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We previously isolated and characterized a partially purified preparation of ATPase-active P-glycoprotein, the multidrug 
transporter (Doige, C.A., Yu, X. and Sharom, F.J. (1992) Biochim. Biophys. Acta 1109, 149-160). The effect of various 
detergents and membrane phospholipids on the ATPase activity of P-glycoprotein has now been investigated. P-Glycoprotein 
ATPase activity was most stable in CHAPS, with over 50% of the activity retained at a concentration of 8 mM. Octyl glucoside in 
the low mM range also supported the ATPase, while deoxycholate destroyed all activity at 1 mM. Digitonin and SDS inhibited 
ATPase activity at very low concentrations. Triton X-100 at 2-10 tzM stimulated the ATPase almost 2-fold, while higher levels 
inhibited activity. Although P-glycoprotein ATPase was sensitive to thermal inactivation, full activity was preserved in the 
presence of asolectin, but not phosphatidylcholine species. Further studies revealed that asolectin, both saturated and 
unsaturated phosphatidylethanolamines, and phosphatidylserine, were best able to maintain ATPase activity at 23°C. Saturated 
phosphatidylethanolamine species activated P-glycoprotein ATPase up to 40% at 23°C, and 80% at 4°C. Following detergent 
delipidation, various lipids were able to restore P-glycoprotein ATPase activity. Unsaturated phosphatidylcholine and phosph- 
atidylserine were most effective, while saturated species were not able to restore catalytic activity. These results indicate that 
membrane lipids are necessary for catalytic activity of the ATPase domains of P-glycoprotein. P-Glycoprotein has well-defined 
lipid preferences, with saturated phosphatidylethanolamines both activating the ATPase and providing protection from thermal 
inactivation, while fluid lipid mixtures are able to restore activity following delipidation. 

Introduction 

P-Glycoprotein, the multidrug transporter, is a 
member of a superfamily of membrane-associated pro- 
teins known as 'traffic ATPases'  [1]. Members of this 
class of proteins contain one or two consensus se- 
quences for ATP-binding domains, and are believed to 
couple ATP hydrolysis to the import or export of 
various substrates. Examples of traffic ATPases are the 
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bacterial membrane proteins involved in amino acid, 
sugar and oligopeptide transport [1,2], the yeast STE6 
protein [3], the mammalian cystic fibrosis gene product, 
CFFR [4], and the P-glycoprotein multidrug trans- 
porter [5]. While the natural substrates for P-glyco- 
protein are currently unknown, overexpression of this 
protein in cell lines grown in vitro confers resistance to 
several natural product drugs, such as Vinca alkaloids 
and anthracyclines. By analogy to other traffic AT- 
Pases, P-glycoprotein is believed to mediate multidrug 
resistance by acting as an ATP-dependent  exporter of 
drugs to the outside of the cell [6,7]. 

Although there is substantial evidence for the ATP- 
dependent  transport of drugs mediated by P-glyco- 
protein [8-12], little is known about the ATPase prop- 
erties of this transporter. P-glycoprotein ATPase activ- 
ity was first detected in an immunopurified preparation 
solubilized in the detergent 3-[(3-cholamidopropyl)di- 
methylammonio]-l-propanesulfonate (CHAPS) [13,14]. 
The maximum activity was very low (50 nmol 
m g - l m i n - 1 ) ,  and was stimulated by the addition of 
verapamil and trifluoperazine (chemosensitizers which 
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antagonize multidrug resistance), but not by other drugs 
in the multidrug resistance spectrum [14]. 

More recently, we [15] and others [16,17] have de- 
tected substantially higher levels of ATPase activity 
associated with P-glycoprotein. Our approach was to 
enrich for P-glycoprotein using a rapid CHAPS extrac- 
tion of multidrug resistant cell plasma membrane, 
which resulted in a partially purified preparation of 
P-glycoprotein (30% pure), with a specific activity of 
around 0.55/zmol mg- 1 min- 1 [15]. The ATPase activ- 
ity of this preparation is due almost entirely to P-glyco- 
protein, and is substantially free of other membrane 
ATPases [15]. One of our objectives is to reconstitute 
ATPase-active P-glycoprotein into defined lipid vesi- 
cles, so as to more fully understand its drug transport 
and ATPase properties. Knowledge of potential inter- 
actions of a membrane protein with both detergents 
and membrane lipids is an essential prerequisite for 
reconstitution studies. With this in mind, we have 
investigated the effects of various detergents and phos- 
pholipids on the ATPase activity of partially purified 
P-glycoprotein. 

