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SUMMARY 

The (Na + + K  +)-actIvated, Mg 2 +-dependent ATPase from rabblt kidney 
outer medulla was prepared m a partially inactivated, soluble form depleted of 
endogenous phospholipids, using deoxycholate. This preparation was reactivated 
10 to 50-fold by sonlcated hposomes of phosphatidylserine, but not by non-sonicated 
phosphatidylserme hposomes or somcated phosphatidylcholine liposomes. The 
reconstituted enzyme resembled native membrane preparations of (Na++K÷)  - 
ATPase m its pH optimum bemg around 7.0, showing optimal activity at Mg2+: 
ATP mol ratios of approximately 1 and a Km value for ATP of 0 4 mM. 

Arrhenms plots of this reactivated activity at a constant pH of 7.0 and an 
Mg2÷: ATP mol ratio of 1:1 showed a discontinuity (sharp change of slope) at 
17 °C, with actlvaUon energy (Ea) values of 13-15 kcal/mol above this temperature 
and 30-35 kcal below it. A further discontinuity was also found at 8.0 °C and the 
Ea below this was very high (> 100 kcal/mol). 

Increased Mg 2+ concentrations at Mg 2+ :ATP ratios in excess of 1 : 1 inhibited 
the (Na + + K +)-ATPase activity and also abohshed the discontinuities in the Arrhentus 
plots. 

The addition of cholesterol to phosphatldylserlne at a 1.1 mol ratio partially 
inhibited (Na ÷ +K+)-ATPase reactivation. Arrhemus plots under these conditions 
showed a single discontinmty at 20 °C and E a values of 22 and 68 kcal/mol above 
and below this temperature respectively. The ouabaln-lnsensltlve Mg2+-ATPase 
normally showed a linear Arrhenius plot with an E a of 8 kcal/mol. The cholesterol- 
phosphatidylserine mixed liposomes stimulated the Mg2+-ATPase activity, which 
now also showed a discontinuity at 20 °C with, however, an increased value of 14 
kcal/mol above this temperature and 6 kcal/mol below. Kmetm studies showed that 
cholesterol had no stgnlficant effect on the Km values for ATP. 

Since both cholesterol and Mg 2+ are known to alter the effects of temperature 
on the fluidity of phospholiplds, the above results are discussed in this context 

* A prehmmary report of  some aspects of th~s work was presented at the 59th Annual Meeting 
of  the Federation of American Societies for Experimental Biology (Fed. Proc. (1975) 34, 642). 
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INTRODUCTION 

Phosphohpld fluidity seems to markedly affect the activity of a number of 
membrane-bound enzymes, including the (Na + + K  +)-actIvated Mg 2 +-dependent 
ATPase (EC 3.6 1 3) [1, 2] Wilson et al. [3] and Overath et al [4], using E co]i 
auxotrophs, showed that alterations in the saturation of fatty acid supplements 
affected the membrane transport properties and enzyme activity of these auxotrophs 
Arrhenlus plots of these activities showed discontinuities or changes in slopes, and 
therefore activation energies (Ea), at characteristic temperatures which depended on 
the chain length and degree of saturation of the fatty acids. A large number of  
studies on E. coli [5, 6], Mycoplasma [7, 8], mltochondrlal [9-13], mlcrosomal [14] 
and sarcoplasmlc retlculum [15] enzymes, and plasma membrane enzymes such as 
the (Na++K+)-ATPase  [16-21] and adenyl cyclase [22, 23] have also shown &s- 
continuities when the temperature dependence of their activities was plotted as 
Arrhenius plots 

The fact that such discontinuities appear to reflect the phase transitions of  
membrane llplds has been demonstrated by studies which have shown a correlation 
between the discontlnmty temperatures and independently measured phase transi- 
tion temperatures of the intact membranes and the extracted llplds [2, 4, 7, 8, 14, 
15, 24, 25]. The lipid phase transitions of cell membranes are generally quite broad, 
even in the absence of cholesterol [26] Recent studies have also indicated that 
Arrhemus plots of membrane enzyme activity often show at least two dlscontmumes 
which can be correlated with the hmlts of the broad phase transmon or phase separa- 
tion [24, 25]. 

