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Abstract. Thermal stability of plasma membrane®a Introduction
pump was systematically studied in three micellar sys-
tems of different composition, and related with the in- The erythrocyte C& pump is a single chain integral
teractions amphiphile-protein measured by fluorescencerembrane protein that actively transports’Claom the
resonance energy transfer. Thermal denaturation wasytoplasm to the external milieu. A large portion of the
characterized as an irreversible process that is well degump faces the cytoplasm, and short external loops con-
scribed by a first order kinetic with an activation energy nect 8 to 10 putative transmembrane segments (Mgller,
of 222 + 12 kd/mol in the range 33-45°C. Upon increas-Juul & le Maire, 1996). Despite several years of re-
ing the mole fraction of phospholipid in the mixed mi- search aimed at unraveling the functional and structural
celles where the G4 pump was reconstituted, the kinetic properties of the Cd pump, essential aspects of its
coefficient for the inactivation process diminished until it structure and catalytic mechanism remain unsolved.
reached a constant value, different for each phospholipid Denaturation of proteins implies the disruption of
species. We propose a model in which thermal stabilitytheir native, three-dimensional conformation (Creighton,
of the pump depends on the composition of the amphi1993). The forces involved in the folding and unfolding
phile monolayer directly in contact with the transmem- of proteins, which are closely related to the properties of
brane protein surface. Application of this model showsthe surrounding medium determine their stability (Rees
that the maximal pump stability is attained when 80% ofet al., 1989; Popot & Engelman, 1990). Thus, denatur-
this surface is covered by phospholipids. This analysisaition occurs as a consequence of environmental alter-
provides an indirect measure of the relative affinity phos-ations such as changes in temperature or pressure, or the
pholipid/detergent for the hydrophobic transmembranepresence of certain chemical agents. While thermal de-
surface of the proteirk( ) showing that those phospho- naturation of globular proteins is a well-studied process,
lipids with higher affinity provide greater stability to the relatively little is known about the thermal stability of
Ca&" pump. We developed a method for directly mea-membrane proteins (Creighton, 1993; Lau & Bowie,
sureK, p by using fluorescence resonance energy trans1997).
fer from the membrane protein tryptophan residues to a  Most of the studies on membrane proteins require
pyrene-labeled phospholipik, , values obtained by the use of amphiphiles for protein isolation, reconstitu-
this procedure agree with those obtained from the modeljon and crystallization (Ostermeier & Michel, 1997).
providing a strong evidence to support its validity. The employment of these amphiphiles involve the dis-
ruption of the membrane and the protein inclusion in an
artificial medium, i.e., micelles, in which the amphi-

Key words: Membrane _prot_eins — _éécATPase — philes constitute the solvent of the hydrophobic trans-
PMCA — Th_ermal inactivation — Micellar phase — membrane domain of the protein. Therefore, the study
Protein-amphiphiles interactions of the interactions between membrane proteins and am-

phiphiles and the dependence of the enzyme properties

on these interactions, constitute important topics for the
- determination of the optimal conditions for protein re-
Correspondence toF.L. GonZ#ez Flecha constitution.
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Our purpose in this work is to precisely describe thegation for 3 min at 1,000 g. Detergent removal was monitored in a

process of thermal denaturation of the purified plasmeparallel experiment usingf]TID labeled C2E,o

membrane C&-ATPase and its dependence on the mi-

celle composition. We perform a kin_etic analysis andp easUREMENT OF THECs2 -ATPASE ACTIVITY

develop a fluorescence-spectroscopic method for de-

scribing the interactions amphiphile-protein, and the ef-aTpase activity was measured at 37°C as the initial velocity of release

fects of these interactions on protein stability. of Pi from ATP, as described previously (GéfeaFlecha et al., 1999),
with some modifications. The incubation medium was: 120 KCI;
30 mv MOPS-K (pH 7.4); 3.75 m MgCl,; 1 mm EGTA; 1.1 mm

Materials and Methods CaCl, ([Ca*]yee = 140 uM); 140 um soybean phospholipids; 8Gx
C,.E;0and 2 u ATP. The protein concentration waguy/ml. C&*-
ATPase activity was measured as the difference between the activity in

MATERIALS the aforementioned medium and that measured in the same medium
without C&*. Release of Pi was estimated according to the procedure

