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Ruminant erythrocytes are remarkable for their choline-phospho-
lipid anomalies; namely, low or absent phosphatidylcholine (PC)
along with high sphingomyelin levels. Here, we report another
anomaly in bovine erythrocytes that affects aminophospholipids:
phosphatidylethanolamine (PE) shows an extreme asymmetry,
with only 2% of the total present in the outer leaflet. Furthermore,
we found that phospholipase A, an enzyme located on the
external surface of the erythrocytes, shows higher activity against
PC than against PE. In addition, we observed that acylation of PE
is by far the most important biosynthetic event in this system. We
propose that deacylation of PE and PC by phospholipase A; to
generate lysocompounds, followed by selective reacylation of
lyso-PE in the inner leaflet, can account for the compositional and
architectural peculiarities of bovine erythrocyte membranes.

E rythrocyte membranes are important models for studying the
structure of natural lipid bilayers (1). In classical studies,
lipid asymmetry of the human erythrocyte membrane has been
demonstrated by using nonlytic phospholipase treatment, in
which phospholipid hydrolysis in the absence of hemolysis was
used as indication that only the outer leaflet is affected (1). Using
this approach, it was established that the inner leaflet of the
human erythrocyte membrane contains all of the phosphatidyl-
serine (PS) and a large fraction of the phosphatidylethanolamine
(PE). However, a substantial fraction (20%) of the latter is found
in the outer leaflet, which is mainly built of the choline phos-
pholipids sphingomyelin (SM) and phosphatidylcholine (PC) (1,
2). This asymmetric composition was also demonstrated by using
the nonpermeating labeling reagent trinitrobenzene sulfonic
acid (TNBS), which reacts with amino groups and thus labels
externally available PE and PS (3, 4). PS and a large fraction of
PE are only labeled after disruption of human erythrocytes,
which is consistent with the asymmetry of the aminophospho-
lipids that confines them to the inner leaflet. The differential
composition between the inner and outer leaflets in human
erythrocytes appears to result from balance between various
enzymatic activities, including aminophospholipid translocase
(5, 6), which catalyzes the inward movement of aminophospho-
lipids; a phospholipid scramblase, which tends to enhance the
movement of all phospholipids in both directions (7-9); and
possibly a floppase, which was proposed to counteract the
activity of aminophospholipid translocase (10, 11).

In mammals, PC is generally the most abundant erythrocyte
membrane phospholipid (1, 12, 13). However, there is a striking
deviation in ruminants. Their erythrocyte membranes are par-
ticularly deficient in PC, which can be completely absent in some
ruminant species. Instead, they contain high levels of SM (13).
A second unique aspect of ruminant erythrocyte membranes is
the presence of N-acylated aminophospholipids, including N-
acyl-PE (NAPE) (14). In contrast, bovine bone marrow cells,
from which erythrocytes are derived, display a typical mamma-
lian lipid composition with relatively high PC levels (13).

The mechanism by which the ruminant erythrocyte membrane
attains its unique composition is unknown. It has been suggested
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that endogenous phospholipase A, (Plase A) and lysophospho-
lipase activities, acting on PC and lysophosphatidylcholine
(LPC), are responsible for the reduction in PC levels (15).
However, this previous study was carried out by using ghosts with
detergent-disrupted membrane integrity, raising questions re-
garding its relevance and the relative activities toward different
phospholipids in intact erythrocytes. Surprisingly no direct in-
formation is available regarding the lipid asymmetry in bovine
erythrocytes and its generation and maintenance in the face of
a quite different plasma lipid composition. We have undertaken
this study to define these aspects of the biology of ruminant
erythrocytes.

Materials and Methods

Materials. Bee venom Plase A, (1225 units/mg), TNBS, TLC
plates, neutral lipid standards, fatty acid-free BSA, palmitic
anhydride, dimethylaminopyridine, amylene-stabilized chloro-
form, and trypsin were purchased from Sigma. ['*I] 3-(p-
hydroxyphenyl)propionic acid N-hydroxysuccinimide ester
[4,400 Ci/mmol (1 Ci = 37 GBq); '*I-labeled Bolton—Hunter
reagent ('>°I-labeled B-H reagent)], 1-palmitoyl-2-[1-'“CJarachi-
donoyl-PE (40-60 wCi/umol), [1-14C]stearic acid (40-60 uCi/
pmol), [1-1#C]linoleic acid (18:2, n-6) (40-60 pCi/wmol) were
purchased from Amersham Pharmacia and [1-'*CJoctanoic acid
(40-60 pCi/umol) was obtained from New England Nuclear.
Aminocaproyl-(N-4-nitrobenzo-2-oxa-1,3-diazole) (Ce-NBD)-
PC, Cs-NBD-PE, Cs-NBD-PS, N-palmitoyl-PE, dioleoyl-PC, and
other phospholipids were purchased from Avanti Polar Lipids.
Solvents were purchased from Fisher Scientific.

