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ABSTRACT

The influence of plasma membrane lipid components on the
activity of the H+-ATPase has been studied by determining the
effect of surfactants on membrane lipids and ATPase activity of
oat (Avena sativa L.) root plasma membrane vesicles purified by
a two-phase partitioning procedure. Triton X-100, at 25 to 1
(weight/weight) Triton to plasma membrane protein, an amount
that causes maximal activation of the ATPase in the ATPase
assay, extracted 59% of the membrane protein but did not solu-
bilize the bulk of the ATPase. The Triton-insoluble proteins had
associated with them, on a micromole per milligram protein basis,
only 14% as much phospholipid, but 38% of the glycolipids and
sterols, as compared with the native membranes. The Triton
insoluble ATPase could still be activated by Triton X-100. When
solubilized by lysolecithin, there were still sterols associated with
the ATPase fraction. Free sterols were found associated with the
ATPase in the same relative proportions, whether treated with
surfactants or not. We suggest that surfactants activate the
ATPase by alterng the hydrophobic environment around the
enzyme. We propose that sterols, through their interaction with
the ATPase, may be essential for ATPase activity.

The factors that influence the activity of the PM2 H+-
ATPase have attracted considerable attention because of the
importance of this enzyme in solute uptake, membrane po-
tential and plant growth mechanisms (35). The ATPase exists
in situ in a lipid environment consisting of phospholipids,
sterols, and glycolipids (8, 9, 21, 25, 31). It has been assumed
that a specific phospholipid environment is required for op-
timal activity. For example, treatment of membranes with
surfactants, which should cause partial delipidation, generally
reduces ATPase activity, while readdition of phospholipid
mixtures partially restores activity (8, 11, 19, 34). The amount
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of ATPase activation in these studies depends on which
phospholipids are present.
The possible role of sterols and glycolipids in the activity

of plant ATPases has received less attention. It is not known
whether surfactants remove sterols during solubilization or
activation of ATPases. Sterols are rarely added to the phos-
pholipid mixtures during reconstitution procedures, and the
possibility that soluble ATPase brings along sterols does not
seem to have been considered.

Surfactants activate the ATPase activity in plasma mem-
brane vesicles that have been isolated by the two-phase par-
titioning system (3). This is usually explained as a surfactant-
induced leakage ofATP into the vesicles, permitting the ATP
to reach the active site of the ATPase in right-side out vesicles
(22). We have suggested from electron spin resonance data,
on the other hand, that Triton X-100 directly activates the
ATPase (33) in addition to changing the permeability of
vesicles. Triton X-100 might do so by altering the spectrum
of lipids surrounding the ATPase.
The present investigation was undertaken to determine the

effect of surfactant treatment on the lipid components asso-
ciated with the plasma membrane ATPase of oat roots. It will
be shown that Triton X-100 at 25 to 1 (w/w, Triton to
protein), a concentration that causes maximal activation of
the ATPase, removes the majority of the phospholipids but
leaves considerable glycolipids and sterols associated with the
active ATPase preparation.

MATERIALS AND METHODS

Chemicals

Sodium-ATP, dextran (mol wt 500,000), polyethylene gly-
col (mol wt 3,350), 6-p-toluidino-2-naphthalenesulfonic acid,
Triton X-100, lysophosphatidyl choline, sodium deoxycho-
late, and lipid standards were purchased from Sigma (St.
Louis, MO). Plant sterol standards were purchased from
Supelco (Bellefonte, PA). Octyl-f3-D-glucopyranoside was pur-
chased from Calbiochem (San Diego, CA). Solvents were
redistilled in glass and used fresh. All other chemicals were
reagent grade.
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Plant Material

Oat (Avena sativa L. cv Victory) seeds were germinated and
grown on cheesecloth covering a stainless steel screen over a
1 mM CaSO4 solution for 5 d in continuous (dim) red light at
25°C. Roots were harvested at a length of 8 to 10 cm (33).

