system that plays a vital role in excitation-
contraction coupling through its ability to regulate intra-
cellular concentration of Ca++. Pioneering studies of
electrokinetic properties of SR and of SR reconstituted
with phosphatidylcholine (PC) and mixtures of PC with
phosphatidylserine (PS) were done by Arrio, Brethes,
Johanin and coworkers (Arrio et al., 1984; Brethes et al.,
1986). The latter work provided useful insight into the
effect of electric charge of the bilayer on the function of
Ca++ pump and, what is pertinent to this work, the elec-
trophoretic mobility data for the batch of SR vesicles that
were used for reconstitution of SR with added PC and
two mixtures of PC + PS (75:25 and 50:50). Their analy-
sis of mobility data suggest that the classical treatment of
electrophoretic mobility of SR and reconstituted SR
vesicles may not be applicable. Specifically, (i) the mea-
sured mobility of vesicles reconstituted with mixed lipids
(PC + PS) was found to be several times smaller (Brethes
et al., 1986) than that predicted from the classical elec-
trophoretic mobility theory that works well with smooth
particles such as liposomes (McLaughlin & Harary,
1976; McLaughlin et al., 1981; Smejtek et al., 1990;
Smejtek & Wang, 1990; Tatulian, 1993, 1994, 1995).
(ii) Assuming that the charge of the reconstituted SR
membrane is determined by the charge of the Ca++ pumpCorrespondence to:P. Smejtek
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and the incorporated PS, the analysis of the measured
electrophoretic mobility data using classical model
yielded highly variable value for the charge of the Ca++

pump depending on the content and type of lipids used,
which is not satisfactory. The charge/ATPasevaried
from 1.1e for the native SR to 16.5 e for the SR recon-
stituted with the mixture of PC + PS (50:50) (Brethes et
al., 1986). There is also other evidence suggesting that
the electrokinetic properties of SR surface are very dif-
ferent from those of lipid vesicles. We have studied
sorption of positively and negatively charged lipophilic
ions to SR vesicles and observed effects that cannot be
understood in terms of the classical electrophoretic mo-
bility model (unpublished results). In view of these fail-
ures and greater simplicity of the experimental system
(absence of adsorbing ions) used in studies (Brethes et
al., 1986), we have reanalyzed the experimental mobility
data of reconstituted SR vesicles using the concepts de-
veloped for electrokinetic properties of red blood cells
(Donath & Pastushenko, 1979; Levine et al., 1983; Sharp
& Brooks, 1985; Ohshima & Kondo, 1989; Kawahata et
al. 1990; Ohshima, 1994) and gangliosides containing
liposomes (McDaniel et al., 1984; McDaniel et al., 1986;
Pasquale et al., 1986).

The electrophoretic mobility method is very useful
for study of properties of membrane surfaces since it
provides information on the membrane surface in its
‘‘natural’’ state without removing membrane particles
from their aqueous environment. Charged layer models
of biomembrane surface proved to be very useful for
understanding the electrophoretic mobility data of bio-
membrane particles. At present, the electrokinetic prop-
erties of human red blood cells are best reproduced with
a three-layer model of the frictional layer (Nakano et al.,
1994). A charged layer model was also used to study
electrokinetic properties of other cells, such as rat B and
T cells (Morita et al., 1991). Here we report results of
analysis of electrophoretic mobility data of SR and re-
constituted SR vesicles in terms of four models (seeFig.
1) in which the charge is either present at the surface of
the bilayer, concentrated in a surface separated from the
bilayer or evenly smeared within a layer on the top of the
bilayer. Another feature explored is the presence of the
frictional layer. Our analysis is based on numerical so-
lution of the nonlinear Poisson-Boltzmann equation and
thus avoiding restriction on the magnitude of the elec-
trostatic potentialc < 25 mV associated with the linear-
ization. The electrophoretic mobility of vesicles is cal-
culated from the Navier-Stokes equation which accounts
for the spatial distribution of the driving and frictional
force. The objective was to explore applicability of
simple charged layer models to mobility of SR vesicles
reconstituted with neutral and charged lipids, to find out
whether it is possible to reproduce the measured mobility
of native SR and SR vesicles reconstituted with neutral

and charged lipids with set of parameters and to estimate
the charge ofATPase.