Preparation of Erythrocyte Suspensions. Erythrocyte suspensions
were prepared from freshly drawn blood samples from five
different cows (Bos taurus, 10—12 years of age) and three healthy
human donors (42-48 years of age). Erythrocytes were washed
four times in 20 mM Tris'HCI/150 mM NaCl/5.5 mM glucose/1
mM CaCl,/0.1 mM MgCl,, pH 7.4 (TBS-GCM buffer), discard-
ing the buffy coat and the top 2-mm layer in each wash, to
minimize leukocyte contamination. They were then resuspended
in the same buffer at the indicated concentrations.

Lipid Extraction. Lipids were extracted according to Rose and
Oaklander (16) unless otherwise indicated.
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Treatment with Plase A,. Human and bovine erythrocyte suspen-
sions (5% vol/vol) were incubated at 37°C with stirring for the
indicated time periods with different concentrations of bee
venom Plase A,. Hemolytic effects were assessed by the amount
of hemoglobin in the supernatants, after centrifugation of the
suspensions, measured spectrophotometrically at 570 nm. Non-
lytic conditions, assessed by a release of hemoglobin of <2%,
were obtained by using 10 units/ml Plase A,. Total hemolysis of
human erythrocytes was observed with 100 units/ml of the
enzyme. The reactions were terminated by addition of
Na,EDTA (10 mM final conc.) and the lipids were extracted.
Lipid extracts were separated by one-dimensional TLC on
aluminum-backed Silica gel plates as described (17), to monitor
progress of hydrolysis and by two-dimensional TLC for isolation
of each lipid class (18). The areas of the plates with the lipids of
interest were cut and the lipids eluted with three portions of 2
ml of methanol. The eluates were dried under reduced pressure
and the phospholipids were quantitated in triplicate by phos-
phorus measurements according to Ames (19).

Labeling of Aminophospholipids. Labeling and quantitation of
outer leaflet aminophospholipids in intact erythrocytes and of
total aminophospholids available in erythrocytic lipids using
TNBS was carried out according to Gordesky et al. (3, 4). The
conditions for aminophospholipid labeling with '>’I-labeled B-H
reagent were essentially as described (20). This reagent has been
used before for determination of sidedness of membrane pro-
teins (21). Briefly, intact erythrocytes (30% vol/vol) washed in
20 mM sodium bicarbonate/5.5 mM glucose/0.15 M NaCl, pH
8.1, were exposed to 100 pCi of 1?I-labeled B-H reagent for
10-30's. Total lipid extracts obtained from an equivalent amount
of erythrocytes were labeled for 1 min under the same condi-
tions. The reactions were terminated by quenching with 0.2 M
TrissHCl, pH 8.1. After an additional 5 min, the lipids were
extracted and analyzed on Silica gel G plates with chloroform/
methanol/acetic acid (70:30:3, vol/vol). Lipid spots were located
by autoradiography and quantitated in a Beckman gamma
spectrometer.

Aminophospholipid Translocase Assay. This activity was measured
in washed intact human and bovine erythrocytes according to
Connor and Schroit (22) by using Cs-NBD-PS and C¢-NBD-PE.
The method of Calvez et al. (23) was also used with similar
results.

Preparation of Labeled Phospholipids. The radioactively labeled
analog of PE, 1-palmitoyl-2-[1-'4C]arachidonyl-PE, was acylated
with palmitic anhydride in the presence of dimethylaminopyri-
dine by using the conditions described by Gupta et al. (24), except
that instead of dry methylene chloride, we used amylene-
stabilized chloroform. The acylated forms were purified by TLC,
using commercial N-palmitoyl-PE as standard. The final com-
pound gave a single spot with a characteristic pattern and
comigrated with commercial N-palmitoyl-dioleoyl-PE. Fluores-
cent N-palmitoyl-[1-palmitoyl-2-(12-N-NBD-aminodode-
canoyl)-PE (Cs-NBD-NAPE) was obtained by using the same
acylating conditions.