Extraction of Membrane Vesicles

Two hundred g of roots were ground in a Waring blender
containing 400 mL of a buffer solution containing 10 mM
Tris/HCl (pH 7.5), 250 mm sucrose, and 1 mM EDTA. The
homogenate was filtered through four layers of cheesecloth
and centrifuged for 20 min at 10,000g in a fixed angle rotor
(rma = 10.5 cm). A microsomal pellet was obtained by
centrifuging the supernatant from the first spin for 20 min at
100,000g (33).

Aqueous Phase Partitioning

The microsomal pellet from above was suspended in a
buffer solution that contained 5 mm potassium phosphate
(pH 7.8), 250 mm sucrose, and 4 mM KC1. The PM vesicles
were separated from the microsomal pellet by phase partition-
ing (22, 33). Briefly, the suspended microsomal pellet was
placed in the first tube of a successive, three-tube phase
partitioning system where, after addition of vesicles, each tube
contained 6.5% (w/w) dextran (500,000 mol wt), 6.5% (w/w)
polyethylene glycol (3,350 mol wt), 250 mm sucrose, 5 mM
potassium phosphate (pH 7.8), and 4 mm KCl. After shaking
the contents ofthe first tube and centrifuging, the upper phase
was transferred to the second tube for partitioning. The pro-
cedure was repeated three times. Pure PM vesicles were ob-
tained from the upper phase of the third tube (U3) by diluting
the material in buffer solution containing 10 mm Tris/HCl
(pH 7.5), and 250 mm sucrose, centrifuging for 30 min at
100,000g, and suspending the pellet in a smaller volume of
the same buffer. The entire procedure was carried out at 4°C.

Triton X-100 and LPC Surfactant Extraction of PM Lipids
and Proteins

The initial extraction ofU3 PM lipids and proteins involved
the addition of 2 to 4 mg of U3 PM to Triton X-100 (at a
ratio of 25 to 1 Triton to U3 protein) in 5 to 10 ml ofATPase
assay buffer, buffer A: 5 mM MgSO4, 50 mm KCI, 125 mM
sucrose, 5 mM Na-ATP (pH 6.5), 0.1 mm (NH4)6Mo7024-
4H20, and 30 mM Mes/Tris (pH 6.5) (33). Five-hundred mm
KCI and 125 mm sucrose in 0.3 mM Mes/Tris (pH 6.5) also
was found to work. The PM vesicles in the Triton solution
were vortexed for 1 min at room temperature in a closed 10
mL polycarbonate centrifuge tube and then centrifuged in a
fixed angle rotor (Beckman 50 Ti, r.. = 8.1 cm) at 100,000g
for 20 min. After removing and saving the supernatant for
further analyses, the pellet was suspended in the ATPase
buffer minus Triton X-100, vortexed for 1 min at room
temperature, and centrifuged as above. This wash procedure
was repeated twice and the individual supernatants were saved
for further analyses. After the second wash, the pellet, TXP,
was again suspended in ATPase assay buffer and sonicated to

near clarity. When left on ice for a prolonged period (greater
than 1 h), the material in solution began to settle and had to
be thoroughly mixed before using. Protein and ATPase anal-
yses were performed on the TXP and the supernatants. LPC
was used to further extract the TXP.
The TXP was suspended in a volume equal to the starting

volume of ATPase buffer, but containing 0.1% (w/v) LPC,
vortexed for 1 min, centrifuged as above, and separated into
supernatant (LPCS) and pellet (LPCP) fractions. Two mL of
the supernatant were diluted to 50 mL with a Mes/Tris buffer
(pH 6.5) containing 500 mm KCI and 125 mm sucrose, and
filtered through an Amicon XM-100 membrane filter with a
100,000 mol wt exclusion limit. When the solution was re-
duced to approximately 2 mL on the filter, it was diluted with
an additional 50 mL of buffer and filtered and concentrated
a second time. Approximately 2 mL of the solution remained
above the filter and was removed (LPCSF). Free sterol anal-
yses were performed on the LPCS, LPCP, and on the protein
concentrate, LPCSF.

