J. Membrane Biol. 167, 151-163 (1999) The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1999

Electrokinetic Properties of the Sarcoplasmic Reticulum Membrane Obtained from
Reconstitution Studies

P. Smejtek', M. Mensé, R. Word?, S. Wangd'
1Department of Physics and Molecular Biosciences Group, Portland State University, Portland, OR 97207, USA
2Department of Cellular & Molecular Physiology, Yale School of Medicine, New Haven, CT 06510, USA

Received: 15 June 1998/Revised: 8 October 1998

Abstract. Electrophoretic mobility data of SR vesicles length of 1.1 nm. Its thickness is comparable to the
reconstituted with uncharged and two mixtures ofheight of the cytoplasmic portion of C&ATPase.
charged and uncharged lipids (Brethes, D., Dulon, D.,
Johannin, G., Arrio, B., Gulik-Krzywicki, T., Chevallier, Key words: Sarcoplasmic reticulum — Electrophoretic
J. 1986. Study of the electrokinetic properties of recon-mgbility — Membranes — Reconstitution — Frictional
stituted sarcoplasmic reticulum vesiclestch. Biochem.  |ayer — Cd*-ATPase
Biophys. 246:355-356) were analyzed in terms of four
models of the membrane-water interface: (I) a smooth,
negatively charged surface; (Il) a negatively charged surintroduction
face of lipid bilayer covered with an electrically neutral
surface frictional layer; (Ill) an electrically neutral lipid Sarcoplasmic reticulum (SR) is an intramuscular mem-
bilayer covered with a neutral frictional layer containing brane system that plays a vital role in excitation-
a sheet of negative charge at some distance above tlwntraction coupling through its ability to regulate intra-
surface of the bilayer; (IV) an electrically neutral lipid cellular concentration of Ca. Pioneering studies of
bilayer covered with a homogeneously charged frictionalelectrokinetic properties of SR and of SR reconstituted
layer. The electrophoretic mobility was predicted from with phosphatidylcholine (PC) and mixtures of PC with
the numerical integration of Poisson-Boltzmann andphosphatidylserine (PS) were done by Arrio, Brethes,
Navier-Stokes equations. Experimental results werelohanin and coworkers (Arrio et al., 1984; Brethes et al.,
consistent only with predictions based on Model-Ill with 1986). The latter work provided useful insight into the
charged sheet about 4 nm above the bilayer and frictiona¢ffect of electric charge of the bilayer on the function of
layer about 10 nm thick. Assuming that the charge of theCa"™ pump and, what is pertinent to this work, the elec-
SR membrane is solely due to that on*"GATPase trophoretic mobility data for the batch of SR vesicles that
pumps, the dominant SR protein, the mobility data of SRwere used for reconstitution of SR with added PC and
and reconstituted SR vesicles are consistent with 12 eled¢wo mixtures of PC + PS (75:25 and 50:50). Their analy-
tron charge#XTPase This value compares well to the sis of mobility data suggest that the classical treatment of
net charge of the cytoplasmic portion AfTPaseesti- electrophoretic mobility of SR and reconstituted SR
mated from the amino acid sequence (-11e). The posivesicles may not be applicable. Specifically, (i) the mea-
tion of the charged sheet suggests that the charge on tlsaired mobility of vesicles reconstituted with mixed lipids
ATPaseds concentrated in the middle of the cytoplasmic (PC + PS) was found to be several times smaller (Brethes
portion. The frictional layer of SR can be also assignedet al., 1986) than that predicted from the classical elec-
to the cytoplasmic portion of Ca&-ATPase. The layer trophoretic mobility theory that works well with smooth
has been characterized with hydrodynamic shieldingarticles such as liposomes (McLaughlin & Harary,
1976; McLaughlin et al., 1981; Smejtek et al., 1990;
Smejtek & Wang, 1990; Tatulian, 1993, 1994, 1995).
I (i) Assuming that the charge of the reconstituted SR
Correspondence taP. Smejtek membrane is determined by the charge of th&'@aimp
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and the incorporated PS, the analysis of the measureaind charged lipids with set of parameters and to estimate
electrophoretic mobility data using classical modelthe charge oATPase