It has been suggested [27] that the discontinuities seen for ( N a + ÷ K + )  - 
ATPase actlwty may be due to uncorrected temperature effects on the pH of the 
reaction me&a, although this study also involved variations in Mg 2+ concentration. 
Divalent cations [2, 28, 29] and cholesterol [7, 8, 30, 31] have been shown to alter 
the fluidity of phosphohplds, both in model systems and cell membranes, and this 
report IS concerned with the effects of cholesterol and Mg 2+ on the activity of re- 
constituted (Na + ÷ K  +)-ATPase activity at varying temperatures and constant, 
optimal pH 

METHODS AND MATERIALS 

Preparatton of (Na++K+)-ATPase (Na++K+)-ATPase was purified and 
dellpldated using the microsomal fraction from homogenized, frozen rabbit kidney 
outer medulla as starting material. (Pel-Freez Biologlcals, Inc., Rogers, Arkansas) 
This was done by deoxycholate treatment and subsequent ammomum sulfate frac- 
tlonatlon exactly as previously described [2]. The deoxycholate was removed by 
dialysis at approximately 4 °C against 100 vols of the final suspending medium for 
the first 24 h, and 25 vols for the following 48 h. A subsequent 24-h dialysis showed 
some inhibition of activity (see Table I). It has been shown that thls treatment 
removes at least 95 ~ of the lipid phosphorus present in the mlcrosomal fraction [1 ]. 

Preparation of hpMs and hposomes. Phosphatldylserlne was prepared from 
bovine brain and phosphatldylchohne from egg yolks, as previously described [32, 33] 
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TABLE I 

EFFECT OF INCREASING DIALYSIS TIME ON ENZYME ACTIVITY 

The final (NH4)2SO4 precipitate was suspended m 10 ml of  50 m M  Trls/acetate, pH 7.4, 1 mM 
dlthlothreltol, 1 m M EDTA and 20 % (v/v) glycerol and dialyzed against the indicated volumes 
of the same buffer at ~ 4 °C. The actwlty was measured at 37 °C as described under Materials 
and Methods m the presence of somcated phosphatidylserme hposomes The total volume was 
1 5 ml and 0.13 mg of enzyme protein was added. 

Time of dialysis Volume of buffer /~mol Pi/mg proteln/h 
(h) (ml) 

(Na + q- K +)-ATPase Mg z +-ATPase 

24 1000 15 1 15 02 
72 250 28.5 16 52 
96 250 19 94 17 70 

It was chromatographically pure as determined by thin-layer chromatography on 
silica gel H with a solvent of chloroform/methanol/7M ammonia (230:90: 15, v/v/v). 
It was stored at --40 to --50 °C as small ahquots (in sealed vials flushed with nitrogen) 
at a concentration of 10 #mol/ml. The/zmol of phospholipid were determined by 
inorganic phosphate estimates after perchlonc acid digestion. Each vial was used 
only once. Cholesterol was purchased from Sigma and recrystallized twice from 
methanol [33]. 

Sonicated or non-somcated hposomes were prepared under a nitrogen atmo- 
sphere as previously described [2, 33 ]. In summary, the method was as follows; chloro- 
form solutions of phosphatidylserme and cholesterol were first mixed to the appro- 
priate concentrations in the somcatlng tube, the chloroform evaporated, the tube 
flushed with nitrogen and buffer added. The closed tube contalmng a nitrogen 
atmosphere was then shaken for 10 mm using a mixer When desired it was then 
sonicated m a bath-type somcator at ~ 20 °C for 1 h. 