ATPase Assay in the Presence or Absence of
Surfactants

Ten to 20 ,uL of sample, containing 2.5 to 4 ,ug of PM
protein, was used in a 500 uL assay mixture containing 5 mM
MgSO4, 50 mM KCl, 125 mm sucrose, 5 mM Na-ATP (pH
6.5), 0.1 mM (NH4)6Mo7024 . 4H20, and 30 mM Mes/Tris (pH
6.5) in the presence or absence of various concentrations of
the surfactants Triton X- 100, lysolecithin, sodium deoxycho-
late, and octylglucoside. The reaction proceeded at 37°C for
10 min and was stopped by the addition of 1 mL of stopping
solution (1, 12). Pi was quantified by measuring the A660 of
the solution 20 min after the addition of 50 ,L of 10% (w/v)
ascorbic acid.

Lipid Extraction

Lipids were extracted from plasma membrane preparations
and surfactant treated membranes by the method of Bligh
and Dyer (5). The total lipid extract was partitioned into
neutral lipid, glycolipid, and phospholipid fractions on silica
Sep-Pak cartridges (Millipore) (15, 25). Briefly, total lipid
extracts were evaporated to near dryness under a stream of
N2, brought to a volume of 2 mL with chloroform:acetic acid
(100:1 v/v), and transferred to the Sep-Pak cartridge attached
to a 10 mL glass syringe. After the sample had entered the
cartridge, 2 mL of chloroform:acetic acid (100:1 v/v) was
used to wash residual lipid from the original container and
transfer it to the cartridge. Ten mL of the same solvent were
used to elute the neutral lipids from the column. Glycolipids
were eluted by first adding 10 mL ofacetone and subsequently
10 mL of acetone:acetic acid (100: 1, v/v). Phospholipids were
eluted using 10 mL ofmethanol:chloroform:water (100:50:40,
v/v/v). Phospholipids were recovered from this fraction by
the addition of 1 mL of chloroform and 2 mL of water to
facilitate a phase separation.
The polar lipid fractions were chromatographed by HPTLC

on precoated Silica Gel 60 plates (10 x 20 cm, Merck) using
a mobile phase of chloroform:methanol:acetic acid:water
(85:20:2:3, v/v/v/v). Fractionated lipids were identified by
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co-chromatography with known lipids and detected by spray-
ing with 6-p-toluidino-2-naphthalenesulfonic acid (18) and
other specific spray reagents (20). Total lipid phosphorous as
well as individual phospholipid phosphorous (scraped from
the TLC plate) was analyzed by the method ofAmes (1) after
digestion in hot nitric acid. Total glycolipid was analyzed by
the method of Roughan and Batt (32).

Total free sterol was determined by the colorimetric method
of Zlatkis and Zak (39) using cholesterol as a standard.
Individual sterols in the neutral lipid samples were quantified
by GLC in a Varian 3700 gas chromatograph using 3% OV-
17 on Gas Chrom Q (100/120 mesh) in a 6 ft by 2 mm (id)
glass column under the following conditions: injection, col-
umn, and FID temperatures were 310, 270, and 350°C, re-
spectively; N2 carrier gas, air, and H2 flow were 18 to 20, 300,
and 30 ml/min, respectively. Signal output from the gas
chromatograph was quantified using a Hewlett Packard 3390
A integrator. Retention times and response factors were de-
termined by chromatography of known free sterol standards
Summation of the individual sterol amounts from GLC gave
values greater than those obtained from the colorimetric
method described above.

Table I. Comparison of ATPase Specific Activities of Plasma
Membrane Vesicles Treated with Four Different Surfactants

The ATPase assay was initiated when approximately 4 jg of U.
protein was added to 500 AL of the various buffered surfactant
solutions. The values represent the means ± SE of two different
assays.

Concentration ATPase Percent
Status Specific Activity of Initial

% w/w ynmol/mg
protein-min

Triton X-1 00 0 Initial 0.9 ± 0.00 100
0.0125 Optimal 3.1 ± 0.10 344
0.060 Superoptimal 0.6 ± 0.03 67

Lysolecithin 0 Initial 0.6 ± 0.10 100
0.01 Optimal 3.7 ± 0.30 617
0.10 Superoptimal 3.2 ± 0.30 533

Sodium 0 Initial 0.8 ± 0.04 100
deoxycholate 0.03 Optimal 2.1 ± 0.10 263

0.06 Superoptimal 0.6 ± 0.10 75

Octylglucoside 0 Initial 0.8 ± 0.10 100
0.30 Optimal 1.7 ± 0.10 213
0.5 Superoptimal 0.3 ± 0.02 38

Protein Determination

Protein was determined by the method of Lowry et al. (24)
with modifications by Markwell et al. (26).

