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The (Na* + Mg?*)-ATPasc puriticd from Acholeplasma laidlawii B membranes was into large, vesicles
formed from dimyristoylphosphatidylcholine (DMPC) and varying of ¢l | or epichol 1. The ATP hydrolyti

activity of the rcconstituted enzyme was then determined over a range of temperatures and the phasc state of the DMPC in the
ATP: ining vesicles was ch ized by high- differential i lori; y. In the vesicles containing only
DMPC, the ATPasc activity is higher in association with lipids in the quuid—crysullmc statc than with gel-state phospholipids,
resulting in a curvilinear, biphasic Arrhenius plot with a pmnnunced ehangc in slope at the elevated gel to liquid-crystalline
phase transition temperature of the DMPC. The i of i of chol into thc DMPC vesicles
results in a progressively greater dcgree of inhibition of ATPase activity at higher temperatures but a stimulation of activity at

lowcr thus p h plots with p ly less curvaturc and without an abrupt change in slope at
logical As chol ion in the ATPase-DMPC vesicles increases, the calorimetric phase
of the phospholipid is further broadened and lly aboliched. The incorporation of epicholesterot into the DMPC

prcteoliposomes results in similar but less pronounced cf[ccls on AT"ase m:uvny, nnd its effect on the phase behavior of the
DMPC-ATPase vesicles is also similarly d in with hol | added to the purified
enzyme in the absence of phospholipid does not show any sugmﬂcam effect on clthcr the dctwny ot the temperature dependence
of the detergent-solubilized ATPase. These findings arc with the ion that cxerts its effect on the
ATPase activity by altering the physical state of the phospholipid, since the effect of chol 1 {or epichol 1) on
liquid-crystalline lipid results in a reduction of ATPase activity while the disordering of gel-state lipid results in an increase in

activity.

Introduction
Acholeple laidlawii is a cell wall-less eubac-
terium whlch contains only a single membrane system,
the cell surface membrane. This organism, like several
other mycoplasmas, hd: been widely used to study
since the lipid fatty
acid and polar headgroup composition of the mem-
brane lipids can be dramatically altered and highly
pure preparations of membranes can be easily pre-
pared. Moreover, although A. laidlawii B does not
synthesize or requite cholesterol for growth, it can
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incorporate substantial amounts of this and other
sterols into the membrane from the growth medium,
The ability to greatly manipulate the fluidity and phase
statc and the thickness and surface charge density of
the lipid bilayer, by altering the fatty acid and polar
headgroup composition and the cholesterol content of
the A. laidlawii membrane, has made this organism an
ideal one for studying the role of lipids in biological
membranes (for revnews, see Refs. 1 and 2).

The Na*-sti Mg?*-d dent ATPase of
Acholeplasma laidlawii B is the major ATPase present
in the membrane of this microorganism [3-5]. This
enzyme is a tightly bound, lipid-requiring, integral
transmembrane protein [5-12] that functions in vivo
and in vitro as an ATP-driven, sodium-extruding pump
[13,14] and that is involved in regulating the intra-
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cellular osmolarity and thus the cell volume of this
mycopiasma {3,i3]. The A. laidlawii (Na*+ Mg™*)-
ATPase has been isolated and purified to homogeneity
and shown to consist of five subunits (@, B, 7,  and €)
ranging in apparent molecular weight from 68000 to
16000 with a probable subunit stoichiometry of
a;3B,76,€;, [5,15]. All of the subunits of the purified,
lipid-reconstituted enzyme [16] can be labeled by wa-
tzr-soluble, amino acid side chain-specific reagents,
suggesting that at least a portion of each subunit is
exposed to the aqueous phase [17,18]. However, the
a-subunit, which also bears the nucleotide binding site
{17,18), and possibly also the e-subunut, can be photola-
beled by phospholipids containing a photosensitive fatty
acyl group, suggesting that a portion of this subunit (or
subunits) penetrates into cr traverses the hydrophobic
corz of the lipid bilayer [11}. The intimate association
of the reconstituted ATPase with its host phospholipid
bilayer has been confirmed by differential scanning
calorimetry (DSC) studies, whick show that this en-
zyme interacts with buth the polar headgroups and the
hyd bon chains of phospholipid molecules
[12].

