










MiconaLOle nitrate has been reponed to alter the membrane
integrity and to cause alterations in the lipid organization (33-
35). It is therefore essential to determine whether the ob~erved
effects of this inhibitor on PtdEtn distribution were due to inhibi-
tion of ATPase acti)'ity or due to non-specific transbilayer phos-
pholipid redistribution. Since the negative surface potential of
yeast cells has been attributed to the presence of negatively
charged phospholipids on the outer surface of the plasma mem-
brane [14, 16. 36. 37], gross transbilayer redistribution of the
plasma-membrane phospholipids may be expected to result in
changes in the surface potential. which may be measured by
means of 9-aminoacridine (16]. At the inhibitor/cell ratios used
in the study (2 Jlmol/120 mg dry cell mass), no gross alterations
in 9-aminoacridine binding occulTed (Fig. 5). which confirmed
that the observed effects on the PtdEtn labeling were due to an
inhibition of the ATPase activity. rather than to non-specific lipid
scrambling.

Effect of }\'-ethylmaleimide treatment on the external
plasma-membrane PtdEtn le\'els. Since N-ethylmaleimide re-
acts with free thiol groups present in proteins. any alteration in
membrane-lipid organization after N-ethylmaleimide treatment
may be attributed to inhibition of a protein-mediated process(es).
This approach has been used widely to determine the mechanism
of transbilayer lipid asymmetry in eukaryotic cells [38, 39].
Covalent modification of yeast cells with N-ethylmaleimide ef-
fected about a 40g( reduction in the external PtdEtn. compared
with the control levels (Fig:. 6).

EOects of ATP depletion/repletion on the external plasma-
membrane PtdEtn levels. Effecr of ATP depicTion. Yeast ce!ls
were depleted of ATP by incubation in media lacking glucose.
3' described in Materiah and Methods. Fig. 7a shows the kinet-
ICSof ATP depletion. ATP leveb fel] w~bout 459C of the initla]
values within 2 h. After 2 h. the decrease in cel] ATP was rather
slow. with about 16 lk remaining even after 16 h of the incuba-
tion. Analysis of the phospholipid composition of cells incu-
bated in the absence of D-glucose showed that incubation be-
yond 13 h resulted in marked alterations in the phospholipid
comp()sitions (data not shown). However. it was possible to
achi~ve about 809C depletion of ATP in 12 h and to keep the
phospholipid composition identical to that at the staJ1 of the in-
cubation. Therefore. we detern1ined the transbilayer PtdEtn dis-
tribution after onl) 10 hand 12 h of metabolic stan'ation.

Metabolic starvation of yeast cells for 10 h effected a SOg(
reduction in the amount of external PtnEtn (Fig. 7 a). Increasing
the incubation period to 12 h did not funher reduce the extent
of PtdEtn labeling. To funher establish whether this reduced
level of external PtdEtn was due to the reduced ATP levels. it
was considered necessary to determine the extent of PtdEtn la-
bding after repletion of ATP in ATP-depleted cells.

EffecT of ATP repleTion. Metabolically starved cells were re-
pleted with ATP by addition of D-glucose and incubation under
the same conditions. The amount of accessible outer-leaflet
PtdEtn in the ATP-repleted cells increased from 49lk to 73'?Cof
the levels in control cells within 90 min of incubation. and to
959C within 180 min (Fig. 7 a). To eliminate the possibility that
this increase in PtdEtn labeling was due to the synthesis of fresh
copies of the effector proteins during ATP repletion. repletion
experiments v.ere carried out in the presence of protein-synthesis
inhibitor". Despite inhibition (> 95 '?C)of protein synthesis. the
fraction of the e~ternal PtdEtn accessible to. fluorescamine in
ATP-repleted cells v.as not affected (Fig. 7b). Furthermore. it
was observed that treatment of the ATP-depleted cells with N-
ethylma]eimide did not further affect the external PtdEtn levels
(Fig. 7 c). However. treatment of the ATP-depletedlrepleted cells
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with N-ethylmaleimidc resulted in dccrea~ed acce!>~ibilit) .pf tre
external PtdEtn to the labeling reagents (Fig. 7C). It would.
therefore. seem that the N-ethylmaleimidelabeling and the ATP :
depiction have the same site of action.