All the chemicals used in this work were of analytical grade and mostlyof Fiske and Subbarow (1925). The concentration of*Ga the in-

purchased from Sigma Chemical (St. Louis, MO). SM-2 Bio-Beads cubation medium was measured using an Orion 9320 ion-selective

were obtained from Bio-Rad Laboratories (Hercules, CA). 3-(tri- C&* electrode (Beverly, MA).

fluoromethyl)-3-m-{**A]iodophenyl)-diazirine, 23] TID (2.8 mCi/ml

in methanol:water 3:1 v/v) was brought from Amersham International

plc (UK). [**A]TID labeled CE,, was prepared according to the THERMAL INACTIVATION

procedure described by Castello et al. (1997) with some modifications

(Levi et al., personal communicatign Soybean phospholipids (type Thermal inactivation experiments were performed by incubating the

II-S) were purchased from Sigma Chemical (St. Louis, MO). HPPC C&* pump (10..g) in the storage buffer containing the phospholipid

was obtained from Molecular Probes (Eugene, OR) and store in a stocknd detergent concentrations detailed in each case. To prevent prote-

solution (1.18 mu in chloroform). Recently drawn human blood was olysis and bacterial growth 3msodium azide; Jum pepstatine; 1Qum

obtained from the Hematology Section of the Hospital de Clinicas|eupeptin; 1pg/ml aprotinin and 0.1 m PMSF were added to the

General Josée San Marn (Argentina). medium. The tubes were sealed and covered to avoid evaporation and
to protect the system from light.

PURIFICATION OF Ca?* PUMP FROM
HUMAN ERYTHROCYTES PoLyAcRYLAMIDE GEL ELECTROPHORESIS

Calmodulin-depleted erythrocyte membranes were prepared as dgsyior tg electrophoresis, samples (@§ per lane), were incubated at
scribed previously (Gorifez-Flecha et al., 1999) using 15MMOPS 55 temperature for 5-10 min in sample buffer. SDS-PAGE (10% T
(pH 7.4 at 4°C), 0.1 m PMSF and 1 m EGTA as hypotonic solution. 414 194 C) was carried out according to the Tris/tricine method @cha
Ca"-ATPase was isolated in pure form by calmodulin affinity chro- ger ¢ von Jagow, 1987). Gels were then stained with colloidal Bril-
matography (Castello et al., 1994). Fractions exhibiting the highestisnt Blue G (Neuhoff et al., 1988).

specific ATPase activity were pooled. Homogeneity was verified by

SDS-PAGE (single band a#, 134,000) and the G& pump concen-

tration was measured by densitometric analysis. Phospholipid conceng| yorReSCENCEMEASUREMENTS

tration was determined according to Chen, Toribara and Warner

(1956). Prior to use, the enzyme (g8®/ml, specific ATPase activity C&* pump emission spectrum was measured at 26°& 8 x 3 mm
11.5pmol Pi/mg min) was kept, under liquid nitrogen, in storage buffer quartz cuvette using a SLM-AMINCO BOWMAN Series 2 spectro-
(300 ma KCI, 10 mw MOFS'K (pH 7.4 at 4°C), 1 m MgCIz., 21mv fluorometer (Spectronic Instrument, Rochester, NY) with excitation at
EDTA, 2 mw CaCl, ([C&"lyee = 68.7 um) and 2 nu DTT) with 290 290 nm. Both excitation and emission bandwidths were set at 4 nm.

pm soybean phospholipid and 8@ Cy.E,, except where indicated.  £4ch spectrum was measured between 300400 nm and was corrected
The critical micellar concentration of,GE, , in the storage buffer, was for background emission.

measured according to Casey and Reinhart (1993) considering that the Fluorescence energy transfer was measured from the decrease on
meanM, of Cy.E,, is 627 (Ganong & Lu, 1989). Ca*-ATPase intrinsic fluorescence caused by the presence of the ac-
ceptor HPPC. According to Fster (1948),R, (the distance in A at

which the transfer efficiency is 50% for a single donor-acceptor pair) is
ISOLATION OF MEMBRANE PHOSPHOLIPIDS Y ° 9 ptor pair)

given by:
Erythrocyte lipids were extracted using the method of Wang et al. ) e
(1994). Phospholipid concentrations were measured according to CheﬁO ~9.79%x 10° - K dp )
et al. (1956). n*

wheren is the refractive index of the medium? is the orientation
DETERGENT REMOVAL factor between the transition moments of the donor and accelpias,