yielded highly variable value for the charge of the'Ca Our results show that electrophoretic mobility of re-
pump depending on the content and type of lipids usedgonstituted SR vesicles are consistent with Model-I1l in
which is not satisfactory. The chargd/Pasevaried  which the charge is concentrated within a layer separated
from 1.1e for the native SR to 16.5 e for the SR recon-from the bilayer surface and embedded in a frictional
stituted with the mixture of PC + PS (50:50) (Brethes etlayer at the bilayer surface. Using this model it was pos-
al., 1986). There is also other evidence suggesting thaiible to reproduce the experimental mobility data of SR
the electrokinetic properties of SR surface are very dif-vesicles reconstituted with neutral and charged lipids
ferent from those of lipid vesicles. We have studiedWith one set of parameters. The agreement was obtainec
sorption of positively and negatively charged lipophilic for charge densities corresponding to 12 negative
ions to SR vesicles and observed effects that cannot beharges peATPasewhich is close to the net negative
understood in terms of the classical electrophoretic mo¢harge of the cytoplasmic portion of t&'Pase In ad-
bility model (unpublished resul}s In view of these fail-  dition to obtaining a simple model for electrophoretic
ures and greater simplicity of the experimental systen{nOb'“ty of reconstituted SR \_/eS|cIes. this analysis alsp
(absence of adsorbing ions) used in studies (Brethes dfustrates the usefulness of integrating electrophoretic
al., 1986), we have reanalyzed the experimental mobilit)JnOb,'“ty measurements into reconstitution stu@es and
data of reconstituted SR vesicles using the concepts dél€ importance to perform the reconstitution with both
veloped for electrokinetic properties of red blood cells 1€ Néutral and charged lipids.

(Donath & Pastushenko, 1979; Levine et al., 1983; Sharp

& Brooks, 1985,; Ohshima & Kondo, 1989,; Kawahatg ,etModeIs of Membrane Surface of SR Vesicles

al. 1990; Ohshima, 1994) and gangliosides containing

liposomes (McDaniel et al., 1984; McDaniel et al., 1986;LipidS represent about 45% of the mass of lyophilized

Pasquale et al., 1986).' . . SR and phospholipids about 90% of the lipid content.
The electrophorc_atlc mobility method is very u.serI.Phosphatidylcholine is the dominant phospholipid (50—
for s_tudy .Of prop(_ertles of membrane surfaces since It70%), also present are phosphatidylethanolamine, sphin-
provides mformayon on the r_nembrane surface n Itsgomyelin, phosphatidylserine and phosphatidylinositol.
“natural” state without removing membrane particles Tqore are five proteins present: CaATPase is the dom-
from' their aqueous environment. Charged layer model§, ¢ protein component representing 70-80%, calse-
of biomembrane surface proved to be very useful forgestrin and the high-affinity Ca-binding protein account
understanding the electrophoretic mobility data of bio-¢4, approximately 20—-30%, there are also small amounts
membrane particles. At present, the electrokinetic propy¢ glycoprotein and proteolipid (de Meis, 1981).
erties of human red blood cells are best reproduced with ™ grethes et al. (1986) have indicated that the classical
a three-layer model of the frictional layer (Nakano et al.,g|ectrophoretic model of native and reconstituted SR
1994). A charged layer model was also used to studyyased on charged smooth sphere concept is inconsister
electrokinetic properties of other cells, such as rat B andyith the mobility data obtained in their reconstitution
T cells (Morita et al., 1991). Here we report results of studies. Since it is noa priori known how electric
analysis of electrophoretic mobility data of SR and re-charges are distributed at the surface of SR vesicles anc
constituted SR vesicles in terms of four modeledFig.  what is the effect of proteins protruding from the surface
1) in which the charge is either present at the surface 0bf the lipid bilayer on the particle hydrodynamics, the
the bilayer, concentrated in a surface separated from theurface of SR and SR vesicles is modeled in four ways
bilayer or evenly smeared within a layer on the top of the(seeFig. 1). In Model-I the charge resides at the surface
bilayer. Another feature explored is the presence of thef the lipid bilayer, the frictional surface layer is absent,
frictional layer. Our analysis is based on numerical so-so that the only frictional force acting on the vesicle is
lution of the nonlinear Poisson-Boltzmann equation andhat due to the viscosity of the aqueous medium. This
thus avoiding restriction on the magnitude of the elec-model has been successfully used to describe the mobil-
trostatic potentialy < 25 mV associated with the linear- ity of charged liposomes. In Models II-1V the additional
ization. The electrophoretic mobility of vesicles is cal- frictional force acting on the vesicle is due to the pres-
culated from the Navier-Stokes equation which account&nce of a surface frictional layer. Model-Il is an exten-
for the spatial distribution of the driving and frictional sion of Model-I to which an additional electrically neu-
force. The objective was to explore applicability of tral frictional layer was added. Model-1ll differs from
simple charged layer models to mobility of SR vesiclesModel-1I by the insertion of a negatively charged sheet
reconstituted with neutral and charged lipids, to find outwithin the electrically neutral frictional layer. This
whether it is possible to reproduce the measured mobilitcharged sheet is separated from the bilayer surface by &
of native SR and SR vesicles reconstituted with neutratlistances. In Model-IV the negative charge of SR mem-
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[y (a) Model - T y (b) Model - I

y (d) Model - 1V Fig. 1. Schematic diagrams of the models of
V&) E surface of SR vesicles. (I) A smooth, negatively
— -~ charged surface. (Il) A negatively charged surface