The effect of variations in temperature and in mem-
brane lipid fatty acid composition on the activity of the
A. laidlawii (Na*+ Mg2*)-ATPasc in native mem-
branes have been extensively studied in this laboratory
[3,4] and in others [10,19,20]. In these studies the
relationship between ATPase activity and membrane
lipid phase state and fluidity was investigated by coin-
parisons of Arrhenius plots of the rates of ATP hydrol-
ysis versus reciprocal temperature with DSC or elec-
tron paramagnetic spin resonance (EPR) spectroscopic
determinations of lipid phase transition temperatures
and relative fluiditics. It was initially reported that
Arrhenius plots of ATPasc activity are lincar in iso-
lated membranes whose lipids were enriched in low-
melting cis-unsaturated fatty acids but exhibit a bipha-
sic linear shape in membranes enriched in higher-melt-
ing trans-unsaturated or saturated fatty acids. More
specificaily, a 2.5-fold increasc in the Arrhenius plot
slope was reported to occur at temperatures between
the lower boundary and the midpoint of the lipid gel to
liquid-crystalline phasc transition. However, a later
study [4], utilizing a much larger number of tempera-

ture points and idering the marked i in the
K., values for ATP with i mcrcasmg lcmptmlurc (3,21),
led that in t tusively lig-

acid composition, but there is no discernible relation
between enzymc activity and lipid fluidity per sc. If a
gel to liquid-crystalline phase transition occurs within
the physiological range, I , a gently curving
biphasic Arrhenius plot is observed, in which the (Na*
4 Mg?*)-ATPase activity falls off more steeply with
decreasing temperature than would otherwise be the
case. No effect of the lipid phase transiiivn on the
ATPase activity is noted uniil about hulf of the mem-
brane lipid is converted to the gel state, and some
ATPasc activity remains at temperatu-cs considerably
below the lower boundary of the lipid phase transition,
although eventually all ATPasc seems to be lost. These
results suggest that the A. laidlawii (Na*+ Mg?*)-
ATPase is active only in association with liquid-like
boundary lipids, and that the ATPase hydrolytic reac-
tion exhibits a significant heat capacity of acnvatmn |n
this case. This enzy pp tot prog;
inactivated when its boundary lipids undergo a llquld-
like to solid-like ‘phase transition’ that is driven by the
liquid-crystalline to gel phase transition of the bulk
membrane lipid phase, but that is less cooperative and
that takes place over a lower temperature range than
does the bulk lipid transition. Very similar results have
recently been obtained when the purified enzyme is
reconstituted with phosphatidylcholines (PC’s) contain-
ing a wide variety of different fatty acids [22,23). How-
ever, in contrast to isolated membranes, the absolute
activity of the ATPase in reconstituted proteo-
liposomes docs not vary significantly with fatty acid
structure at temperatures above the lipid phase transi-
tion temperature. This result indicates that changes in
membrane lipid fluidity in the liquid-crystalline state
have only a small effect on enzyme activity. This result
also suggests that the wndc vananons in ATPase activ-
ity observed at 37°C in isolated A. laidle

of differing fatty acid compositicn are due primarily to
variations in the number of ATPase molecules present
rather than to variations in the specific activity of the
native enzyme.

