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The contribution of pk 1 (P) and phosphatidylserine (PS) to the outer negative membrane surface
potential was studied in normal, PS-rich and Pl-rich yeasl cells. Under carefully defined conditions; PS and PE
were quantified by using the hemical probe trinitrob Ifonic acid (TNBS) and the PI by
degradation with a specific C. An ic distribution of phospholipids in the plasma membrane
with more PS (80-90%), P1 (70-85%) and PE (70-85%) in the inner leaflet was found. When compared to normal
cells there were 3-times more Pl and 2-times more PS in the outer leaflet of the Pl-rich and PS-rich cells. These
values are with the two-ti d surface in these cells. I i the ib of
PI was around twice the contribution of PS to the surface potential in the cells studied. When compared to normal
cells there was a two-times increased accessibility of PS to TNBS in the PL-rich cells and the accessibility of PI to
phospholipase C was also increased two-times in the PS-rich cclls, while the propertion of derivatized PE was
similar in all cells. Taking into account that the amount of P1 is similar in normal cells and PS-rich cells and the
amount of PS is similar in Pl-mh cells and normal cells, a charge driven transbilayer transport of acidic

b cnhali

holipids can be

Introduction

Recently, we found that yeast cells rich in anionic

L id idylinositol-rich cells (PI-rich)
and phosphandylsenne rich cells (PS-rich) show a neg-
ative surface potential 2-times higher than normal cells.
This increased surface potential activates the high
affinity proton-linked transport systems and inhibits
the transport of anions from high external concentra-
tions. The reduction of the surface potential by counter
ions reverses completely the above mentioned alter-
ations [1]. When the anionic phospholipid rich cells
were maintained in the absence of carbon and nitrogen
sources and in the presence of cycloheximide, the
excess of anionic phospholipids was reduced as well as
the surface potential [2]. Since all processes of biosyn-
thesis, transformation and degradation of phospho-
lipids occur at the cytoplasmic side, the above men-
tioned results indicate that the anionic phospholipids
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travel through the membrane to contribute to the
changes in the external surface charge. In the present
study the distribution of the anionic PS and PI that
may contribute to the negative membrane sutface po-
tential was determined in normal cells, PS-rich and
Pl-rich cells to know

(1) The posi 1
in yeast.

(2) If the increment in negative surface potential
observed in the Pl-rich and PS-rich cells is due to an

in the of anionic phospholipids in the
outer membrane leaflet.

(3) Which is the contribution of each phospholipid
to the t surface ial. The impermeant
reagent 2,4,6-trinitrobenzene sulfonate (TNBS) was
used [3] for the amino phospholipids and for PI a
phespholipase ¢ specific for phosphatidylinosito! puri-
fied from Bacilius cereus was utilized [4],

The results indi that anionic phospholipids con-
tribute to the membrane surface potential, with a more
important participation of Pl as compared to PS. The
data also suggest that the surface potential could mod-
ulate the translocation of the anionic phospholipids in
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the memtrane, PS, PE and PI are ically dis-

* and the chloroform extract, after the addition

tributed with a higher concentration in the inner leaflet.
Materials and Methods

Organisms

All the strains used were derived from Saccha-
romyces carlsbergensis ATCC-9080. Pl-rich cells were
obtained by growing the cells in a medium containing
10 mM arsenate, as previously described {2}, and PS-
rich cells by adding hydroxylamine (10 mM final con-
centration) to growing cells (absorbance 4 = 0.25). The
cultures were further d 18 h. Hydroxylami

of carri - lipid, was taken to dryness. The lipids were
disolved in 0.3 mi chloroform/methanol (2:1, v/v) and
aliquots used for analysis. At 4°C after 30 min all the
externally exposed aminophospholipids were converted
in TNBS-denvates and at 25°C both external and
internal ami holipids were labelled (see Re-
sults). Trinitrophenylated PS and PE were prepared
from yeast-lipid extracts and utilized as standards and
carriers.

at 10 mM caused the maximum increase in PS content
of cells without affecting viability [5]. All cells were
grown at 37°C in nutrient broth containing 1% (w/v)
maltose and 0.5% (w/v) yeast extract.