Our results show that electrophoretic mobility of re-
constituted SR vesicles are consistent with Model-III in
which the charge is concentrated within a layer separated
from the bilayer surface and embedded in a frictional
layer at the bilayer surface. Using this model it was pos-
sible to reproduce the experimental mobility data of SR
vesicles reconstituted with neutral and charged lipids
with one set of parameters. The agreement was obtained
for charge densities corresponding to 12 negative
charges perATPasewhich is close to the net negative
charge of the cytoplasmic portion of theATPase. In ad-
dition to obtaining a simple model for electrophoretic
mobility of reconstituted SR vesicles this analysis also
illustrates the usefulness of integrating electrophoretic
mobility measurements into reconstitution studies and
the importance to perform the reconstitution with both
the neutral and charged lipids.

Models of Membrane Surface of SR Vesicles

Lipids represent about 45% of the mass of lyophilized
SR and phospholipids about 90% of the lipid content.
Phosphatidylcholine is the dominant phospholipid (50–
70%), also present are phosphatidylethanolamine, sphin-
gomyelin, phosphatidylserine and phosphatidylinositol.
There are five proteins present: Ca++-ATPase is the dom-
inant protein component representing 70–80%, calse-
questrin and the high-affinity Ca-binding protein account
for approximately 20–30%, there are also small amounts
of glycoprotein and proteolipid (de Meis, 1981).

Brethes et al. (1986) have indicated that the classical
electrophoretic model of native and reconstituted SR
based on charged smooth sphere concept is inconsistent
with the mobility data obtained in their reconstitution
studies. Since it is nota priori known how electric
charges are distributed at the surface of SR vesicles and
what is the effect of proteins protruding from the surface
of the lipid bilayer on the particle hydrodynamics, the
surface of SR and SR vesicles is modeled in four ways
(seeFig. 1). In Model-I the charge resides at the surface
of the lipid bilayer, the frictional surface layer is absent,
so that the only frictional force acting on the vesicle is
that due to the viscosity of the aqueous medium. This
model has been successfully used to describe the mobil-
ity of charged liposomes. In Models II–IV the additional
frictional force acting on the vesicle is due to the pres-
ence of a surface frictional layer. Model-II is an exten-
sion of Model-I to which an additional electrically neu-
tral frictional layer was added. Model-III differs from
Model-II by the insertion of a negatively charged sheet
within the electrically neutral frictional layer. This
charged sheet is separated from the bilayer surface by a
distances. In Model-IV the negative charge of SR mem-
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brane is assumed to be evenly distributed within the fric-
tional surface layer.

For simplicity we ignore effects associated with the
curvature of the vesicles and consider a laminar flow of
water above the surface of the bilayer. Ionic strength of
suspension used in the reconstitution studies was rather
low, 4.7 mM (Brethes et al., 1986), so that discrete charge
effects can be neglected. It is further assumed that the
fixed charges are evenly spread within the charged sur-
face (Models I, II and III) or within the volume of the
frictional layer (Model-IV). The frictional layer is rep-
resented by a random array of spheres, a model intro-
duced by Debye and Bueche (1948), and used widely in
modeling the frictional layers of red blood cells and li-
posomes containing gangliosides. The frictional layer is
assumed to be permeable to water and ions in the sus-
pending solution whose volume density is determined by
the Boltzmann factor exp(-ziFc(y)/RT) wherec(y) is the
electrostatic potential at distancey above the bilayer sur-
face. A volume element of the suspending solution con-
taining the space charge of mobile ions experiences an
electric force originating from an external electric field
parallel to the surfaceEext. In our models this force is
equal tormob Eext and sets the suspending solution into
motion relative to the surface of the bilayer. Its flow is
opposed by two forces: the viscous force,h ? (d2v/dy2),
and the frictional force exerted by the frictional layer,gv
whereh is viscosity andg the frictional coefficient of the
surface layer. In steady state the net force acting on a
volume element is equal to zero, which is expressed by
the following form of the Navier-Stokes equation

h
d2v

dy2 − gv + rmobEext = 0 (1)

This equation describes the distribution of velocity of the
suspending solution as a function of the distance from
the surface of the bilayer. The boundary conditions arev
4 0 at the surface of the bilayer (y 4 0) anddv/dy → 0
asy → `. Outside the frictional layer, i.e., fory > D, we
setg 4 0. By integrating Eq. 1 we obtainv` which is
the velocity of the aqueous solution relative to the flat
surface of the bilayer. In reverse, the velocity of the flat
surface relative to the bulk aqueous solution is -v`. The
mobility of the vesicle,m, can be determined according
to

m = −
v`

Eext
(2)

To obtain the mobility from Eq. 1 it is necessary to know
the distribution of the density of space charge due to free
ions, rmob. This space charge varies with distance from
the surface of the bilayer and depends on the distribution
of electrostatic potentialc(y).

