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ABSTRACT

There is correlative evidence that one mechanism of cellular thermore-
sistance is an increased level of membrane cholesterol. The hypothesis
that cholesterol protects membrane proteins from thermal inactivation
was tested using Ca-ATPase as a model. The intracellular CaJ+- and
Mg^-dependent ATPase from muscle sarcoplasmic reticulumwas recon
stituted into lipid mixtures containing different amounts of cholesterol
[cholesterol/phospholipid molar ratio (C/PL) = 0.1 or 0.3]. The rate of
thermal inactivation of calcium uptake activity of the reconstituted vesi
cles with C/PL = 0J was found to be significantly lower than those with
C/PL = 0.1 in the temperature range 43-47Â°Cwhere hyperthermic cell
killing occurs. At 43"<', this is equivalent to a 3Â°Ctemperature shift.

ATP hydrolysis of Ca-ATPase was found to be substantial!) heat resist
ant in reconstituted vesicles with C/PL = 0.1 or 0.3. Glycerol (10%)
protects while ethanol (2.5%) and the local anesthetics dibucaine, tetra-
caine, and procaine sensitize the thermal inactivation of calcium uptake.
To investigate the molecular mechanisms of thermal inactivation and
cholesterol protection, the responses of the physical state of the lipid and
protein conformation to hyperthermic sensitizers and protector were
monitoredusing fluorescent and spin label probes and circulardichroism,
respectively. The calcium uptake inactivation appears to be due to a
direct thermotropic conformÃ¢tionalchange (denaturation)of the protein.
Cholesterol raises the temperatureof inactivation,as does glycerol, while
ethanol and the local anesthetics lower it.

INTRODUCTION

Membranes are thought to play a crucial role in hyperthermic
cell killing, for several reasons, one of which is the observation
that under certain conditions cellular heat sensitivity is modu
lated by membrane lipid composition. All thermophilic orga
nisms able to live and grow at high temperature have altered
lipid composition resulting in more stable membranes than
those of mesophiles (1). This presumably increases their resist
ance to the damaging effects of high temperature and it can be
inferred that lipid composition, through physical properties of
the lipid bilayer influences or modulates hyperthermic sensitiv
ity. This was first shown by Overath et al. (2) who found that
supplementation of an Escherichia coli fatty acid anxotroph
with lipids of lower melting temperature decreased the maxi
mum growth temperature. However, they were not able to
increase the maximum growth temperature over that of the
wild type by supplementation with high melting lipids. Thus,
they postulated that there is an upper limit to the lipid fluidity
that is compatible with growth but that the maximal tempera
ture for growth of the wild type E. coli is not determined by
lipid properties such as fluidity. Yatvin and coworkers have
extended this work to an analysis of hyperthermic killing using
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bacteria as well as normal and malignant mammalian cells with
the conclusion that lipid properties influence thermal sensitivity
(3, 4).

Much interest has been generated by the possibility that the
membrane lipid cholesterol can influence thermal sensitivity.
Cress and Gerner have found for a number of cell lines that
those lines with a higher cholesterol content are more resistant
to hyperthermia (5,6). From this correlation they conclude that
the level of membrane cholesterol can influence cellular sensi
tivity to hyperthermia. In addition, Anderson et al, found that
Chinese hamster ovary cells regulated membrane fluidity when
maintained at 32-42Â°C by altering their cholesterol to phos-

pholipid ratio (7). Those cells maintained at lower temperatures
had a lower cholesterol content and were more thermosensitive
than those maintained at higher temperatures.

Contrary to these positive correlations of cholesterol content
and thermal resistance are several reports of a lack of a corre
lation or a negative correlation. The cholesterol levels of Erlich
ascites (8) and mouse LM (9) cells do not change during the
induction of thermotolerance; implying that at least for these
cell lines thermotolerance is not due to an elevated cholesterol
content. Konings and Ruifrok (9) found no correlation between
cholesterol levels and thermosensitivity of Erlich ascites, LM,
and I le I.a S, cells and Anderson et al. (10) found a negative
correlation for the wild type and several heat-resistant variants
of B16 melanoma cells.

Thus, it is apparent that cholesterol is not the only determi
nant of thermosensitivity nor can increased cholesterol, or other
lipid changes, solely account for transient thermotolerance; but
the positive correlations suggest a role for cholesterol under
some conditions. Anderson and Hahn have recently presented
evidence that there are multiple potential mechanisms of heat
resistance and increased cholesterol content is only one of these
(11).

There is considerable evidence that protein denaturation,
including the denaturation of membrane proteins, occurs during
hyperthermia and contributes to cell damage and death (12-
14). This study was undertaken with the goal of determining if
the heat protection of cholesterol could be due to the protection
of membrane proteins from thermal inactivation. Using recon
stituted Ca-ATPase vesicles as a model system, the effects of
cholesterol content, lipid physical properties, and protein con
formation on the thermal inactivation of the calcium transport
function of Ca-ATPase were determined.