Plase A; Assay in Intact Erythrocytes. The method will be discussed
in detail elsewhere (J.F.-C., M.W., J. Caramelo, M.F.-C., J. M.
Delfino, and G.H.P., manuscript in preparation). Briefly, the
fluorescent substrates C4-NBD-PC, C4-NBD-PE, and Cs-NBD-
NAPE were added from 0.6 mM solutions in TBS to a final conc.
of 30 uM to 30% (vol/vol) erythrocyte suspensions prepared in
TBS-GCM buffer with the addition of 0.1% wt/vol BSA. In the
indicated experiments, this buffer was supplemented with 20
mM Na,EDTA as a Plase A, inhibitor (15), before addition of
the substrate. The suspensions were then incubated at 37°C with

Florin-Christensen et al.

stirring for up to 2 h. Aliquots of 400 ul were removed and the
reactions were terminated by addition of 50 ul of 90 mM
Na,EDTA/0.9 M ammonium hydroxide followed by immediate
lipid extraction with 1 ml of chloroform/methanol (1:1, vol/vol).
After vigorous Vortex mixing and centrifugation, lower and
upper phases were separated, evaporated under reduced pres-
sure, and dissolved in 0.1% Triton X-100. With this solvent
system, fluorescent fatty acids and lysocompounds partition
quantitatively in the upper phase, whereas the nonhydrolyzed
fluorescent phospholipid is recovered in the lower phase. Flu-
orescence in the upper phase was measured spectrofluorometri-
cally (Aexc460 — Aemm534) for determination of the amount of
product formed. Addition of fluorescent phospholipids as well as
stirring did not result in measurable hemolysis under the con-
ditions used.

Loading of Erythrocytes with NBD-PC. Inhibition by EDTA allows
loading of the erythrocytes with Cs-NBD-PC. In this experiment,
the fluorescent phospholipid (30 uM final conc.) was mixed with
the erythrocytes (30% vol/vol final conc.) by vigorous Vortex
mixing in TBS-CGM/1% BSA/20 mM EDTA, for 30 s. The
mixture was then centrifuged (830 X g, 3 min), the lipids of an
aliquot of the erythrocytes extracted, and the NBD lipid present
fluorometrically determined. Aliquots of the NBD-PC-loaded
erythrocytes were then resuspended in either TBS/1% BSA/2
mM CaCl, or TBS/1% BSA/20 mM EDTA. Hemolysis and lipid
hydrolysis were determined in these suspensions as described
above.

Treatment of Erythrocytes with Trypsin. To determine the sidedness
of the Plase A,, the erythrocyte suspensions in TBS-GCM were
previously treated for 12 h at 37°C with 1 mg/ml trypsin. These
cells and the controls without trypsin were washed four times
with TBS before final resuspension in TBS-GCM buffer and
assayed for Plase A, as described above for intact erythrocytes.
Trypsin treatment had negligible effects (<0.5%) on erythrocyte
suspensions.

Treatment of PE and NAPE with Bovine Erythrocyte Ghost Plase A,.
Ghost suspensions were prepared by lysis of erythrocytes in 20
mM TrissHCI, pH 7.4, followed by centrifugation at 30,000 X g
for 20 min at 4°C. The preparations were washed twice in TBS/1
mM CaCl,/0.1 mM MgCl, and resuspended in the same buffer.
The phospholipids (5 nmol) evaporated from chloroform solu-
tions were resuspended in the same buffer and 0.1 ml was added
to 0.7 ml of ghost suspensions (1.7 mg of protein per ml).
Incubations were extended for 12 h at 37°C, at the end of which
100 ul of 90 mM Na,EDTA were added and the lipids were
extracted according to Bligh and Dyer (25). Lipids in the lower
phase were dried under nitrogen and separated by TLC using
chloroform/methanol/acetic acid (60:30:1, vol/vol) as solvent
mixture. Radioactivity was detected by autoradiography.

