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The Ca=~'-ATPase from skeletal museh, sarcoplasmic rcticulum was reconstitut.cd into scaled phosl~holipid vesicles using the 
method recently developed for bacteriorhodopsin (Rigaud, J.L, Pa,~crnostrc, M.T. and Bluzat, A, (1988) Biochemistry 27, 
2677-2688). Liposomes prepared by reverse-phase evaporation were treated with va~:ious amounts of Triton X-100, octyl 
glocoside, sodium chelate or dodueyl octa(oxycthylene) glycol ether (CI2E .) and proteia incorporation was studied at each step 
of the liposome solubilization process by r'~ch of these detergents. After detergent removal Ly SM-2 Bin-Beads the resulting 
vesicles were analyzed with respect to protein incori~oration by freeze-fracture electron microscopy, sucrose dcns';ty gradie.nts 
and Ca 2+ pumping measurements. The nature of the detergent used for reconstitution proved to be important for determining 
the mechanism of protein insertion. With octyl glucoside, direct incorporation of Ca2+-ATPas¢ into preformed liposomes 
destabilized by saturating levels of  thia detergent was observed and gave proteoliposomes homogeneous in regat'd to protein 
distribution, With the other detergents, optimal Ca'*+-ATPase pumping activitie~ were obtained whoa aiaftif, g fi'om ,...2+ 
ATPase/dctergent/phospholipid mi"e]lar solutions, However, the homogeneity of  the resulting recombinants was sltown to be 
dependent upon the detergent used and in the presence of Triton X-100 or C i te  s different populations were clearly evldenccd. 
It was further demonstrated that the rate of detergent removal drastically influenced ~hc composition of resulting proteo- 
liposomes: upon slow detergent removal from samples solubilized with Triton Y..10G or Ct2Es, CaZ+-ATPasc was found 
seggregated and/or aggregated in very few liposomes while upon rapid detergent removal eompositionany homogeneous 
proteoliposomes were obtained with higb Ca 2+ pumping activities. The reconstitution process was furth~a analyzed by 
centritugation experiments and the results dentonstrated that the different mcchanistns of  reeonstltutlon were driven predomi- 
nantly by the tendency for self-aggregation of the Ca 2 +-ATPa:~. A moCel for Ca ? +-ATPase reconstitution was proposed which 
accounted for all our results, In summary, the advantage of lhe systematic studies reported in this paper was to allow a rapid and 
easy determination of the experimental conditions for optimal detergent-mediated reconstitution of Ca2+-ATPas¢, Proteo- 
liposomes prepared by the present simple method exhibited the highest Ca 2+ pumping activities reported to date. in 
CaZ+-A'l'Pase rcconstl;.ufion e~perime~tg performed in the absence of Ca 2+ precipitating agents, 

Correspondence to: J..L. Rigaud, $¢~ic¢ de Biophysique, D~parte- 
mcnt de Biologic and URA-CNRS (D 1290), CI2N Saclay, 91190 
Gif-~ur-Yvette codex, France 
Abbreviations: OG, n-oelyl /J-D-glueopy:'anos;de; TX-100, Triton 
X-100; Ct2Es, octaethylen~ 81ycol mono.n-dodecy] ether; EPC. egg 
phosphatidylcholine; EPA, egg phosphatidic acid; SR, sar¢oplusmic 
rctlculum; Pipes, 1,4-piperaainediethanesulfnaie acid; R~, effective 
molar ratio of detergent to phospholipid: FCCP, carbonylcyani,J¢ 
p-t riflaommethoxyphenylhydrazon~, 

Introduction 

Reconstitution o f  membralt¢ proteins into liposomes 
provides a poweffttl t .~ l  in structural as well as fuuc- 
tional areas o f  membrane protein research. However, 
despite the thousands of publications concerning r¢in- 
sertion of membrane proteins !nto liposomes (for re- 
,'lows, see I,~,efs. 1-7) the underlying processes which 
lead to the formation of specific reeonstittttcd i'orm~ 
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are not well understood and reeonstitution still appears 
to be more art than science. A new experimental 
strategy has been recently developed in our laboratory 
[7,8] to provide more insight into the mechanisms that 
trigger protein insertion into liposomes during the most 
employed technique to prepare protcoliposomes, 
namely detergent-mediated reeonstltutions. 

The strategy employed was based on the idea that 
detergent-mediated reeonstitution represented the re- 
verse of membrane detergent solubilization [9--11]. 
THUS, stepwise solubilization of preformed liposomes 
was used to control the composition of the starting 
detergent/phospholipid mixtures in which the protein 
was incubated. After detergent removal the vesicles 
formed were characterized with respect to protein in- 
corporation, orientation and biological activity. This 
method allowed a rapid and easy determination of 
experimental conditions, for optimal detergent-media- 
ted reconstitutiou of two membrane proteins, bacterio- 
rhodopsin [8] and H+-ATPase [12]. Different mecha- 
nisms of association between lipids and proteins were 
evidenced and mainly related to the natur~ ~. of the 
detergent used f~r reeonstitution. We describe in this 
paper an extension of this procedure to study the 
reconstitution of the sa;eoplasmic reticulum Ca z+- 
ATPase. Various methods for incorporating this pro- 
tein imo lipesomes have been published including de- 
tergent-mediated reconstitutions [13-19]. However, the 
mechanisms that trigger CaZ+-ATPase i,Jeorporation 
into the lipid bilayers are still far from clear and the 
previous reconstitution studies indicate large variations 
in the resulting Ca 2+ pumping actiwtics 9f the differ- 
ent proteoliposome prepara~i-.r~. 

The results presented here indicate that, as already 
reported for bacteriorhodopsin, Ca2+-ATPase reeonsti- 
tution into liposomes depends upon ~he nature of the 
detergent used. In particular, Ca2+-ATPase can be 
directly incorporated into preformed liposomes satu- 
rated with octyl gBueoside (OG). On an other hand, in 
the presence of chelate, TX-100 or octaethylene glycol 
mono-n-dodecyl ether (C~:E s) optimal reeonstitutions 
of C,~Z+-ATPase arise from initial mice:lar solutions vf 
lipids, proteins and detergents. !n these last reconstitu- 
finn experiments, however, CaZ+-ATPase molecules 
appear to be distributed heterogeneously among the 
liposomes leading to the formation of protein-rich vesi- 
cles and pure liposomes whose relative proportions 
vary with the nature of the detclgent and its rate of 
removal. Freeze-fracture electron microscopy studies, 
transport data and scdimentat[:m expcrlments demon- 
strate that a key factor in determining the final proteo- 
liposome composition is the state of aggregation of 
Ca 2 + ATPase molecules whose propensity for self asso- 
ciation in native membranes and ~n the presence of 
detergents b; well documented (ibr a review, see Ref. 
20). In summary, the results of the system.~tic studies 

presented here, allow us to propose a model describing 
the reconstitution Drocess of the SR Ca2+-ATPase. 
Generalization of this model to the reconstitufion of 
other membrane proteins is further discussed in the 
light of other data dealing with the mechanims of 
lipid-protein associations during detergent-mediated 
reconstitut[ons [3,8,10,12,21]. 

~c~'.ide~ providing informations about the mecha.. 
nisms ¢.f lipid-protein association during detergent. 
mediated reconstitutions, this work defines the impor- 
tant parameters involved in a functional reconstitution 
of the Ca z +-ATPase. Therefore proteoliposomes, which 
satisfied most of the criteria tot an efficient reconstitu- 
tion, could be produced and sustained the highest 
Ca 2+ transport activities, reported to date. Such 
proteoliposomes have already proved useful for the 
study o f  io;,s !n the transport mechanism of sareo- 
plasmic reticulum Ca:*..ATPase [22]. 

Materials and Methods 

Materials 
Phosphatidylcholine waa extracted from egg-yolk ac- 

cording to Singleton ct al. [23]. Phosphatidic acid was 
prepared from the former as described by Allgyer and 
Wel!s [24]. 

The detergents used in this study were as follows: 
Triton X-100 (Sigma), C iz Es (Nikko Chemical, Tokyo), 
octyl giucoside (Sigma and Calbiochem), sodium 
cht,tate (Calbiochem and Prolabo). SM-2 Bid-Beads 
were obtained from Bio-Rad and extensively washed 
before use as describvrl by Holloway [25]. Polycarbon- 
ate filters were purchased from Nueleopore Corpora- 
tion. All other rea~.,ents were of analytical grades. 

Preparation of tiposomes 
Large unilamellar liposomes were preparedby re- 

verse-phase evaporation as described prevlc,usly [8,26]. 
A typical preparation contained 25 mg of phospho- 
lipids (EPC/EPA, 9:1) solubilized in 2 ml of diethyl 
ether and 0.5 ml of aqueous buffer (110 mM KCI, 10 
mM Pipes-KOH, pH 7. 2). The resulting twn phases 
sy~icnl wa~ sonic~ted tbr 2 min at 4°C. The organic 
solvent was then removed by rota~ evaporation under 
reduced pre~sure (10-15 inch Hg) using a water aspira- 
tor. After about 15 min, a viscous gel formed which 
reversed to aqueous solution. At this point 1 ml of 
e~,tra buffer was added and evaporation (30 inch Hg) 
allowed to proceed for a further 30 min to remove all 
trace of organic solvent. The liposomes (16 mg lipid/ml, 
i.e., 20 raM) were then seeuentially extruded through 
0A and 0.2 p,m polycarbonate fiRers before use. The 
presence of 10% negative charges by avoiding fusion 
and/or  aggregation of liposomes allowed to use tile 
preparation for abcmt 5 days. 