MATERIALS AND METHODS

Sarcoplasmic Reticulum Isolation and Ca-ATPase Reconstitution

SU' was isolated from the hind leg and back muscles of New Zealand

white rabbits as described previously (15) in the presence of 1 mM
dithiothreitol. LSR, which originates in elements of the muscle longi-

3The abbreviations used are: SR, sarcoplasmic reticulum; LSR, light fraction

of SR; PC, phosphatidylcholine; PE, phosphatidylethanolamine; CD, circular
dichroism; 2N14, 2,2-dimethyl-5-dodecyl-5-methyloxazolidine-/V-oxyl; C/PL,
cholesterol/phospholipid molar ratio; DPH, diphenylhexatriene; TMA, trimeth-
ylammonium.
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THERMAL INACTIVATION OF Ca-ATPase

tudinal reticulum, was further isolated using a sucrose density gradient
as described by Campbell et al. (16).

The lipids egg PC and PE transphosphatidylated from egg PC were
purchased from Avanti Biochemicals, Inc. (Birmingham, AL). Choles
terol was obtained from Sigma (St. Louis, MO). Each of these lipids
produced a single spot when analyzed by thin-layer chromatography
using a solvent system of chloroform/methanol/acetic acid/water (65/
43/1/3). Sodium deoxycholate obtained from Sigma was further re-
crystallized according to the method described by MacLennan (17).

Reconstitution of Ca-ATPase was performed according to the
method described by Cheng et al. (18). Briefly, the isolated LSR was
solubilized with recrystallized deoxycholate (detergent/protein = 0.5
w/w) in 10% glycerol, 10 mM Tris-HCL, 0.5 M KCL, pH = 8.0, for 1
h. The solubilized fraction was obtained after removing the insoluble
material by centrifugation at 150,000 x g for 45 min. The exogenous
lipids in chloroform were dried under a stream of argon and were mixed
with deoxycholate. The lipid/detergent mixture was added to the solu
bilized protein fraction at a protein/lipid ratio of 0.5 (w/w) and dialyzed
against 400 mM potassium phosphate, pH 7.30, for at least 17 h at
4*C. The reconstituted proteoliposomes were also purified using a

discontinuous sucrose density gradient as previously described (18).
Composition Determination. Phospholipid concentration was deter

mined by methods described by Bartlett (19). Protein concentration
was determined in the presence of sodium dodecyl sulfate by Lowry et
al. (20) with bovine serum albumin as the standard. Cholesterol was
determined by the enzymatic method of Allain et al. (21).

Lipids were extracted from the SR or reconstituted vesicles with
chloroform/methanol (2/1). The lipids were analyzed by thin-layer
chromatography with a solvent system of chloroform/methanol/acetic
acid/water (65/43/1/3) and the spots quantified by phosphate analysis
as described above. The fatty acid methyl esters of extracted phospho-
lipids were prepared by transmethylation with HI , in the presence of
methanol and analyzed by gas chromatography.

Calcium Uptake, Calcium Efflux, and ATP Hydrolysis Activities.
Calcium-dependent ATPase activity was assayed by using an Ml'

regenerating coupled enzyme system as described by Warren et al. (22).
Calcium uptake was measured by monitoring the absorbance of arsen-
azo III, a calcium sensitive metallochromic dye, as described by Her-
bette et al. (23). The calcium efflux of the reconstituted vesicles was
measured using an ATP-depletion hexokinase-glucose system as de
scribed previously by Cheng et al. (24).

Thermal Inactivation. All enzymatic measurements were performed
at 23Â°C.For the heat treatment, a small aliquot (30-60 n\) of the

membrane suspension was added to an equal volume of incubation
medium containing the different agents in 400 mM potassium phos
phate and 50 Â¿IMCa2+, pH = 7.0. The mixture in the small test tube

was then heated in a circulating water bath and the temperature
determined by placing a thermister (YSI427) into a test tube containing
an identical volume of incubation buffer and recorded by a digital
thermometer (VWR 500) with calibration traced back to the Natural
Bureau of Standards. After a prescribed period of time, the incubation
was terminated by taking out the test tube containing the mixture and
diluting 10-fold into the assay medium as described above at room
temperature. After a brief incubation at room temperature for about 30
s, the enzymatic activity of the mixtures was measured.

Fluorescence Measurements. For the membrane labeling, the recon
stituted vesicles were added directly to a 2-MMprobe solution. The 2-
Â«Mprobe solution was prepared by directly injecting 5 p\ of 2 mM DPH
(in tetrahydrofuran) or TMA-DPH (in dimethyl sulfoxide) into 5 ml of
400 mM potassium phosphate solution, pH 7.O. The final suspension
of probe and membranes was incubated at 23*C for 20 min. The final

lipid-to-probe molar ratio was 200. The optical density of all the
samples was less than 0.01.