Assay of ATPase activity. ATPase activity was assayed in the following basic 
medium: 100 mM NaC1, 10 mM KC1, 50 mM hlstldme • HC1, 3 mM MgCI2,0.1 mM 

7 4 0  
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°C 

Fig. 1 Effect of  temperature on pH of hlstldme. HC1 buffer The composition of the medmm was: 
100mM NaC1, 1 0 m M  KCI, 5 0 m M  hlsudme HCI, 3 raM MgCl2 and 0.1 mM EDTA. The pH 
was adjusted to 7 08 w~th 1 M HC1 at 26 °C and the pH measured at other values as indicated 
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Fig 2 Effect of pH on activity of phosphatldylserlne-actlvated ATPase Activity was assayed at 
37 °C, as described in Matermls and Methods, with 0 13 mg of enzyme protein m a total volume 
of 1 5 ml plus 0 5/tmol sonlcated phosphatxdylserlne hposomes The reaction time was 20 ram, 
and was initiated by adding 5/tmol ATP to a concentration of 3 3 mM 

E D T A  Other details are as described previously [1, 2] For certain experiments the 
MgC12 concentration was varied up to 10 mM MgCI 2 The (Na++K+) -ATPase  
actwlty was the activity sensitive to inhibition by 1 mM ouabam. The pH of the 
htstidme-buffered medium vaned by about 0.3 units for a 30 °C temperature change 
(see Fig I). The p H m  temperature studles was corrected for this, although an 
alteration in pH from the optimum activity at 7 0 at 8 °C to 7.3 at 37 °C would only 
decrease the activity by approx. 10 ~ (see Fig 2). The enzyme was equlhbrated 
with the hposomes in. the complete reaction mixture, except for substrate, at the 
reaction temperature for 15 mm. The amount of  enzyme protein present in the 1.5 ml 
final volume was 0.13 mg, except m the case of the experiments shown m Fig. 7 and 
some of  the experiments shown in Fig. 6 when 0.076 mg protein was added The 
reaction was then initiated by adding 5 pmol ATP and measured for 10 or 20 mln, 
although the reaction was hnear up to at least 40 mln. 

Chemteals Ammonium sulfate (ultra pure) was from Schwarz/Mann, Orange- 
burg, N Y Sodium deoxycholate (M A ) was from Mann Research Laboratories, 
Inc ,  New York, N Y ATP-(Na2), ouabaln octahydrate and L-htstldlne were from 
Sigma Chemical C o ,  St Louis, Mo. All other chemicals were of reagent, analyzed 
quality Water was double distilled, the final distillation being from glass. 

R E S U L T S  

Effect o f  somcatlon on reactivatwn 
The effectiveness of  phosphat]dylserme in reactivating dehpated (Na + + K + )  - 

ATPase is dependent on whether the phosphohpld has been somcated or not (see 
Fig. 3) We somcated under conditions which have been shown to result in 90 ~ of 
the lipid phosphorus appearing as a homogeneous population of single-walled 
vesicles of 250-500/~ &ameter [33, 34] As shown m Fig 3, sonicated phosphatidyl- 
serme hposomes activate (Na + +K+)-ATPase  from an average control value of 0.6 
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Flg 3. Effect of  somcanon of llposomes on reactlvanon of (N a + + K + ) -A TPa se  activity. The 
actw]ty of the (Na + +K+) -ATPase  only is plotted The actw]ty was assayed as described under 
Matermls and Methods The hposomes were added at the various concentrations indicated to the 
reaction mixture at 37 °C containing 0 13 mg enzyme protein, and allowed to equlhbrate for 
15 m m  before mltmtmg the reaction by adding ATP PS, phosphat~dylserme; PC, phosphat~dyl- 
chohne 

/tmol P,/mg protein/h to a maximal value of 27.6 at 0.5 #mol phosphatldylserme. 
The original microsomal fraction had a specific activity of 14.5 #mol PJmg protem/h. 
Additions of higher concentrations of phosphatidylserlne result m inhibition. In 
contrast, non-sonicated phosphatidylserlne hposomes showed only minimal actwation, 
as did sonicated phosphatidylcholine liposomes. 