Surface potential

The surface potential was estimated by the binding
of 9-aminoacridine (9-AA) as previously described [6).
The dye binds to negatively charged surfaces and
quenches its fluorescence [7), therefore the amount of
dye bound to ilie cells, due to surface charge effects,
can be calculated from the d of fluc in

Analytical procedure
Phospholipids were d by two-di ional
thm-layer chromatography (developmg solvents: first
form/ methanol / water (65:25:4, by

vol.); second dimension chloroform/ methanol/ acetic
acid/water (85:20:8:4, by vol.)). Spots on thin-layer
plates were vxsuahzed by mdme vapour and scrapped
off. of i idual lipids was

using aquasol in a Packard Tricarb scintillation counter.
All cpm values were corrected for quenching effects by
the use of an external standard and the channel ratio
method.

the supernatant and the recovery of fluorescence ob-
served after the addition of 100 mM MgCl, to the cells
suspensions. The addition of MgCl, released the cells-
bound 9-AA due to a reduction of the negative surface
potential. The binding of the dye was measured at
23°C. Routinely the buffer contained 2 uM 9-AA.
The cells were washed and resuspended in 20 mM
Tris—citrate buffer (pH 6.0) containing 9-AA. immedi-
ately after exposure, the suspensions were centrifuged
and the ﬂuorescenoe of the supematams measured in
an Ami A usmg the
wavelength pairs 400 nm and 454 nm, for

Localization of phosphatidylinositol

To dlscnmmate between Pl outside and inside the
cells, the hyd: d by phospholi treat-
ment of intact cells was compared to those of sonicated

cells and yeast-lipid extracts, which served as control
preparations with a similar phospholipid composition
but a random availability of phospholipids. Phospho-
lipase ¢ specific for PI was purified from Bacillus
cereus ATRF-247, as described previously [43]. A unit
of was defined as the of enzyme caus-
ing the hydrolysis of 1 mmol of substrate per min.
Secondary effects on the molecular organization of the

b due to Pl-hydrolysis were d to be

and emission, respectively. The dye concentration was
calculated from a calibration curve.

L P of phosphatidylseri and ph hatidvl.

minimal since the concentration of PI is relatively small
and the enzyme does not show activity upon the other
hpnd components (see Results). In control experiments

hanolamine by ion with trinitrob Ifonate
(TNBS)

Aminophospholipids on the external surface of the
membrane react much more rapidly with TNBS than
internal aminophospholipids [3]. After growing the cells
in the presence of [**P]P,, under the conditions men-
tioned above, the cells were harvested by centrifuga-
tion, water washed and treated with TNBS. The cells
were washed twice w:th one volume of 0.1 M KCL

ining 50 mM p phosp at pH 8.2 and
resuspended in the same buffer containing S mM TNBS
and maintained at 4°C in darkness. Samples were
taken at times indicated. Lipids were extracted with
chloroform/methanol (2:1, v/v) and the phases sepa-
rated by brief centrifugation. The aqueous layer was

on the permeablllty of small molecules were
not found i.e., ions and amino acids (data not shown).
The reaction mixture containing yeast cells (10 mg dry
wt/ml) and 2.0 U/m! of enzyme in 20 mM Tris-borate
buffer (pH 7.0) were incubated at 36°C. At different
periods of time, aliquots were withdrawn, cells were
separated in a microfuge (2 min, 10000 X g) and lipids
extracted from the pellet and separated by thin-layer
chromatography. The 2P of phosphatidyl[*Plinositol
was estimated and compared to the [*PJPI from an
identical cell suspension incubated in the same buffer
but without The PI ible to phospho-
lipase C in the intact yeast represents the PI of the
outer membrane leaflet and the PI total composition
was determined with ultrasonically treated yeasts in the
presence of phospholipase C. The activity of the puri-




fied phospholipase C (1 U/ml) upon micelles of pure
PI in 0.8% deoxycholate was 93% and 69% in a mix-
ture of yeast phospholipids. Yeasts were sonicated four
times for 1 min each, at 30-s intervals and 60 watts.

Chemicals
[32PIP; as orlhophosphonc acid was purchased from
New E d d The other

used: hydroxylamine, 9~ammoacnd|ne, solvents, salts,
etc. were purchased from Sigma, J.T. Baker and E.
Merck.