Incorporation of Radiolabeled Fatty Acids to Erythrocyte Phospho-
lipids. Control bovine or trypsin-treated erythrocytes prepared as
described above were used. After four washes with TBS, the cells
were resuspended in TBS-GCM/0.1% (wt/vol) BSA buffer at a
30% (vol/vol) conc. This suspension was incubated with
[1-14C]stearic acid or [1-"*C]linoleic acid (5 wCi/ml) for 24 h at
37°C in screw-cap glass vials. The fatty acids were previously
evaporated in the vials from the toluene stock solutions under
nitrogen followed by exposure to high vacuum. The incubations
were terminated by addition of 1 vol of methanol and 1 vol of
chloroform to 0.9 vol of erythrocyte suspension. After vigorous
mixing and centrifugation, the lipids in the lower phase were
dried and separated by TLC as described for Plase A, treatment
experiments.
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Fig. 1. Bee venom Plase A, hemolyzes human but not bovine erythrocytes.
Human and bovine erythrocyte suspensions were treated with Plase A; (100
units/ml) and hemolysis was spectrophotometrically determined as described
in Materials and Methods.

Distribution of Lysophosphatidylethanolamine (LPE) and LPC Between
Serum and Erythrocytes. To investigate how lysophospholipids
partition between serum and erythrocytes, washed erythrocytes
were resuspended in an equal volume of serum obtained from
the same animal. Radiolabeled LPC and LPE were prepared
starting from PC and PE purified from metabolically labeled
Trypanosoma cruzi cultures incubated with [1-1*C]stearic acid in
the conditions described before (26, 27). For lysocompound
preparations, bee venom Plase A; (50 units/ml) in TBS 2 mM
CaCl; 30 mM sodium borate, pH 8.1, was used. The incubations
were extended for 10 h and the lipids were then purified by TLC.
The lysophospholipids were resuspended in TBS and added to
the 30% erythrocyte (vol/vol)/serum suspensions at a conc. of
105 cpm/ml (=10 pg/ml). After a 2-h incubation period with
stirring at 37°C, the suspensions were centrifuged. The super-
natant was separated and the erythrocytes were washed twice
with TBS. Lipids were extracted according to Bligh and Dyer
(25) from both supernatant and cells, and radioactivity in the
extracts was determined by liquid scintillation.

Statistical Analysis. Numerical data were analyzed by comparison
of mean values using Student’s ¢ test.

Results and Discussion

The remarkable composition of the bovine erythrocyte mem-
brane, characterized by low levels of PC, high levels of SM, and
a unique erythrocyte phospholipid, NAPE (13, 14), poses inter-
esting questions regarding its generation and biological signifi-
cance (13).

We first addressed these questions examining the action of bee
venom Plase A, on bovine erythrocytes. This enzyme is espe-
cially suited for the examination of glycerophospholipid distri-
bution in intact erythrocytes because, in contrast to other Plases
A,, it is able to hydrolyze both PC and PE in situ without
hemolysis in human erythrocytes (28). Bee venom Plase A, has
not been used previously to analyze the phospholipid distribu-
tion in bovine erythrocytes. Our results showed that the enzyme
is able to hydrolyze phospholipids without hemolysis in human
as well as in bovine erythrocytes at conc. up to 10 units/ml.
However, at higher concentrations (100 units/ml) the enzyme
rapidly lyses human but not bovine erythrocytes (Fig. 1). In
Table 1 we compare the effects of treatment with a nonlytic
concentration (10 units/ml) of bee venom Plase A, on human
and bovine erythrocytes. Remarkably, no LPC is formed in
bovine erythrocytes whereas PC is extensively hydrolyzed in
human erythrocytes. PE is also significantly attacked in the
latter. In contrast, the accumulation of LPE in the bovine system
is much lower. These results demonstrate a striking resistance of
bovine erythrocytes to hydrolysis by Plase A,. They suggest that
although PE is sparsely represented in the outer leaflet of bovine
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Table 1. Effect of bee venom Plase A; on human and
bovine erythrocytes

Human erythrocytes, % of
total phospholipids

Bovine erythrocytes, % of
total phospholipids

Phospholipid

class Control Treated Control Treated
LPC 1.0 = 0.1 18.7 £ 1.7%* 1.7 £ 0.2 1.6 = 0.2
SM 25.0 2.0 269+ 2.2 47.6 = 3.8 46.3 + 3.1
PC 29.6 2.6 12.2 = 1.2*%* 4.5 + 0.5 47 = 0.4
Pl + PS 14.6 = 1.7 127 £1.7 136 =15 145=*13
LPE 0.8 £ 0.1 4.7 = 0.6** 0.9 + 0.1 1.5 = 0.1**
PE 27.4+2.0 232+ 1.9* 299 +28 29.4+26
PA 1.6 = 0.1 1.4 = 0.1 1.7 £ 0.2 1.9 +0.2