All measurements were made on an SLM-4800S subnanosecond
spectrofluorometer (SLM Instruments Inc., Urbana, IL). The steady
state polarization anisotropy, phase and modulation lifetimes, and
differential tangents were measured. These parameters were then used
to calculate the steady state order parameter S and apparent rotational
diffusion rate R of the fluorescent probes, using the theory of differential
polarized phase fluorometry based on the "rotation within a cone"

model. The details of these measurements are given elsewhere (24, 25).
Electron Spin Resonance Measurements. The spin label, 2N14, which

consists of an alkane chain of 14 carbons with the nitroxide-containing
oxazolidine ring attached to the second carbon, was used as probe of
the lipid properties. The 2N14 in ethanol was dried onto the side of a
small test tube to give a final probe concentration of 100 MM, a
membrane suspension (5 mg protein/ml) containing the sensitizers and
protectors was added, and the suspension was vortexed for about 1 min
to incorporate the probe into the membranes. Electron spin resonance
spectra were obtained immediately using a Varian E-12 spectrometer.
The rotational correlation time (r) was calculated by two expressions:

TB= 6.4 X 10-'Â»w9 [(h(,/h-,)Â»-

TC= 5.9 x 10-'Â°vio [(hfl/h-,)* + )* - 2]
(A)

(B)

where >rnis the width of the midfield and h,,. //â€ž,and h Â¡are the heights
of the low-, mid-, and high-field lines, respectively, from a first deriva
tive spectrum (24). The ratio TC/TBis a measure of the degree of
rotational anisotropy of the probe.

Circular Dichroism. CD spectra were measured with a Jasco .1-500
spectropolarimeter at 23Â°C.The scanning rate was 2.5 nm/min and a

time constant of 10 s was used. The protein concentration was 100 Mg/
ml. A I-mm path length Jasco CD cell was used.

RESULTS

Thermal Inactivation of the Ca-ATPase. Owing to its simple
membrane lipid and protein composition, LSR represents an
ideal model to study membrane protein structure-function re
sponses to hyperthermic treatment. More than 90% of the
protein content of the LSR membrane, which originates in the
elements of the longitudinal reticulum, is composed of the Ca2+-
and Mg2+-dependent ATPase (results not shown). The lipid

composition of LSR is relatively simple as compared with the
crude SR. The LSR has about 0.9 MMphospholipid per milli
gram of protein and a small amount of membrane cholesterol
(C/PL = 0.04). PC and PE constitute the major lipid classes,
while phosphatidylserine, phosphatidylinositol, and others are
minor components, with their total amount less than 10%
(results not shown). The molar ratio of PC/(PC + PE) is
normally close to 0.8. The fatty acyl compositions of PE and
PC of LSR were also determined and shown in Table 1.

Using the detergent-solubilization and slow-dialysis method
for reconstitution (18, 24), functionally active Ca-ATPase con
taining vesicles were obtained. The composition of the recon-

Table 1 Fatty acid composition of lipids

Relative ratios of fatty acids

14:0 14:1 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:4

LSR
PE 2 10 14 2 13 4 10 0 1 24
PC 2 5 35 0 5 25 20 O O 10

EggPE"PCRVÂ»PEPC01003200303034373200121310113030323516IS1620003223024446

RVC

PE O O 31 O U 35 16 3 3 3
PC O O 37 0 9 31 19 O O 5

"Transphosphatidylated from egg PC.
* Reconstituted Ca-ATPase vesicles: exogenously added lipid mixtures for

reconstitution 40% transphosphatidylated egg PC, 60% egg PC, and cholesterol
(C/PL = 0.1).

'Reconstituted Ca-ATPase vesicles: exogenously added lipid mixtures for

reconstitution 40% transphosphatidylated egg PC, 60% egg PC, and cholesterol
(C/PL = 0.3).
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THERMAL INACTIVATION OF Ca-ATPase

stituted vesicles conforms reasonably well with that of the
exogenously added lipid mixtures for reconstitution. The phos-
pholipid-to-protein ratio of the reconstituted vesicles is close to
2 Â¿Â¿M/mgand is independent of the cholesterol content of the
exogenous lipid mixtures. Reconstituted vesicles with C/PL =
0.3 and 0.1 were obtained. As seen in Table 1, the fatty acyl
composition of the reconstituted vesicles with different choles
terol content agrees quite well with that of the corresponding
lipid classes (egg PC and transphosphatidylated egg PC) for
reconstitution and deviates considerably from those of the
endogenous PE and PC of native LSR. This general agreement
of membrane composition between the exogenously added lip-
ids for reconstitution and the final lipids of the reconstituted
vesicles suggests an efficient replacement of the endogenous
LSR lipids with the exogenous lipids during the reconstitution
procedure. The reconstituted Ca-ATPase vesicles of different
cholesterol content constitute the model biological systems in
this study.

