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Fig. 8. Models for the mechanism of regulation of the dynamic lipid
asymmetry. (a) Possible mechanisms that might maintain the dvnamic
lipid asymmetry. Energy-dependent and N-ethylmaleimide insensitive
(A). energy independent and N-ethylmaleimide sensitive (B), energy de-
pendent and N-ethylmaleimide sensitive (C), and transmembrane poten-
tial. transmembrane pH gradient or asymmetrically polarized proteins
(D). E. energy: NEM. N-ethyvimaleimide. (b) Possible models for main-
tenance of dynamic lipid asymmetry in the yeast plasma membrane. An
energy-dependent.  N-ethylmaleimide-sensitive in-to-out flux that is
slower than the energy dependent out-to-in flux. which 1s N-ethylmalei-
mide-insensitive (1): an energy-dependent. N-ethylmaleimide-sensitive
in-to-out flux that is countered by the movement of the lipids from out-
to-in under the influence of a potential gradient. pH gradiemt and/or
asvmmetncally charged protein ii: an energyv-independent. N-ethvlma-
leimnde-sensitive in-to-out flux and an energy dependemt out-to-in fiux.
which 1s N-ethylmaleimide insensitive (iii): and an energy-independent
N-ethyImaleimide-sensitive in-to-out flux that is countered by the move-
ment of the hpids from out-to-in under the influence of potential gradi-
ent. pH gradient and/or asymmetrically charged protein (iv). E. energy:
NEM. N-ethylmaleimide.

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 to this covalent modification rather than the out-to-in flux.
The possibility that both the processes are N-ethvimaleimide
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. 8b). 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 PidEin in
the inner leaflet(80%). compared with 20% 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.e.. the out-
ward flux is brought about by an N-ethylmaleimide-sensitive
low-affinity ATPase (pump 1), compared with the inward
translocation, which i3 perhaps assisted by an N-ethylmaleimide-
insensitive high-affinity ATPase (pump 2). Both the pumps func-
tion such that a high concentration(=80%) of PtdEtn is main-

tained in the inner leaflet. Treatment of the cell with N-ethylma.
leimide blocks the outward movement of PidEtn by arresi-of
pump 1 activity through covalent modification. This blockade
should result in a net inward movement of PidEtn (the outward
movements may occur by simple diffusion across the bilayer,
which is relatively slow), thereby leading to the decreased
PtdEtn labeling. 80% 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 flux is considered to be energy indepen-
dent [mechanism (iii)]. However, the above hypothesis is based
on the assumption that PidEtn 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 Jeaflet. This would lead to a situation
in which lipids are continuously. though slowly. translocated to
the outer leaflet. while the aminophospholipids are rapidly and
specifically translocated to the inner leaflet. leading to a steady-
state condition in which theyv are present at relatively high con-
centrations in the inner monolaver. Such a mechanism has been
shown to exist in the human-ervithrocyte plasma membrane [46.
47]. The inabiliny of fluorescamine to label detectable levels of
PidSer in normal and modified veast cells can probably be ex-
plained if pump 2 is considered to have a higher affinity for
PidSer than PtdEtn Such a differential affinity has been demon-
strated in the ervthrocyies [38]. However. due to the inakility of
fluorescamine to label more than 38% of the total yeast-cell
PtdSer in digitonin-permeabilized cells. it would be premature
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. may not account for this assumption.

Mechanisms (ii) and (iv). Since the use of ATPase inhibitors
does not apparently affect the inward movements. the alternative
possibilities. mechanisms (ii) and (iv). must be considered. Ac-
cording to these mechanisms. the in-to-out PidEtn movements
are N-ethvlmaleimide sensitive. but may or may not be energ)
dependent. while the out-to-in translocation is neither N-ethyl-
maleimide sensitive nor energy dependent. Such an assumption
would mean that the lipid movements 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 leaflets. However, both the models fail to account for the
movement of lipids against the concentration gradient. as ob-
served here in veast cells.

The influence of a transmembrane pH gradient on the regula-
tion of the observed selective localization of phospholipids can
be eliminated based on the observartions of Cullis and coworkers
who, by means of large unilamellar vesicles. have shown that
only lipids that exhibit weak acid characteristics. such as free
fatty acids. phosphatidylglycerol (P1tdGro) and phosphatidic
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acid, can cross the bilayer under the influence of a pH gradient
148-51]. The same workers have further shown that PidSer does
not flip in large unilamellar vesicles under the influence of a
potential gradient [48]. Since the interior of the yeast cell has a
negative potential, such a potential difference is unlikely to di-
rectly influence the selective localization of the anionic lipids
PidSer and PtdIns in the inner monolayer. Furthermore, a poten-
tial gradient in #tself 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).

Langley et al. have chserved that PtdEtn translocation in Ba-
cillus megatarium is verv rapid and that reduction of metabolic-
energy stores increases the PtdEtn asymmetry [52]. This obser-
vation is very interesting because 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. [52] due to the presence of large quantities of
PidEtn (a potentially non-bilayer-forming lipid) in the bacterial
membranes. the contribution of polarized membrane proteins. as
suggested by Hubbel for the disk membranes [53]. might explain
such a phenomenon.

It may be argued that all the chemical 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 observed changes in the PidEtn distribution.
The plasma-membrane H™-ATPase is an electrogenic ion pump
that extrudes protons out of the cell at the expense of ATP
thereby resulting in an electrochemical proton gradient that pro-
vides the driving force for an array of secondary transport sys-
tems [34. 55]. Thus. the proton gradient plays a very important
role 1n generation of a transmembrane potential. Earlier studies
in Neurospora and veasis {54—57] showed that the membrane
potential of the cells decreased with a decrease in the ATP
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 1o the
inner monolayer, as suggested by Cerbon and Calderdn [36] it
cannot explain the inward migration of the zwitterionic lipids.
such as PtdEtn, on metabolic starvation.
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