Although the variation of the A. laidlawii (Na®*+
Mg?*)-ATPase activity with changes in membrane lipid
fatty acid has been ively studied, the
cffect of the presence of sterols on the absolute activity
and temg J d of this enzyme has re-
ceived relatively little attention. De Kruyff et al. [19]

rcportcd that the incorporation of cholesterol into A.

uid-crystalline lipid in the physiological temperature
range, Arrhenius plots of (Na*+ Mg?*)-ATPasc activ-
ity are clearly nonlinear (slope gently downward). This
latter study also blished that the de-
pendence of the ATPase activity is not dependent on
membrane lipid fatty acid composition as long as the
lipids cxist in the fluid state. The absolute activity of
this enzyme, however, docs vary significantly with fatty

ii membranes enriched in elaidic acid results in
a modest decrease in absolute activity at higher tem-
peratures, an increase in absolute activity at lower
temperatures, and a downward shift in the Arrhenius
plot break temperature by 6-7 C°. These workers also
reported that cholesterol incorporation decreases the
lipid phase transition temperature of the isolated mem-
branes. Moreover, of the chol

riched t with the pol antibiotic filipin,




which specifically complexes cholesterol, reverses the
effect of cholesterol incorporation on both the ATPase
activity and the lipid phasc transntlon Fmally, the
incorporation of i ol, the pi of
cholesterol, was reported to have no effect on cither
ATPase activity or the membrane lipid phase transi-
tion. This latter result seemed consistent with the
much weaker effect of eplcholesterol as compared to

1 in cond phospt id layers and
in reducing the permeability and increasing the order
of phospholipid bilayers (see Ref. 26).

Although the reported effects of cholesterol and
epicholesterol incorporation on the ATPase activity on
isolated membranes may well be correct, it should be
pointed out that in this previous study the Na* and
ATP congentrations were not adjusted so as to opti-
mize ATPase activity over the entire physiological tem-
perature range. As well, since changes in membrane
lipid composition are now known to effect the number
of functional ATPase molecules present in isolated
membranes, it is possible that the results reported
above could reflect sterol cffects on ATPase number
rather than on ATPase specific activity. Finally, in A,
laidlawii membranes enriched in elaidic acid, a maxi-
mum of only about 15 mo.% of cholesterol or epic-

ol can be incor d. For these reasons, we
have decided to reinvestigate the effect of cholesterol
and epicholesterol on the absolute activity and temper-
ature dependence of the purified A. laidlawii ATPase
reconstituted into dimyristoylphosphatidylcholine
(DMPC) vesicles, since in this model membrane system
the possibly confounding effects described above can
be overcome and the incorporation of much higher
levels of sterol can be obtained. As before, DSC analy-
sis of the reconstituted vesicles was also performed, so
that the effect of cholesterol and epicholesterol incor-
poration on the thermotropic phase behavior of DMPC
molecules in the presence of the incorporated ATPase

could be deiermined. The rosults of this study are
reported below.
Materials and Methods

Materials. 1-a-Dimyristoylphosphatidylcholine (DM-

PC) was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Steraloids Inc. (Wilton, NH, USA) sup-
plied epichol 1. Chol | was purchased from
Aldrich Chemical Co. (Milwaukee, WI, USA) and re-
crystailized from a mixture of methanol and chloro-
form before use.

Methods. The (Na*+ Mgz*) ATPase was purified
from A. laidlawii B ding to the
method of Lewis and McElhaney [5]. Reconstitution of
the purified ATPase with lipids and estimation of the
ATPase activity were done as described by George and
McElhaney [17}. Essentially this reconstitution invol
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a cholate solubilization and dialysis procedure in which
almost all of the residual native lipid and most of the
detergent is removed by exchange with a large excess
of phospholipid, in this case LMPC. Generally 50-100
g of detergent-solubilized ATPase was reconstituted
with 2.5 mg of phospholipid, with or without various
quantities of cholesterol or cpicholesterol. Although
there was little effect of cholesterol or epicholesterol
on the efficiency of reconstitution, the specific activity
of the enzyme was calculated from the amount of
protein actually present in the reconstituted proteo-
liposomes, which was determined for each sampte [17}.
Phospholipid was il d by the dure of Ra-
heja et al. [24] and cholesterol by the method of
Watson [25). High-sensitivity DSC analyses were done
using a Microcal MC-2 scanning calorimeter (Microcal
Inc. Amherst, MA, USA) as described previously [12].
Data analysis and presentation. The experiments de-
scribed here were done three times. However, because
the activity of the purified, lipid-depleted ATPase de-
creases with time, each independent set of experiments
was performed with a different, freshly prepared en-
zyme preparation. Since the absolute activity (but not
the temperature dependence) of these three ATPase
preparations varied considerably, we did not consider
that a pooling of these experimental results was appro-
priate. Thus, the data to be presented below are those
from a siugle set of experiments on the same ATPase
preparatiun However, the results presented are fully
ive of those ob d in the other two sets

of experiments,

Results

Effect of cholesterol on the activity and temperature
dependence of the purified ATPase prior to phospholipid
reconstitution:

The Arrhenius plot of the purified, detergent-
solubilized ATPasc, before reconstitution with phos-
pholipid, is a smooth, downward-curving line (Fig. 1A)
showing no abrup! change in slope. This curve resem-
bles the Arrhenius plots of the ATPase activity in
native A. laidlawii membranes enriched in low-melting
fatty acids [4]. This was expected, since the small
amounts of native membrane lipids and detergent still
associated with the purified protein [16] do not un-
dergo any cilange in phase state within the tempera-
ture range studied [12].

Cholesterol is known to compete with phospholipids
for binding to the hydrophobic regions of several mem-
brane-bound protems and to effect the activity of some
membr ters and recep-
tors (see Ref. 26 for a recent review). In order to
determine if added cholesterol can directly effect the
A. laidlawii B (Na*+ Mg?*)-ATPasc. a sonicated sus-

pension of chols I in the assay medium was incu-
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Fig. 1. Temperature dependence of puiified ATPase in the abscnce
and presence of exogenous cholesterol. ATPase activity was esti-
mated at various temperatures and the log specific activity (umoles
P; released per h per mg protein) is plotted against the reciprocal of
absolute temperature. Cholesterol was added by mixing the purified
enzyme with cholesterol. The final concentration in the mixture was
530 moles of cholesterol /moal of ATPase. (A) Purified ATPasc; (B)

Purified ATPase +cholesterol.

bated wiih purified, detergent-solubilized enzyme at
37°C for 15 min and aliquots of this mixture were used
to determine the ATPase activity at various tempera-
tures. The Arrhenius plot in Fig. 1B shows that exoge-
nously added cholesterol does not produce any change
in the temperature dependence of the purified ATP-
ase. At this concentration of cholesterol (0.51 mg/mg
of ATPase protein), there is also no effect on the
absolute activity of purified ATPase when assayed at
37°C, the optimal growth temperature of this organism
(Table 1). Therefore, cholesterol molecules either do
not physically associate with the purified ATPasc or, if
they do associate, do not directly alter the absolute
activity or temperature dependence of this enzyme.

TABLE 1
Effect of ch ! and on the ATPase
activity of enzyme-containing proteoliposomes at 37°C
ATPase reconstituted Mol ATPase specific  Percent
with percent  activity control
sterol (pmol P; per h
per mg protein
Nonc 0 124° 60
Cholesterol (530 mol/
mol ATPase) ~100 124 60
DMPC (24 mg/ml} 0 208 100
DMPC+cholesterol 13 196 94
DMPC +cholesterol 24 181 87
DMPC + cholesterol 33 137 66
DMPC +cholesterol 45 65 31
DMPC+epicholesterol 50 7 82

@ Replicate determinations of ATPase specific activity at 37°C nor-
mally agree to within +1-2%.
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Fig. 2. Temperature dependence of pnnf ed ATPase rcconsmnlcd
with DMPC and various
terol. Purified ATPase was rccnnsmnled with cither DMPC (2-3
mg/ml) alone or in combination with varying concentrations of
cholesterol. ATPase activity was estimated at specified temperatures
and the results represented as Arrhenius plots. Arrows indicate the
DMPC phase transition temperaturce determined by DSC. (A) DMPC
alone; (B) DMPC +cholesterol (13 mol%); (C} DMPC +cholesterol
(24 mol%); (D) DMPC+cholesterol (33 mol%); (E) DMPC+
cholestero! (45 mol%); (F) DMPC + epicholesterol (50 mol%).