To understand the role of cholesterol in the thermal inacti-
vation of calcium uptake of Ca-ATPase, inactivation kinetics
of calcium uptake of the reconstituted vesicles at the two
different cholesterol contents, i.e., C/PL = 0.1 and 0.3, were
investigated. At 23Â°C,the calcium uptake activity of the recon

stituted Ca-ATPase was found to be independent of the choles
terol content. Fig. 1 shows a typical experiment of the inacti
vation of calcium uptake for reconstituted vesicles with C/PL
= 0.3 as a function of time of incubation at different tempera
tures ranging from 43 to 51.5Â°C.Similar inactivation kinetics

were also obtained for C/PL = 0.1. The measured calcium
uptake was expressed as a percentage with respect to the control
which represents the value of calcium uptake without a prior
heat treatment. Although the level of calcium uptake of recon
stituted vesicles varies among different preparations, the per
centage of activation remains reasonably consistent.

The rates of inactivation were determined from the slope of
activation versus time of incubation curves at different temper
atures, and Arrhenius plots of thermal inactivation of calcium
uptake for reconstituted vesicles with different cholesterol con
tent were obtained as shown in Fig. 2. The results shown in
Fig. 2 represent averages of five independent reconstitution
experiments. It is clear from the Arrhenius plot that the rate of
inactivation of calcium uptake for reconstituted vesicles with
higher cholesterol content (C/PL = 0.3) is consistently lower
than that with lower cholesterol content (C/PL = 0.1) over the
temperature range of 43-47Â°C. This observation suggests that

higher membrane cholesterol content protects the Ca-ATPase
from heat-induced inactivation of calcium uptake. The choles
terol-induced stabilization of calcium uptake diminishes at
higher temperatures, between 47 and 51.5Â°C,as reflected by

TCO
5O 45

too
80

I 60

5 40

2Â°

0 10 20 SO
Time of Incubation (min)

Fig. 1. Inactivation of calcium uptake as a function of the time of incubation
at different temperatures for the reconstituted vesicles with C/PL = 0.3
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Fig. 2. Arrhenius plots of the rate of inactivation (kÂ¡)for the reconstituted
vesicles with C/PL = 0.1 (O) and 0.3 â€¢).

the significant overlap of the values of measured rate of inacti
vation at those temperatures. Activation energies, which were
calculated from the slopes of the Arrhenius plots, are 74 and
97 Kcal/mol/K for the reconstituted vesicles with C/PL = 0.1
and 0.3, respectively.

The extent of inactivation of calcium uptake as well as that
of ATP hydrolysis was examined for reconstituted vesicles with
C/PL = 0.1 and 0.3 in the presence of various chemicals during
the heat treatment and is shown in Fig. 3. Glycerol protects,
while dibucaine and ethanol promote the inactivation of calcium
uptake. It was found that the presence of ethanol gives rise to
an almost 2-fold greater decline in calcium uptake of the
reconstituted vesicles when compared to the control. Interest
ingly, this 2-fold decline in calcium uptake is independent of
the cholesterol content of the vesicles. Similarly, the presence
of l IHMdibucaine produces a 1.4-fold decline in calcium uptake
activity independent of the cholesterol content of the vesicles.
ATP hydrolysis is more heat resistant compared to calcium
uptake. The sensitizers and protectors have little effect, possibly
because of the much greater resistance of this function.

Different local anesthetics other than dibucaine were used to
examine their potencies of inactivation of calcium uptake;
results are shown in Fig. 4. The order of efficiency of inactiva
tion of these local anesthetics is dibucaine>tetracaine>
procaine, the same as relative potencies of these agents as
cellular sensitizers.

The observed decline in the activity of calcium uptake of
reconstituted vesicles after heat treatment, particularly in the
presence of ethanol or local anesthetics, might suggest that an
increase in the passive permeability of the vesicles may account
for this inactivation of calcium uptake upon heat treatment.
The role of these chemicals in altering the permeability of pure
liposomes (26) as well as biological membranes (27) has been
investigated. Since ethanol (2.5%) and local anesthetics (1 and
2 mivi)were present only during the heat treatment, the 10-fold
dilution of the membranes (see "Materials and Methods") with

assay medium after heat treatment should reduce the concen
trations to a nonsignificant level during the activity assays.
Moreover, the calcium efflux measurements of all the mem
branes after heat treatment in the absence or presence of the
sensitizers reveal no detectable calcium leakage during the assay
at temperatures lower than 47Â°C.However, at higher tempera
tures, i.e., 48-51.5Â°C, calcium leakage of the vesicles starts to
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THERMAL INACTIVATION OF Ca-ATPase

Fig. 3. Inactivation of ATP hydrolysis and
calcium uptake for the reconstituted vesicles
with C l'I - 0.3 i 11or 0.1 (B) as a function
of time of incubation at 45'C in the presence

of 10%glycerol, I HIMdibucaine,and 2.5% of
ethanol (EtOH).