D . . .
) O or e of lipid bilayer covered with an electrically neutral
O O O @O O O frictional layer of thickness D. (Ill) An electrically

© &) e _© T .
@O O@O O © n_eu_tral lipid bilayer covergd with a neutral
© O frictional layer. The negative charge of the SR
O O@ Q@O@ O@ 5 | 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.

brane is assumed to be evenly distributed within the fric-This equation describes the distribution of velocity of the
tional surface layer. suspending solution as a function of the distance from
For simplicity we ignore effects associated with the the surface of the bilayer. The boundary conditionsvare
curvature of the vesicles and consider a laminar flow of= 0 at the surface of the bilayey & 0) anddvdy —» O
water above the surface of the bilayer. lonic strength ofasy - «. Outside the frictional layer, i.e., for> D, we
suspension used in the reconstitution studies was ratheety = 0. By integrating Eq. 1 we obtam, which is
low, 4.7 mv (Brethes et al., 1986), so that discrete chargethe velocity of the aqueous solution relative to the flat
effects can be neglected. It is further assumed that theurface of the bilayer. In reverse, the velocity of the flat
fixed charges are evenly spread within the charged sursurface relative to the bulk aqueous solutionvis -The
face (Models I, 1l and IIl) or within the volume of the mobility of the vesicleu, can be determined according
frictional layer (Model-1V). The frictional layer is rep- to
resented by a random array of spheres, a model intro-
duced by Debye and Bueche (1948), and used widely in _ Ve >
modeling the frictional layers of red blood cells and li- * ~ Eext @)
posomes containing gangliosides. The frictional layer is
assumed to be permeable to water and ions in the su§-o obtain the mobility from Eq. 1 it is necessary to know
pending solution whose volume density is determined bythe distribution of the density of space charge due to free
the Boltzmann factor expgFis(y)/RT) whereys(y) is the  ions, p,or This space charge varies with distance from
electrostatic potential at distang@bove the bilayer sur- the surface of the bilayer and depends on the distribution
face. A volume element of the suspending solution con-of electrostatic potentiali(y).
taining the space charge of mobile ions experiences an In order to avoid the limitation ofy <25 mV, we
electric force originating from an external electric field obtain the electrostatic potentia{y) from the nonlinear-
parallel to the surfac&,,, In our models this force is ized Poisson-Boltzmann equation,
equal top,op Eexi @nd sets the suspending solution into
motion relative to the surface of the bilayer. Its flow is d?ys 1
opposed by two forces: the viscous foreg; (dv/dy?), E = " eeg (Pfixed * Pmob) ®3)
and the frictional force exerted by the frictional laygy,

wheren is viscosity andy the frictional coefficient of the wheres is the relative dielectric constant of watef, .

surface layer. In steady state the net force acting on & the volume density of the charged frictional layer

volume element is equal to zero, which is expressed by, qe |v). The density of space charge due to ions in
the following form of the Navier-Stokes equation the suspending solution is

d?v
1 g7~ W+ PmaFen=0 (1) Pmody) = F 2,1000¢ exp-zFi(y)/RT) (4)
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wherec; is the molar concentration of ions typé™with (b) the molar ratio of uncharged®C) and negatively

valencyz andF is the Faraday number. The boundary charged RS lipids

conditions for solving Eq. 3 are (i) that the electric field [PC]

at the surface of the bilayey (= 0) is determined by the R =—— (8)

charge density at the bilayes,, i.e. -di/dy = o /eeq [PS]

and (i) the electrostatic potential in the bulk aqueousCharge density on the native SR membrane is attributed

solution, - 0 asy - o. to the membrane surface (Model | and Il), to the charged
In Model Ill we assume the presence of chargedsheet (Model IIl) or to the charged frictional layer

sheet within the frictional layer. In this case, there is a(Model V). The charge associated with membrane sur-

discontinuity of the electric field in the space chargeface patch containing singlTPaseis

region aty = s caused by the charged sheet

Opatch= TsHAatp+ A XsH2) 9
chls chls o whereoggis the surface charge density of the native SR
[d_y} = [d_y} e (5)  membrane in any of the model&,p is the membrane
S+ 8 0