The effect of chole I and 7
on the absolute activity and depend 0
the phospholipid-reconstituted (Na *+ Mg?*)-ATPase
The purified ATPase was reconstituted with DMPC
alone, or with DMPC and various concentrations of
cholesterol, and the ATPase hydrolytic activity was
determined over u range of temperatures. The temper-
ature dependence of the ATPase activity in the pres-
ence of i 1 1 cC ions in the
DMPC vesicles are presented as Arrhenius plots in
Figs. 2A-E. In the absence of cholesterol, the Arrhe-
nius plot of ATPase activity is biphasic, consisting of
two gently sloping lines of different average slopes,
with the average slope of the lower-temperature line
being about 2.5-times that of the upper-temperature
line. The change in slope occurs at about 29°C, which
corresponds to the gel to liquid-crystalline phase tem-
perature of the reconstituted vesicles as determined by
DSC (see below). As the cholesterol concentration in
the DMPC proteoliposomes increases, the slope in the
higher-temperature region remains nearly constant but
that in the lower-temperature region progressively de-
creases until, at the two highest cholesterol concentra-
tions, the Arrhenius plots lose their biphasic character.
Moreover, the change in slope persisting at the two
lowest cholesterol concentrations decreases slightly in
temperature with increases in cholesterol content. It is
also clear from this series of Arrhenius plots that the
p of i ing levels of chol | in the




DMPC p »somes di the absolute activity
of the ATPase at higher temperatures (see Table 1),
while i ing it at lower . This in-

hibitory effect of cholesterol on eniyme activity at
37°C, the optimal growth temperature of this organism,
ic relatively modest at cholesterol concentrations of 13
and 24 mol% but becomes progressively greater at
higher cholesterol concentrations.
The effect of the incorporation c a hlgh ievel of
1 | on the of the
phosphohplu-reconsmuted (Na‘t+ Mgz*) ATPase is il-
lustrated in Fig. 2F. The Arrhenius plot of the
DMPC-epicholesterol reconstituted ATPase is similar
to that of the DMPC proteoliposomes containing rela-
tively high levels of cholesterol, in that only a single
line without an abrupt change in slope is observed.
Moreover, ihie presence of epicholesterol decreases the
absolute activity of this at higher p
(see Table I) while increasing activity at lower
temperatures, just as is observed for cholesterc!. How-
ever, at 37°C, the inhibitory effect of epichol ol on
ATP hydrolytic activity is much less than that observed
for cholesterol at a comparable level of incorporation.
lmerestmgly, at lower temperatures the presence of
1 actually i ATPase activity to a
greater extent than does the presence of cholesterol,
implying that epicholesterol is more disruptive of hy-
drocarbon chain packing in gel state bilayers than is
cholesterol.

The effect of chol I and
on the thermotropic phase behavior of DMPC in ATP-
ase-containing proteoliposores

The thermmroplc phase behavior of DMPC vesicles
of the ATPase pro\em
and various quantities of chol 1 or epichol
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Fig. 3. Effect of and epis on the
thermotropic phase behavior of DMPC-ATPase proteoliposomes as
determined by DSC. (A) DMPC alonc; (B) DMPC + cholesterol (13
mol%); (C) DMPC+ cholesterol (24 mol%); (D) DMPC +cholesterol
(33 mol%); (E) DMPC+cholesterol (45 mol%); (F) DMPC+
epicholesterol (50 mol%).

into the DMPC vesicles results in an increase in the
temperature, a decrease in the calorimetric enthalpy
and a decrease in the cooperativity of the gel to liquid-
crystalline phase transition of the DMPC molecules,
indicating that this integral, trans-membrane protcin
with the DMPC bilayer by both electrostatic

were studied by high-sensitivity DSC. A typical set of
DSC thermograms are presented in Figs. 3A-E and
the thermodynamic parameters derived from these
thermograms are presented in Table II. In the absence
of any sterol (Fig. 3A), the incorporation of the enzyme

and hydrophobic interactions (for a more complete
calorimetric study of ATPase-DMPC interactions, see
Ref. 12). The incorporation of 13 0r 24 mol% choles-
terol into the ATP: de-
creases the phase tr:

TABLE I
The 1l i ies of the gel to liquid- line phase transition of DMPC vesicles containing roughly comparable amounts of the purified
A. laidlawii (Na* + Mg** )JATPase and Larlable amounts of cholesterol or epicholesterol
Vesicle lipid composition ATPase concentration T, O AH * (keal /mol) ® 4Ty, * ©)
(pg protein/mg DMPC)
DMPC 208 292 4.2 5
DMPC + 13 mol% cholesterol 192 280 20 7
DMPC + 24 mol% cholesteral 187 ~30 ~02 ~125
DMPC + 33 mol% chiolesterol 159 ~29 <0.15 >15
DMPC +45 mol% cholesterol 177 nm. nm. nm.
DMPC + 50 mol% epicholesterol 194 ~29 ~03 ~13
& T is the gel to liquid: ine phase midpoint AH is the phase lmmmon enlhalpy change, and 4T, /, isa measure
of the ivity of the phase ition, with larger 4T/, values indi and less

transition. n.m., not measurable,
b 1 keal = 4.1868 kJ.
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slightly and progressively reduces both the enthalpy
and cooperativity of the DMPC chain-melting phase
transition still further. Cholesterol incorporations of 33
and 45 mol% essentially abolish the cooperative gel to
liquid-crystalline phase tramsition of the DMPC
molecules, or at least reduce the cooperativity of this
transition to such an extent that it can not be deiccied
by high-sensitivity DSC. Interestingly, the incorpora-
tion of a hlgh amount of epicholesterol into the ATP-

liposomes also markedly reduces
the enthalpy and cooperativity of the gel to iiquid-
crystalline phase transition of the DMPC protco-
liposomes without altering the midpoint temperature.
However, epicholesterol is somewhat less effective than
cholesterol in this regard (sec Fig. 3F), since at a
comparably high cholesterol concentration, a coopera-
tive DMPC chai Iting transition is pletely abol-
ished.

Discussion

n the present study we find a generally good corre-
lation between the effect of cholesterol incorporation
on the activity Wratum dependence of the A.
laidlawii B (Na*+ Mg~ :ATPase and the fluidity and
phase state of the DMPC buiayer into which this en-
zyme is incor d. In the ab of cholesterol,
most of the DMPC molecules in the ATPase-contain-
ing proteoliposomes undergo a gel to liquid-crystalline
phase transition at an elevated temperature compared
to DMPC alone, and this is reflected in a break in the
slope of the Arrhenius plot of ATPase activity which
also occurs at the same elevated lipid phase

hydrocarbon chains and an increase in hydrocarbon
chain order, while having an opposite effect on gel
state phospholipid bilayers (see Ref. 26). If the abso-
lute activity of this enzyme reflects the fluidity or
degree of organization of its lipid matrix, such that a
decrease in fluidity results in a reduction in activity, we
would predict that the incorporation of increasing
quantities of chelesterol at temperatures above the
chain-melting phase transition temperature would re-
sult in a progressive decrease in ATPase activity, while
below the DMPC phase transition the presence of
increasing quantities of cholesterol should increase en-
zyme activity. In fact, this is exactly what is observed
experimentally, indicating that this ATPase is sensitive
to the degree of orgamzauon of its host bllayer lnter-
ingly, in bil of hy hospho- or gl p
which do not contain chol I, fairly ial
changes in fatty acid chain length and structure have
relatively little effect on (Na*+ Mg2*)ATPase activity,
as long as the lipid bilayers remains in the liguid-crys-
talline state [22,23]. This result may imply that the
effect of cholesterol incorporation on lipid hydrocar-
bon chain packing in fluid bulayers is grealer in magni-
tude than that duced by iologicall, |
variations in the cham length and chemical structure of
the membrane lipid fatty acyl groups themselves (see
Refs. 1 and 2 for a further discussion of this point).
As discussed earlier, De Kruyff and co-workers [19]
found that the incorporation of cholesterol into A.
laidlawii isolated t d the (Na*+
Mg?*)-ATPase activity at higher temperatures (tem-
peratures above the Arrhenius plot break temperature)