DISCUSSION

The results presented here indicate that fluorescamine can
be conveniently employed to determine the transbilayer PldEtn
distributions in plasma membranes of intact yeast cells. That this
reagent labels only the external PtdEtn in these cells is strongly
suggested by our finding that, under identical conditions. over
709C of the yeast-cell PtdEtn is modified in leaky cells. Exami-
nation of the fluorescamine-Iabeled cells under a light fluores-
cence microscope (Leitz) revealed that the fluorescence in the
labeled intact cells is confined to the surface of these cells.
whereas it is highly diffused in the leaky cells (Dixit. B. L. and
Gupta. C. M.. unpublished observations). Funhermore. yeast
cells maintain their cytoplasmic pH at around 6.3. which is much
lower than the optimal pH required for the fluorescamine label-
ing (=8.0). It is known that even when the external pH is as
high as 8.2. the cytoplasmic pH in yeast cells does not increase
beyond 7.0 [40. 41]. Moreover, this increase in pH occurs only
after about 20 min of incubation in aikaline buffers [4]]. which
is well after the time for the fluorescamine labeling (30 s).

This stud) shows that treatment of yeast cells v.lth mito-
chondriaJ-ATP-synthesis inhibitors (e.g.. sodium azide) or AT-
Pa..e inhibitor.. (e.g.. sodium oJ1hovanadate. diethylstilb.=sirol or
miconazule nitrate) lead, l(\ a decrease in the e\(cm;jl PtdEtn
lewls. Further. it demonstrates that a similar decrease in PldEtn
levels may be effecled by treatment of the cell, v.ith the sulfhy-
dryl-modifying reagent. :\'-ethylrnaleimide. or by depleling the
cells of ATP. The external PldEtn levels may be restored \(\ nor-
mal by repleting the ATP levels in ATP-depleted cells. These
results strongly suggest that the transbilayer PtdEtn movements
in the plasma membrane of the yeast cells are mediated by an
ATP-dependent process. That this process requires the involve-
ment of protein(s) is demonstrated by our observation that N-
ethylmaleimide treatment affects the external PtdEtn levels in
normal and ATP-repleted cells. but not in ATP-depleted cells.
This proposal is supponed by the results from our studies on the
effect of ATPase inhibitors on the external PtdEtn levels in intact
yeast cells.

Severa] workers have shown that about 60C;Cof the total
yeast phospholipid belongs to the plasma membrane [42-45].
Based on this presumption. the present results indicate that about
80'K of the plasma-membrane PtdEtn is localized in the inner
monolayer. This value is slightly lower than that reported earlier
b~ CerbOn and Calderon for the yeast S. carlsbergcnis [36].
These workers fUJ1hershowed that 85 £k of the phosphatidylino-
sitol (Ptdlns) and 909C of the PtdSer are localized in the inner
leaflet of the plasma-membrane bilayer [36]. We were. however.
unable to dete{:t any external PtdSer in normal or modified yeast
cells under our experimental conditions.

The steady-state transbilayer distribution of phoc;pholipids
may be considered to result from the selective localization of
cenain phospholipids in the inner or outer leaflet of the plasma-
membrane bilayer. which could be maintained b: any of the 8
processes shown in Fig. 8a. Routes (1,1and (2) are ,\'-ethylmalei-
mide-insensitive. energy.-dependent processes..roUies (3) and (4)
are ,.\-ethylmaleimide-sensitive. energy-independent processes.
route, IS) and (6) exhibit N-ethy]ma]eimide sensitivity and en-
erg: dependence. and routes (7) and (8) involve neither an N-
ethy lmaleimide-sensitin nor an energy-dependent process. but
are regulated by other propenies. such as transmembrane poten-
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Fig. 8. Models for the mechanism of regulation of the d~namic lipid
as~'mmetrJ. (a) Possible mechanisms that mighl maintain the d~namic
lipid asymmetry. Energy-dependent and N-ethylmaleimide insensitive
(A). energ~ independent and N-ethylmaleimide sensitive (B). energ~ de-
pendent and N-ethylmaleimide sensitive (C). and transmembrane poten-
tial. transmembrane pH gradient or asymmetrically polariled proteins
(D). E. energy: J'EM. "'-ethylmaleimide. (b) Possible models for main-
tenance of d~nami, lipid asymmetry in the yeast plasma membrane. An
energ~ -dependent. .\'-ethylmaleimide-sensiti\'e in-to-out flux that is
slower than the ener!;~ dependent out-to-in flux. which is .'\'-eth~Imalei-
mide-insensiti\'e (i): an energ~ -dependent. "'-ethylmaleimide-sensitive
in-to-out flux that is countered b~ the movement of the lipids from OUI-
to-in under the influence of a potential gradient. pH gradient and/or
a'ymmetncal1~ ,har~ed protein iii I: an energy-mdependent. ."'-eth~Ima.
lem1ldc-sen~ilJ\c m-t(I-()ut flux and an energ~ dependent oUI-to-in l1u.\.
whICh is S-eth~ Imaleimide insensitive tiii): and an energ~ -independent
S-ethylmaJeimide-sensitive in-h)-out flux that is countered b~ the mo\'e-
ment of the lipids from out-to-in under the influence of potential gradI-
ent. pH gradient and/or asymmetrically charged protein (iv), E. energy:
!,;EM. N-ethylmaJeimide.