o the fluorescence quantum yield of the energy donor in the absence of
To remove the detergent from the solubilized*Caump, 0.6 g/ml  5ccentor and s the spectral overlap integral (in ém~?) defined by:
prewashed wet Bio-Beads SM-2 absorbent (20-50 mesh) were added,

and the mixture was incubated for 1.5 hr at room temperature with B
continuous stirring. Finally, the Bio-Beads were separated by centrifu-J = | Ip(A) - ea(A) - A7 - d\ )
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in which \ is the wavelengthl(\) is the fluorescence of the donor Results
with the total intensity normalized to unity, asg(\) is the extinction
coefficient of the acceptor, both at
KINETICS OF Ca?*-ATPASE THERMAL DENATURATION
?:AE/ESUREM;:'T oF THED'SPLACEM?I_NT CONSTANT OF Thermal inactivation of solubilized Eapump was stud-
Cifao BY OSP(';%'F;')BS ON TEE;’Z\NSMEMBRANE ied by incubating at different temperatures the purified
RFACE OF THELA MP BY enzyme in storage buffer with 290 soybean phospho-
The relative affinity of the different phospholipidic species respect to lIPidS and 800um C,,E, o After different incubation pe-
C,.E,ofor the hydrophobic transmembrane surface of tie'@dPase  r0ds at each temperature, CaATPase activity ) was
was studied by measuring the decrease on the fluorescence emissionieasured as described in Materials and Methods.
the protein due to the addition of a fluorescence acceptor labeled phos- Figure 1A shows the time course of the inactivation
pholipid (HPPC). , of the enzyme within a temperature range 33-45°C. The
Similarly as described by Veatch and Stryer (1977), the decreastfaCt that the C&-ATPase activity measured at 37°C is
on the C&* pump emission could be directly related to the fraction of . . .
the hydrophobic transmembrane surface that is cover by HPPC a(:cordlot r_eStqred after the mCUb"’_\tlon |r)d|cate§ that thermal
ing to: inactivation of the enzyme is an irreversible process.
The best fit to the data was obtained by applying Eq. 5:

da _

Iy 1-E- Ouppc ©)
VS s (5)
wherely , and 14 are the fluorescence intensities of the pump in the "©

presence and the absence of the acceptor respectivédythe FRET . . o . .
efficiency andf,epc is the fractional coverage of the hydrophobic Wherek is the inactivation rate coefficieny, is the re-

transmembrane surface of the protein with HPPC. By replaipge ~ Maining activity, v, is the initial activity andt is the
with the corresponding expressions derived from the adsorption isofncubation time.

therm of amphiphiles and considering that most of the contact sites are  The relation betweek and temperature is described
occupied by unlabeled amphiphiles, the following relation is obtained:by the Arrhenius equation for many reactions:

lga §
9201~ Xppemic - ———————— ) k

lq me Kip * XL mic * XD,micB In k_o =InA- ﬁ— (6)
whereg is a constant for each systefandK,  are the stoichiometric

coefficient and the displacement constant for the exchangg,GPL whereA s the pre-exponential factdEais the activation
on the transmembrane surface of the*Cpump, respectively see energy for thermal inactivatiorR is the gas constant,

Appendix for details). is the absolute temperature akglis the reference rate
coefficient &, = 1 hr'?). Figure B shows the values of
DATA ANALYSIS In (k/ko) plotted as a function of . By fitting Eq. 6 to

the previously found values & Ea = 222 + 12 kJ/mol
All measurements were performed in duplicate or triplicate. Data pre-andIn A = 83 + 5 were obtained. The linearity of Ar-
sented in Results included at least two independent experiments. Thghenius plot suggests that a single common mechanism is
equations were fitted to the experimental data using a multivariateresponsible for C& pump inactivation over the range of

nonlinear regression procedure based on the Gauss-Newton algorith .
(Seber & Wild, 1989). The dependent variable was assumed homoilémp(:“ratl'lreS assayed' Therefore, as a practlcal matter,

scedastic (constant variance), and the independent variable was coﬁurther inactivation exp_eri_ments were run at 44°C so they

sidered to have negligible error. The “equation of best fit” was deemedcould be completed within 3 hr.

that which gave the minimal Akaike index (Akaike, 1974) and the least Both native and thermally inactivated €apump,

biased fit. Parameters were expressed as the mean + SE. migrated as a single band &f, 134,000 after SDS-
PAGE (data not show)) indicating that thermal inacti-

ABBREVIATIONS vation was not due to either fragmentation or formation

BHT butylated hydroxytoluene of SDS-stab_Ie aggregates of the protein. To determine
C,E, poly(oxyethylene)10-lauryl ether whether the inactivation of the enzyme was related to the
DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine presence of residual amounts of peroxides in the deter-
DTT 1,4-dithiothreitol gent (Mgller, le Maire & Andersen, 1986), various con-
FRET fluorescence resonance energy transfer centrations of the free radical scavenger BHT (0 o)

HPPC 1::)‘?;":‘)%‘323”03’"2'(1 pyrenedecanoyl)-sn-glycero-3-phos-yere added to purified preparations of ‘GATPase.