Pl, phosphatidylinositol; PA, phosphatidic acid. Erythrocyte suspensions
were washed and treated with Plase A, (10 units/ml) and their lipids were
analyzed as described in Materials and Methods. Results are expressed as
percentages of total phospholipids (mean *+ SE, n = 3). Significant changes
between control (untreated) and Plase A,-treated cells are marked (¥, P< 0.01;
** P <0.001).

erythrocytes, PC is absent or present in too low amounts for
detection at this site.

A different approach for assessing phospholipid asymmetry is
the use of TNBS, a labeling reagent for amino groups that does
not permeate cell membranes. Thus, only aminophospholipids
exposed on the outer leaflet become covalently labeled in intact
cells. In contrast, TNBS treatment of total lipid extracts obtained
from an equivalent amount of erythrocytes reveals the total
amount of aminophospholipids present, as the lipid extracts do
not show the organization of native membranes. Fig. 2a com-
pares the results of treatment with TNBS of intact human and
bovine erythrocytes as well as their lipid extracts. Marked
contrast is evident. In human erythrocytes, 18.3 = 1.4% of PE
is labeled, whereas in bovine erythrocytes the percentage of PE
labeling is only 2.1 = 0.1%. Consistent results were obtained by
using radioiodinated B-H reagent for exposed aminophospho-
lipid detection (Fig. 2b), with PE labeling percentages of 19.2 =
22% and 2.3 = 0.2% for human and bovine erythrocytes,
respectively. These results indicate that although PE in the outer
leaflet constitutes 18—-19% of the total PE in human erythro-
cytes, the percentage of PE in the outer leaflet of bovine

intact erythrocyte
erythrocytes lipids
e eu
ar W | - TNBS-PE
a
® @& | -TnBs-Ps
hum bov hum bov
intact erythrocyte
erythrocytes lipids
b . . - BH-N-PE
- BH-N-PS
hum bov hum bov

Fig. 2. Differential exposure of aminophospholipids in human and bovine
erythrocytes. Intact human (hum) and bovine (bov) erythrocytes and their
corresponding lipid extracts were labeled with the nonpermeant reagents:
TNBS (a) and '?5I-labeled B-H reagent (b) as described in Materials and
Methods. TNBS-PE, TNBS-PS, BH-N-PE, and BH-N-PS: TNBS- and B-H-labeled
aminophospholipids PE and PS, respectively.
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erythrocytes is only around 2%. Neither intact human nor
bovine erythrocytes show labeling of PS, a lipid that is labeled
in lipid extracts from both types of cells, confirming that PS is
present only in the inner leaflet of the intact cells. It is important
to note that the mean volume of bovine erythrocytes is lower
than that of their human counterparts (29). Thus, more mem-
brane surface is exposed in the first than in the latter. This
emphasizes that the differences in reactivity toward the reagents
or the susceptibility to bee venom Plase A, are due to their
composition rather than to differences in surface exposure.

Our results indicate that PE is largely confined to the inner
leaflet of bovine erythrocytes. They differ in this respect from
their human counterparts where PE is a substantial component
of the outer leaflet. It should be noted that the outer leaflet of
bovine erythrocytes is mainly composed of SM. This lipid
amounts to 46—47% of the total phospholipid (20). Assuming
that all of the SM and 2% of the PE are present in the outer
leaflet, less than half of the total phospholipid would be ac-
counted for, as required by the notion that inner and outer
leaflet contain equimolar amounts of phospholipids. The dif-
ference may reflect a contribution of PC not hydrolizable by bee
venom Plase A,. It may also indicate that phospholipid from
inner and outer leaflets may not be, in fact, equimolar, which is
conceivable because the latter accommodates the bulk of the
glycolipids (30). The emerging model accounts well for earlier
observations (28, 31). Because our model relies not solely on
enzymatic action but also on chemical derivations, we conclude
that the scarce degradation of PE is due to low amounts of
exposed substrate and not only to peculiar requirements of the
enzyme used.