Results and Discussion

The compositional asymmetry of a phospholipid in
the membrane i.e., the unequ»! distribution between
the inner and outer halves of the bilayer can be viewed
as a kind of concentration gradient across the mem-
brane {3]. Therefore, if this is the case, it would be

d that the of anionic phospholipids in
the PS-rich and Pl-rich cells would increase in the
outer membrane leaflet.

Treatment of yeast cells with trinitrobenzensulfonate
Normal cells were utilized to established the reac-
tion conditions leading to a limited final level of modi-
fication, which would represent minimal reagent pene-
tration and membrane disturbance. These conditions
were 4°C, 5.0 mM TNBS, pH 82 in darkness. The
same conditions were then used to compare the acces-
sibility of aminophospholipids in the PS-rich and Pl-rich
cells. It can be seen in Fig. 1 that the amino-group
modification by TNBS in yeast cells reaches a plateau
(approx. 20% of total aminophospholipids) in 30-40
min, which remains unchanged for up to 90 min.
Yeasts were incubated at 4°C with TNBS, and 50
min later they were sonicated. Then the TNBS non-
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Fig. l Trcatmen\ of yeast cells wnth lnmlmbenzensulfonate Percent

of d by ing the

[*2P]P;-labelled derivatized lipids are shown. Open circles 4°C, solid

circles 25°C. Comlmmus lines, m&act cells; dlscommunus lines,

broken cells by soni i pH 8.2; dark 5 mM

trinitrobenzensulfonate. Arrow indicates the time at which sonica-
tion was performed upon the cells exposed at 4°C.

permeability of the yeasts disappeared and 90 to 95%
of the total aminophospholipids were bound to TNBS.
At 25° C (penetrating conditions), the same propor-
tion (90%) of aminophospholipids were derivatized.
Sonication of the cells at zero time of incubation with
TNBS at 25°C, does not increase significatively the
degree of modification. Also, the use of higher concen-
trations of TNBS up to 25 mM gave the same degree of
derivatized aminogroups (not shown). Thus, with 5 mM
TNBS all the ibl ps of the phosph
lipids can, in principle, be modified and the fraction
accessible at 4°C can be taken as external. Under
these conditions, the ration of 1}
TNBS was in the micromolar range (data not shown).
Table I shows the phospholipid composition and the
results of external aminophospholipids derivatization

TABLE 1
Ph ipi ition and (TNBS) derit h lipids in yeast cells under non-penetrating conditions
The ipi in cpm{x 10~) and by percentage distribution of *2P-labclled lipid in brackets. (a) The cells were

cultivated in the Presence of I”PIP hydroxylamine was added when the absorbance reached 0.3 at 600 nm and the incubation continued for 16
hs more. Final concentration of hydroxylamine was 10 mM. (b) The cells were cultivated in presence of [*2P]P, in a medium containing 10 mM
sodium-arsenate for 48 h. The data represent the average of three separate expenmems by duplicate, s D. was never higher than 10%. TNBS
concentration was 5.0 mM, pH 8.2, darkness. 4°C. Since the i of ids occurred within 30-40 min (Fig. 1),
the celis were incubated S0 min to ensure optimal outer leaflet tabelling.

Cells Phospholipid composition
Ps (TNBS)-PS PE (TNBS)-PE Pl PC

Normal 528 38 1m 1797 8749 339

(78) (0.56) @57 (2.6) (13.00 (s0.1)
PS-rich 131.95 78 789 14.16 79.53 316.86
(@) 21.0) (1.23) (12.6) (2.24) (12:6) (50.2)
Pl-rich 63.6 8.7 1222 183 147.55 348.7
®) 89 .22} 72 258 (20.8) 49.18)
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with TNBS (4°C). It can be seen that the amount of
PS (cpm) in the PS-rich cells was around 2-times higher
than in normal cells and in Pl-rich cells. The propor-
tion of TNBS-PS was 2.0-times higher in the PS-rich
cells «nd 1.7-times higher in the Pl-rich cells when
compared to normal cells. On the other hand, the
proportion of derivatized PE was similar in all cases
(2-2.6%) in spite that the amount of PE in the normal
cells (cpm) was 2-times and 1.5-times higher than in
the PS-rich cells and Pl-rich cells, respectively. The
d in PE ion observed in the PS-rich
cells correlates perfectly well with the increment in PS.
PE decreases from 28% in the normal cells to 15% in
the PS-rich cells, while PS increases from 8% in the
normal cells to 22% in the PS-rich cells. These results
show that the PS-decarboxylase pathway is the main
route in the PE biosynthesis. The concentration of PC
remained constant (50 + 3%), showing that their bio-
synthesis takes place exclusively by the CDP-choline-
apB-diglyceride pathway and not by the succesive meth-
ylation of PE. It is known that in yeast cells, growing in
a rich medium, the metl are repressed
[8). The amount of PC, therefore, can be utilized as an
iniernal reference to detect changes in the proportion
of the other phospholipids.