110

100

80

60

Â£ 40

Ã¬
Â«'Ã¨
1
*

110

too
80

60

40

20

Â»Control
k -f 10% gtycÂ«*ol

+ 25% EtOH
> t mM DibucoiiÂ»

Qlvccrol
% EIOM

400

80

60

40

20

Jt 100
Oâ€¢a.eo

40

20

IO 20

Time of Incubation (min)
10 20

Time of Incubation (min)

40

2mM PracdrÂ»

2 mM Tttrocu nÂ«

2 mM OftucoinÂ«
S
>>
O

00

;o
0.

10 20
Time of Incubation (min)

Fig. 4. Inactivation of calcium uptake as a function of time of incubation at
43'C for the reconstituted vesicles with C/PL = 0.3 in the presenceof 2 mm

procaine, tetracaine, and dibucaine.

occur. Based upon the above concentrations, we conclude that
the thermal-induced inactivation of calcium uptake at hyper-
thermic temperatures (43-47Â°C) is mainly due to the loss of

the calcium transport capacity of the membrane protein and
not to an indirect increase in the calcium permeability of the
membranes.

Lipid Properties. To understand the molecular mechanisms
of the role of cholesterol and other agents in the thermal
inactivation of calcium transport of the Ca-ATPase, the physi
cal state of the membrane lipids of the reconstituted vesicles
was investigated by fluorescence spectroscopy and electron spin
resonance. Two fluorescent probes, DPH and trimethylammon-
ium DPH, were employed. Fig. 5 shows the locations and
modes of motion of these probes in the hydrocarbon regions of
the membrane. Owing to its hydrophobic nature, DPH can
partition anywhere within the bilayer, e.g., intercalating be
tween fatty acyl chains or locating at the middle of bilayer with
its symmetry long axis parallel to the surface of the lipid bilayer.
In contrast, the polar trimethylammonium head group enables
the TMA-DPH to partition itself in the bilayer with its DPH
moiety intercalated between the bilayer and the charged head
group anchored near the surface of the bilayer. Based on these
differences in the locations of the probes, the modes of motion

i
PfH TMA-DPH

Fig. 5. Schematic diagram showing the location and proposed mode of motion
of the fluorescent probes DPH and TMA-DPH in the lipid bilayer.

of these two probes are expected to differ. As shown in Fig. 5,
the DPH molecule may undergo a wobbling in a cone motion
with the symmetry axis of cone either parallel to the bilayer
normal or parallel to the bilayer surface. However, the cone
axis of the motion of TMA-DPH can only be parallel to the
bilayer normal.

Using the theory of differential polarized phase fluorometry
(25) and assuming the "rotation within a cone" model (28), the

order parameters (S) and apparent rotational rate (R) of both
probe molecules in the reconstituted vesicles were calculated
from the measured steady state anisotropy, fluorescent lifetime,
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and differential tangent and are shown in Tables 2 and 3,
respectively. The order parameter decreases while rotational
rate increases when the temperature is increased from 23 to
45Â°Cfor both DPH and TMA-DPH in the reconstituted vesi
cles. It is obvious that the order parameter of TMA-DPH is
always higher than that of DPH at all temperatures and for all
conditions. At either 23 or 45Â°C,the order parameter of DPH

in the reconstituted vesicles with C/PL = 0.1 is lower than that
with C/PL = 0.3, revealing the "condensing effect" of choles

terol on the fatty acyl chains of the membrane lipids. Similar
observation was found for TMA-DPH at 23Â°C,though this
difference becomes insignificant at 45Â°C.Thus the greatest

effect of cholesterol is near the bilayer center.
In the presence of 10% glycerol, no significant difference in

the order parameter of either DPH or TMA-DPH was detected
in the reconstituted vesicles at either 23 or 45Â°C,suggesting

that glycerol does not perturb the hydrocarbon region of the
reconstituted vesicles. A similar observation was also made in
the presence of ethanol. For the rotational rate of probes as
shown in Table 3, DPH rotates slightly faster in reconstituted
vesicles with C/PL = 0.3 than that with C/PL = 0.1 at 45Â°C.

In contrast, the TMA-DPH shows significantly faster rotation
in reconstituted vesicles with C/PL = 0.1 than that with C/PL
= 0.3 at 45Â°C.In the presence of glycerol, no significant changes
in the rotational rate of either probe were found at 23 or 45Â°C.

Interestingly, in the presence of ethanol, both DPH and TMA-
DPH exhibit a faster rotation in reconstituted vesicles with C/
PL = 0.3 when compared to that in the absence of ethanol.
However, this observed increase in the rotation rate of probe
molecules was not found in the reconstituted vesicles with C/
PL = 0.1.

Similar measurements of order parameter and rotational rate
of fluorescent probes were undertaken in reconstituted vesicles
at 23Â°Cbut after a prior heat treatment at 45Â°Cfor 20 min.

The order parameters of both probe molecules following a prior
heat treatment, except DPH in reconstituted vesicles with C/
PL = 0.1, agree reasonably well with those without a prior heat
treatment. On the other hand, the rotational rate of DPH in
reconstituted vesicles with a prior heat treatment differs signif
icantly from that without a prior heat treatment. Yet no signif
icant difference was found for the rotational rate of TMA-

DPH. The observed irreversible change in the rotational rate
and order of DPH after a prior heat treatment may indicate a
change in the mode of interaction of the fatty acyl chains with
the probe or a change in the location of the probe, owing to its
highly hydrophobic character.