Ko Eisplacemem constant for the exchangefG, phospholipid The samples were then incubated for selected periods at

o o S 5
on the transmembrane surface of the membrane protein  44°C under the conditions indicated abovg, CaTPase

PL phospholipid activity was measured and found to be independent of

Xi mic mole fraction of the component in the micellar phase the BHT concentration.
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Fig. 1. Kinetics of thermal inactivation of the E&ATPase. A) Time course of the thermal inactivation of the?Cg@ump. The enzyme was
incubated in storage buffer with 290v soybean phospholipids and 8™ C,.E,, under the conditions described in Materials and Methods.
Incubation temperatures were: 33°€ ), 37°C (O), 42°C (1), 43°C (d), 44°C @) and 45°C @). At selected periods of incubation, aliquots were
taken, and CH-ATPase activity was assayed. Relative activity was plotted as a function of the incubation time. The continuous lines correspon
to the fitting of Eq. 5 to the experimental data. The best-fitting valudsveére 0.018 + 0.002 ht (33°C); 0.052 + 0.002 ht (37°C); 0.18 + 0.03

hrt (42°C), 0.27 + 0.03 h* (43°C); 0.40 + 0.03 Hi* (44°C) and 0.53 + 0.02 ht (45°C). 8) Temperature dependence of the kinetic coefficients

of thermal inactivation of Cd-ATPase. The straight line is the graphical representation of Eq. 6 obtained using the best-fit parameter values
indicated in the text.

FACTORS AFFECTING THERMAL DENATURATION OF THE The inset to the figure shows the time course of thermal

SoLusliLIZED Ca?* Pump inactivation at 44°C. Equation 5 was fitted to the experi-
mental data, and the rate coefficients were estimated and

The following experiments were designed to evaluate théplotted as a function of the soybean phospholipids mole

effect of modifying micelle composition on the thermal fraction. This figure shows that the stability of theCa

stability of the purified C&" pump. pump increased WittKsoypean pLmicUP t0 0.15 andk

Throughout this work, micelles were considered as ébecame constant beyond this value.
separate phase (Tanford, 1980) whose composition is The dependence &fon the phospholipid mole frac-

defined by the mole fractions of its components: tion was further studied by repeating the same procedure
except that the G4 pump was purified in the presence of
n, n; either erythrocyte membrane lipids (FigB)2or DOPC
Xi mic = (Fig. 2C) instead of soybean phospholipids. In these

NpL + Ne e o T Neat2-aTP NpL + Nc e ;
12510 - 4 ase 17707y cases, the dependencekobn the mole fraction of each

phospholipid was similar to that observed with soybean
phospholipidsk was steeply dependent on phospholipid
; i o .. mole fraction, but beyond a certain value (>0.5 for
micelles;i may be phospholipid, detergent or protein; mo .
andn refers to the total amount of substance (number ofxerythm?yt.e pLmi@Nd >O.§ fo'XDOF’.Cvmi‘)’ this dependence
was minimal. Comparison of Fig.A2 B and C reveals

moles). In all assay8cz-arpase << Np., Meaning that . . . .
the approximation in Eq. 7 is adequate. According to thethat the maximal stability of the calcium pump increased

low critical micellar concentrations of phospholipids according to the following sequence: soybean PL >>
(Tanford, 1980) and GE;, (5.1 uMm) we presumed that erythrocyte PL >> DOPC.