temperature {about 29°C). As increasing quantities of
cholesterol are incorporated into the proteoliposomes,
the enthalpy and cooperativity of the DMPC chain-
melting phase transition are reduced considerably, and
the phase transition temperature is reduced slightly,
while the magnitude of the change in slope of the
Arrhenius plots of ATPase activity is also d

while i ing ATP hy ytic rates at lower temper-
atures. These workers also reported that the presence
of cholestero! shifts the Arrhenius plot break tempera-
ture downward by 6-7 C°. Our studies with the puri-
fied, DMPC-reconstituted enzyme fully confirm the
former cbservations, and also reveal that the choles-
terol affect on ATPase activity depends on the amount

At higher incorporations of cholesterol, the coopera-
tive gel to liquid-crystalline phase transntmn of the
DMPC molecules in the ATPase-cc

of chol 1 present. The incorporation of smaller
amounts of cholesterol affects ATPase activity only
modestly, while the incorporation of larger amounts of

is abolished, as is the break in the slope of the Arrhe-
nius plot of enzyme activity. It thus appears that the
overall temperature dependence of the ATPase activity
reflects the thermotropic phase properties of its lipid
environment, as previously reported for both the native
{3,4,10,19,20] and for the purified lipid-reconstituted
[22,23] enzyme.

‘The absolute activity of this ATPase also appears to
depend on the fluidity or degree of organization of the
DMPC bilayer into which it is incorporated. As men-
tioned earlier, it is now well established that the incor-
poration of cholesterol into liquid-crystalline phospho-
lipid bilayers resuits in a tighter packing of the melted

hol 1 produces major reductions in ATP hydro-
Iytic rates. Although De Kruyff et al. [19] report a
larger decrease in the Arrhenius plot break tempera-
ture upoi cholesteral incorporation into A. laidlawii
membranes than we find ior ATPase-containing DMPC
vesicles, this probably represenis a difference in the
effect of cholesterol on the lipid thermotropic phase
behavior of the two systems, sifice cholesterol incorpo-
ration lowers the phdse transition rmdpmnl tempen-
ture of A. laidl b an

lipids (Ref. 19 and unpublisked results from this labo-
ratory) to a greater degree than observed with the
ATPase-containing DMPC vesicles (present study).
Thus both studies are in agreement on the central




point that the ic effect of chol | incor-
poration on the temperature dependence of the ATP-
ase accurately reflects its effect on the gel to liquid-
crystalline phase transition of the host lipid bilayer.
‘The only significant difference in results between the
native and lipid-reconstituted ATPase is quantitative.
At comparable cholesterol levels, De ¥ruyff and co-
workers [19] report a larger reduction in ATPase activ-
ity in native membranes than we abserve in our model
membrane system.

‘The major difference in the results of our studics
and those of De Kruyff and co-workers [19] concerns
the effect of epicholesterol on ATPase activity and on
the calorimetric phase transition observed in isolated
membranes and in DMPC-ATPase proteoliposomes.
De Kruyff et al. [19] report that the incorporation of
epicholesterol instead of cholesterol has no effect on
either the temper: d d of the A. laidlawii
ATPase or on the membrane lipid phase transition.
However, we find that chol | and epichol 1
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4 l ly th h its action on the phase
state of membrane lipid bilayer. Moreover, the in-
creases in the Arrhenius plot slopes (apparent activa-
tion energics) observed at temperatures above the
break with i in hyd ic pres-
sure can also be lained by ch in the physical
properties of the lipid bilayer, since hydrostatic pres-
sure increases the order of liquid-crystalline lipid bilay-
ers. Pentanol, however, which is known to decrease the
lipid phase transition te-r.peramre and to increase the
fluidity of liquid-crystalli of this organi
inhibits ATPase activity without affecting the Arrhe-
nius break temperature at 37°C and atmospheric pres-
sure, suggesting that it can act directly on the enzyme
to inhibit its function. However, pentanol can partially
offset the inhibitory effects of high hydrostatic pres-
sure, which is with a bilayer-fluidizing effect
of this alcohol. These workers concluded from their
s(\ldy that the absolute activity and the temperature
d of this are determined primarily