In order to avoid the limitation ofc <25 mV, we
obtain the electrostatic potentialc(y) from the nonlinear-
ized Poisson-Boltzmann equation,

d2c

dy2 = −
1

««0
~rfixed + rmob! (3)

where« is the relative dielectric constant of water,rfixed

is the volume density of the charged frictional layer
(Model IV). The density of space charge due to ions in
the suspending solution is

rmob~y! = F(
i

1000zici exp~−ziFc~y!/RT! (4)

Fig. 1. Schematic diagrams of the models of
surface of SR vesicles. (I) A smooth, negatively
charged surface. (II) A negatively charged surface
of lipid bilayer covered with an electrically neutral
frictional layer of thickness D. (III) An electrically
neutral lipid bilayer covered with a neutral
frictional layer. The negative charge of the SR
vesicle surface is concentrated within a thin sheet
at a distance s above the surface of the bilayer.
(IV) An electrically neutral lipid bilayer covered
with a homogeneously charged frictional layer.
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whereci is the molar concentration of ions type ‘‘i’’ with
valencyzi andF is the Faraday number. The boundary
conditions for solving Eq. 3 are (i) that the electric field
at the surface of the bilayer (y 4 0) is determined by the
charge density at the bilayer,sm, i.e. -dc/dy 4 sm/««0

and (ii) the electrostatic potential in the bulk aqueous
solution,c → 0 asy → `.

In Model III we assume the presence of charged
sheet within the frictional layer. In this case, there is a
discontinuity of the electric field in the space charge
region aty = s caused by the charged sheet

Fdc

dyGs+d

= Fdc

dyGs−d

−
ss

««0
(5)

wheress is the surface charge density of the sheet.

The Frictional Surface Layer

The coefficientg in Eq. 1 determines the magnitude of
the frictional force exerted by the frictional layer.
Although the numerical integration method would make
it possible to use any function, we assume thatg has a
constant, nonzero values within Dù y ù 0. Such a layer
can be modeled by an random array of spheres of effec-
tive radius a and volume densityn. In such a case the
frictional coefficientg 4 6pnah.

We define the reciprocal hydrodynamic shielding
length,l, according to Ohshima and coworkers and use
it as the suitable measure of the hydrodynamic drag ef-
fect within the surface frictional layer (Ohshima & Kon-
do, 1989; Ohshima, 1994; Nakano et al., 1994; Ohshima,
1997). It is equal to

l =Îg

h
(6)

The dimensionless productlD is further used as a
variable parameter in models II-IV. Clear physical
meaning of the hydrodynamic shielding length is given
by Debye and Bueche (1948).

Reconstituted SR Vesicles

Since Ca++-ATPase is the dominant protein in the SR
membrane, SR and reconstituted SR vesicles are charac-
terized by two quantities (Brethes et al., 1986): (a) the
molar ratio of lipids andATPase

X =
@PL#tot

@ATPase#
(7)

(b) the molar ratio of uncharged (PC) and negatively
charged (PS) lipids

RL =
@PC#

@PS#
(8)

Charge density on the native SR membrane is attributed
to the membrane surface (Model I and II), to the charged
sheet (Model III) or to the charged frictional layer
(Model IV). The charge associated with membrane sur-
face patch containing singleATPaseis

qpatch= sSR(AATP + ALXSR/2) (9)

wheresSR is the surface charge density of the native SR
membrane in any of the models,AATP is the membrane
surface area of the stem of theATPase, and AL is the
membrane surface area of phospholipid molecule and
XSR is the value ofX for the native SR membrane. The
factor1⁄2 accounts for the fact that lipids in the membrane
are distributed between two monolayers whereasATPase
penetrates both lipid monolayers. In model calculations
we usedAATP 4 12.6 nm2 as the average cross section1

of the segment ofATPasepenetrating the bilayer. It was
estimated using the model ofATPase(Toyoshima, Sas-
abe & Stokes, 1993). Membrane surface area per lipid
was set atAL 4 0.7 nm2 (Small, 1986).

In reconstitution experiments, the membrane charge
per ATPaseoriginating from the native SR,qpatch, is
conserved upon the incorporation of additional lipids.
The charge density of the membrane modified by the
addition of neutral lipids (new lipid/ATPasemolar ratio
X8) is

s8 = sSR

~AATP + ALXSR/2!