both amphiphiles were present in the micellar phase ex-

clusively. Effect of the Detergent Mole Fraction

whereX; ., is the mole fraction of thecomponent in the

Effect of Phospholipid Mole Fraction C,.E,o concentration in preparations of purified Ta

pump was adjusted to the values indicated in the legend
Initially, the C&* pump was purified and reconstituted in to Fig. 3. Samples were incubated at 44°C, and*Ca
storage buffer with 14um soybean phospholipids and ATPase activity was measured as a function of time.
800 um C;.E;, This preparation was then supple- Equation 5 was fitted to the experimental data, and the
mented with soybean phospholipids up to the concentrarate coefficients for the thermal inactivation were esti-
tions indicated in the legend to FigA2while the con- mated and plotted as a function of the detergent mole
centrations of the other components were kept constanfraction (Fig. 3).
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’ 100 inactivation on phospholipid mole fraction. €aATPase was purified
' and reconstituted in storage buffer in the presence of BOCC, E,,
0.75 and soybean phospholipid8)( phospholipids extracted from erythrocyte
12.00 A 2 050 N membranesE) or DOPC (). The phospholipid concentrations were
7 (mwm): soybean phospholipids: 32(), 60 ©), 121 @), 217 (J) and
— 0.25 362 (A); erythrocyte membrane phospholipids: 64%)(140 ©), 440
- 0.00 (M), 710 (0) and 1430 A) and; DOPC: 86 4), 140 (J), 430 1),
< 8.00 A 00 01 02 03 1100 () and 2300 @ ). Samples were incubated at 44°C2GATPase
i ® time (hours) activity was measured as described in Materials and Methods and
i plotted as a function of the incubation time (insets). Valuek wokre
| obtained by fitting Eq. 5 to the experimental data and represented as a
4.00 . ! X ) >
function of X_ .. The continuous lines are the graphical representatioin
[} of Eq. 10 with the following best fitting parameters:
000 T T T KLD k:L (hr_l) B
Soybean PL 9+2 0.39+0.05 2
0.0 0.2 0.4 0.6 0.8 Erythrocyte membranes PL 3.3x04 0.80+0.07 2
X DOPC 2+1 26+0.9 2
DOPC, mic

This figure shows thakt for the thermal inactivation
of the C&* pump was independent of the, £,, mole
fraction in the range 0.4-0.85; beyond this rank-

creased steeply.

RESONANCE ENERGY TRANSFERMEASUREMENTS

Materials and Methods, was 1.7 x#cm® m™. The
quantum vyield of Trp residues in the €aATPase was
found to be 0.03, using Trp in water (25°C) as a standard
(Wu & Brand, 1994). Taking into account these values
and considering 1.33 for the refractive index and 2/3 for
the orientation factok? (Lakowicz, 1983), the calculated
Forster distancdR®, was 21.4 A.

Figure 8B shows the emission spectrum of the’Ca

To determineK, 5, we used steady state fluorescencepump in the absence of acceptor (continuous line) and
resonance energy transfer between natural fluorophorebe decrease of its intensity due to energy transfer in the
of the C&*-ATPase and a fluorescent labeled phosphofpresence of HPPC (dashed line).

lipid. In these experiments, Trp residues of the’Ca
pump constituted the donors and pyrene bound to théy phospholipids on the transmembrane surface of the
phosphatidylcholine acted as the energy acceptor. Thpurified C&* pump K, ), the quenching of the intrinsic
donor-acceptor pair used in this system has the advarfluorescence of the pumgy(/ly) by HPPC was deter-
tage of the high extinction coefficient of the acceptor andmined in the presence of ,¢E,, and either soybean
an excellent degree of overlap between the emission gbhospholipids, membrane phospholipids, or DOPC.

the protein and the absorption spectrum of HPPC (Fig.

To determine the displacement constant gQfEZ,

Increasing quantities of GE, -HPPC micelles were

4A). The overlap integral, calculated as described in added to purified C& pump and mixed until the maxi-
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3.00 This is characteristic of first order reactions and indicates
that thermal inactivation of C&ATPase can be kineti-
cally considered as a two-state process involving only
fully active and inactive molecules. The temperature de-
pendence ok (Fig. 1B) is described by a linear Arrhe-
nius plot, suggesting that a common mechanism is re-
sponsible for the inactivation between 33-45°C. This
fact allows us to extend the results obtained at a particu-
lar temperature to another one within the assayed range.
In addition, Ea for the thermal inactivation of the pump
was in the range of those values found for other mem-
brane and soluble proteins e.g., 300 kJ/mol for the sar-
0.00 L ] . . ‘ ] coplasmic reticulum Cd-ATPase (Davidson & Berman,

' 1996) and 205 kJ/mol for the RNase (Gekko & Ti-

04 05 06 07 08 09 1.0 masheff, 1981).