To explore the enzymatic mechanisms accounting for this
unique membrane organization, we investigated aminophospho-
lipid translocase and Plase A, activities in both human and
bovine erythrocytes. We found no significant differences in
translocase activity between human and bovine erythrocytes
(data not shown), a result that confirms previous observations by
Connor and Schroit (22). On the other hand, Plase A, activity
was found in bovine erythrocytes by using Cs-NBD-labeled
phospholipids (Fig. 3) but not in human erythrocytes (data not
shown). Importantly, degradation of Cc-NBD-PC increases lin-
early with erythrocyte concentration (Fig. 3a Inset). Our results
partially agree with previous ones (15) in which Plase A; activity
against PC was approximately three times higher than that
against PE. However, these prior studies were conducted by
using bovine erythrocyte ghosts and in the presence of detergent.
Our assay of Plase A, instead was conducted directly on intact
erythrocytes, without any detergent addition. It is based on the
use of relatively polar short-chain phospholipid analogs, known
to rapidly incorporate into cell membranes (32). Thus, we obtain
an accurate picture of actual activities as found on the outer
leaflet of the erythrocyte membrane. The data show a much
higher difference between the activities against PC than against
PE (Fig. 3a) than those observed previously using erythrocyte
ghosts (15). Thus, bovine erythrocyte Plase A, cannot only
account for the generation of the anomalous overall phospho-
lipid composition, in which Plase Aj-resistant SM is highly
enriched, but also contribute to explain the remarkable differ-
ence between the amounts of PC and PE in these membranes.

Two lines of evidence indicate that Plase A, is present facing
the extracellular space. First, overnight treatment of intact
bovine erythrocytes with trypsin, which has no hemolytic effects,
results in a virtually complete loss of Cs-NBD-PC hydrolytic
activity (Fig. 3b). Thus, Plase A, is accessible to the protease, a
nonpermeating molecule. Second, Plase A, activity in intact
bovine erythrocytes is fully inhibited by addition of 20 mM
EDTA, a polar molecule unlikely to permeate cell membranes
(Fig. 3b). Moreover, the inhibition by EDTA was exploited to
load the erythrocytes with Cs-NBD-PC. Thorough mixing of the
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Fig. 3. A trypsin- and EDTA-sensitive Plase A, from bovine erythrocytes has
higher activity against fluorescent PC than against PE and is inactive toward
NAPE. (a) Bovine erythrocyte suspensions were incubated with Ce-NBD ana-
logs of PC, PE, or NAPE and degradation of the substrates was assessed as
described in Materials and Methods. (Inset) Linear variation of assay results
with erythrocyte concentration. (b) Degradation of fluorescent PC by bovine
erythrocyte suspensions that received no treatment (control), were treated
with trypsin, or assayed in the presence of 20 mM EDTA.

lipid with the erythrocytes resulted in a rapid uptake. After 30 s
most of the Ce-NBD-PC (91 = 3%) is associated with the
erythrocyte pellet upon centrifugation. When these cells were
resuspended in buffer containing either 2 mM CaCl, or 20 mM
EDTA and incubated for 30 min at 37°C, the loaded phospho-
lipids underwent very different conversions. In the first case,
complete hydrolysis took place that was accompanied by mea-
surable hemolytic effects (5 £ 2%). In the EDTA-incubated
cells, on the other hand, most of the phospholipid remained
intact and hemolysis was almost absent (0.4 = 0.1%). Thus, the
C¢-NBD-PC partitioned into the erythrocyte membranes and
became susceptible to endogenous Plase A, activity in an
EDTA-inhibitable fashion. These are evidences emphasizing the
role played by Plase A..