~AATP + ALX8/2!
(10)

On the addition of mixed lipids there is an additional
negative charge at the surface of the bilayer due to the
incorporation of negatively charged lipids,

sbil = − e
X8/2

~1 + RL!~AATP + ALX8/2!
(11)

Upon reconstitution the membrane surface of SR vesicle
expands due to the incorporation of additional lipids2

resulting in the lower volume density of the retarding

1 It is not possible to determine an accurate effective value of the cross
section because the organization of the annulus lipids is not known.
Since the size of membrane patch is determined primarily by the value
of the area covered by lipids, the error in AATP is not critical for the
results obtained from the models.
2 We estimate the value of surface expansion factor to be 2.2 for SR
reconstituted with PC, 3.9 for PC + PS (75:25) and 6.3 for PC + PS
(50;50).
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spheres within the surface layer. The number of retarding
spheres perATPase, Npatch, is equal to

Npatch= nD~AATP + ALXSR/2! (12)

This quantity is also conserved with the incorporation of
additional lipids. It is assumed that the thickness of the
frictional layer, D, does not change. Since the frictional
coefficientg in Eq. 1 is proportional to the volume den-
sity of retarding spheres within the surface layer, we use
for the frictional coefficient of the surface layer after
reconstitution,g8,

g8 = gSR

AATP + ALXSR/2

AATP + ALX8/2
(13)

The objective of this study is to explore the properties of
the four models by attempting to reproduce the measured
mobility from several reconstitution experiments
(Brethes et al., 1986). The experimental results are sum-
marized in Table 1. In model calculations the ionic
strength of suspending solution was 4.7 mM, the same as
in the reconstitution experiments.

Results

The electrophoretic mobility is determined by several
model parameters such as charge density, the reciprocal
shielding distance,l, and the thickness of the surface
layer, D. To avoid presentation of results in 4-dimen-
sional space, the computational approach was to find the
charge density of the SR vesicles for a givenl and D
with which the given model reproduces the measured
value of the mobility of SR vesicles (1.6 mobility units3).
This charge density is subsequently used to compute the
mobility of vesicles reconstituted with neutral and mixed
lipids after taking into account the effect of dilution of
charge originating from the native SR, the reduction of
the density of the retarding spheres within the sur-
face layer due to incorporation of additional lipids into
the bilayer, and introduction of charge at the surface
of the bilayer due to the incorporation of negatively
charged PS.

MODEL-I

Here we assume that the surface of the vesicle is smooth
and the charge resides on the membrane surface. On
incorporation of uncharged lipids the surface charge den-
sity of the membrane is reduced resulting in the decrease

of the mobility. Figure 2a illustrates the dependence of
the mobility on the molar ratio [PL]tot/[ATPase] pre-
dicted from Model-I. The computed curve shows that
theoretical mobility of vesicles reconstituted with PC is
substantially smaller than the measured value.

The effect of incorporation of mixed lipids is de-
picted in Fig. 2b for PC:PS4 75:25 and in Fig. 2c for
PC:PS4 50:50. In contrast to the case of uncharged
lipids, the mobility predicted from Model-I is substan-
tially higher than the measured value for the mixed lip-
ids. These disagreements exclude Model I from further
consideration.

When performing calculations with Models II, III
and IV, the thickness of the surface frictional layer, D,
was regarded as the primary independent variable. In
each run, the vesicle mobility is computed as a function
of the value of the dimensionless productl.D. Each
combination of D andl.D is used to determine the
charge density of the native SR membrane, the surface
charge of the bilayer in Model II, the density of charge of
the sheet separated distance s from the bilayer in Model
III or volume density of charge in Model IV. This
charge density and corresponding friction coefficientgSR

are further used for computation of the mobility of re-
constituted vesicles. The range of values of the thickness
of the frictional layer, D, was obtained using grid search
method.

MODEL-II

In this model we examine the effect of the presence of a
frictional surface layer. For illustration purposes we as-
sume that the surface frictional layer is 10 nm thick. In
Fig. 3 we plot the theoretical dependence of mobility on
the value of dimensionless parameter,l.D, which is a
measure of the retardation effect of the surface layer.
The horizontal lines indicate the average value and stan-
dard deviation of the experimental mobility. Introduc-
tion of the surface frictional layer makes it possible to
reproduce the mobility of the vesicles reconstituted with
uncharged lipids (Fig. 3a). However, this model is in-
consistent with the mobility data for mixed lipids (Fig.3 Conventional unit of mobility ismm?sec−1?V−1 cm.