Preparation of sarcoplasmic reticulum Ca2+-ATPase 
Sarcoplasmic reticu!um vesicles were prepared from 

rabbit skeletal muscle as described by Champeii e ta l .  
[27]. The vesicles were kept frozen in liquid Nz and 
thawed before use. Solubilization of SR vesicles before 
reconstitution was performed by rcsuspcnding them at 
a concentration of 2 mg protein/ml in a buffer con- 
taining 110 mM KCI, 10 mM Pipes (pH 7.2) and (L1 
m ~  CaCI, supplemented with 6 mg/ml Ct2E8 (28) or 
TX-100 [29]. 

ATPase activies were determined using the linked 
end:me assay of Freud e ta l .  [30] in which ADP pro- 
ducdon was detec*.~d by m~asurement of NADH oxi- 
dation at 340 nm. 

Reconstitution procedure 
The reconstitution procedure derived from the 

me'&od previously described for bacteriorhodopsin [8] 
is carried out in three differcnt ~teps. 

(a) Stepwise so!ubilization of preformed iiposomes. 
Liposomcs prepared by r~verse-phasc evaporation were 
resuspendod at 4 mg iipid/ml (i.e., 5 raM) and treated 
with the desired amount of detergent through all the 
range of detergent addition that causes the transtbrma- 
tion of lamellar structures into mixed micelles. Previ- 
ous studies of the interactions of detergents with model 
membranes indicated that the solubilization process 
could be described by a 'three-stage' model and accu- 
rately visualized through changes in turbidity of the 
lipid-detergent suspensions [11,31-33]. In stage I, de- 
tergents incorpora'e into the liposomes until they satu- 
rate the phospholipid bilayers and induce slight changes 
in turbidity. Stage II corresponds to a gradual solubi- 
lizatio,~, of lipids resulting in a large decrease in turbid- 
ity. Stage ill  is characterized by a complete solubiliza- 
tion of lipids into mixed miccllcs and the solution 
becomes optically transparent. Turbidity versus deter- 
gent concentration curves can be related to the effec- 
tive detergent to phospholipid molar ratios at the onset 
of solubilization (Rcu=R=t when the turbidity starts 
to decrease noticely) and at total solubili--ation (R,:j~ 
R,ot for optically transparent solution). The saturation 
levels of detergents bound to the membrane (R~a t) 
were found to be 0.64, 0.66, 1.3 pod 0.3 mol of deter- 
gent/~,td of ohospholipid for Ttlion X-100, CrazEs, 
OG and cholatc, rcspccti~:~ly. Thu molar deterge.or to 
phospholipid ratios in miceiles (R~ot) were 2.5, 2.2, 3,6 
and 0.9 for Triton.Xl00, CtzE,,  OG ard cholate, re- 
spectively [11,33]. 

I~: should also be noted that although most of the 
reconstitution experiments reported in this payer have 
been performed at 5 mM phosl~holipid, similar results 
were obtained between 1.2:~ and 20 mM phosphollpid. 

(b) Ca2+-ATPase addition. In the second step of the 
reconstitution procedure Ca'+-ATPase is added to the 
equilibrated detergent-phospholipid mixture. It was 
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found essential that the protein was added as a solu- 
tion of dctcrgent.solubilized monomeric Ca-'*-ATPase. 
Therefore SR vesicles were first solubilized with Ct2E s 
(detergent/protein, 3(w/w)) in the presence of 0.1 
mM Ca 2+ to protect the solubilized enzyme against 
denaturation [28,29,34]. Then aliquots of CtaE s- 
solubilizcd active Ca:+-ATPase weru added under vor- 
tex to the detergent-lipid mixtures to give the desired 
lipid to protein ratio. Alternatively, addition of all the 
detergent first to SR vesicles and then addition of this 
solubilized SR to the untreated lipo~ome suspensions 
led to comparable results with all the detergents ana- 
lyzed except with octyl glucoside. Indeed, solubilization 
of SR vesicles with octyl glucoside caused immediate 
and irreversible inactivation of Ca~+-ATPas¢ activity 
(data not shown; Refs. 19 and 35). However inactiva- 
tion of the Ca2+-ATPase can be de!ayed by addition of 
phospholipids. In preliminary experiments, we found 
that in the presence of 5 mM phospholipids inactiva- 
tion of Ca2+-ATPase activity by solubiliaing 0(3 con- 
centrations (40 mG OG, i.e., Raf = 4) was limited to 
25% after 1 h incubation. This inhibition ~as Zcun~i to 
be further delayed with decreasing OG concentrations: 
at a Rc~ of 1.3, only a 10% inactivation was observed 
after 1 h incubation. On another hand addition of 
non-solubiliaed SR vesicles to lipid/detergent mix- 
tures led always to unsatisfactory and irrcproduciblc 
results. Thus, the order of addition adopted in our 
reconstitution experimental procedure, i,e,, first presob 
ubilization of Ca2+-ATPase in CI2E s, their addition to 
detergent-treated liposom,~ ,tad incubation for 5-10 
rain before detergent removal proved to be superior 
and more reproducible than other alternatives. It was 
also checked in control experiments that the small 
amount of Ct2E s added together with the protein ¢[id 
not affect results of TX-100, chelate or octyl 
glucoside-mcdiated reconstitutions. First, the turbidity 
changes of the liposome suspensions with increasing 
detergent concemra:.ions were n,qt affected by the pres- 
ence of this small amount of detergent. S~c,md, identi- 
cal Ca 2+ h'ansport activiti~ wclc ;ncasur~d whatever 
roconstitutions were performed with presolubilization 
of SR vesicles it~ Ct2E s or "?ritop X-100. 

(c) De~e~ent removal "Ike third step in out' rccon 
stitutlon procedure i~ related to detergent remo~'al 
from the lipid-protei~ detergent mixtures. '6'~ have 
adapted the batch p~occdure u~in~ SM: Bio-Beads to 
r~move de~ergem as originally described by Hollow'~y 
[25]. This was generally performed by successive addi- 
tions: 80 mg beads/ml for 3 h incubation followed by 
two successive additions of 80. mg beads/ml for 1 h, In 
experiments dealing with the influence of detergem 
removal rate (see part ~V) the amount of beads present 
during the first incubation was varied accordin,?, to 
L~vy ¢t al. [i 1,36]. Finally, titration of SM-2 Bio-Beads 
with ~II-lipid end iodc[t4C]acetamlde-lahelled C~ ~+. 
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ATPase indicated no protein adsoption onto the beads 
and a negligible loss of lipids of about 1 mg lipid/g wet 
beads [8,11,36]. 

Proteoliposome characterizations 
After i'cconsfitution, proteoliposon~¢s were .'.u~'~fit - 

ted to discontinuous floatation gradients as previously 
described [8] witll successive layers containing 30, 20, 
15, 10, 5 and 2.5% sucrose (w/w). It is important to 
supplement the 30% sucrose h~yer with 0.05% TX-100, 
due to the impermeability of th,~ proteoliposomes to 
sucrose. After centrifuge:ion at 30000 l pm for 3 h in a 
Beckman SW 41 rotor, the fractions were collected and 
analyzed for lipid and protein contents. Lipid content 
was determined using ['~l-i]phosphatidylcholinc. Proteir, 
content was determined using iodo[14C]aeetamidc - 
labelled Ca2+-ATPase [3'7]. 

Freeze-fracture electron microscopy was performed 
as described previously [38] using platinum-carbon 
shadowing. 

Protein orientation in the membrane of reconsti- 
tuted proteoliposomes was determined from gel elec- 
trophoresis patterns before and after trypsin treatment 
of the reconstituted samples. To this end proteo- 
liposomes (100 pg  protein/ml) were i,rcubated at room 
temperature for 5 rain in the presence of trypsin (tryp- 
s in/protein,  1:10 (w/w)). The reaction was stopped 
by a 2-fold weight excess of soybean trypsin inhibitor 
and 0.1 mM pbenylmethylsulfonyl fluoride. In some 
experiments the samples were. delipidated before elec- 
trophoresis according, to Wessel and Fliige [39]. SDS- 
PAGE was performed on 7.5-15% gradient acrytamide 
gels. Scans of Commassic blue-stained gels were per- 
formed with a LKB laser densitometer (2202 Ultra- 
so-in) supplemented with an integral computer (spectra 
physic 4100). Percent of i~xotcin orientation was deter- 
mined from the ratio of the intensities of the Ca 2+- 
ATPase band (M~ 120000) before and after trypsin 
digestion. Intensities were nolmalizcd using the inten- 
sity of the trypsin inhibitor band as a reference of the 
"~ample concentration deposited on the gel. 