Treatment of yeast cells with phospholipase C specific for
Pr

The cell wall of yeast cells allowed the passage of
certain p. i.e., endogl and exc
are among the many proteins that are found in the
culture media of growing yeast. A general overview on
the properties of the yeast cell wall is that it shows
higher permeability for macromolecules than bacterial
walls [9]. Then it was decided to test the activity of
phospholipase C specific for PI upon intact yeast cells.
It can be seen in Fig. 2 that a plateau level of hydroly-
sis (around 10-20%) was attained in 20-30 min and
remained without change for up to one hour. An
aliquot of the same suspension incubated without
phosphollpase C serves as the control. In yuast broken
by PI y hes a maximum value
of 68%. The same degree of hydrolysis was found in
yeast-lipid extracts. Therefore, the accessible Pl in the
intact cells can be taken as external. PS, PE and pC
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Fig. 2. Treatment of yeast cells with phosphohpase C specific for PL
Percent retention of ipids was by ing the
[**PIP.labelled phospholipids. Conditions: pH 7.0, 36°C, 20 mM
Tris-borate buffer, 2.0 Ul of enzyme/ml, 10 mg dry wt. of cells/ml.
(®) P normal cells; (@) PI, Plrich cells: (a) PI, PS-rich cells;
(o ) P, broken cells by sonication; and (& a) PC,
PS and PE, intact and broken cells by sonication, The cells were
sonicated at zero time of incubation.

can be considered valid, since, the cells were not signif-
icantly penetrated by TNBS and the phospholipase C
was highly specific for PI [4].

The results indicate that PC should be more abun-
dant in the membrane outer leaflet to compensate the
asymmetric distribution of PS, PI and PE (more in the
inner leaflet). Other attempts with a phospholipase C
(EC 3.1.4.3) specific for PC, suggest that this seems to
be the case. The early phase of enzyme treatment
showed a large hydrolysis of PC as compared to PE,
but it was not possible to know the real concentration
of PC because with time a large degradation of phos-
pholipids occurred and an increase of the permeability
of small molecules was presented (data not shown),

TABLE 11

Levels of phospholipid hydrolysis with purified phospholipase C (PI-
specific) from Bacillus cereus

Results are expressed as percent of phospholipid hydrolyzed in yeast
cells. b itions as in Fig. 2. ion time 45 min to
ensure optimal Pl hydrolysis of the outer membrane leaflet. The
results are an average of at least three separate experlments by
duplicate. The data of other phospholipids are shown as control of

were found not to be hydroiyzed by the phospholi

in both intact and broken cells. It can be seen (Table
11) that the accessibility of PI to the phospholipase was
higher in the anionic phospholipids-rich cells when
compared to normal cells. The distribution of phospho-
lipids over the outer leaflet of biomembranes can, in
principle, be deduced from their availability to the
action of agents as TNBS and phospholipases on intact
cells. The results indicate that there is an asymmetric
distribution of PS, PE and PI with less of one fifth
present in the outer membrane leaflet. The conditions

the specificity of the enzyme. Control incubations omitting phospho-
lipase were carried out to show the absence of endogenous phospho-
lipase activity under the conditions tested. There was no hydrolysis
of PS and PE.