Materials and Methods 

CHAPS, sodium deoxycholate, Triton X-100, dis- 
odium-ATP, dithioerythritol, dimyristoylphosphatidyl- 
choline (DMPC), dimyristoylphosphatidylethanolamine 
(DMPE), dipalmitoylphosphatidylcholine (DPPC), egg 
phosphatidylcholine (PC), and bovine brain phospha- 
tidylserine (PS) were purchased from Sigma (St. Louis, 
MO). Dipalmitoylphosphatidylethanolamine (DPPE), 
egg phosphatidylethanolamine (PE) and yeast phos- 
phatidylinositol (PI) were obtained from Serdary Re- 
search Laboratories (London, Ontario) and asolectin 
(30% PC, 31% PI and 30% PE) was obtained from 
Fluka (Ronkonkoma, NY). Octyl glucoside was pur- 
chased from Calbiochem-Behring (La Jolla, CA), digi- 
tonin from ICN Biomedicals (St. Laurent, Qu6bec), 
and sodium dodecyl sulfate (SDS) from Fisher Scien- 
tific (Unionville, Ontario, high purity electrophoretic 
grade). Tissue culture supplies were from Gibco 
Canada (Burlington, Ontario), and iron-supple- 
mented/defined bovine calf serum was obtained from 
Hyclone Laboratories (Logan, UT). Protein was quan- 
titated by a microwell adaptation of the Bradford assay 
[18] using bovine serum albumin (crystallized and 
lyophilized, Sigma) as a standard. 

Cell culture and plasma membrane preparation 
The drug-sensitive parent Chinese hamster ovary 

cell line (AuxB1) and the multidrug resistant cell line 
selected for colchicine resistance (CHRC5) have been 
described previously [19]. Cells were grown at 37°C in a 
humidified atmosphere of 5% CO z in o~-minimal es- 
sential medium supplemented with 10% heat-in- 

activated bovine calf serum, penicillin (1000 U/ml), 
streptomycin (1 mg/ml), and 2 mM e-glutamine. 

Plasma membrane vesicles were isolated from 
CHRC5 cells by a method involving cell disruption by 
nitrogen cavitation followed by centrifugation on a 
35% (w/w) sucrose cushion as described previously 
[20]. Isolated plasma membrane vesicles were stored at 
-70°C for no more than 3 months before use. 

Isolation of partially purified P-glycoprotein by selective 
detergent extraction 

P-Glycoprotein was partially purified using a selec- 
tive CHAPS extraction as described previously [15]. 
Briefly, plasma membrane vesicles from CHRC5 were 
thawed and sedimented at 164000 ×g  for 30 min at 
4°C. The pellet was resuspended in 100 /zl of solubi- 
lization buffer A (25 mM CHAPS, 50 mM Tris-HC1, 
0.15 M NH4CI, 5 mM MgC12, 1 mM dithioerythritol, 
0.02% NAN3, pH 7.5 at 23°C) to give a final protein 
concentration of 10 mg/ml, and then incubated for 30 
min at 4°C. Insoluble material was collected by ultra- 
centrifugation at 164000 x g for 15 min at 4°C. The 
pellet was resuspended in 1 ml of solubilization buffer 
B (8 mM CHAPS, 50 mM Tris-HCl, 0.15 M NH4C1, 5 
mM MgCI2, 1 mM dithioerythritol, 0.02% NaN 3, pH 
7.5 at 23°C) to give a final protein concentration of 
0.4-0.5 mg/ml, and incubated for 30 rain at 4°C. The 
sample was then pelleted at 15 000 x g for 15 min at 
4°C. The resulting supernatant, which contained par- 
tially purified ATPase-active P-glycoprotein (30% by 
SDS-PAGE analysis), was divided into aliquots and 
stored at - 70°C. 