tial. transmembrane pH gradient. or asymmetric charge distribu-
tion in proteins. which might mediate specific or non-specific
lipid movements. Since any of these routes might operate. 16
possible combinations of the in-to-out and out-to-in lipid-trans-
locating mechanisms are possible.

Since N-ethylmaleimide treatment results in a decreased ac-
cessibility of the outer-leaflet PtdEtn to fluorescamine. it is logi-
cal to expect that the in-to-out movements of PtdEtn are sensi-
tive \0 this covalent modification rather than the out-to-in flux.
The possibilit~ that both the processes are N-ethylmaleimide
sensitive was eliminated. as this possibility should either lead to
symmetric PtdEtn distribution across the yeast plasma-mem-
brane bilayer. which would lead to an increased PtdEtn labeling
by fluorescamine. or should 'freeze' the steady-state distribu-
tion. which would lead to no changes in the PtdEtn labeling.
The results of N-ethylmaleimide labeling. therefore, reduce the
number of possible combinations to four (Fig. 8 b). which are
further discussed below.

Mechanisms (i) and (iii). The yeast plasma membrane may
be considered to have a bidirectional energy-driven lipid-pump-
ing mechanism that maintains a high concentration of PtdEtn in
the inner leaflet(80'lC). compared with 20'lC in the outer leaflet.
The pump responsible for the in-to-out movement is differenti-
ated from its out-to-in counterpart by its N-ethylmaleimide sen-
sitivity and lower efficiency of lipid translocation. i.eoothe out-
ward flux is brought about by an N-ethylmaleimide-sensitive
low-affinity ATPase (pump 1), compared with the inward
translocation. which i~ perhaps assisted by an N-ethylmaleimide-
insensitive high-affinity ATPase (pump 2). Both the pumps func-
tion such that a high concentration(=809C) of PtdEtn is main-

tained in the inner leaflet. Treatment of the cell with N-ethylma-
leimide bloch the outward movement of PtdEtn by arresi~of
pump 1 activity through covalent modification. This block-"lde
should result in a net inward movement of PtdEtn (the outward
movements may occur by simple diffusion across the bilayer.
which is relatively slow). thereby leading to the decreased
PtdEtn labeling. 80lk depletion of the ATP levels would reduce
the efficiency of both the pumps. However. due to the higher
capacity of pump 2. the inward flux takes precedence over the
outward movements. These observations cannot. however. be

explained if the outward nux is considered to be energy indepen-
dent [mechanism (iii)). However. the above hypothesis is based
on the a!>sumption that PtdEtn is the only lipid species capable
of being translocated. Since fluorescamine labeling can only de-
termine the status of the aminophospholipids. the possibility of
other lipid movements cannot be eliminated. It is possible that
the outward flux of lipids is independent of the nature of the
head group, while the inward movement is specific to the amino-
phospholipids. i.e.. an in-to-out movement of lipids could OCcur
in a lipid-species-independent manner. This outward transloca-
tion is slower compared with the rapid movement of the amino-
phospholipids to the inner leaflet. This would lead to a situation
in which lipid, are continuously. though slo""ly. translocated to
the outer leaflet. while the aminophospholipids are rapidl~ and
specificall~ translocated to the inner leaflet. leading to a steady-
state condition in \10 hich the~ are present at relati\'ely high con-
centrations in the inner monolayer. Such a mechanism has been
shown to exist in the human-erythrocyte plasma membrane 146.
47]. The inal1liJ1~of fluore,camme ((I lal:>eldete.:'tabJe Jewl, (11
PtdSer in normal and modified ~east cell~ can probabl~ bt' ex-
plained if pump 2 is considered to have a higher affinit~ for
PtdSer than PldEtn Such a differentia] affinit~ has been demon-
strated in the erythrocytes i38]. Ho\loe\er. due to the in3~lit~ of
fluorescamine to label more than 38liC of the total yeast-cell
PtdSer in digitonin-permeabilized cells. it would be premalUre
to comment conclusively on the status of this lipid in the yeast
plasma membrane.

