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Abstract 

The effect of membrane cholesterol on the thermal inactivation of Ca 2+/Mg 2 +-ATPase activity of bovine cardiac microsomes was 
measured and compared to the thermal denaturation profiles of the microsomes as measured by differential scanning calorimetry (DSC). 
Inactivation, defined as loss of activity, and denaturation, defined as conformational unfolding, were irreversible under the conditions 
used. Both thermal inactivation of Ca2+/Mg2+-ATPase activity and thermal denaturation were shifted to higher temperatures in 
microsomes enriched with cholesterol (37_  5 Ixg cholesterol/mg protein, cholesterol/phospholipid molar ratio 0.31) compared to 
control microsomes (15 + 3 I.tg cholesterol/mg protein, molar ratio 0.12). Thermal inactivation was measured by two methods: first, 
measuring activity at room temperature as a function of heating to elevated temperatures at 1 K/min,  where inactivation temperatures 
(T~, temperature of half activity) were 58.9 + 0.3°C for control membranes and 59.9 + 0.1°C for cholesterol-enriched membranes, 
respectively. Second, measuring ATPase activity as a function of time at constant temperature, where T~ values of 57.6 + 0.5°C and 
59.2 + 0.5°C were determined for control and cholesterol-enriched membranes, respectively. DSC profiles of microsomal membranes 
consisting of a number of overlapping peaks were obtained. A well resolved component (transition C) was observed with a transition 
temperature (T~/z) of 58.2°C. This T~/z, which is a measure of conformational stability, correlates with the T l for Ca2+/Mg2+-ATPase 
activity and is 1.9 + 0.6 K higher in cholesterol-enriched membranes. Thus, the increased resistance to inactivation appears to be due to 
increased conformational stability of the protein induced by cholesterol, demonstrating that a change in lipid composition can influence 
the stability of an integral membrane protein in a natural membrane. The increased stability is of sufficient magnitude to account for the 
previously observed correlation between cholesterol content and resistance to heat shock in several cell lines. 
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1. Introduct ion 

The properties and effects of  cholesterol on the physical  
behavior  of  membrane lipids has been extensively docu- 
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DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; EGTA, ethy- 
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N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Mops, 3-(N-mor- 
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mented. Cholesterol decreases the enthalpy of  transition 
between the gel and liquid crystalline phases [1,2], in- 
creases the orientational order of  the acyl chains of  fatty 
acids [3,4], and changes membrane thickness [5]. Bloom 
and Mouritsen [6] have proposed that integral membrane 
proteins operate in an optimal manner in membranes whos~ 
natural hydrophobic thickness, which is influenced by 
cholesterol, matches the hydrophobic thickness of  the pro- 
tein. Cholesterol apparently is required at a higher concen- 
tration in some membrane systems, such as the t-tubule 
membrane of  skeletal muscle, where choles tero l /phospho-  
lipid ratios of  0.5 [7] to 0.9 [8] have been measured. 

There is evidence that the cholesterol level of  cellular 
membranes is a factor influencing the sensitivity of  cells to 
heat shock. For a number of  cells there is a linear relation- 
ship between cholesterol content and resistance to heat 
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shock [9,10]. CHO cells appear to be able to express a 
limited degree of homeoviscous adaptation by altering 
cholesterol levels, with those cells having a higher ratio of 
cholesterol to phospholipids more resistant to heat stress 
[11]. A potential explanation for these observations is that 
cholesterol influences the thermal stability of some integral 
membrane proteins. 

In the present work, we used thermal analysis and 
differential scanning calorimetry (DSC) to determine the 
influence of varying concentrations of cholesterol on the 
thermal stability of the plasma membrane Ca2+/Mg 2+- 
ATPase present in isolated cardiac microsomes [12] as a 
measure of lipid-protein interactions. 

inactivated plasma was diluted 1:10 in 10 mM NaH2PO 4 
(pH 7.1) and further diluted 10:1 with 10 ml of NaH2PO 4 
containing 30 mg of cholesterol previously dissolved in 1 
ml of 2% DMSO. Plasma without cholesterol was prepared 
by the above procedure for use as a control. The cardiac 
microsomes were incubated with the plasma media for 5 h 
at 25°C, followed by three washes with a solution contain- 
ing 50 mM Tris-malate, 0.5 mM MgCI 2, 0.05 mM CaC12 
and 2 mM DTT (pH 7.4). The microsomes were finally 
resuspended in 20 mM Mops and 0.1 M KC1 (pH 7.0). The 
cholesterol concentration of cardiac microsomes was deter- 
mined by a colorimetric method provided by Biochemical 
Analysis (Boehringer Mannhein). 