Additional data reveal the action of bovine erythrocyte Plase
A,. Recently, using a novel method for distinguishing 1-acyl from
2-acyl LPC, we showed that the LPC found in bovine erythrocyte
extracts is predominantly of the type l-acyl, i.e., the type
generated by Plase A, (33). Furthermore, we found that no
changes in lipid composition occurred in erythrocytes incubated
in either heparinized plasma or in TBS-GCM buffer at 37°C for
up to 48 h (data not shown). These data suggest that bovine
erythrocyte Plase A, is normally almost inactive. However, when
the fluorescent phospholipids, which are poorer Plase A, sub-
strates than natural phospholipids (34), were added to intact
cells, the enzyme showed marked activity. Therefore, it appears
that, faced with a phospholipid composition perturbation such as
that produced by the incorporation of the fluorescent phospho-
lipids into the outer leaflet, Plase A, becomes activated. Such
activation may involve changes in the enzyme conformation
that enhance accessibility of the phospholipid substrate to the
active site (35). Bovine erythrocyte Plase A, thus appears to
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Fig. 4. Plase A, degrades 1-palmitoyl-2-[1-'4Clarachidonoyl-PE, but not its
N-palmitoylated derivative. Radiolabeled PE and its N-palmitoylated deriva-
tive (N-P-PE) were incubated for 12 h with bovine erythrocyte ghost prepa-
rations (Gh) (1.7 mg of protein per ml final conc.) or buffer (Bl, blank), and the
lipids were extracted, analyzed, and visualized as described in Materials and
Methods.

represent a newly identified mechanism maintaining membrane
homeostasis.

The presence of NAPE is a unique feature of ruminant
erythrocytes. We investigated the susceptibility of synthetic
radiolabeled N-palmitoylated-PE to hydrolysis by bovine eryth-
rocyte Plase A,. As shown in Fig. 4, the radiolabeled compound
is not hydrolyzed after 18 h of incubation with bovine erythro-
cyte ghosts, a condition under which the same amount of PE is
completely broken down. Erythrocyte ghosts were used in these
experiments because long-chain exogenous phospholipids, in
contrast to their relatively polar fluorescent counterparts, do not
readily react with intact erythrocytes. This is likely because of
their lack of diffusibility that does not allow significant parti-
tioning into the cell membranes, preventing the activation of
Plase Ao.

Consistent with the previous results, when fluorescent PE was
exposed to intact erythrocytes, it was slowly hydrolyzed, al-
though its N-palmitoylated derivative (Cs-NBD-NAPE) was not
hydrolyzed at all (Fig. 3a), not even on overnight incubations
(data not shown). These results indicate that acylation of the
amino group of PE blocks Plase A, activity, allowing the
accumulation of this peculiar erythrocyte lipid. This emphasizes
the influence of Plase A; susceptibility on the lipid repertoire of
bovine erythrocyte membranes. Because of its reduced polarity,
it can be expected that NAPE can undergo free migration
between the inner and outer leaflets and is likely to exist in
equilibrium between the two leaflets.

We examined the phospholipid turnover in bovine erythro-
cytes. Marked differences were found between the incorpora-
tions of stearate and linoleic acid into the phospholipids of
bovine erythrocytes. In the case of stearate, barely detectable
amounts of labeled phospholipids (0.9% PE and 1.1% LPC)
were found after a 24-h incubation period. By contrast, when
linoleate was used, 23.8% of the radioactivity was recovered in
PE, which was the major radiolabeled spot (Fig. 5), followed by
LPC (6.4%) and phosphatidylinositol (0.4%). This pattern of
phospholipid labeling is highly unusual because incorporation of
fatty acids into PC is generally predominant in mammalian cells
(17, 36). However, these observations in bovine erythrocytes are
consistent with their anomalous phospholipid composition.
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Fig. 5. Bovine erythrocytes preferentially incorporate unsaturated fatty
acids into PE. Erythrocytes were labeled for 24 h with either 5 Ci/ml stearic
acid (18:0) or linoleic acid (18:2, n-6). Control (cont) and trypsin-treated (tryp)
erythrocytes were prepared in TBS-GCM buffer and phospholipids were ex-
tracted and analyzed by TLC and autoradiography as described in Materials
and Methods.

Also, the difference between stearate and linoleate labeling
indicates that position sn-2, usually occupied by unsaturated fatty
acids like linoleate, is the one that turns over, whereas position
sn-1, the main destination of stearate, shows little, if any,
turnover. Finally, control and trypsin-treated cells show similar
labeling of PE, indicating that acylation is a process that takes
place in the inner leaflet of the erythrocyte membrane (Fig. 5).
Trypsin-treated cells appear to accumulate small amounts of PC.
This may reflect the absence of Plase A, allowing building up of
PC. We conclude that both specific deacylation by Plase A, as
well as selective acylation of PE and low acylation of PC appear