surface area of the stem of t#elPase and A_ is the
_ _ membrane surface area of phospholipid molecule and
whereoyg is the surface charge density of the sheet. Xsris the value ofX for the native SR membrane. The
factor¥z accounts for the fact that lipids in the membrane
o are distributed between two monolayers whertBase
The Frictional Surface Layer penetrates both lipid monolayers. In model calculations
we usedA,p = 12.6 nnt as the average cross section
The coefficienty in Eg. 1 determines the magnitude of of the segment oATPasepenetrating the bilayer. It was
the frictional force exerted by the frictional layer. estimated using the model &TPase(Toyoshima, Sas-
Although the numerical integration method would makeabe & Stokes, 1993). Membrane surface area per lipid
it possible to use any function, we assume thatas a was set a®_ = 0.7 nnf (Small, 1986).
constant, nonzero values within®y = 0. Such a layer In reconstitution experiments, the membrane charge
can be modeled by an random array of spheres of effegPer ATPaseoriginating from the native SRQ,ach iS
tive radius a and volume density In such a case the conserved upon the incorporation of additional lipids.
frictional coefficienty = 6mwnan. The charge density of the membrane modified by the
We define the reciprocal hydrodynamic shielding addition of neutral lipids (new lipidXTPasemolar ratio
length, \, according to Ohshima and coworkers and useX') is
it as the suitable measure of the hydrodynamic drag ef- (Anrp+ A Xsi/2)
fect within the surface frictional layer (Ohshima & Kon- ¢’ = cSRm
do, 1989; Ohshima, 1994; Nakano et al., 1994; Ohshima, ATP 7L
1997). Itis equal to 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,

A= — (6) X'/2

701 =T E LA RO Bare + AX72)
‘The dimensionless produaD is further used as a Upon reconstitution the membrane surface of SR vesicle

variable parameter in models II-IV. Clear physical expands due to the incorporation of additional ligids

meaning of the hydrodynamic shielding length is givenresulting in the lower volume density of the retarding
by Debye and Bueche (1948).

(10)

(11)

Reconstituted SR Vesicles

Since C&"-ATPase is the dominant protein in the SR, . . . . .

. icl h It is not possible to determine an accurate effective value of the cross
me_mbrane' SR and r_e_conStltUted SR vesicles are ¢ aragsction because the organization of the annulus lipids is not known.
terized by two quantities (Brethes et al., 1986): (a) thesince the size of membrane patch is determined primarily by the value

molar ratio of lipids andATPase of the area covered by lipids, the error inA is not critical for the
results obtained from the models.
[PL] 2We estimate the value of surface expansion factor to be 2.2 for SR
X = tot 7 reconstituted with PC, 3.9 for PC + PS (75:25) and 6.3 for PC + PS

~ [ATPasé (50;50).
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spheres within the surface layer. The number of retardingable 1. Results of reconstitution experiments
spheres peATPase Ny, is equal to

Vesicles Molar ratio Mobility,
_ [PL]o/[ATPase] (mob. units)
Npatch= ND(Aarp + A Xsr/2) (12) '
SR 95+ 5 1.6 +0.1
This quantity is also conserved with the incorporation ofSR reconstituted with PC 254+ 45 1.30+0.07

additional lipids. It is assumed that the thickness of theSR reconstituted with

frictional layer, D, does not change. Since the frictionalSRP(r:e:c':’osnzﬁt7u5u;2d5 " 476+ 93 L7 £01
.. . . . wi
coefficienty in Eq. 1 is proportional to the volume den- ™, 0" 788 + 129 24 +03

sity of retarding spheres within the surface layer, we use
for the frictional coefficient of the surface layer after

reconstitution;y’,
A N of the mobility. Figure 2 illustrates the dependence of
r = M the mobility on the molar ratioHL],,/[ATPasé pre-
Y =Ysr ’ (13) . 0
Anrpt ALX'/2 dicted from Model-l. The computed curve shows that

theoretical mobility of vesicles reconstituted with PC is
The objective of this study is to explore the properties ofsubstantially smaller than the measured value.
the four models by attempting to reproduce the measured The effect of incorporation of mixed lipids is de-
mobility from several reconstitution experiments picted in Fig. d for PC:PS= 75:25 and in Fig. & for
(Brethes et al., 1986). The experimental results are sumPC:PS = 50:50. In contrast to the case of uncharged
marized in Table 1. In model calculations the ionic lipids, the mobility predicted from Model-1 is substan-
strength of suspending solution was 4.w nthe same as tially higher than the measured value for the mixed lip-
in the reconstitution experiments. ids. These disagreements exclude Model | from further

consideration.