Table 1. Results of reconstitution experiments

Vesicles Molar ratio
[PL]tot/[ATPase]

Mobility,
(mob. units)

SR 95 ± 5 1.6 ± 0.1
SR reconstituted with PC 254 ± 45 1.30 ± 0.07
SR reconstituted with

PC:PS4 75:25 476 ± 93 1.7 ± 0.1
SR reconstituted with

PC:PS4 50:50 788 ± 129 2.4 ± 0.3
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3b andc). This model and the value ofl.D used to fit of
the mobility of vesicles reconstituted with PC predicts a
mobility several times the measured value for vesicles
containing mixed lipids.

The common feature of models I and II is the as-
sumption that the charge on the SR membrane is spread
at the surface of the bilayer. Both models fail to repro-
duce experimental results regardless of the absence or
the presence of the frictional layer. In the following

Fig. 2. Dependence of the mobility of reconstituted SR vesicles on the
molar ratio [PL]tot/[ATPase] predicted from Model-I. The filled circle
data point shows the measured mobility of SR vesicles and the filled
square is the mobility of vesicles reconstituted with PC or PC + PS. (a)
SR vesicles reconstituted with uncharged lipids. (b andc) SR vesicles
reconstituted with mixed lipids.

Fig. 3. Dependence of the mobility of SR vesicles on the retardation
strength of the surface layer,l.D, predicted from Model-II. The hori-
zontal lines indicate average and standard deviation of mobility in each
case. Model-II has the ability to reproduce the mobility of vesicles
reconstituted with uncharged lipids (a) but overestimates the mobility
of vesicles reconstituted with mixed lipids (b andc).

156 P. Smejtek et al.: Electrokinetic Properties of SR



models we explore the effect of different distribution of
charges at the membrane-water interface.

MODEL-III

Model-III differs from Model-II by the assumption that
the charges in SR membrane are localized in a layer
separated from the surface of the bilayer. The charged
layer is modeled by the charged sheet embedded in the
frictional layer. With this model we explore the effect of
the position of the charged sheet relative to the surface of
the bilayer and the effect of the thickness of the frictional
layer.

Figure 4a illustrates the dependence of vesicle mo-
bility as the function of the productl.D for three posi-
tions of the charged plane (3, 4, and 5 nm) and for a 10
nm thickness of the frictional layer. The computed mo-
bility data indicate that the separation of the charged
layer from the bilayer has to be greater than 3 nm in order

that the theoretical mobility of SR vesicles reconstituted
with PC is equal to the measured value (1.3 ±SD). Com-
puted mobility curves shown in Fig. 4b indicate that a
frictional layer of substantial thickness must be present.
The theoretical mobility of reconstituted SR vesicles
does not agree with the measured value for the thickness
of the frictional layer of 6 nm (Fig. 4b).

Figure 5a andb shows the mobility of SR vesicles
reconstituted with two mixtures of neutral and charged
lipids: (a) with molar ratio PC:PS4 75:25 and (b) with
PC:PS4 50:50. The major feature of this model is that
it can reproduce the measured mobility for charge plane
separation greater than 4 nm. In contrast to the case of
reconstitution with neutral lipids (Fig. 4) the mobility of
vesicles reconstituted with mixed lipids is not very sen-
sitive to the position of the charged sheet.

Results of similar computations for the thickness of
frictional layer D 4 6 nm illustrate the mobility prop-
erties for a thinner frictional layer. Results are shown in

Fig. 4. Model-III. Dependence of the mobility of SR vesicles recon-
stituted with uncharged lipids on the retardation strength of the surface
layer,l.D for different thickness of the frictional layer: (a) D 4 10 nm,
(b) D 4 6 nm. Computed results are for molar ratio of 250 lipids per
ATPase. The horizontal lines indicate the measured value and its stan-
dard deviation. The theoretical curves illustrate that in order to repro-
duce the measured mobility, the frictional layer has to be sufficiently
thick and the charged sheet sufficiently far from the bilayer surface.