Q
(o

inner outer
o o [] [
o =] o o]
o ] o o]
o o ] =]
[} [ o [~
] ] [ ]
o o ] o]
[e] o o o]
o ] o [+]
[} o] o o
-] ] ] [«
] ] [] =]
o o ] o
] =] ] (o]
(=] (] o] 1 o
o o o o
=] ] [~ [+]
] ] ] o
o ] [ <]
o o o o
g [ ] <]
LPE e ° °
S LPE o 4 LPC| o Plasma
° 2 ° ° °
o ~ s A o o 37
Fig. 6. Diagram of the proposed events leading to the acquisition of the

bovine erythrocyte phospholipid composition and architecture. Our results
support the view that different processes operate on PE (a) and PC (b). PC is
degraded by Plase A; in the outer leaflet and LPC s lost to the plasma. PE is also
deacylated at the outer surface but the resulting LPE is translocated to the
inner leaflet via aminophospholipid translocase, where it is finally reacylated
to PE. This diagram explains how PC contents decrease while PE is maintained
and confined to the inner leaflet. 1, Plase A;; 2, aminophospholipid trans-
locase; 3, acyltransferase; and 4, diffusion and various protein-catalyzed
translocations.
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to act in concert to generate and maintain an atypical membrane
phospholipid composition and distribution in these cells.

We examined the partition of exogenous radiolabeled LPC
and LPE between serum and erythrocytes. The proportion of
radioactivity recovered from serum and erythrocytes were,
respectively, 4.2:1 for LPC and 2.3:1 for LPE. Both lipids
partition favorably in the serum but LPC to a higher extent,
which is consistent with the fact that LPC has a more polar
nature than LPE.

Based on the information gathered here, we suggest that Plase
As-generated lysocompounds have different fates according to
their polar heads: whereas LPC tends to be lost to the plasma,
LPE has a higher tendency to remain associated with the
erythrocyte membrane. At this site, it can undergo translocation
to the inner leaflet as a result of aminophospholipid translocase
activity. Once there, it can be acylated to PE. This can explain
how the PC concentration decreases to eventually reach suffi-
ciently low levels at which it is no longer hydrolyzed by Plase A,
whereas PE remains a stable component. Fig. 6 shows a sche-
matic diagram depicting the proposed enzymatic events that can
lead to the generation of bovine erythrocyte composition.

What is the biological significance of bovine erythrocyte lipid
anomalies? Results from our laboratory have revealed that
normal bovine serum contains antiphospholipid antibodies with
cytolytic activity on erythrocytes from nonruminant mammals.
These Abs are likely to arise in response to the entrance of
aminoethylphosphonolipids, the phosphono analogs of PE, syn-
thesized by rumen ciliates (37). Phosphonolipids are extremely
resistant to enzymatic hydrolysis, which results in their uptake as
intact molecules (38). Bovine antiphospholipid Abs, which cross-
react with PE and PC, are involved in the killing of ruminal and
free living ciliates (J.F.-C., C. E. Suarea, M.F.-C., W.C.B,,
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T.F.M., and G.H.P., manuscript in preparation). Thus, in this
group of mammals, the harboring of a ciliate fauna implies
exposure to phosphonolipids and, as a consequence, production
of antiphospholipid Abs. In light of these findings, the erythro-
cyte lipid composition appears as a coevolutionary adaptation
allowing ruminants to harbor abundant rumen ciliates and to
produce antiphospholipid Abs without hemolytic effects.

The results presented here are also relevant to the biology of
the babesial parasites, Babesia bigemina, Babesia bovis, and
Babesia divergens, that invade and replicate in mature bovine
erythrocytes (39). First, the low amounts of glycerophospholip-
ids on the surface of the erythrocytes make it unlikely that a
phospholipase A activity acting on erythrocyte phospholipids
can play a significant role in cell invasion. Second, in the case of
Babesia sp. parasites, rich in PC (20), antiphospholipid Abs
appear as a highly selective means to target parasites without
affecting the erythrocytes. Thus, a new avenue in the immuno-
prophylaxis of bovine babesiosis is open.

In conclusion, it is shown here that in addition to the marked
deviations in choline phospholipid composition, bovine eryth-
rocyte membranes have striking organizational features in which
SM is vastly predominant and PE has an extremely asymmetrical
distribution. Cell surface Plase A, as well as selective acylation
of PE, acting as membrane composition determinants, may
account for both the generation and maintenance of the unique
phospholipid composition and peculiar architecture of the eryth-
rocytes from this group of animals.
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