Ca 2 ÷ uptake measurements 
Ca ~+ uptake by the z'econstitate~ vesicics was fol- 

lowed by d,a l  wavelength spcctrophotomctv~- using 
murcxide to monitor changes in external Ca 2~ concen- 
ti'atlon. Re~nnstituted liposomes were diluted in the 
same buffer used for their preparation a , d  supple- 
mented with 5 mM MgCI, and 80 g M  marexide (final 
lipid ¢~Jnccntration: I - l , 6  mg/ml). Calibration was es- 
tablished by addition of known Ca 2+ concentrations to 
the sample prior to initiation of the uptake (fina, I Ca ~ + 
concentration: 40-100 btM). Ca 2+ uptake was initiated 
by addition of (L2-0.4 mM ATP in a buffer pH 7.2. 
Uptake of Ca z+ was followed by measuring the changes 

in absorbance at 487-550 nm using a DW 2 Aminco 
speetrophotometer. 

Results 

!. Octyl glucoside-mediated reconstitutions 
Fig. IA shows the effect of initial octyl glucoside 

concentration on the Ca 2+ transport activity of recon- 
stituted Ca2+-ATPase proteoliposomes. Liposomes (5 
mM lipid) were treated with different amounts of octyl 
glucoside and incubated 5 rain with Ci2Ea-solubilized 
Ca2+-ATPase. After detergent removal by successive 
Bid-Beads additions, the ATP-dependent Ca 2+ accu- 
mulation in the resulting proteoliposomes were mea- 
sured by following the changes in extel'nal murexide 
adsorbance. At this point, it should be stressed that all 
samples were always analyzed, in the presence of FCCr 
and valinomycin. Due to the low ionic permeability of 
the protcoliposones and the operation of a Ca2+-H + 
countertransport during ATPase functioning, the p r e s  
ence of these ionophores was shown to be necessary 
for maximal Ca z+ pumping efficiency [22]. 

From Fig. IA, it is obvious that the Ca 2+ pumping 
efficiency after reconstitution is drastically dependent 
upon the initial octyl glucoside/phospholipid ,,'arid. 
The turbidities of phospholipid/deterL~ent/Ca 2+- 
ATPase mixtures before detergent removal are plotted 
in the inset of Fig. IA. In accordance with our previous 
results [31], octyl glucoside concentrations vf 24 mM 
and 40 mM con'csponded, respectively, to the onset of 
(R~=,t = 1.3) and to '~otal (R~,,! = 4~ solubilization of the 
initial liposome suspensions. Point is that incorporation 
of Ca2+-ATPase takes place in protcoliposomes recoq- 
stitutcd from initial detergent concentrations below 
tho~o necessary for saturating the initial preformed 
liposomes. Low Ca 2+ accumulation was measured at 
about 20 mM uctyl glueoside. Then Ca 2+ pump effi- 
ciencies rose drasticaily and were maximal in proteo- 
liposomes reconstituted from initial liposome suspen- 
sions containing 26 mM octyl glucoside. For reconstitu- 
tion experiments performed above this critical concen- 
tration, no signifiant change in Ca 2~ pumping effi- 
ciency was observed up to 40 mM OG corresponding to 
rcconstitution from isotropic miceUar solution. Thus, 
the most striking feature of the data presented in Fig. 
IA is that maximal incorporation of Ca2~-ATPase oc-. 
curred approximately at the oases, of the solnbilization 
of the preformed pure linosomes present in the incuba- 
tion medium. 

Some representative sucrose ~.cn~ity gradients pat- 
terns of vesicle preparations reconstituted from differ- 
ent detergent/l ipid ratios are shown in Fig. lB. When 
reconstitutions were performed in the absence of octyl 
glucoside, i.e., by simFly adding the solubilized protein 
to pure liposomes, all the protein wa.~ found at the 
bottom of the. gradient and most of the lipid floating 



(Fig. lBao). For reconstitutiom, a t 'OG co.centrations 
of 20 mM, all the protein initially present was recov- 
ered associated with about only 10% of the total phos- 
pholipids, the remaining iJpids floating as protein free 
liposomes (Fig. 1Bb). When the OG concentration in 
the initial suspension was further increased, more lipids 
became associated with the protein at the expense of 
the protein-tree liposome population. In samples re- 
constituted from an initial detergent concentration of 
26 raM, the reconstituted material was essentially col- 
lected at the interface between 5 and 2.5% (w/w) 
sucrose in one band containing 90-95% of the protein 
(F~g. IBf). The protein band found at the 20-15% 
(w/w) sucrose boundary clearly indicated that only 
5-10% of the protein c'~uld not be incorporated into 
detergent-saturated liposomes. Only vesicles reconsti- 
tuted from isotropic micellar solution were collected 
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on floatation sucrose gradient as a single band contain- 
ing all lipid and protein (Fig. 1Bi). "i'ims, d~nsity ccn- 
trifugation experiments not only confirmed the previ- 
ous observations that maximal Ca :~ ~ pumping activities 
occurred in samples reconstituted from liposome-OG 
suspensions at the onset of solubilization but also re- 
vealed that protein incorporation was nearly complete 
and P, latively homogeneous among the liposomes. This 
has been corroborated by freeze-fracture electron mi- 
croscopy studies (data not shown). 

II. Cholate-mediated reconstitution 
Fig. 2 shows the influence of the. cholate concentra- 

tion on the transport activities of the resulting Ca ~÷- 
ATFasc proteoliposomes. No Ca ~+ pumping activities 
were detected in samples reconstituted from initial 
cholate concentrationn below those corresponding to 
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Fig, I. Octyl glucosidc-mcdiatod reconstitution o~" Ca2+-ATPase. Liposomes prepared by reverse-phase evaporation were first treated with 
variable amounts of OG (as lettered in the figure); Then CaZ+-ATPase pncviously solubilized as described in Materials and Methods was added 
under vortex mixing (Final lipid/protein = 8 0  w / w ;  incubation medium: 130 mM KCI, 10 mM Pipes-KOH, pH 7.2), After a 5 rain incubation, 
OG was removod by SM-2 Bin-Bead treatment: 80 mg beads/ml for 3 h followed by two .~uecessive add~'ion ~ of 80 mR beads/ml for I h. Panel A. 
ATP-depeudent Ca 2+ accumulation by reconsfitutod protcoliposomes, Ca2+-ATPase ptoteoliposonzes ;','.~r~" res~spcndod at 1.6 mg lipid/ml in 
the same boffer used for their preparations. The reaction mixtures were supplemented with 5 mM MgCI~, 8O #M n:urey,;de, 0.5 #M vailnomyeln 
and 0.25/~M FCCP. Final volume in the euvette: 2.5 ml. After $ min equilibration in a stirred and thermostated cuvette (20°C), 80 p.M CaCI 2 
wa~ ~dded. Tb,~. Ca ~+ upt;~ke wus initialed b) ih¢ addition of 150 pM ATP and monitored b~,, chan,~es in murexide ahsorb~.,~. RR: Ca 2+ 
accumulation by native sarcoplasmic retieulum v¢~icl¢~ ~2P. ;:g prntein /ml). Inset: Tuzhiditie~ (A = 600 nm) of octyl 81ucoside/phospholipld/ 
Cn2+-ATPase mixtures before detergent removal. Black and white arrows indicate the thr~.:;hoid valuc~ !'or o~s~t and total llposome 
solubiliza:ion, respectively. Panel B. Floalation o! OG-reeonstitnted proteoliposomes in discontinuous sucrose gradients. Proteoliposomes 
prepared in the presence of [3H]phosphatidyh:holine and Iodo[14C]acetamide-labelled CaZ+-ATPase were submitted to .qoat~!i-, in ~nemse 
graflicms us described under Materials end Methods. Pmtcollposom¢:~ reconstituted from initial OG concentrations of 0 (a), 20 (b), 22.5 (d), 26 

(f) and 40 (i) mM OG. (1~)%, to~al Cu2+.ATPase (hatched bars) or total phospho[ipid (open bars) eoneentration~ in each sucrose gradient). 
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the onset of phospholipid solubil!zation (5,5 mM 
choIate, corresponding to a R,.:: = R~t ~ 0.3). Galy for 
reconstitutions performed above this critical ratio were 
Ca ~ pumping activities measured and total Ca 2+ ac- 
cumulation iacreased progressively with increasing ini- 
tial cholote concentrations up to 11 mM (Rctf= 0.9) 
corresponding to the total solubilization by this deter- 
gent. Consequently for cholate-mediated reconstitu- 
tions the efficiency of Ca2+-ATPase reconstitution was 
related to the initial percentage of phospholipid solubi- 
liaation. Optimal Ca 2+ uptake was obtained in samples 
reconstituted from an isotropic Ca2+-A.TPase/ 
choiate/phospholipid micellar solutmn, it can also be 
noted that although the total extent of Ca 2 + uptake 
increases with initial cholate co~tcentration, ti~e initiai 
rates of Ca 2.' pumping are already maximal at A'en 0.3 
and then iiidependent of the cholote concentration, 
Therefore the most likely mechanism for eholate.medt- 
ated reconstitution is similar to that found for bacterio- 
rhodopsin [8]: Ca2+-ATPase proteoliposomes are only 
formed from ternary micelles; raising the initial cholat~ 
concentration increases the number of ternary mixed 
micelles and consequently the number of Ca z+- 
ATPase-containing liposomes. This interpretation wa~ 
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Fi~ 2. Sodium chotate-mediated recon=ititutiou of Ca~+-ATPase. 
Lilmsomes prepared by reverse-phase c :'~6r~tion were treated by 
the indicated amounts of sodium cholate. Reconstitutlons and ATP- 
dependent Ca 2+ ac~umuln~ions by reconstituted proteoliposomes 
were performed as described in Fig. I. Inset: "l'arbidities of phospho- 
lipid/chdate/CaZ'-ATPase mixtures before detergent removal. 
Bl~ck ~n~ white arrows iudicate the threshold values for onse~ and 

total li~osorqe solubilization, respectively. 
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Fig. 3. Triton X-100-mediated recunstitution of Ca2+-ATPase. Lipo- 
somes prepawJ by reverse-phase evapor~:.ion were treated by the 
indicated amounls of Triton X-100. Reconstitutions and ATP-depen- 
dent Ca z+ accumulations by reconstituded proteoliI~somcs were 
r,erformed as described in Fig. I. Inset: Turbidities of phospholipid/ 
CaZ+-ATPase/Triton X-IO0 mixtures before detergent removal. 
Black and white arrows indicate the threshold values for onset and 

total ligosome solubillzation. 

corroborated by density gradient centrifilgation analy- 
sis of  the different vesicle preparations. No protein- 
lipid association could be detected for samples recon- 
stituted below R,=,. Above this critical ratio, all the 
protein was found associated with pbospbolipkls, the 
amount of associated phospholipids increasing ~ropor- 
tionally with the initial cholate couccntration. Only 
vesicles reconstituted from pure micellar solutions were 
collected in floatation gradient as single band contain- 
ing all the protein and phospholipid (data not ~':own 
and Fig. 4). 