When performing calculations with Models I, IlI

Results and IV, the thickness of the surface frictional layer, D,

was regarded as the primary independent variable. In
The electrophoretic mobility is determined by severaleach run, the vesicle mobility is computed as a function
model parameters such as charge density, the reciprocaf the value of the dimensionless producD. Each
shielding distance), and the thickness of the surface combination of D and\.D is used to determine the
layer, D. To avoid presentation of results in 4-dimen-charge density of the native SR membrane, the surface
sional space, the computational approach was to find theharge of the bilayer in Model Il, the density of charge of
charge density of the SR vesicles for a giverand D  the sheet separated distance s from the bilayer in Model
with which the given model reproduces the measuredll or volume density of charge in Model IV. This
value of the mobility of SR vesicles (1.6 mobility umits  charge density and corresponding friction coeffictegy
This charge density is subsequently used to compute thare further used for computation of the mobility of re-
mobility of vesicles reconstituted with neutral and mixed constituted vesicles. The range of values of the thickness
lipids after taking into account the effect of dilution of of the frictional layer, D, was obtained using grid search
charge originating from the native SR, the reduction ofmethod.
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 surfaceMoDEL-II
of the bilayer due to the incorporation of negatively

charged PS. In this model we examine the effect of the presence of a

frictional surface layer. For illustration purposes we as-

MODEL-I sume that the surface frictional layer is 10 nm thick. In

Fig. 3 we plot the theoretical dependence of mobility on
twe value of dimensionless paramete), which is a

easure of the retardation effect of the surface layer.

incorporation of uncharged lipids the surface charge den- e horizontal lines indicate the average value and stan-

sity of the membrane is reduced resulting in the decreasgard deviation of the_ prerlmental mob|I|_ty. Intrpduc—
tion of the surface frictional layer makes it possible to

reproduce the mobility of the vesicles reconstituted with
[ uncharged lipids (Fig. &. However, this model is in-
2 Conventional unit of mobility iqum-sec®V~ cm. consistent with the mobility data for mixed lipids (Fig.

Here we assume that the surface of the vesicle is smoo
and the charge resides on the membrane surface.
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Fig. 3. Dependence of the mobility of SR vesicles on the retardation
Fig. 2. Dependence of the mobility of reconstituted SR vesicles on thestrength of t_he_surface layex,D, predicted from Model-ll. Th'? hpn-
- . ) ) zontal lines indicate average and standard deviation of mobility in each

molar ratio PL],./[ATPas¢ predicted from Model-l. The filled circle L . )

. - ) 8 ase. Model-Il has the ability to reproduce the mobility of vesicles
data point shows the measured mobility of SR vesicles and the fllledC . . - : .

; - . . . reconstituted with uncharged lipida)(but overestimates the mobility
square is the mobility of vesicles reconstituted with PC or PC + &S. ( of vesicles reconstituted with mixed lipidb andc)
SR vesicles reconstituted with uncharged lipidsagdc) SR vesicles P '
reconstituted with mixed lipids.

The common feature of models | and Il is the as-
3b andc). This model and the value afD used to fit of  sumption that the charge on the SR membrane is spreac
the mobility of vesicles reconstituted with PC predicts aat the surface of the bilayer. Both models fail to repro-
mobility several times the measured value for vesicleduce experimental results regardless of the absence o
containing mixed lipids. the presence of the frictional layer. In the following
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Model-III SR vesicles reconstituted with PC (a) Model-III SR vesicles reconstituted with PC:PS=75:25
Effect of charge plane separation Effect of charge plane separation; D=10 nm
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Effect of charge plane separation Effect of charge plane separation; D=10 nm
18
17 [ (b) glycocalyx D=6 nm . i nm
K - 3 nm
z - 2
E g
g &
S )
E g
+ 3£
0 . . . .
0 1 2 3 4 5 6 7 8 9 10 11
AD J

Fig. 4. Model-lll. Dependence of the mobility of SR vesicles recon- Fig. 5. Model-Ill. Thickness of the frictional layer D= 10 nm. De-

stituted with uncharged lipids on the retardation strength of the surfacgyendence of mobility of SR vesicles reconstituted with mixed lipids on
layer,\.D for different thickness of the frictional laye@)D = 10nm,  tne frictional strength of the surface layarD for different positions of