The spin label 2N14 was used to verify the fluorescence probe
results for ethanol and glycerol and to investigate the effects of
procaino and dibucaine, which cannot be used with fluorescence
probes due to their intrinsic fluorescence. The dynamic prop

erties of 2N14 are quite different from those of DPH and TMA-
DPH. Its motion is nearly isotropie with an order parameter
approaching zero. Thus, 2N14 complements the fluorescence
probes which undergo hindered, ordered rotation. The rota
tional correlation time (T) is used to quantify the rate of motion
OÃ•2N14.

The results of the 2N14 measurements are given in Table 4.
The value of TCin the reconstituted vesicles with C/PL = 0.3 is
8% longer than that in the vesicles with C/PL = 0.1 consistent
with the fluorescence probe measurements and indicative of a
more ordered environment. The degree of perturbation of the
lipid bilayer, quantified by T,. does not correlate well with the
degree of sensitization of procaine, dibucaine, and ethanol.
Procaine has no significant effect on rc and ethanol, the most
effective sensitizer, perturbs no more than dibucaine. Glycerol,
which protects, has no effect. The ratio TC/TB,a measure of the
degree of rotational anisotropy of the spin label in membranes,
remains constant for all treatments. Thus, both the spin label
and fluorescence probe results imply that the mechanism of
sensitization and protection is not primarily due to the physical
state of the lipid, although it may play a minor role.

Protein Conformation. In order to determine if conforma-
tional changes of the Ca-ATPase occur during hyperthermia,
circular dichroism spectra of the reconstituted vesicles were
measured as shown in Fig. 6. The ellipticity of the membrane
suspension was measured for reconstituted vesicles with C/PL
= 0.1 and 0.3 before and after a heat treatment (45Â°Cfor 20

min) with and without 10% glycerol or 2.5% ethanol. There
appears to be a slight decrease in the ellipticity after heating
for wavelengths from 210 to 230 nm for membranes with both
cholesterol contents. The presence of ethanol during the heat
treatment results in a significantly greater decrease in the
ellipticity. In contrast, no detectable change in the ellipticity
occurs when glycerol is present during an identical heat treat
ment. These observations suggest that ethanol promotes while
glycerol protects the irreversible protein conformational change
of membrane protein upon hyperthermic treatment. The change
in the ellipticity for vesicles with C/PL = 0.3 is slightly smaller
than that with C/PL = 0.1, consistent with the protection effect
of cholesterol. Similar irreversible change in the ellipticity of
the reconstituted vesicles was also observed in the presence of
dibucaine (results not shown).

DISCUSSION

A linear correlation between thermal resistance and choles
terol content has been reported for a number of cell lines (5, 6)
and for Chinese hamster ovary cells maintained at 37-41Â°Cfor

3 days (7). This observed correlation suggested that under
certain conditions an increase in cholesterol can make cells

Table 2 Orderparameter (S) of DPH ana TMA-DPH in reconstituted vesicles with C/PL = 0.1 or 0.3 at 23 and 45' C in the presence or absence of glycerol and

ethanol

Control + Glycerol (10%) + Elhanol (2.5%)

Temperature Probe C/PL = 0.1 C/PL = 0.3 C/PL = 0.1 C/PL = 0.3 C/PL = 0.1 C/PL = 0.3

45-C45'C23'C23'CDPHTMA-DPHDPHTMA-DPH0.042Â±0.0100.1

25 Â±0.0120.082

Â±0.008
(0.064 Â±0.008)"0.1

39 Â±0.009
(0.140 Â±0.009)0.072

Â±0.0100.132

Â±0.0120.1

20 Â±0.008
(0.118Â±0.008)0.1

55 Â±0.009
(0.166 Â±0.009)0.041

Â±0.0100.130

Â±0.0120.075

Â±0.008
(0.090 Â±0.008)0.142

Â±0.009
(0.145 Â±0.009)0.070

Â±0.0100.141

Â±0.0120.1

25 Â±0.008
(0.120Â±0.008)0.1

60 Â±0.009
(0.170 Â±0.009)0.035

Â±0.0100.1

12Â±0.0120.070

Â±0.008
(0.075 Â±0.008)0.1

35 Â±0.009
(0.142 Â±0.009)0.064

Â±0.0100.148

Â±0.0120.1

05 Â±0.008
(0.110Â±0.008)0.1

55 Â±0.009
(0.160 Â±0.009)

' Numbers in parentheses, values of S at 23'C after a prior heat treatment at 45*C for 20 min. The standard deviations of measurements are shown.
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THERMAL INACTIVATION OF Ca-ATPase