The irreversible loss of G&-ATPase activity was
not due to either degradation or formation of SDS-stable
Fig. 3. Dependence of the kinetic coefficient for the thermal inactiva- aggregates of the prOIein_ asitwas _demonStrated by_ SDsS-
tion on the G,E,, mole fraction. C& pump was purified and recon- PAGE. Moreover, there is no relation between the inac-
stituted in storage buffer with 299m soybean phospholipids and tivation of the C&" pump and the presence of peroxides
supplemented with GE, 4 up to the following concentrations ¢m): 0.8 (polyoxyethyleneglycol detergents may contain perox-

(L), 16(),3.2(0), 4.8@),6.4(¢) 8(A)and 11.50). The point  jqeg a5 impurities produced during their synthesis
at which C,E,;, concentration was 0.2 m(O) was achieved by re-
e%

k(™

C,,E,( mic

moving the detergent as described in Materials and Methods. Sampl Maller, le Maire & And?rsen’ 1986)). Helenius et al.
were incubated at 44°C, €aATPase activity was measured as de- 1979) reported that addition of 1 mole of BHT per 500
scribed in Materials and Methods and plotted as a function of themoles G.E;q is usually enough to prevent peroxides
incubation time (inset). Values @fwere obtained by fitting Eq. 5tothe  effects. In this work, addition of BHT together with
experimental d_ata and_ represented_ as a functiok,Qfi The best fit C1,E10 in mole ratios between 1:200 and 1:800 had no
of Eq. 191(cont|nuous line) was achieved wikh, = 10 £2,k; = 0.5 effect onk.
+01hrtandp = 2. Throughout this work, we analyzed the effect of the
components of the micellar phase on’GATPase sta-
mal FRET was observed (about 1 min). Then, the calbility. In this regard, we employed two of the most used
cium pump intrinsic spectrum was registered. Figuke 5 phospholipids in the reconstitution of the plasma mem-
B andC shows that C&-ATPase emission intensity di- brane C&* pump: a pure species (DOPC) and a phos-
minished with the mole fraction of HPPC. This diminu- pholipid mixture (soybean PL). In addition, we com-
tion was enhanced increasing the mole fraction of deterpared the effects of these phospholipids with those of the

gent. o ~lipids that constituted the natural environment of the
Fluorescence emission spectrum ofGATPase in pump.

the absence of HPPC was not modified after the addition The influence of the relative concentration of phos_

of detergent over the range indicated in legend of Fig. S5pholipid and detergent on the thermal stability of the

suggesting that GE,, did not cause conformational cg*-ATPase was studied in two ways: either the con-

changes in the protein. _ . centration of G,E;,was kept constant while the amount
The displacement of GE,, in contact with the 4 5qded soybean PL was varied (Figh)2or vice versa

transmembrane surface of the protein by soybean PL Waig. 3). Comparison between these experiments shows
measured at 25 and 44°C, and no significant difference,5¢ similar values ok were obtained when the mole

were found forK, 5 values (D + 1 and 9.1 + 2.5, respec-

) fractions of the phospholipids in the micelles were simi-
tively).

lar, even if the phospholipid concentrations in the whole
system were different. This indicates that the effect of
Discussion phospholipids and detergent on the pump stability is re-

lated to the micellar phase composition but not to the
In this work, we characterized the thermal stability of concentration of micelles in the system.

purified plasma membrane €apump and its depen- To interpret this effect, we consider that theCa
dence on the composition of the micelles where the enpump in the micellar form has its hydrophobic trans-
zyme is solubilized. membrane surface covered by bound amphiphiles. The

We show that time course of thermal inactivation of existence of a population of lipids with restricted motion
this protein is well described by an exponential function.corresponding to the first lipid shell surrounding the pro-
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Fig. 4. Resonance energy transfer from?GaTPase to HPPC.A) Overlap between the emission spectrum of thé*@amp (continuous line)
and the absorption spectrum of the HPPC (dashed line). The spectra were determined ¢ii-tiEF@ae purified as described in Materials and
Methods, and on a micellar preparation of 548 HPPC and 102wm C,,E, . The pyrene-labeled phospholipid concentration in the stock solution
was measured changing the solvent by methanol and measuring the absorbance of the resultingssetutldi7@0 cm* m~* at 341 nm). B)
Emission spectra of purified E&ATPase (continuous line) and with the addition of 3.@ HPPC (dashed lines). HPPC was added in mixed
micelles with G,E,, (mole ratio 0.54). The conditions for the fluorescence measurements are described in Materials and Methods.