Phospholipid Cells

normal PS-rich Pl-rich
PI 914105 190+1.3 15.88+0.73
PC 14 2015 2602 20 +02
Ps 00 00 0.0
PE 0.0 00 0.0




TABLE 111
Phospholipid asymmetry of the yeast plasma membrane

(a) Measured with phospholipase C specific for Pl, purified from B.
cereus. (b) Measured by labelling with TNBS. Results were obtained
with radioactivity labelled yeasi cells. Values were call
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could be responsible for the increased trans location of
anionic phospholipids to the outer leaflet. Work is

being cond d to further sut this possibility.
The results showed that there is a direct correlation
d from t the i of anionic phospholipids in the

data of Tables 1 and 11 taking 63% of the total phospholipid as
belonging to the plasma membrane.

Phospholipid/Cells % of individual phospholipids

outer leaflet inner leaflet

Phosphatidylinositiol (a)

Normal 145 85.5

PS-rich 30.15 69.85

Pl-rich 252 7438
Phosphatidylserine (b)

Normal 103 89.7

PS-rich 8.7 913

Plrich 190 81.0
Phosphatidylethanolamine (b)

Normat 146 853

PS-rich 238 76.2

Pl-rich 206 793

and indicated important alterations on the structural
organization of the membrane.

outer membrane leaflet and the increase in the nega-
tive surface potential. The 9-AA binding (nmol/g dry
wt. of cells) was 27.1 + 1.3 (normal cells), 56.2 + 2.7
(PS-rich cells) and 64.1 + 3.9 (PI-rich cells).

In order to further substantiate the correlation be-
tween surface p 1 and phospholipid ition,
the surface potenual was measured subsequent to the
hydrolysis of PI with phospholipasase C. The 9-AA
binding decreased from 27.1 + 1.3 nmol/g dry wt of
cells to 18.7 + 1.7 after exposure to phospholipase C
specific for PI. Also the surface potential increased the
9-AA binding to 38.0 + 2.6 nmol/g dry wt. of normal
cells after derivatization of the external aminophospho-
lipids with TNBS.

The previous finding showing that the membrane
surface potential of the Pl-rich cells decreases when
the Pl-content was reduced [2], argues also in favor of
a concentration gradient of phospholipids across the
membrane. It has been found that the composmonal

To our knowledge, the topology of phospholipids in
yeast cells has not been reported. More adequate per-
cent values can be obtained taking into account that
not all the phospholipids are in the plasma membrane.
An average value of 63% (55-71%) of the total phos-
pholipids, as belonging to the plasima membrane, was
obtained from preliminary studies (data not shown).
These values are in agreement with data from the
literature [10-14}. Since no significant difference has
been found between total cellular phospholipid compo-
sition and the composition of the plasma membrane
[8,10), the outside-inside distribution of PI, PS and PE
were calculated taking a value of 63% of the total
phospholipids as plasma membrane lipids (Table III).
From the amount of PI and PS present in each cell
type and their accessibility, around 2-times more PI
than PS was found present in the outer membrane
leaflet of the three types of cells studied. The unequal
distribution of PI, PS and PE can be viewed as a kind
of phospholipid dient across the
membrane. However, this gradient alone can not ex-
plain the higher accessibility of PS to TNBS observed
in the Pl-rich cells (2-times), when compared to normal
cells (Table I), since the concentration of PS was
similar in both cell types (10% and 8.9%, respectively).

ration

ry of PE in b of Bacillus meg
is mdependem of metabolic energy [31. However, the
of lipid 1y in red bkmd cells
requires an ATP-d d lipid
translocase [15] that specnflcally transpnns PS and PE
from the outer to the inner leaflet.

The decrease in surface potential of the Pl-rich cells
mentioned above takes place when the cells were
maintained for 20-24 h in the absence of carbon and
nitrogen sources and in the presence of cyclohexlmxde.
Thereft it is possible that the ic -
tion in yeast may not depend directly upon metabolic
energy. Otherwise with time, an equal distribution of
anionic phospholipids will take place and the surface
potential should increase because the higher concen-
tration of anionic phospholipids in the inner mem-
brane leaflet,
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Also, there was a higher ibility of PI to phospt
lipase C in the PS-rich cells (2-times), when compared
to normal cells (Table II), in spite that the PI concen-
tration was similar in both cell types (12.6 and 13%,
ly). An d increment of surface
charge at the inner membrane leaflet, during phospho-
lipid biosynthesis in the anionic phospholipids-rich cells
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