Fig. 5. Model-III. Thickness of the frictional layer D4 10 nm. De-
pendence of mobility of SR vesicles reconstituted with mixed lipids on
the frictional strength of the surface layer,l.D for different positions of
the charged plane and different [Lipid]/[ATPase] ratio: (a) Molar ratio
480 lipids perATPase. (b) Molar ratio 790 lipids perATPase. The
horizontal lines indicate the measured value of the mobility ±SD. The
mobility of vesicles reconstituted with mixed lipids is weakly depen-
dent on the position of charged sheet.
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Fig. 6a andb. The notable difference between the D4
6 nm and D4 10 nm results is that the model does not
reproduce the measured mobility values of the vesicles
reconstituted with mixed lipids for the thinner frictional
layer.

MODEL-IV

In Model-IV the charges are assumed to be evenly dis-
tributed throughout the frictional layer. In this study we
compute the mobility of both types of vesicles as a func-
tion of l.D for different thickness of the frictional layer
as a parameter. The computed results for vesicles recon-
stituted with PC are shown in Fig. 7a and for mixed
lipids in Fig. 7b andc. The computed curves show that
Model-IV cannot reproduce the measured mobilities of

vesicles reconstituted with PC and PC + PS with one set
of parameters.

The major result of this study is that Model-III can
reproduce the measured mobility values for vesicles re-
constituted with both uncharged and charged lipids with
one set of model parameters. The computed mobility
data4 are consistent with the experimental results for
charged sheet located about 3–4 nm above the surface of
the bilayer, the value ofl.D ≅ 9 ± 1 and the thickness of
the frictional layer D≅ 10 ± 1 nm. Under these condi-
tions the density of charge of SR membrane obtained
from Model III is −0.27 e/nm2. The surface area of the
membrane patch that can be associated with single

4 The uncertainties represent the uncertainties associated with the par-
ticular model.

Fig. 6. Model-III. Thickness of the frictional layer D4 6 nm. Depen-
dence of mobility of SR vesicles reconstituted with mixed lipids on the
retardation strength of the surface layer,l.D for different positions of
the charged plane and different [Lipid]/[ATPase] ratio: (a) Molar ratio
480 lipids perATPase. (b) Molar ratio 790 lipids perATPase. The
horizontal lines indicate the measured value of the mobility ±SD. For
smaller thickness of the frictional layer, the model overestimates the
mobility of SR vesicles reconstituted with mixed lipids.

Fig. 7. Model-IV. Dependence of the mobility of SR vesicles on the
retardation strength of the surface layer,l.D, for different thickness of
the charged layer. The horizontal lines indicate the average and the
standard deviation of mobility in each case. Predictions of the model
are inconsistent with experimental results.
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ATPaseis determined from the cross sectional area of the
stalk 12.6 nm2 which was based on the data of
Toyoshima and coworkers (Toyoshima, Sasabe & Stokes
1993) and the area of the lipid bilayer. ForXSR 4 95
(seeTable 1), and using 0.7 nm2/lipid, the surface area
of lipids in the patch is 0.5(95)(0.7 nm2). These consid-
erations yield the total surface area of the membrane
patch associated with singleATPaseequal to 44 nm2.
Assuming that the charge of the SR membrane originates
from ATPases, the charge of theATPaseis equal to
QATPase+ 4 (−0.27 e/nm2)(44 nm2) 4 −12 e.

Discussion

The computed mobility data of SR vesicles reconstituted
with uncharged and charged lipids clearly indicate that
the bilayer surface of SR vesicles has to be covered by a
frictional layer. The agreement with experimental re-
sults can be achieved if the frictional layer is about 10 nm
thick, and if it contains negative charges with highly
inhomogeneous distribution represented by a charged
sheet positioned about 4 nm above the surface of the
bilayer. The next question to be addressed is how the
electrokinetic parameters of SR surface obtained in this
work compare with similar parameters obtained for other
biomembranes.

In Table 2 electrokinetic parameters of SR vesicles:
surface charge density, thickness of the frictional layer,
and the reciprocal hydrodynamic shielding distance are
compared with quantities obtained from analysis of elec-

trophoretic mobility studies using a combination of Pois-
son’s and Navier-Stokes equations. It is interesting that
the electrokinetic parameters of SR membrane vesicles
are quite similar to those of erythrocytes in terms of
surface charge density, the hydrodynamic frictional pa-
rameter l and the thickness of the surface layer.
Although the earlier studies of red blood cells were based
on single layer models (Model-IV), there are convincing
experimental results indicating more complex structure
of the charge distribution in the frictional layer of bio-
membranes (Nakano et al., 1994) (Morita et al., 1991).
Our study shows that the SR mobility results are not
compatible with the homogeneously charged layer
model, but with the model in which charges are concen-
trated within a narrow layer of the frictional layer, per-
haps associated with a certain region of Ca++-ATPase
pumps.