React tva t ton  and  mcreasmg M g  2 + concentration 

Maximum (Na+q-K+)-ATPase actwity is generally found at a mol ratio of 
around 1:1 Mg2+:ATP, at ATP concentrations of 3 mM [35, 36]. This is also true 
for the phosphatidylsenne-actlvated (Na+q-K+)-ATPase, as shown in Fig. 4. 
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Fig. 4. Effect of  increasing MgCI2 concentration on ATPase actw~ty. AcUvlt~es were assayed at 
pH 7 08 for 20 m m  reactlontlmes at 37 °C as described m Methods and Materials and Fig 2. For these 
experiments and the remainder of  the figures, the actwlty ~s assayed m the presence of 0 5/~mol 
somcated phosphatzdylserlne hposomes or 1/~mol 1.1 m~xed phosphatldylserme plus cholesterol 
hposomes 
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Fig 5 Effect o f  increased MgC12 on the Arrhemus plots o f  ( N a + + K + ) - A T P a s e  activity The 
activit ies were assayed as described previously, except that the MgC|2 concentrations were Increased 
as indicated 

Inhibition ts seen at concentrations higher than this, which for the reconstituted 
(Na + +K+) -AYPase  is somewhat greater than that usually seen for the (Na + + K + ) -  
ATPase [35, 36] 

As mentioned in the introduction, Arrhemus plots of  both natwe and re- 
constituted ( N a + + K + ) - A T P a s e  acttvlty show &scontlnumes, which for the re- 
constituted enzyme are dependent on the type of hpid used [2]. Fig 5 shows that the 
( N a + + K + ) - A T P a s e  reconstituted with phosphatldylserme has a dlscontmmty at 
around 17 7 °C when the ATP concentration is 3 3 m M  and the Mg 2+ 3.0 raM, in 
agreement wtth previous results [2] There is a 2.7-fold difference in actwatlon 
energies; 13 0 kcal/mol at h~gher and 35 2 kcal/mol at lower temperatures, respec- 
twely When, however, the ATP concentration is kept at 3.3 mM but the Mg 1+ 
concentration as increased, not only is the ( N a + + K + ) - A T P a s e  actwtty lnhlbtted, 
as expected from the results shown in Ftg 4, but the dlscontlnmty is abohshed. 

Effects of  cholesterol on Arrhemus plots 
Since cholesterol has also been shown to inhibit the reactivation by phos- 

phatldylserlne of  dehpldated (Na + + K  +)-ATPase [2], it was of  interest to investlgate 
its effect on the temperature dependence of  the ( N a + + K + ) - A T P a s e  actlvJty As 
shown in Fig. 6, cholesterol at a I 1 mol ratio to phosphatidylserine inhibits the 
( N a + + K + ) - A T P a s e  activity throughout the temperature range It  shifts the tem- 
perature of  the discontinuity from 16 9 to 20 6 °C, and increases the activation 
energies (see Table II). In this series of  experiments we included further points at 
8.1 and 6.8 °C for the ( N a + + K + ) - A T P a s e  control curve and there appears to be a 
second dlscontmulty at around 8 1 °C. The two dlscontlnmttes may correspond to 
the lower and upper temperatures of  the broad phase separation seen in the differen- 
tial scanning calorimeter for brain phosphatidylserine [2, 29]. 
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Flg. 6 Effects of cholesterol on Arrhemus plots of (Na + + K  + )-ATPase and Mg 2+-ATPase actnvzty 
The activities were assayed m the presence of 0 5 #mol somcated phosphatidylserme and of somcated 
mined hposomes consisting of  0.5 #mol phosphatzdylserme plus 0 5 #tool cholesterol. In the case 
of the results shown as closed symbols 0 076 mg enzyme protein was present. For the open symbols 
0 132 mg enzyme protein was used as before. The pH of the media at the various temperatures was 
mamtamed within the pH range 6.91-7.07. The asterisks indicate the actwmes m the absence of 
added hpld 

TABLE II 

ACTIVATION ENERGIES AND DISCONTINUITY TEMPERATURES FROM ARRHENIUS 
PLOTS IN THE PRESENCE AND ABSENCE OF CHOLESTEROL 

Values derived from plots shown m Fig. 6. Activity measured as described under Materials and 
Methods m the presence of somcated phosphatldylserme or phosphatldylserme plus cholesterol 
hposomes. 