Measurement of P-glycoprotein ATPase activity 
The ATPase activity of P-glycoprotein was deter- 

mined by measuring the release of inorganic phosphate 
from ATP, using a colorimetric method adapted from 
Chiffiet et al. [21]. Partially purified P-glycoprotein 
(1.0-1.5 /zg) was diluted with assay buffer (50 mM 
Tris-HC1, 0.15 M NH4C1, 5 mM MgCI2, 0.02% NAN3, 
pH 7.5 at 23°C) in a 96-well microtitre plate (total 
volume 90/~I). To initiate the reaction, 10/xl of ATP 
solution in assay buffer was added, giving a final con- 
centration of 2 mM ATP, and between 0.4 and 0.8 mM 
CHAPS. After 20 min at 37°C, the reaction was stopped 
by adding 100 /xl of 6% SDS/3% ascorbate/0.5% 
ammonium molybdate in 0.5 M HCI. Products were 
stabilized by the addition of 100 /xl of 2% sodium 
citrate/ 2% sodium arsenite/2% acetic acid. Ab- 
sorbance of each well at 750 nm was measured using 
an ELISA plate reader. Background absorbanees were 
determined by performing the assay with heat-in- 
activated P-glycoprotein. These values did not exceed 
10% of the total activity, and were subtracted from the 
experimental values. Data are presented as the means 
_+ S.E. for triplicate determinations. 



Preparation of phospholipids 
Stock solutions of phospholipids were prepared in 

CHCIa-MeOH and stored at -20°C. Lipids were dis- 
pensed into glass tubes when required, mixed if neces- 
sary, dried under a stream of nitrogen, and then 
pumped under vacuum for 45 min. The lipids were 
then suspended in assay buffer and mixed with small 
diameter glass beads using a vortexer until homoge- 
nous. Lipids were freshly prepared prior to each exper- 
iment. 

Results 

Effect of detergents on P-glycoprotein ATPase activity 
Reconstitution of solubilized P-glycoprotein into 

lipid bilayer systems requires exposure of the protein 
to detergents for extended time periods, and thus some 
information on the stability of P-glycoprotein in various 
detergents is needed before such studies can be under- 
taken. Several commonly used detergents were tested 
for their effects on P-glycoprotein ATPase activity (Figs. 
1A and B). All experimental samples (except those of 
CHAPS) contained a basal level of 0.4 mM CHAPS in 
addition to the indicated detergent concentration. The 
data for CHAPS (Fig. 1A) show the final total concen- 
tration of CHAPS in the assay mixture. Octyl glucoside 
produced a small activation of the ATPase activity at 
0.25-0.5 mM, but inhibited the activity at higher con- 
centrations, with 50% inhibition at around 4 mM. 
Complete inhibition of catalytic activity occurred at 10 
mM octyl glucoside (Fig. 1A). Similarly, deoxycholate 
stimulated the ATPase activity slightly at 0.1-0.25 mM, 
but produced complete inhibition at 2.5 mM (Fig. 1A). 
Digitonin and SDS inhibited the ATPase activity at 
very low concentrations, with complete inhibition oc- 
curring at 100/zM (Fig. 1B). In contrast, Triton X-100 
had a biphasic effect on ATPase activity, with an 
almost two-fold stimulation observed at low concentra- 
tions (2-10/~M). Higher Triton X-100 concentrations 
caused progressive loss of activity, with > 80% inhibi- 
tion at 100 /zM (Fig. 1B). P-Glycoprotein ATPase 
activity was most stable in CHAPS, with 50% inhibition 
occurring at the relatively high concentration of 8 mM 
(Fig. 1A). The CHAPS concentrations typically used in 
ATPase assays (0.4-0.8 mM), showed the maximal 
ATPase activity achievable in solutions of CHAPS 
alone (Fig. 1B). A further decrease in the CHAPS 
concentration to as low as 0.1-0.2 mM did not lead to 
any additional increase in ATPase activity (data not 
shown). It should be noted that P-glycoprotein stored 
in solubilization buffer B (8 mM CHAPS) was stable 
for several months at -70°C, and lost only 50% of its 
ATPase activity after 12 days at 4°C. In addition, 
P-glycoprotein in 8 mM CHAPS required six freeze- 
thaw cycles to abolish its ATPase activity, while P- 
glycoprotein that had been dialyzed into 10/~M Triton 
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Fig. 1. Effect of various detergents on P-glycoprotein ATPasc activ- 
ity. ATPase activity of partially purified P-glycoprotein (1-2 /zg in 
100/zi) was determined in the presence of varying concentrations of 
(A) CHAPS (e), octyl glucoside ( • ) ,  and deoxycholate ( • ) ,  and (B) 
SDS (e), Triton X-100 ( • ) ,  and digitonin ( • ) .  The CHAPS concen- 
trations shown represent the total concentration present in the assay 
mixture. Other samples contained 0.4 mM CHAPS in addition to the 
indicated detergent concentration. ATP hydrolysis is presented as % 
of control ATPase activity (mean + S.E., n = 3) measured in the 
presence of 0.4 mM CHAPS alone, which ranged from 0.305 + 0.018 