(b) D = 6 nm. Computed results are for molar ratio of 250 lipids per he charged plane and different [Lipid¥[Pasgratio: (&) Molar ratio
ATPaseThe horizontal lines indicate the measured value and its stanygg |ipids perATPase (b) Molar ratio 790 lipids perATPase The

dard deviation. The theoretical curves illustrate that in order to repro-qrizontal lines indicate the measured value of the mobiligpThe

duce the measured mobility, the frictional layer has to be sufficiently mobility of vesicles reconstituted with mixed lipids is weakly depen-
thick and the charged sheet sufficiently far from the bilayer surface. gent on the position of charged sheet.

models we explore the effect of different distribution of that the theoretical mobility of SR vesicles reconstituted
charges at the membrane-water interface. with PC is equal to the measured value (1.8 Com-
puted mobility curves shown in Fig.bdindicate that a
MobpEL-IlI i . .
frictional layer of substantial thickness must be present.

The theoretical mobility of reconstituted SR vesicles
Model-Ill differs from Model-Il by the assumption that does not agree with the measured value for the thickness

the charges in SR membrane are localized in a layeof the frictional layer of 6 nm (Fig. ).

separated from the surface of the bilayer. The charged Figure 5 andb shows the mobility of SR vesicles

layer is modeled by the charged sheet embedded in theeconstituted with two mixtures of neutral and charged

frictional layer. With this model we explore the effect of lipids: (a) with molar ratio PC:PS= 75:25 and If) with

the position of the charged sheet relative to the surface dPC:PS= 50:50. The major feature of this model is that

the bilayer and the effect of the thickness of the frictionalit can reproduce the measured mobility for charge plane

layer. separation greater than 4 nm. In contrast to the case of
Figure 4 illustrates the dependence of vesicle mo-reconstitution with neutral lipids (Fig. 4) the mobility of

bility as the function of the product.D for three posi- vesicles reconstituted with mixed lipids is not very sen-

tions of the charged plane (3, 4, and 5 nm) and for a 1Gitive to the position of the charged sheet.

nm thickness of the frictional layer. The computed mo- Results of similar computations for the thickness of

bility data indicate that the separation of the chargedtictional layer D = 6 nm illustrate the mobility prop-

layer from the bilayer has to be greater than 3 nm in ordeerties for a thinner frictional layer. Results are shown in
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. ) . (a) Model-IV SR vesicles reconstituted with PC
(a) Model-III SR vesicles reconstituted with PC:PS=75:25 Effect of thickness of charged wrface lv:;er

Effect of charge plane separation; D=6 nm 15
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(b) Model-III SR vesicles reconstituted with PC:PS=50:50
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(c) Model-IV SR vesicles reconstituted with PC:PS=50:50
Effect of thickness of charged surface layer
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o
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s

Fig. 6. Model-Ill. Thickness of the frictional layer B= 6 nm. Depen-
dence of mobility of SR vesicles reconstituted with mixed lipids on the
retardation strength of the surface layei for different positions of
the charged plane and different [LipiddTPasgratio: (a) Molar ratio  Fig. 7. Model-IV. Dependence of the mobility of SR vesicles on the
480 lipids perATPase (b) Molar ratio 790 lipids perATPase The retardation strength of the surface layem, for different thickness of
horizontal lines indicate the measured value of the mobiligpxFor ~ the charged layer. The horizontal lines indicate the average and the
smaller thickness of the frictional layer, the model overestimates thestandard deviation of mobility in each case. Predictions of the model
mobility of SR vesicles reconstituted with mixed lipids. are inconsistent with experimental results.

Fig. 6a andb. The notable difference between the=b  vesicles reconstituted with PC and PC + PS with one set
6 nm and D= 10 nm results is that the model does not of parameters.

reproduce the measured mobility values of the vesicles The major result of this study is that Model-1ll can
reconstituted with mixed lipids for the thinner frictional reproduce the measured mobility values for vesicles re-
layer. constituted with both uncharged and charged lipids with
one set of model parameters. The computed mobility
datd are consistent with the experimental results for
charged sheet located about 3—4 nm above the surface o
the bilayer, the value of.D (09 + 1 and the thickness of

In Model-IV the charges are assumed to be evenly disthe frictional layer DU10 £ 1 nm. Under these condi-
tributed throughout the frictional layer. In this study we fions the density of charge of SR membrane obtained
compute the mobility of both types of vesicles as a func-fom Model 11l is -0.27 e/nf. The surface area of the
tion of \.D for different thickness of the frictional layer Mmembrane patch that can be associated with single
as a parameter. The computed results for vesicles recon-

stituted with PC are shown in Fig.a7and for mixed

lipids in Fig. 1 andc. The computed curves show that 4 The uncertainties represent the uncertainties associated with the par-
Model-IV cannot reproduce the measured mobilities ofticular model.