Electron Microscopy

Vesicle preparations, before and after Triton X- 100 extrac-
tion, were incubated for 4 h in 4% glutaraldehyde in 25 mm
Na-cacodylate buffer (pH 7.2), at room temperature. After
rinsing 6 times over 2 h with buffer alone, the pellets were

treated for 2 h in 2% OS04 in 25 mM cacodylate buffer (pH
7.2). The pellets were rinsed thoroughly with buffer, dehy-
drated in a graded ethanol series, placed in propylene oxide,
and embedded in Epon. Silver/gold sections were cut and
poststained for 15 min in saturated uranyl acetate while on

copper grids. Electron micrographs were taken on a Jeol lOOB
electron microscope at 60 kV.

Assay Replication

Assays were repeated to obtain values for the mean ± SE.
The number of replications are indicated where appropriate
in the figure and table legends.

RESULTS

Four surfactants were tested for their ability to activate the
U3 ATPase. Of these four, three (Triton X-100, sodium
deoxycholate, and octylglucoside) appeared to affect ATPase
activity in a similar manner; they maximally activated the
enzyme at specified optimal concentrations and inactivated it
at superoptimal concentrations (Table I). The fourth surfac-
tant, lysolecithin, elicited the highest specific activity, and
differed from the other surfactants in that there was no

inactivation of the enzyme at superoptimal levels. This is
probably due to its inherent phospholipid character. The

difference in effect on ATPase activity of lysolecithin versus
Triton X-100 has been noted previously (33).

Triton X-100 was used in this study to delipidate the PM.
Purified PM vesicles were extracted with Triton X-100 at 25
to 1 (w/w) Triton to protein. This ratio was chosen because
it gave maximal activation of the PM ATPase in the ATPase
assay (33). Under the conditions used here, with a higher
protein concentration than in the ATPase assay, this ratio is
superoptimal for activation of the ATPase (data not shown).
When the PM vesicles were treated with Triton X-100, and
then centrifuged and washed, 41% of the protein was found
to be insoluble (Table II). However, 100% of the total basal
ATPase activity (assayed in the absence of surfactant) and
60% of the Triton-activated ATPase activity was still associ-
ated with the pellet. On the other hand, only 12% of the total
lipid was still associated with the protein. The result was a
decrease in umol of lipid per mg protein from 0.8 to about
0.2. Despite the severe loss of lipids, the washed, Triton-
insoluble material still possessed ATPase activity in the ab-
sence of added surfactants (Fig. 1) indicating that the lipid
environment around the enzyme was still sufficient for activ-
ity. However, Triton X-100 still significantly increased the
specific activity (Fig. 1), with maximum activation occurring
at 0.005% (w/v), 2.5 times less than that needed to maximally
activate the U3 ATPase. The ATPase latency of the Triton-
washed material was only 58% when compared to a 71%
latency in the original U3 PM fraction.
EM studies of the Triton-washed, pelleted material showed

that some vesicles remained, despite the removal of most of
the phospholipids. The original U3 material consisted almost
entirely of vesicles (Fig. 2, a and b), but in many cases the
vesicles appeared to contain cytoplasmic contaminants. In
contrast, the material after Triton extraction contained more
membrane sheets and disrupted vesicles (Fig. 2, c and d);
however, the vesicles that remained appeared to be free of

1 526 Plant Physiol. Vol. 90,1989



SURFACTANTS, PM LIPIDS, AND ATPase ACTIVITY

Table II. Comparison of Protein, ATPase Activity, and Total Lipids in
Oat Root Plasma Membranes before (U3) and after (TXP) Extraction
with Triton X-100 at a Ratio of 25 to 1, wlw, Triton to U3 Protein

Total lipid amounts represent the summation of total phospholipids,
glycolipids, and free sterols. Values for protein, ATPase activity, and
lipids represent the mean ± SE from 3 to 14 different preparations.
ATPase was assayed in the absence of surfactant, presence of
optimal Triton X-100, 0.0125%, w/v, for U3 and 0.005%, w/v, for
TXP.