2. Materials and methods 

2.1. Chemicals 

ADP, ATP, cholesterol, DTr ,  EDTA, EGTA, Hepes, 
L-malic acid, Mops, NADH and Tris were purchased from 
Sigma (St. Louis, MO). All other chemicals were analyti- 
cal grade. 

2.2. Cardiac microsome isolation 

Cardiac microsomes were obtained from bovine heart. 
The heart was cleaned of connective tissue and the ventri- 
cles minced. The minced tissue was homogenized in 5 
volumes of 10 mM sodium bicarbonate, 0.5 mM sodium 
azide (pH 7.0) with an Ultraturrax for five cycles of 5 s 
each. The homogenate was filtered through four layers of 
gauze and centrifuged at 8700 × g for 30 min. The pellet 
was rehomogenized and the above steps were repeated 
twice. The supernatants obtained were collected and cen- 
trifuged at 22 000 × g for 60 min. The resulting pellet was 
resuspended and homogenized in 5 volumes of 20 mM 
Tris-malate, 0.6 M KCI (pH 6.8) and centrifuged at 33 000 
X g for 60 min. The pellet was then resuspended in 10 
mM Hepes-KOH EDTA (pH 7.4), stirred for 10 min at 
4°C, and centrifuged at 50 000 × g for 30 min. The final 
pellet was saved and resuspended in 50 mM Tris-malate, 
0.5 mM MgC12, 0.05 mM CaC12, and 2 mM DTT (pH 
7.4). The resuspended membranes were rapidly frozen and 
stored in liquid nitrogen. This membrane fraction is highly 
enriched in Ca2+/Mg2+-ATPase activity. 

2.4. Thermal inactivation 

Isolated cardiac microsomes at 1.5-2 m g / m l  were 
heated in 20 mM Mops and 0.1 M KC1 (pH 7.0) in a water 
bath. The temperature of the bath was increased so that the 
temperature of the microsome suspension increased at a 
heating rate of 1 K/min .  Samples were removed at time 
intervals of one minute from 30°C to 70°C and placed on 
ice. The Ca2+/Mg2+-ATPase activity was then deter- 
mined at room temperature by the coupled enzyme assay 
described by McClure [14]. An inactivation curve was 
generated by plotting enzymatic activity as a fraction of 
control activity (no heating) vs. temperature. The inactiva- 
tion temperature (T I) is defined as the temperature of half 
inactivation. The first derivative of the inactivation curve 
was calculated and compared to the apparent excess spe- 
cific heat (Cp) profiles of cardiac microsomes obtained by 
DSC. For all inactivation experiments, the derivative of the 
inactivation curves was not symmetrical; therefore, T~ does 
not correspond to the peak temperature but to the tempera- 
ture of half inactivation. 

Inactivation was also determined by measuring activity 
as a function of time at constant temperature from 51 to 
60°C. The rate constants for inactivation were determined 
from plots of In(activity) vs. time, and Arrhenius plots 
were constructed from which the activation energy (E  A) 
and intercept (A) were calculated. Fractional inactivation 
or denaturation (fD) as a function of temperature increased 
at 1 K/min .  was calculated using the method described in 
Ref. [15]. 

2.5. Differential scanning calorimetry 

2.3. Cholesterol enrichment o f  cardiac microsomes 

Changes in the concentration of cholesterol in cardiac 
microsomes were achieved by incubating the membranes 
in a plasma medium where cholesterol exchange between 
plasma lipoproteins and biological membranes occurs as 
was done previously for cardiac sarcolemma [13]. Briefly, 
approximately 10 ml of blood were centrifuged, and the 
resulting blood plasma heated for 30 min at 56°C. The 

Calorimetric experiments were performed with a high 
resolution Microcal MC2 differential scanning calorimeter 
(DSC) interfaced to a DEC 380 computer with an auto- 
matic data collection system as previously described [15]. 
For DSC experiments, cardiac membranes were suspended 
in the same solution used for thermal inactivation. An 
initial DSC scan of cardiac membranes (10 m g / m l  pro- 
tein) was obtained at a scan rate of 1 K / m i n  from 10 to 
100°C. The sample was immediately cooled to 10°C fol- 
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lowed by a rescan to 100°C. Denaturation was completely 
irreversible after scanning to 100°C. Scans were also made 
to 49, 56, 63, and 70°C to check for partial reversibility. 
The intrinsic baseline curvature was corrected by subtract- 
ing the rescan, and the shift in specific heat on denatura- 
tion (ACp) was corrected as previously described [15]. The 
transition temperature (T m) of each peak is defined as the 
temperature at which the apparent Cp reaches a maximum. 
The DSC scans were deconvoluted assuming irreversible 
denaturation as previously described [15]. 