(Na + +K+).ATPase Mg 2 +-ATPase 

Dlscontintuty Activation Dlscontmmty Activation 
temperatures energies temperatures energies 
(°C) (kcal/mol) (°C) (cai/mol) 

No cholesterol 

+ cholesterol 

> 100 
79 

30 
169 

15 

68 

20.6 
22 

19.7 

8 

6 

14 
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The actual values at which the dlscontmmt~es occur and the various actwat~on 
energies derived from Fig 6 are shown m Table II. The actwatlon energy values m 
Table I I  are shown on a hne above or below the appropriate discontmmty tempera- 
ture The temperature of  the upper d~scontlnmty shown m Fig. 6 of 16 9 °C for 
(Na+-kK+)-ATPase  is very close to the value of 17 7 °C found in the separate 
experiment shown m Fig 5, and the value of 15 6 °C reported prewously for phos- 
phat~dylsenne-act~vated ATPase [2] The act~vatmn energies on e~ther side of  th~s 
&scontmmty are also reasonably similar for Figs 5 and 6 The highest actlvatzon 
energy seen of greater than I00 kcal/mol for the lowest temperature part  of  the 
(Na+ .--K+)-ATPase curve, Js clearly very high and subject to considerable error m 
tts calculation. The open and closed symbols shown m Fig. 6 are for two separate 
preparations and the results are from four dtfferent experiments. 

In the presence of  cholesterol the second d~scontlnulty at lower temperatures 
Js not seen, although this may be due to the actJwtles being very low at these tempera- 
tures and, consequently, making accurate estimates of  the actlwty difficult The 
lowest actlwty m the presence of cholesterol was a recorded absorbance &fference 
of  0.005 absorbance units, which was about the smallest detectable &fference we 
could measure. 

The effect of  cholesterol on the ouabaln-lnsensltlve Mg2+-ATPase was 
opposite to that on the (Na ÷ q-K+)-ATPase.  It  stimulates throughout the tempera- 
ture, and m fact reduces a reverse dlscontmulty at 19.7 °C, with is close to the tempera- 
ture at which the dlscontlnutty ts seen for the ( N a + + K + ) - A T P a s e  The Mg 2÷- 
ATPase m the absence of cholesterol seems perfectly linear with a low actwatlon 
energy of 8 kcal/mol. The two actwatlon energies in the presence of  cholesterol are 
14 and 6 kcal/mol, respectwely 
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Fig 7 Effect o f  cholesterol on Vand Km o fATPase  actw~ty. The actzvltzes were assayed as described 
previously with somcated phosphatldylserme or  mzxed phosphatldylserme-cholesterol hposomes (see 
legend to Fig. 6) The reaction media contained 0 076 mg enzyme protein and the rates were deter- 
mined for a 10-mm reactmn time instead o f  the customary 20 mln The calculatzons were done on 
a PDP 12 computer  using a p rogram based on ref  37 The Mg 2+ ATP mol ratio was maintained 

at 1 1 throughout .  



151 

TABLE III 

Km AND V VALUES FOR PHOSPHATIDYLSERINE ACTIVATED ATPase IN THE 
PRESENCE AND ABSENCE OF CHOLESTEROL 

Values 4-S.E M. derived from the plots shown in Fig 7 according to the method of Bliss and 
James [37] excluding the values at the two highest substrate concentrations for (Na + +K+)-ATPase 
Assay conditions as m Table II 

V (#mol Pl/mg protein per h) Km (mM ATP) 

Mg2+-ATPase (Na ++K+)-ATPase Mg2+-ATPase (Na ++K+)-ATPase 

No cholesterol 21 54-1.6 56 24-15 6 0 0954-0.047 0 444-0 25 
÷ cholesterol 34.94-1 9 34 24-10 7 0 0754-0 031 0 624-0.34 

Effect of cholesterol on V and Km values 
Fig. 7 shows the influence of cholesterol on the kinetics of  ATP hydrolysis. 