IlL Triton X-lOO-mediated reconstitutions 
Fig. 3 depicts tile ATP-depcndent Ca z+ accumula- 

tion of recombinat~ts from different initial TX-100 cc.,n- 
~entrations. Ca z* pumping activities were only ob- 
served in samples reconstituted at a TX..100 to phos- 
pholipid ratio higher than that corresponding to the 
onset of piiospholipid solubilization (R.,,t = 0.64, i.e., 3 
mM TX-100). Above this critical ratio the efficiency, of 
Ca 2+ uptake increased progressively with increasing 
initial detergent concentration up to a R=t f of  2.5 i.e., 
.~ 12.~ mM TX-100 where it bccanl¢ independent on 



the detergent concentration. Titus, in the presence of 
TX-100, maximal reconstitution of Ca'÷-ATPase ac. 
curred, as previously described wi th  chelate, when 
starting from totally solubilized samples. This finding is 
clearly in comrast with those previously reported for 
TX-10C-mediated reconstitution of bacteriorhodopsin 
[8] and H+-ATPase [!2] using the same methodology 
and experimental conditions as described in this paper. 
Indeed, with these two ~embrane proteins, optimal 
reconstitutions were obtained when starting from ini- 
tial TX-100 to phospholipid ratios of about 1 (which 
corresponded to 20-30% of initial liposome solubiliza- 
tion) and a time-dependent incorporation of the pro- 
teins was observed suggesting a transfer of the proteins 
initially present in the micelles to detergent-saturated 
iiposomes still present in the incubation medium. Ex- 
periments have been performed with the Ca~+-ATPase 
where the time of incubation of the protein in the 
presence of different phospholipid/TX-100 mixtures 
was varied between 5 to 60 rain before detergent 
removal. Whatever the initial detergent concentrations, 
the final Ca ~+ pumping activities were independent on 
this time of incubation (data not shown) indicating that 
the mechanism repo~ted for bacteriorhodops~n and 
H+-ATPase was inefficient in the case of SR Ca ~+- 
ATPase. 

When the Ca~+.ATPase prc, teoliposomes formed 
from TX-100-solubii~zed :amples, f were :malyzed by 
sucrose density centrifugation, tw,,, populations were 
evident (Fig. 4a). I f  al l  the prote in  ini t ia l ly present was 
found associated with phospholipids it n~vertheless 
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Fi~. 4. Fl(~atation of proteolipos~mes in discontinuous sucrose: gradl- 
enid. Pr~teuiiposomes wcr¢ reconstituted from pnospholipid/ 
detergent/Ca 2 %ATPase solub'.,]ized samples containing 15 mM Tr:. 
to~ X-IG0 (a), 12 mM C~2Es <b) or 10 mM cholat© (c) and submitted 
to sucros~ gradients as described ;n Materials and Methods. (100%, 
to'ai proh:in (hatched bars) or total lipid (open bars) c.on~,.*ntrations 

in eeeh sucrose gradient). 

289 

appeared distributed inhomogeneously in two major 
populations. One population which comprised about 
75% of the phospholipids associated with 50% of the 
protein was found at the interlace between 2.5 and 5% 
(w/w) sucrose while the other comprising the remain- 
ing lipids and proteins banded at the 5-10% (w/w) 
sucrose interface. In some experiments more inhomo- 
geneous populations were observed: above and below 
the two major bands previously reported, son~e pro. 
rein-free and protein-rich liposomes, respectively, were 
detected. Thus, the sucrose density patterns indicated 
that Ca2+-ATPases and phospholipids did not mix ho- 
mogeneously after TX-100 rer,~ova! from solubilized 
samples in contrast to what observed above with 0(3 
(Fig. 1Bi) and chelate (Fig. 4c). 

A series of conditions were varied to determine 
what factors affect th~ rcconstitution of Ca2%ATP~se. 
First anc.ther detergent was tested: C~2E s, which dis- 
plays physico.ehemical properties (eme, mieellar size) 
roughly analog to those of TX.100 and has the advan- 
tage of being an homogeneous species. Optimal recon- 
stitutions of Ca2~-ATPase in the presence of Ct2E s 
occurred again from totally solubilized samples (data 
not ~hown). When these recombinants were submitted 
to sucrose gradient analysis, the inhomogelicity of the 
protein distribution appeared even more obvious than 
in the presence of TX.100 (Fig. 4b). A large fraction of 
vesicles (50 + 10% of total phospholipids) appeared as 
protein-free liposomes floating on the top of the eradi- 
ent. The remaining phospholipids were detected asso- 
ciated with about 50 + 10% of the protein at the: 5-10% 
(w/w) sucrose interface. Finally, about 50% cf the 
protein was found associated with very few lipids (less 
than 5%) banding at the 15-20% (w/w) interface. 

Another variable that was examined was the order 
• of mixin~ of the components. One reconstitution was 
performed as described under Materials and Methods, 
i.e., detergent was added to a liposomal suspension at 
the concentration needed for total solubilization, fol- 
lowed by addition of presolubilized Caa+.ATPase. A 
second reconstitution was performed by first solubiliz- 
ing the Caa+-ATPase in the total amount of detergent 
and subsequent addition to the lip~)somal suspension. 
Iv the first preparation both d~tergent/protein and 
detergent/phospholipid micelles may initially exist 
while in the second preparation the order of mixing 
ensures that phospholipi(I will be directly incorporated 
into mteelles cont'~.i:,ine the Ca2+-ATPase. After d¢~.er- 
gent removal both reconstituted systems exhibited simi- 
lar Ca z÷ pumpinlI efficieneies. (data not shown for 
C,zEs and TX-100-mediated reconstitution). As addi- 
tional checks, although freeze-fracture electron micro- 
graphs gav~ g ~ d  ind ica t i~  ef complete disp¢,sal of 
C.,2+-ATPase ~nLi 0hospholipids at R,t  values of 2.5 
and 2.0 for TX-100 and C~z~s respectively, r¢constitu- 
tion experiments were performed startin~ from Rer r 



wines two times hi~her to ensure complete distribution 
of  the protein among the miceltes in monomeric form. 
These procedures had no significant effects on the 
Ca ~+ I:umping efficiency, of the. reconstituted samples. 
Thus fr~m all these experiments, it appears that the 
composition of the final products of TX- 100 and C ~2 Ea 
reconst'.'tutions does not merely depend upon the initial 
mixed micelle composition. 

IV. Effects o f  the rate o f  detergent remocal 
Kinetic factors have been reported to be important 

in determining the mode of protein-lipid association 

/ / / /  
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Fig. 5. Effects ol the rate of  detergent removal tm the Ca 2 + pumping 
efficiencies of  Ca:+-ATPase  proteoliposomes. After  l0  rain incuba- 
tion, protein~lipid~Triton X-IIHI (Re, I = 3) or pratein/lipid/Cl.,E a 
(R~ I ~ 2.6) miccllar sGlutions were treated with different amounts t:~ 
SM-2 I~io-.~cads and analyzed for their Ca "~' pumping activities 
(same experimental conditions a~ in Fig. I). Traces a, b, c, d and 
traces a', b', c', d' refer to Triton X-100 and Cl~Ea-mediatcd 
rceonstitutinns, respectively. Traces a, a': three successive additions 
of 20 mg b~.'ads/ml for I h. fonowed by 440 mg beads/ml for 2 h. 
Traces b, b': 8~) mg bcads/ml for 3 h followed by 420 mg bcads/ml 
for 2 h. Traces c, e': 2C~ mg beads/r~l for 3 h followed by 300 mg 
heads/m! for 2 ~. Traces ,~, d°: 500 mg bea~s/ml for 5 h. Inset: Time 
course of detergent rcm~wal du,'il:g on: period incubation ([~ rain) 
at different Bid-Beads concentrations. Micellar phospholipid/ 
protein/deterg,mt solut;o,~ cnntainlng -~H-Trhon X-100 (ck~scd sym- 
bols) or t~C-C~E~ (open symbols) were treated by 20 (~1,, o). 80 
re, o) 200 (~,, ~) or 501) ill) mg beads/mL Aliquols from the 
supcrnatant w ~ : , ~  collectt'd a:~ ~, [u,qc!inn ol tiulc and ~0naiyz~ ~',~. 

their radioaetivities. 

during detergent-mediated reconstitutions [3,21]. We 
thus analyzed the effects of the rate of detergent 
removal upon the final compositior~ of proteo- 
liposomes. 