3 .  R e s u l t s  

3.1. Thermal inactivation of the Ca 2 +/ Mg 2 +-ATPase from 
cardiac membranes 

Using the in vitro incorporation procedure, the choles- 
terol concentration of  microsomal membranes was in- 
creased from 15 _ 3 Ixg (n = 10) for control membranes to 
37 ___ 5 ixg (n = 10) cho le s t e ro l /mg  protein for enriched 
membranes which correspond to choles te ro l /phosphol ip id  
molar ratios of  0.12 and 0.31, respectively. The thermal 
stability of  the Ca2+/Mg2+-ATPase  of  microsomal mem- 
branes with these two cholesterol concentrations was deter- 
mined by thermal inactivation and thermal denaturation. 

For  thermal inactivation utilizing the first method, the 
Ca2+/Mg2+-ATPase  activity in control membranes (C) 
and membranes enriched (E) with cholesterol was mea- 
sured at room temperature after heating, as a function of  
temperature increased at a rate of  1 K / m i n .  These results 
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Fig .  I. T h e r m a l  i nac t iva t ion  o f  the  C a 2 + / M g 2 + - A T P a s e  f r o m  c a r d i a c  

microsomes. (A) ATPase activity at room temperature after heating to 
temperatures of 49 to 64°C is shown for control (0 )  and cholesterol-en- 
riched membranes (O). (b) The first derivative of the data shown in Fig. 
la (solid lines) and the best fit theoretical curves (dotted lines). 
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Fig. 2. Thermal inactivation of Ca2+/Mg2+-ATPase activity as a func- 
tion of time at constant temperatures of 51-60°C for control (a) and 
cardiac microsomes enriched in cholesterol (b). 

are presented in Fig. la. Activity is lost in membranes 
following heating to temperatures of  55-60°C.  The inacti- 
vation temperature (T 0 was determined from the first 
derivative of  the curves given in Fig. la  which was fit with 
the best theoretical curve [15]. The theoretical fits for 
irreversible inactivation were calculated assuming the pres- 
ence of  one component.  The first derivative curves for 
two-state inactivation 

k 
N ~ D  

are skewed towards the low temperature side [16]. The 
experimental  curves in Fig. lb  are of  this form and are fit 
well by the theoretical curves. This supports the use of  the 
two-state model for inactivation given above. The activa- 
tion energy for the rate constant k was obtained directly 
from the fit. Control membranes have a T I of  58.9 _ 0.3°C 
and an E A = 374 k J / m o l .  In contrast, membranes enriched 
in cholesterol have a higher Tt of  59.9 ___ 0.1 °C and E A not 
significantly different from that for control membranes.  
These results are the average of  eight experiments.  A 
1.0 _ 0.3°C difference in T I appears small but corresponds 
to a two-fold difference in the rate of  inactivation follow- 
ing heating to 60°C. 

The T~ was also calculated by measuring inactivation as 
a function of  t ime at constant temperature (Fig. 2), generat- 
ing Arrhenius plots, and using E A and A to calculate T I as 
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Fig. 3. Differential scanning calorimetry profile (Cp[exess] vs. tempera- 
ture, scan rate 1 K / m i n )  of control cardiac microsomes (solid line) and 
the best theoretical fit (dashed line) which is the summation of the five 
independent components (labeled A-E,  dotted lines) obtained by decon- 
volution of the original scan. This scan and deconvolution is representa- 
tive of six experiments. 

previously described [15]. This method gave comparable 
results with a Ti(control) = 57.6 + 0.5°C and TI(cholesterol 
enriched) = 59.2 _+ 0.5°C for a AT l = 1.6 _+ 0.7 K. 

3.2. Thermal denaturation of cardiac microsomal mem- 
branes 

Two questions arise from these results: (1) Is thermal 
inactivation of ATPase activity due to denaturation of the 
Ca2÷/Mg2+-ATPase as is true for the CaZ+-ATPase from 
sarcoplasmic reticulum [15]? (2) Is the increased thermal 
stability in cholesterol-enriched membranes due to in- 
creased conformational stability of the enzyme or simply 
to a change in the reversibility of unfolding? 