to 0.435 _+0.023/zmol min -1 mg -1. 

X-100 (with comparable catalytic activity) lost its activ- 
ity completely after only three freeze-thaw cycles. Thus 
CHAPS appears to be the detergent of choice for 
isolation and storage of functional ATPase-active P- 
glycoprotein. This detergent has the added advantage 
of being readily removed by dialysis, and is useful for 
reconstitution purposes. 

To test whether the P-glycoprotein ATPase remains 
active in very low concentrations of CHAPS, we dia- 
lyzed the P-glycoprotein preparation against several 
changes of assay buffer for 24 h at 4°C. This treatment 
was sufficient to remove greater than 99% of the 
detergent (as indicated by absorbance at 210 nm), yet it 
resulted in only a 10-20% loss of activity relative to an 
undialyzed control. The remaining ATPase activity was 
relatively stable at 4°C, with only 20% loss of the 
activity after 6 days. 
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Ability of phospholipids to protect P-glycoprotein from 
inactiuation 

The fact that substantial ATPase  activity was re- 
tained after removal of most of the CHAPS suggests 
that P-glycoprotein contains tightly hound annular 
lipids, which are sufficient to maintain high levels of 
ATPase activity even in the absence of added deter- 
gent. Since we are currently unable to obtain large 
quantities of purified P-glycoprotein from which bound 
lipids could be directly extracted and analyzed, we 
tested the lipid preferences of the P-glycoprotein AT- 
Pase by two indirect approaches. One approach stems 
from the observation that a substantial loss of ATPase  
activity occurred if the P-glycoprotein preparat ion was 
incubated for 1 h at 23°C in the absence of ATP, at 
1 0 - 1 5 / x g / m l  protein and 0.4 mM CHAPS. We there- 
fore tested the ability of several phospholipids for their 
ability to protect P-glycoprotein from this thermal inac- 
tivation. 

Fig. 2 shows the rate of ATPase  inactivation over 2 
h in the absence and presence of 0.5 m g / m l  of various 
phospholipids. While none of the PC lipids was effec- 
tive in protecting the P-glycoprotein ATPase  activity, 
asolectin maintained 100% of the activity over the 
entire incubation period. Since asolectin consists of 
roughly equal proportions of  PC, PE, and PI, we tested 
these and other phospholipids (PS) at different concen- 
trations for their effectiveness in protecting the AT- 
Pase activity during an incubation of 1 h at 23°C. Fig. 
3A shows that concentrations of asolectin as low as 
0.25 m g / m l  provided complete protection of the P- 
glycoprotein ATPase  activity, whereas neither DMPC, 
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Fig. 2. Effect of various phospholipids on the thermal inactivation of 
P-glycoprotein ATPase activity. Samples containing partially purified 
P-glycoprotein (1-2 /.,g in 100 /zl) and 0.4 mM CHAPS in assay 
buffer, were preincubated for the indicated times at 23°C either 
alone ( • ) or in the presence of one of the following phospholipids at 
a concentration of 0.5 mg/ml :  asolectin (It) ,  egg PC (e) ,  DMPC 
( • ), or DPPC (e). The assay was initiated by the addition of ATP as 
described in Materials and Methods. ATP hydrolysis is presented as 
% of the control ATPase activity assayed without prior preincubation 
(means -+ S.E., n = 3), which ranged from 0.343_+0.028 to 0.353_+ 
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Fig. 3. Concentration dependence of various phospholipids in the 
prevention of thermal inactivation of P-glycoprotein ATPase activity. 
Samples containing partially purified P-glycoprotein (1-2 jzg in 100 
/~!) and 0.4 mM CHAPS in assay buffer were preincubated for 1 h at 
23°C with various concentrations of the following phospholipids: (A) 
asolectin (11), egg PC (e), DMPC (A), and DPPC (e), and (B) 
DPPE (*), PS ( • ) and PI (e). The ATPase assay was initiated by the 
addition of ATP as described in Materials and Methods. ATP 
hydrolysis is presented as % of the control ATPase activity assayed 
without prior preincubation (means + S.E., n = 3), which ranged from 

0.347 + 0.032 to 0.453 + 0.019/~ mol min - 1 mg- 1. 