Reciprocals of the lnitml rates over the first I0 mm are plotted against reciprocals 
of  the ATP concentration. The ouabain-sensltave ( N a + + K + ) - A T P a s e  is shown m 
the lower and the ouabain-msensltwe Mg 2 +-ATPase in the upper panel. The points 
shown on the graph are means ± standard deviation. The lines are the calculated 
best fit for all the data points according to the method of Bhss and James [37]. The 
points at the two highest substrate concentrations for the ( N a + + K + ) - A T P a s e  hnes 
were, however, excluded as they are beginning to show substrate inhibition. The 
derived values of V and Km are shown in Table III ,  4- standard error of  the mean. 
As can be seen, the V values differ sigmficantly in the presence and absence of choles- 
terol for the Mg2+-ATPase, but the standard errors overlap in the ease of the 
V values for the ( N a + ÷ K ) + - A T P a s e .  Cholesterol inhibits the mean V of the 
( N a + + K + ) - A T P a s e  49 ~ ,  and stimulates the Mg2+-ATPase V 6 2 ~ .  The K m 
values for both ATPase actwmes are not slgmficantly different 

DISCUSSION 

Compartson of reconstituted and membrane preparattons of (Na + + K + )-ATPase 
Studies on the reconstitution of  delipidated membrane enzymes with hpids 

provides a convement way of studying the effects of  variations in hpid composition 
or physical properties on enzyme activity. It  prowdes a method of  investigating what 
may be the hpld requirements of  the enzymes in situ, and the details of  the interaction 
of the enzyme with its membrane enwronment at the molecular level. This approach 
has been used extensively to investigate the lipid requirements of  the (Na ÷ ÷ K + ) -  
ATPase (see recent review, ref. 38) and more recently to examine the effects of  
variations in hpid flmdity [1, 2]. 

A critical premise in such art approach ~s that the properties of  reconstituted 
enzymes s~gmficantly resemble the enzyme in its natural state. The present prepara- 
tion reconstituted with brain phosphatldylserme resembles membrane preparations 
of  ( N a + + K + ) - A T P a s e  in several basic properties. Thus, the optimal Mg2÷: ATP 
mol ratio of  1" 1 is identical to that found for the natural membrane preparation, 
as well as the inhibition at high Mg 2+ levels [35, 36, 39]. The p H  opt imum of 7.0 
for the ( N a + +  K ÷)-ATPase and a more alkaline p H  opt imum for the Mg 2 ÷-ATPase 
is similar to that reported for ATPase activmes f rom a variety of  tissues [39]. 
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The apparent Km value for ATP for the (Na++K+)-ATPase  of 0 44 to 0.62 
mM is within the range of published values of 0 25-1.0 mM for rat brain (Na + + K + ) -  
ATPase [40, 41] and 0.30 mM for the (Na++K+)-ATPase  activity of  the rectal 
gland of  the dogfish [42] Lower Km values for the Mg2+-ATPase was also seen for 
rat brain microsomal ATPase [40] Substrate inhibition is not generally seen for the 
(Na + +K+)-ATPase ,  although in most cases previous authors did not show simdarly 
high concentrations of  ATP However, it may be a feature of the reconstituted 
enzyme. Since we did not see substrate inhibition m the case of the Mg2+-ATPase, 
it is unlikely to be due to the presence of a non-specific inhibitor of ATPase act~wty. 
It could be due to product inhibition by ADP during the course of the reaction, 
although we found less than 5 ~ of inorganic phosphate m our ATP control samples 
and at the highest concentration of ATP added (5 ttmol) only about 10 ~ of the 
ATP was hydrolyzed m 10 mm. The inhibition by cholesterol is quite marked at the 
highest ATP concentration of 3 3 mM (5 pmol in 1 5 ml), although it is seen through- 
out the concentration range. All our assays were done at this concentration to con- 
form with previous work and the mare body of published work [39]. 

Requirement for somcated hposomes 
The absolute requirement for sonlcated phosphaUdylserme hposomes shown 

m Fig 3 is quite dramatic. It is undoubtedly a reflection of  the large increase m surface 
area m going from multllamellar llposomes of 1-10 pm diameter, to bi- or unllamellar 
lIposomes of 200-500 A diameter [32]. There is also some evidence that somcated 
hposomes show phase transitions at somewhat lower temperatures [2, 31 ], indicating 
a more fluid bilayer 

Arrhemus plots and flutdttv 
Although some reports have indicated linear Arrhenius plots for (Na + + K + )  - 