membrane proteins (for referencese Marsh (1997)). (10
The quantitative description of the association of two
amphiphiles competing for the hydrophobic transmem-

brane surface is given by:

tein was previously demonstrated for other integral [ XE e ]
k=k, - : 1

Kip - XL,mic

In this model, detergent and phospholipid molecules
are in a dynamic equilibrium competing for the hydro-
phobic transmembrane sites on the protein; i.e., as the
0, = (8) phospholipid concentration in the micellar phase in-
XE mic + Kip * XL mic creases, detergent molecules are displaced by lipid mol-
ecules. When the immobilized boundary layer is pre-
where 6, is the fractional coverage of this surface by dominantly composed by lipids, the inactivation rate co-
phospholipid moleculesX, . and Xg ;. are the mole efficient is minimun ((1)_ and thereforg, the protein
fractions of lipid and detergent in the micelles, respec-th,ermal stability is maximal. The continuous lines in
tively; K, p, is the displacement constant of £,, by F|g_s. 2 and 3 show that this model agrees with the ex-
phospholipids at the hydrophobic surface; ghis the ~Perimental data. o o
exchange numbeséeAppendix for details). In the case In addition to the _quant|tat|ve description _qf the de-
of phospholipid mixturesk, , is an average coefficient Pendence of the calcium pump thermal stability on the
for all the phospholipid molecules interacting with the Micelle composition, this model provides an indirect de-
ATPase (including nonspecific and specific interactions lermination of _the relative affinities of amphiphiles for_
corresponding to the annular and non-annular sites dgl€ hydrophobic transmembrane surface of the protein
scribed by Lee (1998)). (Kip)- ,
Figures 2 and 3 show thak increases steeply when To verify the accuracy of the proposed model we
Xp mic approaches 16( - 0) and becomes constant at developed a FRET method to obtafy, by a direct
approximately 0.4 h* whenX, ... approaches 16( — measurement of the equilibria between the amphlphn(?s
1 asymptotically). This depe'ndence can be described contact with the transmembrane surface of the protein

KLD : XL,mic

mathematically by a hyperbolic function 6f: and these molecules in the r_ni_celles. In this method_, a
fluorophore-labeled phospholipid (HPPC) compete with
K the other amphiphiles for the hydrophobic transmem-
K=—2 (9) brane domain. The overlap between the emission spec-
0L trum of the C&"-ATPase and the absorption spectrum of

HPPC (Fig. 4) indicates that these fluorophores consti-
wherek; represents thk value for6, = 1. Substituting tute an excellent energy transfer donor-acceptor pair.
6, with Eq. 8 gives: The characteristic Fster distance for the FRET process,
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Fig. 5. Dependence of the Eapump intrinsic fluorescence
emission on the mole fractions of HPPC angf&, Ca&*-ATPase

was purified and reconstituted in storage buffer in the prresence of
396 um C,E,o and 141um soybean phospholipidg\), 261 um

C,E; o and 310pm phospholipids extracted from erythrocyte
membranesg) or 824 um C;,E;, and 750um DOPC (C). Samples
were supplemented with,GE,, up to the mole fractions within the
ranges: 0.74-0.94), 0.46-0.67 B) and 0.52-0.6¢). C&" pump
emission intensityl(; ) was measured as indicated in Materials and
Methods after adding increasing quantities of HPPC and mixing
during 1 min. The final HPPC concentration was always lower than
3.77 ™. 14 values, corresponding to the intensity measured in the
absence of HPPC were corrected for the dilution caused by the
addition of the probe; this correction was never higher than 7% of
the total intensity. The surface represented in each figure resulted of
the fit of Eq. 4 to the experimental datd, , values that provided

the best fit were: @ + 1 (soybean PL), 3.2 + 0.8 (erythrocyte
membranes PL) and 1.4 + 0.4 (DOPC).