Assay U3 TXP Chacnet

Protein (mg) 2.0 ± 0.0 0.83 ± 0.05 -59
Specific activity (,umol

Pi/mg protein -mg)
Basal 0.9 ± 0.1 2.0 ± 0.3 +122
+ Triton 3.2 ± 0.2 4.8 ± 0.4 +50

Total activity (jtmol Pi/
min)

Basal 1.7±0.1 1.7±0.2 0
+ Triton 6.3 ± 0.5 4.0 ± 0.6 -37

Total lipid
,4mol 1.7 ± 0.04 0.2 ± 0.01 -88
,qmol/mg protein 0.8 ± 0.02 0.2 ± 0.02 -75

cytoplasmic contaminants. A significant portion of the pro-
tein that is lost from the U3 vesicles (60%), upon treatment
with Triton, may be from the cytoplasmic contaminants that
have been released from the vesicle interiors rather than true
PM proteins. Significant numbers of multilaminar vesicles
were not observed, in contrast to the situation with sarco-
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Figure 1. Effect of different Triton X-1 00 concentrations on PM
ATPase specific activity from PM treated with Triton X-1 00 (25 to 1,
Triton to PM protein, open circles) and untreated PM (closed circles).
Samples of 0.5 mL containing 4 jig of PM protein were assayed as
described in "Materials and Methods." Values represent the mean of
triplicate samples.

plasmic reticulum vesicles after a Triton X-100 treatment
(29).
An analysis was then carried out on the lipids remaining

associated with the insoluble ATPase preparation after Triton
X-100 extraction, and the data are shown in Table III. Only
a summation of the three main classes of lipids is shown here;
a complete characterization of each of these lipid classes in

V...

Figure 2. Appearance of PM vesicles preparations be-
fore and after Triton X-1 00 extraction as viewed in the
electron microscope. Membranes fixed in glutaralde-
hyde, stained with 0504, and poststained with uranyl
acetate. (a and b) Untreated U3 vesicle preparation.
Vesicles appear intact and unilaminar. Note that many
vesicles appear to contain cytoplasmic contaminants
(arrow in a). (c and d) Vesicles after extraction with 25

~.to 1 (w/w) Triton to protein and subsequent high speed
centrifugation. Note that while some intact vesicles are
apparent, in many cases the material appears as sheets
(arrow in c). Bar: 1 Ai.
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Table Ill. Comparison of Lipid Components in Oat Root Plasma
Membranes before (U3) and after (TXP) Extraction Triton X-100 at a
Ratio of 25 to 1, wlw, Triton to U3 Protein

Lipids were extracted, separated into total phospholipids, glyco-
lipids, and free sterols, and quantified using standard colorometric
techniques as described in "Materials and Methods." Protein before
extraction was 2.0 mg, after extraction 0.83 mg. Values represent
the means ± SE from 7 to 14 different PM preparations.

Lipid Component U3 TXP Cent U3 TXP cent
Change Change

pmol/mg protein mol % of total lipid
Phospholipid 0.38 ± 0.03 0.06 ± 0.01 -84 45 25 -44
Glycolipid 0.26 ± 0.02 0.10 ± 0.02 -62 31 42 +35
Free sterol 0.21 ± 0.01 0.08 ± 0.01 -62 25 33 +32

oat root PM vesicles is presented elsewhere (32a). The most
striking effect of Triton extraction was the reduction in the
phospholipids (lipid phosphorous), whose concentration
(.umol/mg protein) was reduced by 84%. Glycolipids (lipid
sugar) and sterols were each reduced by 62%. If one assumes
that the average mol wt of the PM proteins is 50,000, a ratio
of each of these lipid molecules to protein can be calculated.
Before extraction (i.e. in the U3), there were approximately
19 phospholipid, 13 glycolipid, and 11 sterol molecules asso-
ciated, on average, with each protein molecule. In fact, the
ratios must be even higher, since some of the protein may be
cytoplasmic contaminants. On the other hand, only 3 phos-
pholipid, 5 glycolipid, and 4 sterol molecules were associated
with each molecule of protein after extraction.
While Triton X-100 differentially extracted the different