ATPase activities, these were for limited temperature ranges that did not go below 
20 °C [40] or for extrapolated V values at pH 8 0, which might have had some effect 
[41] 

As outlined in the chscusslon, a large number of studies do show discon- 
tinuities for (Na + ÷K+)-ATPase  activity. It has recently been suggested, however, 
that these discontinuities were due to uncorrected, temperature-mduoed pH changes 
m the buffer [27]. In these studies, however, the pH-corrected experiments which 
gave linear Arrhemus plots were also performed at increased Mg 2+ concentrations, 
which, as we have shown here, can eliminate these discontinuities and decrease the 
Ea values We do not know, however, whether the present results can be extrapolated 
to natural membrane preparations of  (Na + ÷K+)-ATPase  [27]. 

As mentioned in the introduction, the discontlnmties or sharp changes in 
slope seen in Arrhenlus plots have been correlated with the phospholipid phase 
transitions of  reconstituted or natural membranes for several enzyme actxviUes. 
Recently, at least two dlscontmumes have been detected for several enzyme actxvities 
m E coh [24] and mouse LM cells [25], which have been suggested to represent the 
lower (tl)  and upper (th) temperature limits of  a broad-phase separation [24]. The 
present results appear to be consistent with this (see Fig. 6), with a Th at 17 °C and 
a T~ at 8 °C. It is of interest that two dlscontlnuitles at 20 and 6 °C were also reported 
for rat brain ATPase, although this was found for both total and Mg 2 +-ATPase [16]. 
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These values are close to the values of 5 and 20 °C reported as the limits for the 
phase transitions of sonicated brain phosphatidylserine hposomes in 0.1 M NaCI at 
pH 7.4 as measured in the differential scanning calorimeter [2], and in the same range 
as the values of 0 and 12 °C also reported [29] for the same phospholipid. The amount 
of free Mg 2 ÷ available should be very small under the ATPase reaction conditions, with 
an equilibrium constant for Mg2+-ATP of 10-5-10 -6 [43]. The absence of a dis- 
continuity for the Mg 2+-ATPase further supports the concept that the discontinuities 
reflect phase transitions or separations of the phospholiplds, since the Mg 2 +-ATPase 
has a relatively low Ea value and the phosphohpids have no stimulating effect on ~t 
(see Fig. 6). It was stimulated, however, by the presence of cholesterol which appears 
to be due to the decreased flmdity, since saturated phospholipids also stimulate [2]. 

Effects of cholesterol 
The effect of cholesterol on the shape of the Arrhenius plot is consistent with 

its known effects of decreasing the fluidity of fluid phospholipid membranes and 
progressively decreasing the enthalpy, but not the temperature, of the phase transi- 
tion [30]. Thus, we find that the position of the discontinuity is shafted only slightly 
from 16 9 to 20 6 °C (Table II). This could remain the upper limit of the phase 
transition, the lower temperature being undetectable because the activity is too low 
to be detected. The increases in activation energy are then consistent with a decreased 
fluidity of the membrane. However, cholesterol at a 1.1 tool ratio abolishes the 
phase transitions of a variety of phosphohpid llposomes as detected by several 
techniques which measure overall bulk properties [30, 31 ]. Thus it is necessary to 
postulate a modification of this effect of cholesterol in the vicinity of the (Na + + K  +)- 
ATPase. There is some evidence for such microenvlronments for several membrane 
enzymes including the (Na++K+)-ATPase [20]. Indeed, the fact that so many 
enzymes located in membranes which contain high levels of cholesterol appear to 
respond to the occurrence of temperature-induced phase transitions in membrane 
phosphollplds implies the existence of cholesterol-poor mlcroenvironments around 
such enzymes. 

It xs interesting that opposite effects of cholesterol on Ea values are seen for 
the Mg 2 +-ATPase. It is unclear whether this Mg 2 +-ATPase is also derived from the 
plasma membrane. It could partly represent mitochondrial ATPase present as an 
impurity in the microsomal fraction. However, the mitochondrial ATPase is lipid 
dependent and shows discontinuities in Arrhenlus plots of its activity [9, 11, 12]. 
Increasing membrane sterol levels leads to decreased discontinuity temperatures 
with no marked changes in Ea values in the ease of Acholeplasma ATPase [8] and 
yeast mitochondrial ATPase [44]. 