MOoDEL-IV
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Table 2. Electrokinetic parameters

Biomembrane SR Erythrocytes Erythrocytes Lymphocytes
Present work (Sharp & (Nakano et al., (Morita et al.,
Brooks, 1985) 1994) 1991)
Surface charge
density, (e/nrf) -0.27 -0.22 Three sublayers Not available
Reciprocal shielding
distance\ (nm™%) 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 trophoretic mobility studies using a combination of Pois-
reconstituted with uncharged and mixed lipids 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-

SR vesicles Q, (e) Q, (e)
present work (Brethes, et al. 1986)

Reconstituted with PC 12 3.4 rameter A and the thickness of the surface layer.
Reconstituted with Although the earlier studies of red blood cells were based
PC:PS= 75:25 12 7.8 on single layer models (Model-1V), there are convincing
Reconstituted with experimental results indicating more complex structure

PC:PS= 50:50 12 16.5

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
ATPasds determined from the cross sectional area of thecompatible with the homogeneously charged layer
stalk 12.6 nM which was based on the data of model, but with the model in which charges are concen-
Toyoshima and coworkers (Toyoshima, Sasabe & Stokefated within a narrow layer of the frictional layer, per-
1993) and the area of the lipid bilayer. F¥g, = 95  haps associated with a certain region of CATPase
(seeTable 1), and using 0.7 riflipid, the surface area PUMPS.

of lipids in the patch is 0.5(95)(0.7 rfin These consid- Recent studies show that CaATPase consists of
erations yield the total surface area of the membrandhree major segments, references in (Yonekura et al.,
patch associated with singlkTPaseequal to 44 nai ~ 1997). In addition to cytoplasmic segment containing
Assuming that the charge of the SR membrane originate€0% of the total mass, there are transmembrane and Iu-

from ATPass, the Charge of théTPaseis equa| to minal Segments. The structure is approximately 12 nm
Qarpase = (-0.27 e/nnf)(44 nnf) = -12 e. 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).
Discussion According to Model-Ill, the layer of negative charges is

located about 3—-4 nm above the surface of the bilayer.
The computed mobility data of SR vesicles reconstitutedrhis suggests that negative charges are concentrated il
with uncharged and charged lipids clearly indicate thatthe lower partion of the C4-ATPase head. Using data
the bilayer surface of SR vesicles has to be covered by &rom reconstitution studies (Brethes et al., 1986) and the
frictional layer. The agreement with experimental re-conditions of fit of Model-Ill to measured mobilities, and
sults can be achieved if the frictional layer is about 10 nmassuming that the membrane charge of native SR origi-
thick, and if it contains negative charges with highly nates from the Cd-ATPase we estimated the amount of
inhomogeneous distribution represented by a chargedharge on C&-ATPase pump. In Table 3 we compare
sheet positioned about 4 nm above the surface of théhe magnitude of charge of CaATPase obtained in this
bilayer. The next question to be addressed is how thevork with earlier results based on the analysis of elec-
electrokinetic parameters of SR surface obtained in thisrophoretic mobility data in terms of the classical model
work compare with similar parameters obtained for other(Brethes et al., 1986). How does the electrokinetic pa-
biomembranes. rameters of Model Ill compare with surface properties of

In Table 2 electrokinetic parameters of SR vesicles:SR and molecular structure of CaATPase?

surface charge density, thickness of the frictional layer,  There are several pivotal studies of amino acid se-
and the reciprocal hydrodynamic shielding distance arguence in C&-ATPase that can be used to obtain a
compared with quantities obtained from analysis of electeference value for the above 12&Pase We have
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Fig. 8. Continued on next page.
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(¢) Velocity of laminar flow
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Fig. 8. Panels illustrating the distribution of electrostatic potenfi@)) (a), the charge density of mobile iops,.y) (b), and the velocity of flow
v(y) (c) for the condition of fit of Model-lll to measured mobilities of SR and SR vesicles reconstituted with both neutral and mixed lipid:

Computations done for univalent salt concentration 47 thickness of the frictional layer B= 10 nm,\.D = 9, and the position of charged sheet
4 nm above the surface of the bilayer. Vesicle velocity was computed for external applied electric.fietd E00 V/m.

used the structural model of CaATPase presented by compatible with the geometry of C&ATPase
Andersen (Andersen, 1995) which is very suitable for the(Toyoshima, Sasabe & Stokes 1993). It is interesting to
determination of net charge on the cytoplasmic portionobserve, that the electrokinetic parameters obtained for
of Ca™"-ATPase. Considering only charges of the cyto-the SR membrane correspond well to those of red blood
plasmic domain including those at the membrane surfaceells despite the different origin of the frictional layer
we counted 105 negative and 94 positive charges yield¢(Table 2). This similarity is accidental.