Recent studies show that Ca++-ATPase consists of
three major segments, references in (Yonekura et al.,
1997). In addition to cytoplasmic segment containing
70% of the total mass, there are transmembrane and lu-
minal segments. The structure is approximately 12 nm
tall with Ca++-ATPase cytoplasmic head positioned
above 2.5 nm stalk and protruding about 7 nm into the
cytoplasmic space (Toyoshima, Sasabe & Stokes, 1993).
According to Model-III, the layer of negative charges is
located about 3–4 nm above the surface of the bilayer.
This suggests that negative charges are concentrated in
the lower partion of the Ca++-ATPase head. Using data
from reconstitution studies (Brethes et al., 1986) and the
conditions of fit of Model-III to measured mobilities, and
assuming that the membrane charge of native SR origi-
nates from the Ca++-ATPase we estimated the amount of
charge on Ca++-ATPase pump. In Table 3 we compare
the magnitude of charge of Ca++-ATPase obtained in this
work with earlier results based on the analysis of elec-
trophoretic mobility data in terms of the classical model
(Brethes et al., 1986). How does the electrokinetic pa-
rameters of Model III compare with surface properties of
SR and molecular structure of Ca++-ATPase?

There are several pivotal studies of amino acid se-
quence in Ca++-ATPase that can be used to obtain a
reference value for the above 12e/ATPase. We have

Table 2. Electrokinetic parameters

Biomembrane SR
Present work

Erythrocytes
(Sharp &
Brooks, 1985)

Erythrocytes
(Nakano et al.,
1994)

Lymphocytes
(Morita et al.,
1991)

Surface charge
density, (e/nm2) −0.27 −0.22 Three sublayers Not available

Reciprocal shielding
distance,l (nm−1) 0.9 0.74 0.9 0.3

Frictional layer
thickness, D, (nm) 10 7.8 10 Not available

Table 3. Ca++-ATPase charge estimated from mobility of SR vesicles
reconstituted with uncharged and mixed lipids

SR vesicles Q, (e)
present work

Q, (e)
(Brethes, et al. 1986)

Reconstituted with PC 12 3.4
Reconstituted with

PC:PS4 75:25 12 7.8
Reconstituted with

PC:PS4 50:50 12 16.5
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Fig. 8. Continued on next page.
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used the structural model of Ca++-ATPase presented by
Andersen (Andersen, 1995) which is very suitable for the
determination of net charge on the cytoplasmic portion
of Ca++-ATPase. Considering only charges of the cyto-
plasmic domain including those at the membrane surface
we counted 105 negative and 94 positive charges yield-
ing net 11 negative charges, which is surprisingly close
to 12 negative charges obtained from the fit of Model III.
Our computational results indicate the presence of a fric-
tional layer at the surface of SR since without it one
cannot reproduce the measured mobilities of reconsti-
tuted SR vesicles. What is the origin of the frictional
layer?

The outer membrane of the SR in its native envi-
ronment faces the cytoplasm. The fact that the proteins
and lipids facing the cytoplasm do not get glycosylated
rules out the presence a glycocalyx that has been iden-
tified as the frictional layer of red blood cells and other
biomembranes. These arguments force us to conclude
that the frictional layer originates from Ca++-ATPases
protruding from the surface of the SR bilayer. The ef-
fective thickness of the frictional layer, 10 ± 1 nm, is

compatible with the geometry of Ca++-ATPase
(Toyoshima, Sasabe & Stokes 1993). It is interesting to
observe, that the electrokinetic parameters obtained for
the SR membrane correspond well to those of red blood
cells despite the different origin of the frictional layer
(Table 2). This similarity is accidental.

To illustrate the underlying physical conditions un-
der which Model-III reproduces the measured mobilities
we plot in Fig. 8 the spatial distribution of electric po-
tential c(y), the charge density of mobile ionsrmob(y)
and the flow velocity distributionv(y).