classes of lipids, it also caused some differential extraction of
components within a lipid class. In the intact PM vesicles the
principal phospholipids were phosphatidylcholine and phos-
phatidylethanolamine with smaller amounts of phosphatidic
acid, phosphatidylserine, and phosphatidylinositol (32a).
When the small amount of phospholipids remaining after
Triton X-100 treatment were separated by HPTLC, only
phosphatidylcholine and phosphatidylethanolamine could be
detected. HPTLC of the glycolipid fraction from Triton-
treated PM vesicles showed that the detectable components
were predominantly the ones containing sterol (steryl glyco-
sides and acylated steryl glycosides). Glycocerebrosides, which
exist in intact oat root PM (32a), could not be detected in the
Triton-insoluble material. In intact oat root PM fractions, the

Table IV. Free Sterols Associated with Protein Fractions after
Partial Delipidation by Surfactants (see "Materials and Methods" for
Details)

U3 represents the untreated plasma membrane. TXP represents
the pellet remaining after treatment of U3 with Triton X-1 00 at a ratio
of 25 to 1 (Triton to U3 protein). LPCP represents the pellet remaining
after treatment of TXPwith 0.1%, w/v, lysolecithin. LPCSF represents
the protein concentrate remaining after filtering the supernatant from
the lysolecithin treated TXP through a membrane with a mol wt
exclusion limit of 100,000. Values represent the mean ± SE of two to
four separate PM preparations.

Free Sterol L3 TXP LPCP LPCSF

mol % of total sterol

Cholesterol 0.5 ± 0.1 2.7 ± 0.8 1.0 ± 0.1 3.3 ± 0.4
Campesterol 8.2 ±0.4 10.5± 1.1 8.6± 0.1 13.9±0.5
Stigmasterol 48.2 ± 2.8 45.4 ± 1.6 52.1 ± 1.0 44.1 ± 0.8
fl-Sitosterol 21.3 ± 0.8 23.4 ± 1.4 23.1 ± 0.5 25.8 ± 0.4
Unknown 21.8 ± 2.3 18.1 ± 1.6 15.2 ± 1.5 13.1 ± 1.2

a Tentatively identified as a cyclopropyl sterol.

principal sterols (Table IV) were stigmasterol, 3-sitosterol, and
an unknown, tentatively identified as a cyclopropyl sterol
related to cycloartenol (32a). Campesterol was present in
smaller amounts, with only a trace of cholesterol. The Triton
X-100 extraction removed the sterols proportional to their
mol %. Only cholesterol showed a significant enrichment with
Triton treatment. The extraction by Triton X-100, then, left
protein (enriched in PM-ATPase) with reduced levels oflipids.
However, the proportion of sterols (free sterols + glycolipids)
in the lipid phase was significantly increased, along with an
increase in ATPase specific activity, which was probably due
to loss of other protein constituents.

Lysolecithin (LPC) is known to solubilize the PM-ATPase
(31). To determine whether the sterols are also solubilized by
LPC and remain associated with the proteins, the Triton-
insoluble pellet was extracted with 0.1%, w/v, LPC. This
solubilized about 50% of the protein, including most of the
ATPase, and about 25% of the sterols (Table V). Only sterols
were analyzed at this point because the glycolipids and phos-
pholipids are not easily or satisfactorily quantified in such
micro quantities. The solubilized protein was subjected to
filtration through a membrane exclusion filter, which we
determined allows about 90% of an unbound sterol-lysoleci-
thin mixture to pass through (data not shown). All of the

Table V. Comparison of Protein, ATPase Activity, and Individual Free Sterols in Oat Root Plasma Membranes before and after Extraction with
Triton X-100 (25 to 1, wlw, Triton to U3 Protein) and Subsequently Lysolecithin (25 to 1, wlw, Lysolecithin to TXP Protein)

Analyses (see "Materials and Methods") were performed on untreated PM (U3), the pellet from Triton X-100 treated 13 (TXP), the supernatant
(LPCS) and pellet (LPCP) from TXP, and the same lysolecithin supernatant that was filtered (LPCSF) through an Amicon XM-1 00 filter (mol wt
exclusion limit of 100,000). Values represent the mean ± SE of two to four separate PM preparations.