ing net 11 negative charges, which is surprisingly close  To illustrate the underlying physical conditions un-
to 12 negative charges obtained from the fit of Model Ill. der which Model-Ill reproduces the measured mobilities
Our computational results indicate the presence of a fricwe plot in Fig. 8 the spatial distribution of electric po-
tional layer at the surface of SR since without it onetential yi(y), the charge density of mobile iong,,4Y)
cannot reproduce the measured mobilities of reconstiand the flow velocity distributiorv(y).

tuted SR vesicles. What is the origin of the frictional Panel & illustrates how the electrostatic potential
layer? profile changes when SR vesicles are reconstituted with
The outer membrane of the SR in its native envi-neutral 62), and mixed lipids 3,a4) relative to SR
ronment faces the cytoplasm. The fact that the proteinsesicles &1). On incorporation of uncharged lipida2)

and lipids facing the cytoplasm do not get glycosylatedthe magnitude of the potential decreases whereas the
rules out the presence a glycocalyx that has been iderspatial profile remains the same as for $R)( Note the
tified as the frictional layer of red blood cells and other change of the potential profile due to the incorporation of
biomembranes. These arguments force us to concludaixed lipids (compare ploa3 with al). In the mixed
that the frictional layer originates from CaATPases lipid case, the potential profile results from the superpo-
protruding from the surface of the SR bilayer. The ef-sition of the potential due to the presence of negatively
fective thickness of the frictional layerQ0l1+ 1 nm, is charged PS in the lipid bilayer and the charged sheet of
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the SR whose density is reduced by the presence of lipidsiodel Ill. The structural details determining the hydro-
added to the bilayer. When the concentration of negadynamic properties of the SR surface are not known, the
tively charged lipids is increased, the potential at theATPases tend to oligomerize and there is no consensus
bilayer surface becomes more negative and the chargesh the spatial arrangement of CaATPases at the SR
bilayer dominates the distribution of the electrostatic po-surface (Maguire & Ohlendieck, 1996). The issues of
tential @4). electrokinetic properties of the SR frictional layer should
The associated change of the spatial distribution obe addressed in future studies. As suggested by one of
the charge density due to mobile ions are depicted irthe reviewers, it is desirable to measure the electropho-
Panel &. This charge density distribution determines retic mobility of lipid vesicles as a function of the mem-
the spatial distribution of the driving force, the term brane concentration gkTPaseincorporated into the bi-
PmobE 1IN Navier-Stokes equation, and thus it determinedayer, a study similar to that done with gangliosides (Mc-
the velocity distribution, and ultimately the vesicle mo- Daniel et al., 1986). In addition to determining
bility. While in SR and SR vesicles reconstituted with electrokinetic parameters of the SR membrane vesicles,
uncharged lipids (plotdbl andb2) the mobile charge this study shows the usefulness of integration of electro-
localized in the vicinity of the charged sheet determinesphoretic mobility measurements into reconstitution stud-
the distribution of the driving force, the mobile space ies of biological membranes. The analysis of electropho-
charge is compacted in front of the lipid bilayer surfaceretic mobility data of reconstituted vesicles illustrates the
when the SR is reconstituted with mixed lipids (compareneed to use both the uncharged and charged lipids. Ad-
b3 andb4 with bl andb2). This spatial redistribution of dition of uncharged lipids reduces the native charge as
density of mobile ions has a profound effect on thewell as the retarding force of the surface layer in a con-
vesicle mobility since fixed charges detached from thetrolled way. The addition of known amount of charged
surface have a greater effect on vesicle mobility thanipids changes, also in a well defined way, the charge
charges on the bilayer surface (Pasquale et al., 1986). density at the surface of the bilayer and the reduced drag
The velocity profiles obtained from the solution of of the surface layer. From this combination of condi-
the Navier-Stokes equation are shown in PamelBhe  tions it is possible to determine the electrokinetic param-
presence of velocity maximum and minimum is the con-eters uniquely.
sequence of the presence of the frictional layer. Notable
among the velocity distributions is the high velocity gra- It is a pleasure to acknowledge informative conversations with Jon
dient in the vicinity of the bilayer for vesicles reconsti- Abramson and Knox Chandler about the properties of SR membranes.
tuted with mixed lipids which is due to the high density This work received partial support from National Institutes of Health
of space charge in front of the bilayeseplotsb3 and ~ 9"ant 1 R15 GM57634-02.
b4).
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