DPPC nor egg PC in the concentration range 0.25-2.0 
m g / m l  supported any substantial catalytic activity. As 
indicated in Fig. 3B, PI provided only modest  protec- 
tion of the ATPase  activity, with the greatest  effect 
occurring at lower concentrations. By contrast, at a 
concentration of 0.25 m g / m l  or greater,  PS completely 
maintained the P-glycoprotein ATPase  activity, while 
DPPE, at a concentration of 1-2  m g / m l ,  significantly 
stimulated the ATPase  (around 40% over the un- 
treated control, see Fig. 3B). Fig. 4 summarizes the 
data for the protective effect of various lipids (1 m g / m l )  
during a 1 h preincubation at 23°C. Notably, in addi- 
tion to DPPE,  two other species of PE, D M P E  and egg 
PE, also supported P-glycoprotein ATPase activity. 
When the preincubation was conducted at 4°C (a con- 
dition where no enzyme inactivation was observed over 
several hours), DMPE and DPPE at 2 m g / m l  substan- 
tially activated the ATPase  (183% and 175% of con- 
trol, respectively), while egg PE and PC species had no 



effect, and PS and PI caused some inactivation (77% 
and 37% of control, respectively). 

Taken together, these results suggest that mem- 
brane phospholipids are essential for stability of the 
ATPase domains of P-glycoprotein, and that PE may 
be the most suitable species for maintaining P-glyco- 
protein ATPase activity during reconstitution. A signif- 
icant disadvantage, however, to using this lipid for 
reconstitution studies is that, depending on buffer con- 
ditions and the length and the degree of unsaturation 
of the fatty acyl chains, PE prefers to form the HII 
hexagonal phase, rather than a lamellar bilayer [22]. 
H n phase lipids form cylinders that are unsuitable for 
measurement of vectorial processes such as transport. 
To counter this problem, one can include bilayer-for- 
ming lipids (such as PC) with hexagonal phase-prefer- 
ring lipids like PE, to stabilize bilayer formation. We 
therefore tested several combinations of egg PC and 
DPPE for their ability to stabilize the P-glycoprotein 
ATPase activity. As shown in Fig. 5, ratios of PC/PE  
of 2 : 1 and 1 : 1 at concentrations of 1-2 mg/ml were 
adequate to maintain 100% of the P-glycoprotein AT- 
Pase activity, whereas a ratio of 1 : 2 produces a stimu- 
lation of a similar magnitude to that found for DPPE 
alone (compare Fig. 3B and Fig. 5). 

Restoration of P-glycoprotein ATPase activity by phos- 
pholipids 

The lipid specificity of a number of membrane bound 
enzymes, including the Ca2+-ATPase [23,24], the 
Na÷,K+-ATPase [25], the membrane ATPases from oat 
roots and yeast [26], and cytochrome-c oxidase [27], has 
been determined using detergent-induced delipidation 
with cholate, deoxycholate, or Triton X-100. Detergent 
delipidation results in loss of enzymatic activity, which 
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Fig. 4. Relative efficiency of various phospholipids in preventing 
thermal inactivation of P-glycoprotein ATPase activity. Samples con- 
taining partially purified P-glycoprotein (1-2  ttg in 100 p.l) and 0.4 
mM CHAPS in assay buffer were preincubated for 1 h at 23°C either 
alone, or in the presence of  the indicated lipids at a concentration of 
1 mg/ml .  ATP hydrolysis is presented as % of the control ATPase 
activity assayed without prior preincubation (means+ S.E., n = 3), 
which ranged from 0.314 + 0.032 to 0.473:1:0.019/zmol m i n -  1 m g -  1. 
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Fig. 5. Ability of various mixtures of DPPE and egg PC to prevent 
the thermal inactivation of P-glycoprotein ATPase activity. Samples 
containing partially purified P-glycoprotein (1-2 /zg in 100 p.l) and 
0.4 mM CHAPS in assay buffer were preincubated for 1 h at 23°C 
with different mixtures of egg PC and DPPE. The lipid concentration 
represents the sum of the concentrations of the individual lipids. 
ATP hydrolysis is presented as % of the control ATPase activity 
assayed without prior preincubation (means + S.E., n = 3), which was 

equivalent to 0.473 _+ 0.005/zmol min -  1 m g -  1. 