To investigate if the Tx values obtained for the thermal 
inactivation of Ca 2 +/Mg2 +_ATPase activity corresponds 
to the thermal denaturation of a specific membrane compo- 
nent in cardiac microsomes with low and high cholesterol 
content, DSC profiles were obtained from control and 
cholesterol-enriched microsomes which are shown in Figs. 
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Fig. 4. Differential scanning calorimetry profile (Cp[eXcess] vs. tempera- 
ture, scan rate 1 K / m i n )  of cardiac microsomes enriched in cholesterol 
(solid line) and the best theoretical fit (dashed line) which is the summa- 
tion of the five independent components (labeled A-E,  dotted lines) 
obtained by deconvolution of the original scan. This scan and deconvolu- 
tion is representative of four experiments. 

Table 1 
Transition temperatures (Ti/2) of the components of control and choles- 
terol-enriched cardiac microsomes 

Component T= / 2 (mean ± S.E.) (°C) 

control enriched 

A 45.9±0.4  45.3±0.2  
B 51.5±0.2 53.0±0.4  
C 58.2±0.3 60.1±0.5 
D 64.3±0.1 64.5±0.4  
E 77.8±0.4 75.2±0.7 

S.E., standard error from six and four experiments for control and 
enriched membranes, respectively. 

3 and 4, respectively. Both profiles have similar shape and 
consist of at least two strong peaks with peak transition 
temperatures (Tl/2) of about 54 and 60°C (peaks B and C). 
In addition, in most but not all scans a much weaker peak 
at 75-85°C and a partially resolved peak between 40 and 
50°C are observed (peaks E and A). In order to get a good 
fit, another component at approximately 65°C (peak D) is 
required. Thus, the DSC profiles in Figs. 3 and 4 were 
deconvoluted assuming five components or transitions. 
The transition temperature of the components, defined as 
the temperature of half denaturation (Tl/2), not the peak 
temperature, are given in Table 1. 

In order to make a direct comparison between confor- 
mational denaturation measured by DSC and inactivation, 
denaturation must be highly irreversible and obey the 
irreversible model 

k 
N - - * D  

Partial scans to 49, 56, 63, and 70°C for both control and 
cholesterol-enriched membranes demonstrate almost com- 
plete irreversibility of protein denaturation below these 
temperatures when scanning to each temperature (results 
not shown), supporting the use of the irreversible model 
for denaturation and validating a direct comparison be- 
tween inactivation and denaturation. 

A comparison of the Tl/2 values for control and en- 
riched membranes (Table 1) shows that T~/2 for the two 
well-resolved transitions B and C is increased in enriched 
membranes. Transition C (Tl/2 =58.2°C) corresponds 
closely to the inactivation temperature of Ca2+/Mg 2+- 
ATPase activity (T~ = 57.6-58.9°C in control membranes). 
The T1/2 of transition C is increased to 60.1°C in choles- 
terol-enriched membranes. This increase of 1.9 + 0.6°C is 
close to the increase of 1.0-1.3 K for T r Thus, inactiva- 
tion is due to denaturation of component C which is 
stabilized by cholesterol. 

4. Discussion 

As shown in this study, a high concentration of choles- 
terol in cardiac microsomes reduces the rate of thermal 
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inactivation of the Ca2+/Mg2+-ATPase. Membrane 
cholesterol also increases the thermal stability of the ATP 
hydrolytic function of other membrane ATPases including 
the Ca2+-ATPase of sarcoplasmic reticulum [17] and car- 
diac sarcolemma [18]. The ATPase hydrolytic function of 
the Ca 2 +-ATPase is located in a protein domain outside the 
membrane core in a hydrophilic environment [19,20] while 
cholesterol is present in the lipid bilayer which contacts 
only the transmembrane region. Since ATPase activity is 
affected by cholesterol [4,21-23], this must occur through 
the influence of cholesterol on the transmembrane region 
of the protein. 