U3 TXP LPCP LPCS LPCSF

Protein (mg) 4.0 ± 0.0 1.8 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.3 ± 0.0
ATPase activity

Specific (Amol/mg protein-min) 3.8 ± 0.5 4.8 ± 0.4 0.9 ± 0.3 6.3 ± 0.5 2.1 ± 1.9
Total (% of U3) 100 49 4 31 4

Total sterol8 (,Amol) 1.11 ± 0.05 0.13 ± 0.02 0.12 ± 0.01 0.039 ± 0.028 0.052 ± 0.010
a Addition of individual sterols quantified by GLC.
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sterols remained in the concentrate, along with 40% of the
protein. ATPase, with a mol wt of about 100,000 (34), would
be expected to remain in the concentrate, and was, indeed,
found there, although it appeared to have been substantially
inactivated. In general, the spectrum of sterols which remain
associated with the ATPase-protein fraction after LPC solu-
bilization is similar to that in the original U3 membranes
(Table IV), although there has been a concentration of cho-
lesterol and to a lesser extent campesterol, and a loss of the
unknown sterol.

DISCUSSION

The plasma membrane is a complex mixture of proteins
and a variety of lipid components. Treatment of PM vesicles
with surfactants results in the removal of considerable lipid
material and the solubilization of some of the protein. In
addition, the activity of the U3 PM-ATPase is enhanced up
to five-fold by surfactants (33). In this study we have addressed
the question concerning the amounts and types of lipids that
remained associated with the ATPase after surfactant treat-
ment, and the possible effects of lipid components on ATPase
activity. The amount of Triton X- 100 used here (the ratio of
Triton to protein used in the ATPase assay that gives maxi-
mum activity) solubilized nearly 60% of the protein. This
would be an overestimate of the amount of PM protein that
is solubilized, if, as it appears from the EM pictures, the
Triton wash has removed considerable trapped, protein-con-
taining cytoplasmic components. In addition, the Triton treat-
ment removed almost 90% of the lipid. Only a small amount
of phospholipid remained associated with the ATPase-con-
taining pellet, but a larger amount of glycolipid (mostly sterol
derivatives) and free sterol remained. This suggests that there
is no absolute requirement for phospholipids for ATPase
activity. This might seem to contradict the frequent observa-
tions that after surfactant treatment, ATPase activity can be
at least partially restored by addition of phospholipids (2, 8,
9, 17, 19). Studies with other membrane-bound ATPases have
shown, however, that as long as an adequate hydrophobic
environment with sufficient fluidity is maintained around the
ATPase, by either surfactants or lipids, activity is maintained
or enhanced depending on anomalies in that environment (4,
11, 16, 23, 27). Palmgren et al. (28) have suggested that the
enhancement of oat root PM ATPase by LPC and free fatty
acids is due to a change in membrane fluidity. However, it is
reasonable to believe that any changes in membrane fluidity
could be reflected in the properties of the lipids immediately
surrounding the ATPase. Triton X-100 or lysolecithin may
simply be superior to the native phospholipids in maintaining
the required membrane fluidity or protein configuration for
ATPase activity.
The amount of sterols and sterol-derivatives remaining

with the ATPase fraction was surprising. When the insoluble
ATPase was solubilized with LPC, 30% of the sterols re-
mained associated with that fraction and were not removed
with filtering. In fact, the association between the sterols and
the ATPase may be difficult to break. We tested the more
severe delipidation procedure of Anton and Spanswick (2) to
see if this would result in ATPase free of sterols. The U3
vesicles were extracted with Triton X-100 (0.1%, w/w) fol-