Previous systematic studies indicated that the batcE 
procednt'e using SM-2 Bid-Beads as detc~rgent remov- 
ing agent was well suited for controlling the rate of 
detergent removal [11,36]. Thus to determine if time 
was important either for rearrangement or for tranfer 
of lipid and protein between micellea during detergent 
removal, aliquots of solubilized Ca2+-ATPase/ 
detergent/phospholipid mixtures were treated with 
different amounts of SM-2 Bid-Beads and assessed in 
regard to their Ca 2+ pumping efficiencies. Fig. 5 shows 
the time courses of Ca ?+ uptakes by proteoliposomes 
reconstituted from TX-100 or C12E s at different deter- 
gent removal rates. For both detergents it appeared 
that the rate of detergent removal (illustrated in the 
inset of Fig. 5) had a drastic influence on the rate 
and/or  total extent of Ca 2+ a:cumulation. For reeon- 
stitutions performed from Ci2Es-solubilizcd samples, 
the initial Ca 2+ pumping rate of proteoliposomes re- 
constituted at the slowest detergent removal rate 
amounted to about 0.3/,tmol Ca2+/min per mg protein 
and only 40 nmoles of Ca 2+ could be accumulated. 
Increasing the rate of detergent removal, increased 
both the rate and total extent of Ca 2+ uptake in the 
reconstituted proteoliposomes. When C!2Es was re- 
moved in le~s than 5 min (in the presence of 500 mg 
beads/ml) up to 125 nmo~.es of Ca 2+ could be now 
accumulated with an initial rate oi 0.8 p.n~oi Ca '+/miu 
per mg protein, in the case of TX-100-mediated recon- 
stitt~tions, rates of Ca ~ + pumping were dightly affected 
by the initial conditions varying from 0.85 to I /zmol 
CaZ+/min per mg piotein, only the total amount of 
accumulated Ca z÷ increased sigltificantiy with the rates 
of detergent removal. These important findings, can be 
interpreted assuming that increasing the rate of deter- 
gent removal during TX-100 and Ci2Es-mediatted re- 
constitutions of Ca2+-ATPase i~nproves the efP'icieney 
of the Ca 2+ transport activity (as evidenced by an 
increase in the initial Ca z+ pumping rates * and/or  
the di,~persal of protein a,"a,o~g the liposomes, i.t':.+ the 
internal volume in which Ca 2+ is accumulated (as 
evidenced by an increase in tl~e total extent of Ca ~" 
uptake). S,tch experiments were also carried out it~ the 
case of OG and cholate-mediated reconstitut/ons but 
the rate of detergent removal was found to have little 
influe~ce mt the Ca z + pumping activities of the result- 
ing proteoliposomes, in particular there were no clis- 

* Reeonstitution by slow removal of TX  I00 or CI.,E" gave 
vesicles with high rates of ATP hydrolysis but low Ca ~+ up- 
takes. Ca"'/ATP coupling ratios of I and 0.5 were, respec- 
tively, measured =,=--compared to coupling ratios of about l.bl 
esing rapid detergent removal (data not shown), "" 
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Fig, 6. Freeze.frae~tlre views o, ¢ Ca~+-ATPasc protcoli[m~somcs reconstituted at different rates of detergent removal. Solutions o~ Ca2"~-ATPase/ 
phospholipid/C tzE. (lipid: 8 ml~/ml; pmteln: 200 p.g/ml; Ct2E~: t6 mg/ml) wele treated with different amounts o! SM-? Rio.Beads, Panels A 
and B. Three suc~:cssive additians of 40 mg beads/ml for I h, followed by 480 mg beads/ml for 2 h. Pa.¢l C. ~[~ mg beads/ml For 5 h. 

MagniScation is the same for all micrographs. The bar in (A) r~:Drcsents 10t) nm, 
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eernable differences in the Ca 2+ pumping activities of 
proteoliposomes reconstituted by OG elimination from 
micellar solutions by 20 to 500 mg beads/ml. In fact, a 
small decrease ( -  10-20%) in the initial rate of Ca 2+ 
uptake was observed upon very slow detergent removal 
(dialysis for 5 h at room temperaturv, followed by 
incubation with 500 mg beads/ml) but could he simply 
related to the inhibition of the Ca2+-ATPase actMty 
after long incubation time in the presence of this 
detergent (see Materials and Methods). 

Freeze-fracture electron microscopy was used for 
further attalyzing the nature and the composition of 
reconstituted samples depending upon the rate of de- 
tergent removal. Fig. 6 shows typical electron micro- 
graphs of Ca2+-ATPase liposomes obtained after slow 
and rapid detergent removal from Ci2Es-solubilized 
samples. Whatever the rate of detergent removal, most 
of the material appeared as spherical unilamellar vesi- 
cles * but the distribution of intramcusbrai~¢ particles 
among the fracture faces was drastically d~rpendent 
upon the rate at which CI2E ~ had been removt:d. After 
slow detergent removal (panel A) inttamembrane par- 
tides were observed on a small fraction (--- 15%) of the 
vesicle fracture faces which appeared densely particu- 
iated. The remaining fracture pianes appeared smooth 
as in the ease of liposomes reconstituted in the ~bsence 
of Ca2+-ATPase. Interestingly, in some fracture faces 
(Panel B in Fig. 6) intramembrane particles were ag- 
gregated, leaving the remaining surface smooth apd 
devoid of particles On the ce,ttrary, ek;ctron micro- 
graphs of samples reconstituted by rapid detergent 
removal (panel C m Fig. 6) revealed a large increase in 
the proportion of fracture faces containing intra- 
membrane particles. Indeed, particles were found in 
up to 70% of the fracture faces * *. Fnrthermore, upon 
rapid detergent removal, intramembrane particles did 
not occur clustered or aggregated but well separated in 

A~ already rel~)rted for reconstitutinn -f pure liposomes, it can 
be noted that the sizes of the proteoliposomes depends upon 
the tote of detergent removal { I 1,36]. Size di.,tributivn diagrams 
indicated that at the slowest rate of detergent removal ana- 
lyzed~ the vesie!es cnnsi~!e~ cf :: fai~l~ humogeneous vesicle 
population with mean diameters of about 150 and 80 am for 
TX-100 and CItEs reeonstitutions, respectively. At high deter- 
gent removal rates, a second population of small vesicles were 
formed with mean diameters around 25-40 nm (however calcu- 
lation of phospholipid distribution indicated that the small 
liposomes comprised = 5% of total phospholipid molecules). 

** It is obvious that the propodion of the fractures containi,ag 
intramembranous particles can be even higher since it is diffi- 
cult by freez~:-fraeture electron microscopy to distinguish be- 
tween tl~dly srr~oolh and trully particulate fraetur~ phmes in the 
cabe of~, :ry small vesicles. Furthermore it has to pe recalled 
that th'.::e is a ratio of 8 to 12 between the number of pro+~i- 
molecules per liposome and the number of particules occurring 
in fracture faces since only :~ portion of the liposome surface is 
actually observable after freeze, fracture [38,40]. 

the fracture faces. In the case of TX-100.mediated 
reconstitutions, similar increase in the homogeneity of 
particle distribution amtmg the fracture faces and dis- 
appearance of particle clustering were also linked to an 
increase in detergent removal rate. However, at com- 
parable r2tes of detergent removal, Triton X-100-medi- 
ated reconstitutions led to mor~ homogenedus prepa- 
rations than did C22Es-mediated reconstitutions: the 
fraction of fracture faces containing intramembrane 
particles increasing from about 40% up to 90% for 
samples reconstituted at the slowest and highest TX- 
100 removal rates, respectively. Finally, there were no 
zig,~fi:;;nt differences in particle distribution of the 
reconstituted vesicles prepared at different OG re- 
moval rates from micellar OG/Ca  2 +-ATPase/lipid so- 
lutions (data not shown). 

Thus, the freeze-fracture dat~ indicate that the rate 
of detergent removal has a strong influence on the 
distribution of Ca2+-ATPase molecules among the li- 
posomcs during Ct2E a and TX-100-mediated reconsti- 
tutions in complete agreement with the Ca 2+ pumpin~ 
data reported in Fig. 5. They also illustrate the ten- 
dency for aggregation of Ca2+-ATPase particles upon 
slow detergent removal. 