can be restored by the re-addition of specific phospho- 
lipids. As was previously shown in Figs. 1A and B, both 
deoxycholate and Triton X-100 are potent inactivators 
of the P-glycoprotein ATPase activity, most likely 
through their ability to remove tightly-associated 
boundary lipids. Therefore, our second approach to 
studying the lipid specificity of the P-glycoprotein AT- 
Pase was to test the ability of various phospholipids to 
restore catalytic activity after delipidation by either 
Triton X-100 or deoxycholate. This approach is similar 
to one used previously to determine the lipid specificity 
of Neurospora crassa plasma membrane ATPase [28]. 

Figs. 6A and B summarize the results from experi- 
ments of this kind. Although, in general, phospholipids 
were more effective at restoring the ATPase activity of 
P-glycoprotein that had been delipidated by Triton 
X-100, the lipid specificity was similar regardless of the 
detergent used. Highly fluid natural lipid mixtures con- 
taining PC (egg PC, asolectin) were the most effective, 
followed by natural mixtures of PE, PS, and PI (Figs. 
6A and B). Egg PE, PS, and PI provided significant 
restoration of activity (around 50%) following Triton 
X-100-induced inactivation (Fig. 6B), while these same 
lipids and DPPC produced only modest activity after 
deoxycholate inactivation (Fig. 6A). Within the PC 
series, the ability to restore activity decreased with 
decreasing fluidity (egg PC > DMPC > DPPC). Satu- 
rated species of PE were ineffective at restoring AT- 
Pase activity. 

Discuss ion  

CHAPS was previously reported to be the best de- 
tergent for maintenance of the native ATPase activity 
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Fig. 6. Ability of various phospholipids to restore P-glycoprotein 
ATPase activity after inactivation by delipidation with (A) deoxy- 
cholate or (B) Triton X-100. Samples containing partially purified 
P-glycoprotein (1-2 /~g in 100 ~1) and 0.4 mM CHAPS in assay 
buffer were preincubated for 10 min at 4°C with either 200 /~M 
Triton X-100 or 1 mM deoxycholate. Phospholipids were then added, 
where indicated, to a final concentration of 1 mg/ml. The assay was 
then initiated by the addition of ATP as described in Materials and 
Methods. ATP hydrolysis is presented as % of the ATPase control 
assayed without detergent or lipid treatment (mean+S.E., n = 3), 
which ranged from 0.484 + 0.008 to 0.504 + 0.016 ~mol min- 1 rag- 1. 

of P-glycoprotein [13-15]. We therefore tested the 
effect of various concentrations of CHAPS on partially 
purified P-glycoprotein ATPase activity, to determine 
the concentration range compatible with high levels of 
activity. Since concentrations of CHAPS in the range 
0.4-0.8 mM gave maximal ATPase activity, these were 
routinely used in subsequent assays. These concentra- 
tions are lower than those reported by Hamada and 
Tsuruo [12], who found optimal activity for an immuno- 
precipitated P-glycoprotein-antibody complex at 1.7- 
3.4 mM CHAPS. These differences may result from 
restricted accessibility of the Sepharose-immobilized 
protein to molecules in the surrounding environment. 