show similar qualitative effects on both the ATPase
activity and on the thermotropic phase behavior of the
reconstituted proteoliposomes, although epicholesterol
was found to be less effective than cholesterol at de-
creasing enzyme activity at 37°C and broadening and
ahollshmg the lipid phase transmon Moreover, con-

| [27] and high il DSC ( k d
data from this laboratory) studies of the eﬁ'e"t of the
incorporation of epicholesterol on the thermotropic
phase behavior of pure PC vesicles show that epi-
cholesterol behaves much like cholesterol itself in
phospholipid bilayers, at least at low to moderate sterol
levels. It is therefore probable that the relatively smiall
amounts of epicholesterol taken up by the A. laidlawii
cells in the previous study may not have appeared to

by the fluidity and phase state of the membrane lipid
bilayer, a conclusion further supported by the results of
the present study. However, we find that cholesterol
does not increase the slope of the Arrhenius plot above
the break temperature as was observed for increases in
hydrostatic pressure. This apparent difference in re-
sults could be due to a direct effect of prcssure on the
ATPase superi i on its lipid-mediated effects,

In recent years it has been shown that a number of
membr: h are dulated by
the chotesterol contem of the membrane (see Ref. 26).
Considering only the membrane-bound ATPases, alter-
ations in cholesterol levels appear to affect the activity
of these enzymes in different ways, depending on the
m»mbrane system and organism studied. In My-

significantly affect the properties of the or the
lipid bilayer simply because its effects may have been
too small to detect. However, our results clearly show
that chol | and epichol | at comparable lev-
els of incorporation have qualitatively similar effects on
both phospholipid thermotropic phase behavior and

ATPase activity, although the effects due to epi -

a chol ! iring myco-
plasma, the activity and temperature dependence of
the Mg2*-ATPase are little affected by even large
variations in the cholesterol content of the cell mem-
brane [30], and similar results have been reported from
the Ca?*-ATPase of the rabblt muscle sarcoplasmic

lum {31,32], althougt 1 ! incorporation

terol do appear to be quantitatively less than those due
to cholesterol.

The effect of pressure and of pentanol on the activ-
ity and temperature dependence of the (Na*+ Mg?*)-
ATPase of the A. laidlawii plasma membrane was
studied by Mac} and Macdonald [28). In-
creases in hydrostatic p i the
ture at which the break in the Arrhenius plot of
ATPase activity versus temperature is observed as well
as the gel to liquid-crystalline phase tansition p

has been reported to inhibit Ca?*-ATPase activity in
some preparations [33,34]. In contrast, the Na*/K*-
ATPase activity of the rat kidney outer medulla [26]
appears to be stimulated by low levels of cholesterol
incorporation and inhibited by high levels. On the
other hand, the incorporation of cholesterol into mem-
branes containing Na*/K*-ATPases from other
sources results in a progressive inhibition of ATP hy-
drolytic activity [35-39}. Thus cholesterol may ecither

ture of the membrane lipids [29]. Since this Arrhenius
plot break is known to be induced by a chain-melting
phiase transition of the membrane lipids, this implies
that the effect of hydrostatic pressure on this enzyme is

inhibit, stimul or have no effect on various ATP-
ases. In A. k , it seems
clear, both from the previous in vivo studies and frem
the present in vitro study, that in the biologically
relevant liquid-crystalline phase state, cholesterol in-
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corporation progressively inhibits (Na* + Mg?*)-
ATPase activity, most probably by its ordering of the
host phospholipid bilayer rather than by interacting
directly with enzyme.
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