14. Centrifugation experiments 
From the freeze-fracture data, it is concluded that 

kinetic factors are of key impc, i;..~iice for the achieve- 
ment of homogeneous c~sodation of Ca 2 +-ATPase with 
excess lipid. This sug~: ~sts a different behavior, i.e., a 
different stability of lipid/detergent and lipid/ 
detergent/protein micelles, upon detergent removal 
[41,42J. The reconstitution prneess was thus charac- 
terized in further details by ultracentrifugation experi- 
mews. To this end micellar Ca 2 ~-ATPase/detergent/ 
lipid solutions were treated by small amounts of Bio- 
Beads and aliquots were pipet ted o f f  at d i f ferent  t ime 
intervals. A f te r  centr i fugat ion at 490 000 × g for  45 rain 
the amounts o f  l ipid and protein were determined in 
the pellets. Under  these centr i fugat ion condit ions bi- 
layer vesicles pellet whi le mixvd micelles remain in the 
supernatant [11] * * *  

* * * Sedimentation experiment,, have been shown io be well suited 
for investigating the composition and the relative proportions of 
micdlcs and hilayers present in lipid/l'X tin) or lipid/Ct,Es 
samples (Ref. It: se¢. also Fig. 7). In contrast, in the case of 
octylglucoside no phase separation between raicefies and bilay- 
ors occurred during liposome solubinzation or vesiculation: all 
material was found in the pellet or in the supernatant below or 
above an R,m of 4, respectively. This observation can be related 
to the h~gh density of mixed lipid/OG micelles between R~, r 
values of 1.3 and 4 [43]. Finally in the case of ~odium cholatc, 
the micellar-to-lamellar transitiol~ is difficult to analyze by 
ee~*rif.~oation since large and variable amounts of bilayers (up 
to 3U-4U~) ~tever sediment in our experimental conditions, 
prot~:,bly due to the small size of liposomes formed upon 
eholate removal 



Fig. 7 is a plot of the results obtained during TX- 
100-mediated reconstitution of the Ca-'*-ATPase. 
Starting from mic¢llat solution no pellet is obtained; as 
detergent is removed phospholipids appear in the pel- 
lets whose amounts increase concomitantly with deter- 
gent removal. Onset of vesiculation occurs at detergent 
to phospholipid ratio of about 2.5 (reel/reel) while 
complete vesieulation occurs at a ratio of about 0,6 
(reel/reel). The main finding in Fig. 7 is that phospho- 
iipids and protein show different pelleting behaviors 
during detergent removal. Clearly a greater percentage 
of protein relative to phospholipid pellet at the early 
beginning of the vesiculation process. For example, 
after 40 rain incubation with a low amount of beads 
almost ~11 the CaZ+-ATPase initially solubilized is found 
in the pellet associated with only 20% of the total 
phospholipids. Thus, it is obvious from our results that 
at the beginning of the micellar-to-lamellar transition 
protein-rich liposomes or lipid-'aggregated' protein 
complexes are first formed. As the TX-100 concentra- 
tion is further lowered, the remaining lipids pellet 
upon centrifugation. Curves cor,aparable to those de- 
picted in Fig. 7 were obtained for ClzEs-mediated 
reeonstitutions of the CaZ+-ATPase (data not shown). 
These ,.'m..port~nt regults explain the observation of 
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reconstituted proteoliposomes with phospholipid-rich 
and protein.rich vesicles on the freeze.fracture elcc., 
tren micrographs reported in Fig. 6. They also illus- 
trate the tendency for aggregation of CaZ+-ATPase 
molecules upon removal of a small amount of deter- 
gent from the initial dctergent/phospholipid/protein 
micelles and point out the importance of the aggrega- 
tion state of the protein in determining the final 
proteoliposome cot~position. 

VI. Ca 2 + pumping efficiencies 
"the reproducible preparation of impermeant 

proteoliposomes of defined size with an homogeneous 
and asymmetric protein orientation was a necessary 
objective for their use in Ca~+-ATPase reconstitution. 
Table I summarizes some characteristics of proteo- 
llposomes reconstituted from different detergents us- 
ing the procedure described in this paper. The main 
conclusion to be drawn from Table I is that fairly high 
Ca z+ transport activities are observed for all the deter- 
gents used, although at a lower degree for chelate- 
mediated reconstitutions, thus proving the efficiency 
and general validity of the procedure. Noteworthy high 
Ca z+ uptakes, up to 20 times than that of SR vesicles, 
can be measured in the abset:ce of precipitating anions 

TABLE 1 

Chal~cleristics oj Ca2 ÷-ATP.'.sc rccaastit~¢tcd prolcaliposo;~es and sarcoplasmic reticulum t'esicles 

Liposomcs prepared by reverse-phase evaporation (5 mM lipid) wer~ first trea;.¢d by .~,lubill~'.mg cout:¢at,La~it,~, ,3f TX.!L~ (!7'~ -A~: (~::E~ (7 
fi,M), chelate (9 mM), or saturating concentration of OG (26 raM). Then CtzEa.Prcsolubili:ed Ca2+-ATPaoc wa,o add~'d to each sample to give a 
f;i!t,; lipid to prot,:in ratio of 4~ w/v,', After detergent removal by SM-2 Bin.Beads, the reconstituted systems were charactcriz~:d for their Ca 2+ 
pumping activities (changes in mu~rexide ab~rbanee), size (free::e-fracture electron microscopy), and protein sideness (trypsin digestion followed 
by gel elcctrophoresis). Ir, trave~icular aqueous volumes were ,:aleulated from the lipid and protein contents, the mean size of the vesicles, a 
phospholipJd st.rfac¢ area of 0.7 nm"/molecul¢, a phosphoErid moleeu!ar weight of g00 and a membrane thickness of 40 A. The calculated 
values are of course indicative and do n~t ~ake into a~count the fraction of protein.free liposomes in the case of TX-I00 and CI:~I/s 
reeonslituti,~r~ 

Samples Ca -'+ transport activities Size Internal Protein 
initial rates total extent (nm) volume orientation 
(li toni CaJ+/min per mg) (#,mol Ca2+/mg protein) (p I/me protein) (% right-sldc-ouO 

no oxalate no oxalate 
Octyl glucosic~e- 

reconsmutcd 
protculiposumes 1.25+0.25 1.75 4.0,2S 100 135 80+5 

Triton X-i~- 
reconstituted 
proteoliposome 1.0 ±0.1 2.00±0.2 150 225 75:t:5 

Ct2E s- 
recongtituted 
proteoliposome 0.9 ±0.1 1.254-0.2 80 102 75 :t:. 5 

Chelate 
reconstituted 
ptoteoliposom¢ 0.6 ±0.1 0.7 10.1 6.0 6:'~ 70-b5 

no oxalate no oxala!¢ 
undctermined ~ 0.I0 

Sarcoplasmic 
rcticululn -}- oxata(¢ +uxalate 
vesicles 0.6:1:0.1 o0 

120 5-7 (~¢t. 48) 95 
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Fig. 7. Time-course of the Ca"+-ATPase-phosPbolipid associatiua 
during detergent removal. A lipid/CaZ+-ATPase/Triton X-100 mi- 
cellar solution containing [SH]phosphatidylcholine and iudo[14C] 
acetamide-labelled protein was t~eated by 40 mg beads/ml far I h 
followed by a second addition of 80 mg beads/ml. Aliquots (2t)0 p.I) 
wet.+" pipened off as a function of time and centrifuged at 4iH)00(} x g 
for 45 mln. The pellets were re,~uspendcd in 200 p.l buffer and 
analyzed for their radinactivities. Protein (el and phospholipid tag ) 
concentrations are reported as a function of the il~cubation time with 
biobeads. Time course of detergent removal (zx) was performed 
under the ::amc e~p::rilnental cnndillnn~ in a s+:parale, experiment 
"~,ith unlabelled protein and phospholipid but in the presence of 
3H.Triton X-100. Dotted, arrows indicate successive additions of 
Bin-Beads. Black and while arrows indicate the onset and the total 

lipid vesiculation vespecti+ely. 

such as oxalate or phosphate.  Based on the inn:coal 
volumes reported in 'Table | ,  these loads correspond to 
intravesicula~ Ca ~r+ cuncen,q,diotts of 10- iS  mM~ com- 
pa, able to those: measured in native SR vesicles in 
~bsence of precipitat ing anions (see also Re[. 48). 
t 'u r tkermore  the initia I- rzte,~ of Ca '+ pumpmg in pro- 
teoliposomes reconsti tuted from OG, TX 100 or C i z E x  
are about 2-fi~ld higher than those measured in native 
SR vesicles in tke presence of oxalate (see also Fig. i). 
Tais  observation reflects the good incorporation and 
or ientat ion of the Ca 2+ pump in the reconsti tuted 
systems. The  delayed Ca-" + uptake in SR vesicles could 
be related to tlae limitation of Ca  ̀ -+ precipitat ion by 
oxalate [44]. Presumably there are several reasons for 
this higher Ca :z+ pumping efficiency of our  prot,~o- 
lipo~ome.~ a~ cf,mp,r~.~ to other  publications [13-19]. 