Recently, Sarkadi et al. detected high-level drug-de- 
pendent ATPase activity in the plasma membranes of 
Sf9 insect cells transfected with mdrl cDNA [16]. By 
taking into account that P-glycoprotein constitutes 3% 
of the insect cell membrane protein, these researchers 
estimated that the maximum P-glycoprotein ATPase 

activity in the native membrane is about 3-5 
/xmol rain-1 mg -1. In addition, they also reported that 
treatment of their membranes with 1.6 mM CHAPS 
completely obliterated the drug-dependent P-glyco- 
protein ATPase activity. The maximum specific activity 
of our partially purified preparation of P-glycoprotein 
(about 30% pure by SDS-PAGE) was previously deter- 
mined to be around 0.55 /~mol rain - l m g  -1 [15]. As- 
suming no losses in activity, complete purification 
would result in a maximum specific activity of approxi- 
mately 1.7 /zmolmin-lmg -1. Since this represents 
about 50% of the maximum activity estimated by 
Sarkadi et al. [16], we conclude that CHAPS treatment 
during partial purification of P-glycoprotein (25 mM in 
the first step and 8 mM in the second) does not result 
in a substantial overall loss of catalytic activity. It does, 
however, result in partial uncoupling of the ATPase 
activity from drug binding [15]. 

There are several possible reasons for the lower 
sensitivity of our P-glycoprotein preparation to CHAPS 
inactivation, compared to that of Sarkadi et al. First, 
the recombinant protein, as expressed in these cells, is 
severely under-glycosylated, with a molecular mass of 
130 kDa [16], compared to 170-180 kDa for the fully 
glycosylated form. Glycosylation of proteins is known 
to play a role in their conformation, stability, and 
susceptibility to proteolysis and inactivation by adverse 
conditions [29,30]. It seems likely that the absence of 
the large amount of carbohydrate normally found on 
P-glycoprotein could alter the protein conformation, 
and thus its sensitivity to inactivation by detergents. 
Second, the recombinant protein is a human mdrl 
gene product, while the P-glycoprotein in the present 
study results from expression of both the hamster pgpl 
and pgp2 gene products [31]. Lastly, the recombinant 
P-glycoprotein is expressed in a non-mammalian mem- 
brane, which could potentially have a very different 
lipid composition from that of the Chinese hamster 
ovary cell membrane from which our P-glycoprotein 
was isolated. The results of the present study suggest 
that the sensitivity of P-glycoprotein to detergents will 
depend on the lipids present in its immediate environ- 
ment. 

Another detergent that might prove suitable for 
solubilizing ATPase-active P-glycoprotein is octyl glu- 
coside. All other detergents tested in this study com- 
pletely inactivated the catalytic activity at concentra- 
tions in the sub-millimolar range. Since ATPase activ- 
ity could be fully restored by the addition of specific 
phospholipids (Fig. 6), it seems likely that inactivation 
results from detergent-induced delipidation, rather 
than a direct inhibitory interaction of the detergents 
with P-glycoprotein. One interesting feature of the 
interaction of Triton X-100 with P-glycoprotein is the 
almost 2-fold stimulation of catalytic activity observed 
in the 2-8 IxM concentration range. Other membrane- 



bound enzymes have also been reported to be activated 
by amphiphiles [32-34]. Multidrug resistance spectrum 
drugs (e.g., verapamil) also show similar biphasic stimu- 
lation and inhibition of ATPase activity [15]. The mul- 
tidrug resistant cells used in this work displayed collat- 
eral sensitivity to Triton X-100. We have recently shown 
that Triton X-100 blocks azidopine photoaffinity la- 
belling of P-glycoprotein in the 2-8 tzM concentration 
range (Loe, D.W. and Sharom, F.J., submitted), and it 
is possible that this particular nonionic detergent inter- 
acts with P-glycoprotein in a specific fashion. 

Like other membrane-bound ATPases (e.g., Ca 2+- 
and Na+,K+-ATPases), P-glycoprotein appears to re- 
quire phospholipids for ATPase activity. Our results 
are consistent with the findings of Shimabuku et al. 
[17], who showed that a P-glycoprotein/3-galactosidase 
fusion protein required the presence of phospholipids 
for optimal ATPase activity. The maximum ATPase 
activity of their immunopurified fusion protein in the 
presence of lipids was 180 nmol min- 1 mg- 1, approxi- 
mately 10-fold lower than the activity of the P-glyco- 
protein preparation in the present study. The require- 
ment for lipids suggests that stabilization of the hy- 
drophobic transmembrane domains of P-glycoprotein is 
necessary for ATP hydrolysis at the nucleotide binding 
domains, which are usually thought of as being located 
in the cytoplasmic compartment. However, an alterna- 
tive possibility is that the ATP binding domains in fact 
interact with the membrane, so that lipids are essential 
for their integrity and activity. In this regard, Ames has 
proposed that the ATP-binding subunits (hisP) of the 
histidine permease complex (a prokaryotic traffic AT- 
Pase) span the cytoplasmic membrane [35,36]. The 
results presented in this work indicate that the P-glyco- 
protein ATP-binding domains might interact more 
closely with the lipid bilayer of the membrane than has 
been previously envisaged. 