R,, was 21.4 A. Considering this value and the depen-2, 3, and 5K, values obtained by FRET are not sig-
dence ofE on the sixth power of the donor-acceptor nificantly different from those obtained by testing the
distance (Lakowicz, 1983), HPPC molecules could onlydependence of the thermal stability of the pump on the
be excited if they were localized in the amphiphile micelle composition.
monolayer directly in contact with the hydrophobic Interestingly, theK, , values measured in micelles
transmembrane domain of the Capump GeeAntollini of C,,E,o,and soybean phospholipid at 25 and 44°C were
et al.,, 1996 and Thomas, Carlsen & Stryer, 1978 fornot significantly different. This result indicates that
details of these calculations). there is not an appreciable dependence&Kgf on the
Figure 5 shows that while increasing HPPC moletemperature in the range 25-44°C although the adsorp-
fraction, the intrinsic calcium pump fluorescence istion and desorption rate coefficients for the amphiphiles
guenched, indicating that contact sites on the surface afould change with temperature.
the protein were occupied by HPPC. The energy transfer K, values measured in the three different micelle
to the phospholipid probe increases with increasing desystems were always greater than 1 indicating that all of
tergent mole fraction, suggesting that HPPC could rethe assayed lipids have greater affinity for the protein
place detergent molecules more easily than phospholipidurface than GE,, does. Figure A shows that the
ones, both in direct contact with the hydrophobic trans-minimal mole fraction of soybean PL needed to achieve
membrane domain. As is shown in the legends to Figsmaximal pump stability is nearly 0.15. In this condition,
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80% of the monolayer is composed of PL moleculespholipids and detergent on the €gump stability is
(calculated applying Eg. 8). In micelles composed ofintimately related to the micellar phase composition.
C,.E;0 and DOPC or membrane phospholipids, we veri-This dependence was modeled assuming that this protein
fied that this degree of coverage is necessary to attaihas its hydrophobic transmembrane surface covered by a
maximal stability of the C& pump but, in both cases, monolayer of amphiphiles, and that thermal stability de-
X, mic 10.5 is needed to achieve this valuedpf(Fig. 4B pends on the composition of this monolayer. This model
andC, Eq. 8). These results show that the?Caump  explained satisfactory the behavior observed for the ther-
requires at least 80% of the immobilized boundary layermal stability of the C&'-ATPase reconstituted in three
to be composed of lipid molecules to reach maximaldifferent micellar systems. It can be concluded that
thermal stability, regardless of the phospholipid speciegnaximal pump stability is attained when 80% of the
assayed. transmembrane protein surface is covered by phospho-
Conversely, the observed differenceskinamong lipid molecules. In addition, the model provides an in-
the C&*-ATPase reconstituted in micelles of different direct determination of the relative affinities of amphi-
phospholipid composition indicate that the maximal sta-Philes for the hydrophobic transmembrane surface of the
bility of the pump depends on the species of phosphopr_‘)te'”- The_ agreement of these values Wlth those ob-
lipid used. Among these, soybean PL preserved ATPasiined by using FRET provides a strong evidence to sup-
activity most effectively; DOPC was the least effective, POt the proposed model.

and an intermediate value ¢f was obtained for the
eryth rocyte PL. We are indebted to Cecilia Arighi for critical reading of the manuscript.
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Kadp * XD,micB “py=Kgp(1-6)-N (A5) Kad,Hppc Xtppc,mic' Py = Ky nppc Opppc N (A8)
Dividing Eq. A4 by Eqg. A5 and solving fo, gives: Solving Egs. A5, A6 and A8 fofppc gives:
Kim- X .
o, = LD L,mic CKep = kad,l_ kd,D (AG) kad,HPPC. % .
Kip * XL mic * Xb,mic KoL - Kaap Kypppe  TPPGmic
eHPPc=k K : K (A9)
where t!’le coef“ficient(l_Dz which results_ f_rom the_ combination of the I::’L XL mic + ;:’D “Xpmid %' Xippcmic
adsorption and desorption rate coefficients, gives a measure of the L D HPPC
relative affinity of the protein surface for the phospholipid molecules o ) ]
with respect to detergent molecules. Considering that most of the contact sites are occupied by unlabeled
K_p for phospholipid mixtures are a linear combination of the @mphiphiles, the following relation is obtained:
exchange constants corresponding to the different spggies (
kad,HPPcX
Ko -X HPPCmic
12 tBy - himic Oppc Kaperee (A10)
Kp=—Fo—— (A7) Kadr X + Kadp X B
XL.mic kd L,mic kd D,mic
L ,.D

Equation A6 is analogous to that proposed by Volwerk et al. (1987)
who considered multiple phospholipid-protein and detergent-protein )
binding equilibria. Those authors suggested a value of 1 or 2 for thePPtained:
coefficient 8.

For the experiments made in the presence of HPPC, the following, _ Kaarprc  Kap
equilibrium must be considered: Kgnppc  Kadp

By comparing Eq. A10 with Eg. 4, the following expression fois

E (A11)