The above hypothesis assumes that pump 2 exhibits a poor
sensitivity to the ATPase inhibitors. The experiments presented.
however. ma~ not account for this assumption.

MechaniJms (ii) and (iI-). Since the use of ATPase inhibitors
does not apparently affect the inward mo\'ements. the alternative
possibilities. mechanisms (ii) and (iq. must be considered. Ac-
cording to these mechanisms. the in-to-out PtdEtn movements
are N-ethylmaleimide sen!>itive. but mayor may not be energ~
dependent. \10hiJe the out-to-in tramlocation is neither N-ethyl-
maleimide sensitive nor energy dependent. Such an assumption
would mean that the lipid mo\'ements are brought about by
either simple diffusion. facilitated diffusion. a transmembrane
pH gradient. a transmembrane potential gradient or asymmetri-
cally polarized membrane proteins. These possibilities are intri-
guing for the following reasons.

As observed by Devaux [4]. simple-diffusion and facilitated-
diffusion models for the transbilayer lipid movements can ac-
count for the movement of phospholipids in the direction of the
concentration gradient. such that an equilibrium state is reached
in which each lipid species is equally distributed between the
two leanets. However. both the models fail to account for the

movement of lipids against the concentration gradient. as ob-
served here in yeast cells.

The influence of a transmembrane pH gradient on the regula-
tion of the obsef\ed selective localization of phospholipids can
be eliminated based on the obsef\'ations of Cullis and coworkers

who. by means of large unilamellar vesicle!>. ha\'e shown that
only lipids that exhibit weak acid characteristics. such as free
fatt~ acids. phosphatidylglycerol (PtdGro) and phosphatidic
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acid. can cros~the bilayer under the influence of a pH gradient
14~.- 51]. The same worker~ have further shown that PtdSer does
not flip in large uni]amellar vesicles under the influence of a
potential gradient (48]. Since the interior of the yeast cell has a
nq~ative potential. such a potential difference is unlikely to di-
rectly influence the selective localization of the anionic lipids
PtdSer and Ptdlns in the inner monolayer. Furthenllore. a poten-
tial gradient in itself cannot bring about transbilayer movements
of zwitterionic lipids. such as PtdEtn and PtdCho (movements
due to a compensatory-flux mechanism in response to anionic-
lipid movements can. however. occur).

Lang]ey et al. have, '1served that PtdEtn translocation in Ba-
cillus me~(/tar;um is very rapid and that reduction of metabolic-
energy stores increases the PtdEtn asymmetry (52]. This obser-
vation is very interesting becam.e our experiments on metabolic
starvation in yeast also show an increased PtdEtn asymmetry.
Although our observations cannot be correlated with those of
Langley et al. 152] due to the presence of large quantities of
PtdEtn (a potentially non-bilayer-forming lipid) in the bacteria]
membranes. the contribution of polarized membrane proteins. as
suggested by Hubbe] for the disk membranes 153]. might explain
such a phenomenon.

It may be argued that all the chemica] and physiological
modifications induced in the yeast cell in an attempt to study
the mechanisms of lipid flip-flop can also interfere with the
function of the plasma-membrane H- -ATPase. which in turn
might 'lead to the obsen ed changes in the PtdEtn distribution.
The plasma-membrane H- -ATPase is an electrogenic ion pump
thai extrude, protons OUIof the ceIJ at the expense (If ATP.
therd..~ resulting in an electrochemit'al prolOn gradient that pro-
vides the driving force for an array of secondar~ tran~pon S)s-
telll' 154. 55]. Thus. the prot(ln gradient plays a \er~ imp(lrtant
role In generation (If a transmembrane potential. Earlier studies
in Neurospora and yeasts [54- 57] showed that the membrane
potentia] of the cells decreased with a decrease in the AIP
content. due to acidification of the cytosol. Though such a
decrease in the membrane potential might account for the
translocation of the anionic phospholipids from the outer to the
inner monolayer. as suggested by Cerbon and Calderon [36] it
cannot explain the inward migration of the zwiuerionic lipids.
such as PtdEtn. on metabolic stan'ation.
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