In the first place, the procedure used allows a thor- 
ough mixing of phosphuiipids and ATPas¢ molecules, 
thus providing an extensive dilution of pumping hnits 
in the lipid bilayers. The intravesicular volume per 
Ca +'~ pumplag  ,.nit is much larger than tba~ ~f SR 
vesicles and ~onsequently much more Ca 2+ can be 
translocated into proteoliposomes b"fore inhibition of 
ATP hydrolysis by internal  Ca z+ concentration, ht this 
framework it is obvious that  an other  advantage of our  

procedure relies on the efficient reconsti tution of pro- 
teoliposomes with a high lipid to protein ratio. Table 11 
reports  Ca 2* tra,asport activities of such proteo- 
l iposomes reconsti tuted at  different lipid to protein 
ratios. For lipid to protein ratios ranging from 160 to 
10 ( w / w )  the initial Ca 2+ pumping rates of OG-recon- 
st i tuted ptoteol iposomes increased proportionally with 
the amount  of protein initially present  (note that  this 
would have led to constant  initial rates if expressed per  
mg protein). On the o ther  hand, the amount  of Ca 2+ 
taken up by the different proteoliposomes was found to 
be independent  on the lipid to protein ratio. These 
results reflect an increasingly efficient, total and homo- 
geneous protein insertion into liposomes, the internal  
volume in which Ca 2+ ions are pumped being the same 
in this range of lipid to protein ratios. For lipid to 
protein ratios below 10 ( w / w )  (i.e., 1000:1, rno~/mol) 
the rates of Ca 2+ accumulation do not increase pro- 
portionally with the ini t ial  protein content  rel lect ing 
l imitation in incorporation of high amount  of protein 
into preformed liposomes. On the other  hand,  the 
decrease in total Ca""  uptake may be related to an 
increase in '.he passive permeabil i ty or to a decrease in 
the Size of the result ing proteoliposomes. 

A third reason that  makes our  procedure more 
suitable than previous ones may be ~clated to the use 
of Bin-Beads as detergent  removing agent.  Besides 

TAI]LE II 

haflaence of the lipid to protein ratio on the pumping efficiency of 
Ca' +-ATPase proteoliposomes reconstituted by direct iucorporation of 
tile protein b~to octyl glacoside-sautrated liposumea 

Liposomes prepared by r+.ver:c-phase evaporation (4 mg lipid/nd, 
i.e. 5 raM) were first treated by saturating levebs of octyl glueoside 
(26 raM); then presolubilizen C,;:%ATPase w,~ t'.$~ed i,:, glve the 
desire~ 'ipid in protein ratio. After aetergunt removal I~y SM-2 
Bin-Beads, C~ z+ accumulations by reconstilnted proteollposnmes 
were performed as described in Fig. "z (for all reeonstitutian samples: 
4 mg lipid in 2.5 mi of the reaction medium for Ca z+ accumulation 
measurements). '1'he values presented are mean vahless:S.D, from 
l0 dilterent experiments. 

Nule that Ca 2+ accumulations are not expressed per mg protein to 
avoid misleading interpretations when different lipid to protein ra- 
tios are used since as shown here the steady-state Ca 2+ accumula- 
lions arc in a large range (between 160 and 1O w/,v) independent of 
protein content tin fltis range the initi.'d rates of Ca 2+ pumping 
increase linearly with t'.l.: prr'l¢in content). 

Samples Lipid/ Ca ::+ accumulation 
protein initial rate totalextent 
I w/w) (gmolCaZ+/min) (#molCa2.) 

O~iy[ ~lucusidc 160 0,025 t).150 
reconslituted 80 u.0h +0.UI 0,173 a:0.25 
Ca ~" +-ATPase 40 0.125 5:0.025 0.175 + 0.25 
protcoliposomcs 20 t).220 5:0.04 0.175 

I() 0.4IXI 0.140 
5 ~}.StHI O.lO0 
2.5 0.640 0.080 



providing a reproducible and easy way to achieve unil- 
amellar and well sized proteoliposomes it is well suited 
for varying and controling the rate of detergent re- 
moval. Furthermore, it allows complete detergent re- 
moval and using radioactive labels less than 7 TX-I00 
molecules or 5 C ~2 Ea molecules per 100 lipid molecules 
were detected after reconstitutions. Implication of the 
almost complete detergent removal is the low ionic 
permeability of the reconstituted CaZ+-ATPase proteo- 
liposomes [22] allowtng ,~eneration of large Ca z÷ gradi- 
ent concentration in the absence of oxalute. It was also 
checked in control experiments that, after accumula- 
tion into proteoliposomes, Ca a+ does not readily leak 
out of vesicules (a 5% decrease in murexide steaoy-state 
absorbance was observed after one hour in conditions 
where ATP initially added was exhausted). 

Other factors of importance for the present results 
may have been: (i) presolubilization of the protein 
belore reconstitution which ensures a predominantly 
monomeric state of soluble protein before reconstitu- 
tion; (ii) the sequential addition of protein, detergent 
and lipid adopted which for example avoids complete 
inactivation of the Ca2+-ATPase in OG-mediated re- 
constitutions and makes this detergent one of the most 
efficient for reconstitution; (iii) the nature of the phos- 
pholipids used. In this context considerable greater 
Ca z+ transport activities were observed for vesicles 
reconstituted with mixtures of EPC and EPA com- 
pared to those reconstituted with EPC alone (data not 
shown). The possibility that an appreciable amount of 
Ca 2+ uptake was the result of adsorption to the nega- 
tb,e!y charged surface of the vesieules could he ruled 
out by the finding that the Ca 2+ ionophore A25187 
released all the Ca 2+ previously accumulated indicat- 
trig the occurrence of a transmembrane process (data 
not shown). Thus, the enhancement of Ca 2+ transport 
activity by EPA could be related to the amount of 
protein incorporation, to the percentage of protein 
orientat'on (see below) and/or  to a specific role of 
negatively charged lipids on the function of the Ca z+- 
ATPase. 

Another important aspect whr.n dealing with mem- 
brane protein reconstitutlon mechanisms concerns the 
final orientation of the protein in the bilayer. In many 
cases where protein reconstitution occurred through a 
mechanism of direct incorporation into pre~,brmed li- 
posomes, proteins were found almost unidirect~onnally 
oriented whereas pr~teoliposomes with more random 
orientation were obtained when incorporation and 
vesicle formation occured simultaneously [3,8,10]. Un- 
foltunately, our studies on Ca2+-ATPase orientation 
do not allow us to analyze the possible relationshil~s 
between ~he oriematiot~ of the protein and its reeonsti- 
tution mechanism. Whatever the detergent used and its 
rate of removal rather similar orientations of the 
Ca2+-ATPase were detected: they corresponded to 
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about 80 4-10% of the protein with right-side out ori- 
entations. Steric restrictio:,~s aod /or  electrostatic inter- 
actions between positively charged groups of the 
Ca2+-ATPase with negatively charged groups of phos- 
pholipids could account for the fact that in any cases 
somewaat mere than 70% of the proteins are finally 
found in right-side-r~ut orientation. Additionally, it 
could be that the methodology to measure Ca z÷.. 
ATPase orientation is not enough accurate to analyze 
slight variations ( ~  !5%) in protein orientation. Re- 
gardless of the ultimate explanation of this unomalous 
observation, it should, however, be stressed that the 
most efficient proteoli~osomes were obtained using 
OG-mediat,.~d reconstitutions where direct incorpora- 
tion of CaZ+.ATPase into preformed liposomes was 
evidenced. 

Discussion 

The results obtained from Ca 2+ pumping activities, 
sucrose density gradients, freeze-fracture electron mi- 
croscopy and centrifugation experiments suggest a par- 
ticular sequence of events that lead to incorporation of 
Ca2+-ATPase into liposomes. These are schematically 
depicted in Fig. 8. Initially, mixed mieelles composed 
of either lipid-detergent or lipid-protein-detergent are 
present. Depending upon the rate of detergent re- 
moval two main process~.~ may occur. Upon slow deter- 
gent removal (process II in Fig, 8) it is proposed that as 
the detergent is initially removed, protein-rich struc- 
tures are first formed. This is consistent with the 
observation .~hat a large fraction of protein sedimented 
at detergent concen~r~t,_'_,2~ w.~ll b~i~w ~hose at which 
the m~cellar-to-lamellar transition for phospholipids 
was complete. As the detergent concentration is fur- 
ther lowered, micelles containing lipids are disrupted 
and pellets consequently contain an increasing amount 
of phospholipid. It is likely that these phospholipids 
exist as liposomes saturated with detergent. At this 
stage, it is proposed that the dispersal of the protein 
among the I~posomes, will depend upon the nature of 
the detergent and its ~bility to incorporate the 'aggre- 
gated' protein into the preformed liposomes. In the 
case of C j~ Es-mediated reconstitution, a large fraction 
of protein-free liposomes coexist with a small fraction 
of protein-dense liposomes (see Figs. 4 and 6). These 
observations indicate thpt~ in the presence of Ci2 Es the 
protein is, not transferred from the initla!!r,' formed 
protein-rich structures to the phospholipid ,ich lipo- 
sprees (process 118 in Fig. 8). On the contrary, the 
results of OO-mediated reconstglutions (process IIA in 
Fig. 8) would indicate that the preformed lipid-protein 
complex can be incorporated into the phospholipid-rich 
recombinant ~ince compositionally homogeneous pro- 
teoliposomes are formed upon slow removal of this 
detergent. Thls interpretation is further corroborated 
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by the results from the step by step reconstitution of 
the Ca 2 +-ATPase demonstrating that Ca 2+-ATPase can 
be 'directly' incorporated into preformed liposomes 
destabilized by saturating levels of OG. Freeze-tracture 
electron micrographs, sucrose density gradients and 
also high ATP-dependent Ca 2+ accumulation all indi- 
cate a total and homogeneous incorporation of the 
protein into OG-saturated liposomes. Finally, in the 
case of TX-100-mediated reconstitutions, it could be 
assumed that part of the protein is transferred to the 
liposomes. Thus although two vesicle populations were 
present the amount of protein-free liposomes was much 
less tl~an in tbc case of C 12 E6-mediated reconstitutions 
and Ca e+ pumping elficiencies were in between those 
measured in OG- and CuEs.mediated reconstitutions. 