Inactivation must result from an irreversible alteration 
of the protein. The simplest model for inactivation is 

k 
N - - * D  

where N and D are the native and inactive forms, respec- 
tively, and k is the temperature dependent rate constant for 
this pseudo first order process. This two-state model is 
entirely consistent with the inactivation results; however, if 
the conformational unfolding of the protein is to be consid- 
ered explicitly, then the two-state model must be extended 
to  

k I k3 
N ~  U--* D 

k2 

where U is the thermally unfolded state and the k i values 
are the rate constants for the various steps. The two-state 
model represents an appropriate simplification if U fails to 
accumulate to significant amounts (i.e. k 3 > k~, k 2 [16]). 
Inactivation is due to a step subsequent to unfolding in the 
three-state model which makes refolding impossible. Since 
unfolding must precede inactivation, decreased inactivation 
can occur through two mechanisms: an increase in confor- 
mational stability (i.e. an increase in the transition temper- 
ature of unfolding) or a decrease in the rate constant of 
inactivation k 3 without any change in conformational sta- 
bility. The latter possibility has been shown to occur for 
human and bovine superoxide dismutase where replace- 
ment of the free cys residues results in an enzyme with 
decreased conformational stability but increased resistance 
to thermal inactivation, which can only be explained by a 
large decrease in k 3 [24]. 

The DSC scans of control and cholesterol-enriched 
membranes have a peak at the temperature predicted from 
i n a c t i v a t i o n  ( T I / 2  ~ 59°C) which is shifted 1.9 _+ 0.6 K 
higher in the cholesterol-enriched membranes. This shift is 
highly significant (P  < 0.01 by an unpaired t-test) and 
indicates that the increased conformational stability of the 
Ca2+/Mg2+-ATPase is sufficient to account for the in- 
creased resistance to inactivation. There is no evidence that 
the step or process leading to irreversibility is influenced 
by cholesterol. 

What is the mechanism by which cholesterol increases 
the conformational stability of the Ca2+/Mg2+-ATPase? 

This cannot be answered with certainty, but there are 
several possibilities. Cholesterol (at 43 tool%) has been 
shown to increase the transition temperature of the erythro- 
cyte band 3 protein in reconstituted dioleylphosphatidyl- 
choline vesicles by 6 K [25]. In addition, stability in- 
creased as the chain length of the phospholipids compris- 
ing the lipid bilayer increased. The T m of the band 3 
protein increased from 47 to 65°C as the fatty acyl chain 
length of monounsaturated, symmetric phosphatidyl- 
cholines increased from 14 to 24. Since cholesterol is 
known to increase the thickness of the lipid bilayer [5], this 
led to the suggestion that cholesterol might stabilize by a 
similar mechanism [25]. However, natural membranes dif- 
fer from one-component lipid bilayers in that a variety of 
lipids are present. Thus, one must consider that any overall 
change in bilayer thickness might be minimized by prefer- 
ential binding of specific lipid components to the 
Ca 2 + / M g  2 +_ATPase. 

Another mechanism of stabilization follows from the 
effect of cholesterol on the order and packing character- 
istics of unsaturated bilayer lipids. Any conformational 
change in an intrinsic membrane protein, of which denatu- 
ration is an extreme example, requires a compensatory 
reorganization of the lipid bilayer. The fractional volume 
(fv), which is a bulk lipid bilayer parameter related to the 
acyl chain packing free volume, characterizes the volume 
available for membrane conformational changes that occur 
with a positive volume change [26]. A greater degree of 
lipid acyl saturation, lower temperature, and increased 
cholesterol decrease fv and reduce the likelihood of mem- 
brane protein conformational changes [27]. By similar 
reasoning, a decrease in fv caused by increased cholesterol 
should decrease the probability of unfolding with a result- 
ing increase in T m. 

The increase in stability of the Ca 2 + /Mg  2 +-ATPase has 
direct physiological relevance. Numerous factors, includ- 
ing cholesterol, influence the response of cells to heat 
shock. The rates of killing for the rodent cells studied by 
Cress and Gerner [9] differ by about a factor of three for a 
less than a two-fold change in cholesterol content. A factor 
of three change in the rate of killing corresponds to a 1-2 
K shift in inactivation temperature at the high activation 
energies for the thermal killing of mammalian cells (400- 
600 kJ/mol) .  For the Ca2+/Mg2+-ATPase, we found a 
1.0-1.6 K increase in inactivation temperature (T l) and a 
1.9 K increase in denaturation temperature (TI/2) for a 
2.5-fold increase in cholesterol content. Thus, the magni- 
tude of the shift in T I and TI/2 is sufficient to account for 
the increased resistance to heat shock of cells with greater 
cholesterol content and indicates that a relatively small 
change in thermal stability has physiological relevance. 
Al though the inactivation tempera ture  of  the 
Ca~-+/Mg2+-ATPase is too high for this protein to be a 
critical target for heat killing, these results illustrate that 
proteins in a natural membrane can be stabilized by in- 
creasing cholesterol content. 
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