Panel 8a illustrates how the electrostatic potential
profile changes when SR vesicles are reconstituted with
neutral (a2), and mixed lipids (a3,a4) relative to SR
vesicles (a1). On incorporation of uncharged lipids (a2)
the magnitude of the potential decreases whereas the
spatial profile remains the same as for SR (a1). Note the
change of the potential profile due to the incorporation of
mixed lipids (compare plota3 with a1). In the mixed
lipid case, the potential profile results from the superpo-
sition of the potential due to the presence of negatively
charged PS in the lipid bilayer and the charged sheet of

Fig. 8. Panels illustrating the distribution of electrostatic potentialc(y) (a), the charge density of mobile ionsrmob(y) (b), and the velocity of flow
v(y) (c) for the condition of fit of Model-III to measured mobilities of SR and SR vesicles reconstituted with both neutral and mixed lipids.
Computations done for univalent salt concentration 4.7 mM, thickness of the frictional layer D4 10 nm,l.D 4 9, and the position of charged sheet
4 nm above the surface of the bilayer. Vesicle velocity was computed for external applied electric field Eext 4 100 V/m.
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the SR whose density is reduced by the presence of lipids
added to the bilayer. When the concentration of nega-
tively charged lipids is increased, the potential at the
bilayer surface becomes more negative and the charged
bilayer dominates the distribution of the electrostatic po-
tential (a4).

The associated change of the spatial distribution of
the charge density due to mobile ions are depicted in
Panel 8b. This charge density distribution determines
the spatial distribution of the driving force, the term
rmobE in Navier-Stokes equation, and thus it determines
the velocity distribution, and ultimately the vesicle mo-
bility. While in SR and SR vesicles reconstituted with
uncharged lipids (plotsb1 and b2) the mobile charge
localized in the vicinity of the charged sheet determines
the distribution of the driving force, the mobile space
charge is compacted in front of the lipid bilayer surface
when the SR is reconstituted with mixed lipids (compare
b3 andb4 with b1 andb2). This spatial redistribution of
density of mobile ions has a profound effect on the
vesicle mobility since fixed charges detached from the
surface have a greater effect on vesicle mobility than
charges on the bilayer surface (Pasquale et al., 1986).

The velocity profiles obtained from the solution of
the Navier-Stokes equation are shown in Panel 8c. The
presence of velocity maximum and minimum is the con-
sequence of the presence of the frictional layer. Notable
among the velocity distributions is the high velocity gra-
dient in the vicinity of the bilayer for vesicles reconsti-
tuted with mixed lipids which is due to the high density
of space charge in front of the bilayer (seeplots b3 and
b4).

In closing, it is appropriate to restate the major sim-
plifying assumptions defining the SR membrane used in
our models: First, it was assumed that the charge of the
SR membrane originates from SR proteins whereas the
charge contributed by SR lipids was ignored. This as-
sumption is justifiable in view of the fact that negatively
charged lipids represent only a small fraction of the total
lipid content of SR (de Meis, 1981). Second, since Ca++-
ATPaseis the dominant membrane protein, the charge
density in Model III can be associated with that of Ca++-
ATPase. The contribution of negatively charged lipids
and other proteins present in SR membrane would lower
the value of the net charge of theATPase5 and change
slightly the position of charged sheet. When modeling
the frictional layer, the retarding force was produced by
a layer of randomly distributed spheres. The origin of
the friction coefficientg in Eq. (1) is not essential for the

Model III. The structural details determining the hydro-
dynamic properties of the SR surface are not known, the
ATPases tend to oligomerize and there is no consensus
on the spatial arrangement of Ca++-ATPases at the SR
surface (Maguire & Ohlendieck, 1996). The issues of
electrokinetic properties of the SR frictional layer should
be addressed in future studies. As suggested by one of
the reviewers, it is desirable to measure the electropho-
retic mobility of lipid vesicles as a function of the mem-
brane concentration ofATPaseincorporated into the bi-
layer, a study similar to that done with gangliosides (Mc-
Daniel et al., 1986). In addition to determining
electrokinetic parameters of the SR membrane vesicles,
this study shows the usefulness of integration of electro-
phoretic mobility measurements into reconstitution stud-
ies of biological membranes. The analysis of electropho-
retic mobility data of reconstituted vesicles illustrates the
need to use both the uncharged and charged lipids. Ad-
dition of uncharged lipids reduces the native charge as
well as the retarding force of the surface layer in a con-
trolled way. The addition of known amount of charged
lipids changes, also in a well defined way, the charge
density at the surface of the bilayer and the reduced drag
of the surface layer. From this combination of condi-
tions it is possible to determine the electrokinetic param-
eters uniquely.

It is a pleasure to acknowledge informative conversations with Jon
Abramson and Knox Chandler about the properties of SR membranes.
This work received partial support from National Institutes of Health
grant 1 R15 GM57634-02.
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