lowed by octylglucoside (I %, w/w) and sodium deoxycholate
(0.2%, w/w). The resulting pellet was suspended in lysoleci-
thin (1.0%, w/w) to solubilize the ATPase. After high speed
centrifugation to remove insoluble material, we extracted the
free sterols from the lysolecithin supernatant (the same ma-
terial that would have been loaded onto the glycerol gradient
in their study). A significant amount of the total free sterol is
recovered in this fraction (data not shown) again suggesting
that complete surfactant mediated delipidation may not be
possible and sterols are associated with active PM ATPase.
What is the role of the sterols in ATPase activity? Studies

with other ATPases have suggested that sterols alter ATPase
activity by influencing the fluidity of the membrane (6, 7, 10,
30, 37, 38). However, the free sterols may also function to
preserve the configuration of the enzyme and help modulate
the interaction between the enzyme and phospholipids or
surfactants. In a practical sense, this may serve to protect the
ATPase from permanent denaturation during extraction and
facilitate or enhance its activity during reconstitution.
Changes in the sterols associated with the ATPase may also
help determine the maximum activity of the enzyme. Thus
the different maximum PM-ATPase activities reported for
oat roots and oat coleoptiles (32a) or between U3 preparations
of oat roots and other plant tissues from different laboratories
(Fig. 1) (3, 22, 36) may be due, in part, to the sterols associated
with the ATPase.

It has frequently been suggested that the activation of the
PM-ATPase by low levels of surfactants is simply due to a
breakdown in vesicle impermeability to ATP, with the result
that ATP now reaches the active site of the ATPase in right-
side out vesicles. This idea has been strongly supported (3,
13, 14, 22). We have suggested from ESR data (33), on the
other hand, that the surfactants may directly activate the
ATPase in addition to altering vesicle permeability.
Palmgren et al. (28) have now reached the same conclusion

as a result of their studies on fatty acid and lysolecithin
activation ofPM ATPase from oat roots.
We have shown that even though the 25 to 1 (w/w) Triton

to protein extraction removed 85% of the phospholipids, the
remaining insoluble ATPase was still increased in activity by
low levels of Triton X-100 and showed an apparent latency
of 57%. Could this latency be explained as simply due to an
increased permeability of sealed vesicles to ATP? This seems
unlikely. Examination of the Triton-washed pellet with the
EM showed that some vesicles still remained (Fig. 2b). How-
ever, the proportion of vesicular material was considerably
reduced, while the apparent latency was only reduced from
71% to 57%. The fact that any vesicular material can be seen
is of interest, in light of the great reduction in phospholipid
to protein ratio from greater than 19 to 1 to only 3 to 1 after
Triton treatment. What, then, makes up the vesicle mem-
branes that are apparent in the electronmicrographs? One
possibility is that Triton X- 100 has remained associated with
the membrane and is not removed by washing as suggested
by Galtier et al. (13).
The Triton X-100 to protein ratio present during the treat-

ment of vesicles with surfactants apparently has a large effect
on how much vesicle lipid and protein is removed. Galtier et
al. (13) have shown that treatment of corn root PM vesicles
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with Triton to protein ratios between 4 to and to resulted

in no decrease in the number of tightly sealed vesicles, but

apparently caused a reorientation of some of the ATPase

molecules so that half were right-side out and the other half

were inside out. This resulted in a great increase in ATP-

driven proton transport capacity after Triton treatment. A

similar increase in proton transport capacity has been seen

after treatment of pea root vesicles with deoxycholate (RE

Cleland, unpublished data). The treatment of our oat root

PM vesicles with the higher Triton to protein ratio resulted

in material that had no measurable ATP-driven proton trans-

port (data not shown), consistent with the idea that tightly

sealed vesicles no longer existed. It should be noted that Prado

et al. (29) showed that while IO-5 Triton X-100 rendered

sarcoplasmic reticulum vesicles permeable to EM negative

stain, it did not alter the Ca2+-ATPase activity. At IO-'M, on

the other hand, membrane ATPase activity was greatly in-

creased without obvious alteration of the vesicles as viewed

in the EM. Our data support the idea, then, that surfactants

can directly activate PM ATPases, in addition to altering

vesicle permeability to ATP.
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