Upon rapid detergent removal (process I in Fig. 8) it 
was shown by transport data and freeze-fracture elec- 
tron microscopy tha~. homogeneous protein distribu- 
tions among liposomes were reached. The simplest 
explanation is tbat upon rapid detergent removal, the 
disruption of both types of micelles initially present is 
simultaneous, ~esulting in a mixing of their compo- 
nents. Under these conditions, whatever the nature of 
the detergent used, the resulting reconstituted lipo- 
somes are more nearly a reflection of the overall com- 
position of the starting solutions, and thus more homo- 
geneous. Finally, in the case of choiatc-mediated re- 
constitutions, although it has been difficult to accu- 
rately follow lipid-protein association during detergent 
removal, it is proposed that Ca2+-ATPase proteo- 
liposomes only arise from micelTe coalescence whatever 

the rate of detergent removal. This proposal is based 
ell the following observations: (i) the rate of detergent 
removal has no significant effect on the homogeneity 
and Ca 2+ pumping efficiencies of the reconstituted 
proteoliposomes; (ii) no protein heterogeneity can be 
detected by electron microscopy even at slow d~.'tergent 
lemoval rate; (iii) protein cannot be incorporated into 
preformed liposomes, eliminating the possibility of a 
protein transfer from putative p,'otein-rich structures 
to prct0rmed liposomes during slow detergent removal. 

It is interesting to compare the mechanisms we 
propose for Ca2+-ATPase reconstitution wilh those 
reported for other membrane proteins, Eytan [3] pro- 
posed that two mechanisms might occur durirg deter- 
gent removal: (1) detergent could be removed homoge- 
neously from all micelles which disrupted and coa- 
lesced resulting in a mixing of their components; (2) 
'loose' structures resembling liposomes could be first 
formed upon detergent removal, the remaining deter- 
gent catalyzing a direct incorporation of lipid-protein 
complexes into these 'preformed' liposomes. ,¢%uifi- 
cantly, it was proposed that the rate of (%tergent 
removal might be involved in determining ot:e of the 
mechanisms: thus rapid detergent removal could lead 
to rapid and simultaneous micellar coalescence while 
upon slow detergent removal, liposome formation could 
preceed protein incorporation (see also Ref. 42). Thus, 
the mechanisms proposed by these authors ar~ in line 
with those illustrated in Fig. 8. However, our experi- 
mental results clearly demonstrate that slow c;'.:tergent 
removal lead to the formation of Ca2+-ATPase-rich 

Fig. 8. Schematic representation of the suggested mechanisms by which Ca2+.ATPase can associate with phospholipids upon detergent 
eliminalion from initial micellar detergent/lipid/proteln solutions. 



structures prior to liposomes format.on, ~',,¢ efficiency 
of the reconstitution depending then on the ability of 
the detergent to incorporate, the protein into the pre- 
formed liposomes. 

What happens exactly at the beginning of detergent 
removal is not clear. Indeed this could be due to one or 
more of the following factors: (i) detergent/Ca 2+- 
ATPase/lipid micelles are less stable than the lipid/ 
detergent micelles so that as the detergent concentra- 
tion is initially lowered it is preferentially removed 
from the ternary micelles resulting in the initial forma- 
tion of protein-rich liposcmes; (ii) detergent is removed 
from both types of micelles but protein molecules tend 
to aggregate upon destabilization of the ternary mi- 
celles. Although we have no definite proofs, it is tempt- 
ing to associate the appearance of protein-rich struc- 
tures to the propensity of the CaZ+-ATPase to .~elf-ag- 
gregate when ternary micelles are detergent-depletod 
or become saturated with phospholipid. Indeed, al- 
though Ca2+-ATPase can be solubilizod in different 
detergents as defined monomers, it has been demon- 
strated that there is an increased tendency for self-as- 
sociation of the protein depending upon small varia- 
tions in detergent, protein and /o r  phospholipid con- 
ccntration (for a recent review, see Ref. 20). Thus, in 
detergent-mediated reconstitutions it becomes obvious 
that this propensity towards oligomeric association must 
be taken into account since proteoliposomes are formed 
by disruption of these 'unstable' prote in /detergent /  
phospholipid micelles. 

Extension of the model proposed in this report for 
SR-ATPase to other membrane proteins is also sup- 
ported by our previous findings obtained under similar 
experimental conditions with bacteriorhodopsin and 
H+-ATPase from chloroplast. In particular, it was 
demonstrated that these two membrane proteins could 
be incorporated into OG-saturated preformed lipo- 
somes [7,8] and that spontaneous insertion of crys- 
talline arrays of bacteriorhodopsin (purple membrane 
sheets) into OG-saturatod liposomes occurred. Since in 
many instances OG proved to be useful in faciliting the 
direct incorporation of membrane proteins into bilayer 
membranes even in the aggregated state [10,45,46], it is 
tempting to extend thiq mechanism to the reconstitu- 
tion of all memo~ane proteins that tend to form aggre- 
gates or oligomers in the presence of low amounts of 
detergents. The results from TX-100 mediated recon- 
stitutions of bacteriorhodopsin and H+-ATPase [12] 
indicated that these two memDane proteins could also 
be incorporated into preformed liposomes but by a 
mechanism which required the presence of micellar 
structures. A time-depender:t transfer of protein ini- 
tially present in mixed miceiles to TX-100-saturated 
iiposomes was observed and shown to be dependent 
upon the number and /or  composition of the mixed 
micelles present in the incubation medium. In view of 
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the results reported here for Ca2+-ATPas¢ reconstitn. 
tion, it could be proposed that the amount of detergent 
above that needed for liposome saturation was neces- 
saw to allow the dissociation of protein oligomers 
and /o r  their further incorporation into liposomes: in 
the case of Ca2+-ATPase, due to its high propensity for 
self association, the size and /or  the stability of these 
protein complexes is so important that they could not 
be dissociated by TX-100 and very few proteins could 
be directly incorporated. Finally, the results of recon- 
stitution studies with sodium eholate demonstrated that 
H+-ATPase and bacteriorhodopsin proteoliposome 
formation only arose from micelle coalescence accord- 
ing to the mechanism proposed here for Ca:+-ATPase. 

Conclusion 

In order to obtain more information about the pa- 
rameters involved in the reconstitution process we have 
recently developed a new experimental strategy [8] 
allowing a 'snapshot' on all the situations that may 
occur during detergent-mediated reeonstitutions. It was 
obvious from our previous studies [8,11,12,31,36] that 
the nature of the detergent used for reconstitution was 
a key factor in determining the mode of optimal lipid- 
protein association. The purpose of the present report 
was to evaluate how the nature and the structure of the 
protein to be reconstituted influenced the reconstitu- 
tion process and consequently proteoliposome charac- 
teristics. Therefore, studies similar to those reported 
for bacteriorhodopsin were conducted with another 
prototypic membrane protein, thL~ cae÷-ATPase from 
sarcoplasmic reticulum. Although the products of re- 
constitution are clearly shown to be dependent upon 
the particular detergent used, the most important find- 
ing reported here is that the tendency for self-associa- 
tion of Ca2+-ATPase molecules was a key factor in 
determining the composition of the final proteo- 
liposomes during detergent-mediated reconstitution of 
this protein. The broad and systematic as:~essment re- 
ported here, offers a model for SR-ATPase reconstitu- 
tion which can be extended to other membrane pro- 
teins. 

Besides providing information by which proteins may 
associate to phospholipids during detergent-mediated 
reconstitutions, we believe that an important benefit of 
our study is the finding that the reconstitution de- 
scribed in this paper is a method of choice for the 
reconstitution of the Ca2÷-ATPase. The Ca 2+ pumping 
capabilities (total Ca 2+ uptake, initial rates of Ca 2+ 
pumping) are the highest among those obtained with- 
out using Ca 2~ precipitating anions in the reconstitu- 
tion studies reported to date and comparable to those 
measured in the native SR vesicles. The good asym- 
metric orientation of the protein as well as the low 
ionic permeability of the reconstituted liposomes are 
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also dcfh~ite advantagc,~ for f,-rther func!icmal and 
structural studies of the Ca2~-ATPase. 

All tht; results emphazize the need for a systematic 
study of the kind repor~.ed here for the purpose c f  
understanding reconstitl:zion mechanisms and produc- 
ing biologically efficient proteoliposomes. For example 
from the data  of the li :erature, it al~pears that  most 
rec,~nstitution studies oJ  SR ATPase  have been essen- 
tially l imited to the bil~ salt detergents  while TX-100 
[14], CI2E s [15] and OG [47] have not been used 
frequently. Furthermore,  in all cases low transport  
activities were reported in the absence of precipitat ing 
anions. In addition, since most of these reconsti tuted 
systems have not been characterized in detai ls  with 
respect  to their  size distribution, protein distribution, 
protein sideness and passive permeabili ty,  it is (~;fficult 
to offer explanat ions of the widespread,  often unsatis- 
factory, results reported in the li terature.  Fur tner  de- 
tai led studies of the reconsti tution processes whith 
other  membrane  proteins and other  detergent  are cur- 
rently in progress in our  laboratory, leading to an 
optimist ic  perspective in the formulation of general  
sets of principles for recons~itutions experiments.  
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