Using a P-glycoprotein preparation at 10-15/.~g/ml, 
most lipids showed maximum stimulation at 0.5 mg/ml, 
which represents a 33-50-fold excess of lipid. The 
/3-galactosidase fusion protein also showed maximal 
stimulation at a similar lipid concentration (0.83 
mg/ml), although the overall lipid/protein ratio was 
around 1600:1 [17]. Since the lipids were added as 
multilamellar liposomes in both cases, it is not possible 
to draw any conclusions about the stoichiometry of the 
P-glycoprotein-lipid interaction. 

Many membrane proteins have preferences for spe- 
cific membrane lipids. Specificity is often directed to- 
wards the polar headgroup, although preference for 
particular acyl chain lengths and unsaturation has been 
observed for the Schizosaccharomyces pombe ATPase 
[37]. Different lipid specificities may be obtained, de- 
pending on whether a non-vectorial or a vectorial pro- 
cess is being measured. For example, ATP hydrolysis 
by the CaZ÷-ATPase shows a preference for PC [23, 
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24], while Ca 2+ transport has a strict requirement for 
PE [23,37]. In this study, lipids were able to both 
prevent thermal inactivation of P-glycoprotein, and re- 
store catalytic activity following detergent delipidation. 
However, the profile of preferred lipids was distinctly 
different in each case. PE species, especially those with 
saturated acyl chains, were best able to protect P-glyco- 
protein ATPase activity from inactivation, and in the 
case of DPPE and DMPE, resulted in substantial acti- 
vation. PS was also effective, and PI less so, while PC 
species were completely unable to protect the ATPase 
activity. PE:PC mixtures were also excellent at main- 
taining activity, and may be useful for reconstitution 
purposes. It is interesting to note that PE is often 
located exclusively in the inner leaflet of the plasma 
membrane of mammalian cells [39], where it would be 
well-positioned to interact with the ATP binding do- 
mains of P-glycoprotein. It should also be noted that 
the headgroups of PE, PC, and PS are closely related 
structurally; choline is N,N,N-trimethylethanolamine, 
and serine is 2-carboxy-ethanolamine. Despite these 
structural similarities, the different phospholipid head- 
groups had strikingly different effects on the ATPase 
function of P-glycoprotein. 

A different group of lipids was able to restore cat- 
alytic activity following detergent delipidation. This 
profile is likely representative of the tightly bound 
annular lipids preferred by P-glycoprotein. In this case, 
there appeared to be a strong correlation between lipid 
fluidity and the ability to restore activity; those lipids 
with low T m values were highly effective, those with 
high T m values were ineffective. Thus the preferred 
headgroups for restoration of activity are PC > PE > 
PS > PI, but P-glycoprotein shows a strong preference 
for short or unsaturated fluid lipids over longer, satu- 
rated species. The lipid preferences are known for 
various membrane ATPases. Some enzymes (e.g., the 
Na+,K+-ATPase [25], and the H+-ATPases from Neu- 
rospora crassa [40] and Saccharomyces cerevisiae [26]) 
are most active in the presence of acidic phospholipids, 
while others (e.g., the Ca2+-ATPase [23,24] and the 
ATPase from oat roots [26]), prefer PC, and to a lesser 
extent, PE. The P-glycoprotein ATPase resembles the 
latter two proteins. 

The differences in the lipids required by P-glyco- 
protein for thermal stability and restoration of activity 
following detergent delipidation may arise for several 
reasons. First, tightly b o u n d  endogenous lipids are 
present in the P-glycoprotein used for thermal denatu- 
ration studies, while the bulk of these lipids are likely 
stripped off by detergent treatment. Second, different 
mixtures and concentrations of detergents are present 
in each case. Lastly, other membrane proteins are 
present in the preparation, and may modify the be- 
haviour of P-glycoprotein. The information arising from 
the present investigation gives some insight into the 
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interaction of P-glycoprotein with membrane lipids, 
and should prove useful in reconstitution studies, which 
are ongoing in our laboratory. 
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