The results from the kinetic studies of Fig. 7 show that the only s~gnlficant 
effect of cholesterol is to increase the V of the Mg2+-ATPase. It may decrease the 
V of the (Na + -k-K +)-ATPase but the present data is insufficiently precise for a definite 
statement to be made on this. It is clear that there is no affect on the affinity of the 
two ATPases for ATP. These results are of interest since it implies that effects on the 
V of the enzyme need not indicate only a change in the amount of active enzyme, but 
might also be due to alterations in the state of its membrane environment. Effects of 
alterations in membrane llplds on the V but not the K m of the ATPase reaction have 
been reported by others [45, 46]. 
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Effects of MgCl2 
Increased Mg 2+ is known to inhibit the ( N a ~ + K + ) - A T P a s e  [35, 36] and 

other ATPases [43] at concentrations in excess of  the ATP concentration. These 
effects may be partially due to an effect on the phosphohplds essential for enzyme 
activity, although a d~rect inhibitory effect due to increased free Mg 2+ or decreased 
free ATP has also been postulated [36]. Several studies have indicated that Mg 2+ 
cart increase the temperature of  the phase transition of acidic phosphohplds [2, 28, 
29, 47, 48], although Mg 2+ is considerably less effective than Ca 2+ [29] Mg 2+ at 
3-5 mM causes shifts in the temperature of  the phase translt~on of phosphatldyl- 
serlne hposomes of around 10-15 °C [2, 29] Since m the experiment shown m Fig. 5 
we have a net Mg 2 + concentration of 3 3 and 6 7 mM, the discontinuity could increase 
f rom about  17 °C in this experiment to around 37 °C, which is the upper llmat of  the 
temperature range. We might expect, however, If the phosphohp~ds were in the solid 
state below 37 °C that the slope of the Arrhenlus plot would be parallel to the lower 
temperature part  of  the control curve, whereas it is parallel to the upper temperature 
part  with activation energies of 10 and 14 kcal/mol This ~s somewhat anomalous but 
resembles the effect of  C a  2 + m decreasing the fluidity but mcreaslng the permeabil- 
ity of  liposomes [29] While this manuscript was m preparation an inhibitory effect 
of  Mg 2+ on the activity of  the reconstituted Ca 2 +-ATPase from sarcoplasmlc retl- 
culum was reported [49] Mg 2+ mh~blted the temperature activation of the enzyme 
and was effective only when the enzyme was reconstituted with acidic phosphollplds 
and not with neutral leclthms, strongly supporting the ~dea that the inhibitory effect 
of  Mg 2+ was due to its interaction with acidic phosphohplds. Since the (Na + +  K +)- 
ATPase is ineffective with neutral hplds (see Fig 3 and ref 1), we were unable to 
perform a similar experiment. No Arrhenlus plots were reperted in this study [49], 
so that the effect of  Mg 2+ on E, values cannot be compared. 

The present studies show that the ablhty of  cholesterol to inhibit (Na + +  K +)- 
ATPase activity is consistent with its alteration of the properties of  the phosphollplds 
required for (Na + + K  +)-ATPase activity, and therefore might be a reflection of 
this effect The posslblhty that ~t could have this functmn m a normal or pathological 
state has been suggested [50] but not established However, because of the wide- 
spread occurrence of cholesterol m membranes it might function in this way, possibly 
as a relatively long-term modulator  of  (Na + + K + ) - A T P a s e  activity 

The role of Mg 2+ in (Na + + K + ) - A T P a s e  actwlty has not been clearly dehn- 
eated. Th~s report suggests that some of ~ts effects, especially its inhibitory effect at 
high concentrations, could be wa the membrane phosphollp~ds In contrast to 
cholesterol, it could serve as a rapidly acting modulator  of  ATPase activity Similarly, 
the activation and inhibitory effects of  Ca z+ on membrane ATPase enzymes m~ght 
also be due to its effects on membrane phosphollplds 
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