Table 3 The Log of rotational rate ofDPH and TMA-DPH in reconstituted vesicles with C/PL = 0.1 and 0.3 at 23'C and 45Â°C in the presence or absence ofglycerol

andethanol

ControlTemperature45'C45'C23'C23'CProbeDPHTMA-DPHDPHTMA-DPHC/PL

=0.18.32

Â±0.048.40

Â±0.058.07

Â±0.05
(8.04 Â±0.06)Â°8.24

Â±0.05
(8. 18 Â±0.05)C/PL

=0.38.38

Â±0.048.29

Â±0.058.10

Â±0.05
(8.22 Â±0.06)8.24

Â±0.05
(8.24 Â±0.05)+

Glycerol(10%)C/PL

=0.18.30

Â±0.048.38

Â±0.058.05

Â±0.05
(8.23 Â±0.06)8.18

Â±0.05
(8. 14 Â±0.05)C/PL

=0.38.33

Â±0.048.33

Â±0.058.

13 Â±0.05
(8.21Â±0.06)8.25

Â±0.05
(8.28 Â±0.05)+

Ethanol(2.5%)C/PL

=0.18.33

Â±0.048.33

Â±0.058.08

Â±0.05
(8. 10Â±0.06)8.23

Â±0.05
(8. 19 Â±0.05)C/PL

=0.38.47

Â±0.048.48

Â±0.058.13

Â±0.05
(8. 18Â±0.06)8.25

Â±0.05
(8.29 Â±0.05)

' Numbers in parentheses, values of the log of rotational rate at 23*C after a prior heat treatment at 45'C for 20 min. The standard deviations of measurements

are shown.

Table 4 Effect ofprocaine, dibucaine, ethanol, and glycerol on r of2Nl4 in
reconstitutedproteoliposomes at 45'C

SampleC/PL'C/PL"

+ procaine (1 min)
C/PL" + dibucaine (1 mM)
C/PL" + ethanol (2.5%)
C/PLÂ°+ glycerol (10%)
C/PL*
C/PL* -I-procaine (1 HIM)
C/PL* + dibucaine (1 mM)
C/PL* + ethanol (2.5%)
C/PL* + glycerol(10%)"Molar

ratio, 0.1.
* Molar ratio, 0.3.TCX

10'"s8.36

Â±0.07
8.40 Â±0.16
8.18 Â±0.09
8.25 Â±0.20
8.45 + 0.14
9.02 Â±0.04
8.95 Â±0.11
8.65 Â±0.12
8.69 Â±0.12
8.96 Â±0.18%Â±TC+0.5

Â±2.1-2.2
Â±1.1

-2.5 Â±2.5
+ 1.1 Â±1.4-0.8

Â±1.3
-4.1 Â±1.5
-3.6 Â±1.4
-0.7 Â±2.0TC/TB.12

Â±0.02
.12 Â±0.02
.10 Â±0.02
.10 Â±0.03
.13 + 0.03
.13 Â±0.01
.12 Â±0.03
.10 Â±0.02
.09 Â±0.03
.11 Â±0.03

more thermorÃ©sistant, presumably due to its effect upon the
physical properties of the plasma membrane. Membrane pro
tein denatures at hyperthermic temperatures. Thus, we propose
a specific mechanism for the thermal protection by cholesterol:
the denaturation temperatures in membranes of some crucial
membrane proteins are shifted to higher temperatures in mem
branes containing higher levels of cholesterol. This hypothesis
was tested using the Ca-ATPase from sarcoplasmic reticulum
(SR) as a model membrane protein.

The Ca-ATPase from muscle SR is very similar in structure

and function to the intracellular Ca-ATPase from nonmuscle
cells. This membrane protein is easily isolated in a pure form
from the light fraction of the SR, which originates from the
longitudinal elements of the SR, and can be reconstituted into
liposomes of defined lipid composition (18, 24). The proteoli
posomes efficiently transport calcium with the concomitant
hydrolysis of ATP. Both of these functions can be monitored
and their inactivation at elevated temperatures is a specific
measure of hyperthermic damage.

To explore the underlying molecular mechanisms of the
effects of cholesterol and the sensitizers and protector on the
observed calcium uptake inactivation, both the physical state of
the lipids and the conformation of the protein were investigated.
For the reconstituted vesicles, an increase in the cholesterol
content results in an increase in the packing order and a
decrease in the rotational rate of the fatty acyl chains of the
membranes. This enhanced packing and reduced motional flex
ibility of the fatty acyl chains may decrease the frequency and/
or amplitude of the thermal-induced unfolding or folding of
certain critical residues at the functional site(s) of the membrane
protein; thus, increasing the temperature necessary for unfold
ing or denaturation. Glycerol also protects against inactivation
but does not influence the hydrocarbon region, as evidenced by

C/PL-0.3

GLYCEROL

Fig. 6. Circular dichroism spectra of recon
stituted vesicles with C/PL = 0.1 and C/PL =
0.3, before (2) and after (/) heat treatment
(45*C, 20 min) and in the presence of 10%
glycerol or 2.5% ethanol (C/PL = 0.1).

200 220
X (nm)

24O

ETHANOL
C/PL-O.I

200 220
X(nm)
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the lack of any significant changes in the order parameter or
rotational rate of the fluorescent probes and spin label. Thus,
glycerol may directly protect the hydrophilic portion of the
protein in much the same fashion as it protects any water-
soluble protein. For the case of ethanol, which sensitizes, a
significant change in the rotational rate, but not the order
parameter of the probes, was detected for the reconstituted
vesicles with C/PL = 0.3 but no significant change in either the
order parameter or rotational rate of the probes was found for
the reconstituted vesicles with C/PL = 0.1 with the fluorescence
probes. A small perturbation was detectable at both cholesterol
concentrations with the spin label but the perturbation was
larger in the vesicles with C/PL = 0.3. These observations
suggest that ethanol may preferentially partition into the lipids
for those vesicles containing higher cholesterol content and
induces a change in the rotational motion of the probes. How
ever, the calcium transport function of the vesicles reconstituted
with C/PL = 0.1 or 0.3 was inactivated by a similar extent, i.e.,
1.4-fold as compared to the control. This lack of correlation
between the physical state of the lipids and the functional
inactivation of the membrane protein suggests that the action
of ethanol on the thermal inactivation of Ca-ATPase is primar
ily on the protein. The extent of perturbation of dibucaine and
procaine also does not relate to their extent of inactivation.
Thus, sensitization is not due to perturbation of the lipid
packing.

For the protein conformation study, circular dichroism spec-
troscopy was employed. This nonperturbing technique provides
information pertaining to the secondary structure, i.e., the
polypeptide folding pattern, of the membrane protein. The
significant increase in the ellipticity for the CD spectrum from
210 to 230 nm, after a prior heat treatment in the presence of
ethanol, suggests an irreversible change in the secondary struc
ture of the polypeptide. Interestingly, the observed enhance
ment in the ellipticity from 210 to 230 nm corresponds to a
positive random coil absorption region (29). This suggests that
the observed enhancement in the ellipticity is probably due to
an increase in the random coil content at the expense of a
concomitant decrease in the Â«-helixand/or 0-sheet content of
the protein. This observed irreversible change in the CD spec
trum after heat treatment in the presence of ethanol correlates
with the measured functional inactivation of the calcium trans
port function of the protein. Moreover, the lack of any detect
able change in the ellipticity of the CD spectrum after heat
treatment in the presence of glycerol agrees with the protective
effect of glycerol in the thermal-induced inactivation of calcium
transport. The above findings provide evidence that a protein
conformational change during hyperthermia is directly respon
sible for the functional inactivation of the calcium transport of
the protein.

For the reconstituted vesicles, the ATP hydrolysis activity of
the Ca-ATPase is more heat resistant than the calcium uptake
activity. Moreover, ATP hydrolysis is not affected by the hy-
perthermic sensitizers and protectors to the same extent as
calcium uptake activity. This has previously been shown for
native SR (30). A similar observation has been made for Na+,
K+-ATPase in Chinese hamster ovary cells (31 ). This disparity
in heat sensitivity of the functions of Ca-ATPase leads us to
hypothesize that the impairment mechanisms underlying the
thermal inactivation of ATP hydrolysis and calcium uptake are
completely different from one another. This differential im
pairment model is consistent with the recent model of the
existence of morphologically distinct functional domains as
suggested by MacLennan et al. (32) based on the recently

discovered primary sequence of Ca-ATPase. Three distinct
functional domains are thought to exist: ATP hydrolysis, cal
cium binding and translocation, and energy transduction. Re
cent biochemical studies have provided reasonably good topo
graphical mapping of the location of the domains. The ATP
hydrolysis sites are exposed outside [see review by Ikemoto
(33)] and the calcium binding sites are located near the hydro
carbon region of the membrane (34), while the calcium trans-
location region may span the membrane so that calcium from
outside can effectively be shuttled through the presumably gated
channel at the expense of ATP hydrolysis. Based upon these
considerations, the conformation and properties of the calcium
binding and translocation domains should depend on the lipid
bilayer. In this regard, the observed protective effect by choles
terol can readily be explained by the more condensed structure
by the fatty acyl chains of the membrane lipids as described
above. However, the energy transduction region and ATP hy
drolysis site, which are presumably located outside the lipid
bilayer, may not be as sensitive to the lipid properties.

In summary, cholesterol can protect the Ca-ATPase, and
presumably other intrinsic membrane proteins, from thermal
inactivation, probably by increasing the denaturation tempera
ture of protein domains embedded in the bilayer. This is not
the only mechanism of protection since glycerol, which has a
very low lipid/water partition coefficient, also protects; not
through its effects upon the lipid, but by direct contact with the
polar portions of the protein. Apparently there are many mech
anisms of protection of proteins, cellular structures, and cells
from high temperature; cholesterol is only one of these.
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