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Summary. - Glucocorticoids induce the synthesis of a
family of phospholipase inhibitory proteins, lipocor-
iins.  This family of lipocortins includes inhibitory
proteins on phospholipase A,, phospholipase C and
phosphatidylinositol ~ phospholipase C, enzymes that
degrade membrane phospholipids to release arachidonic
acid, a precursor of leukotrienes and prostaglandins.
Hence, glucocorticoids can reduce the formation of
arachidonate metabolites, inflammatory compounds by
inhibiting cellular phospholipases. Induction of the
synthesis of lipocortin by glucocorticoids requires 1 h
for mRNA and 5 h for protein in various tissues and
cells. However, glucocorticoids often exert their suppres-
sive effect on arachidonic acid release before induction of
the synthesis of lipocortin  takes place. This is
attributable to the nonenzymic formation of the adduct
between glucocorticoids and lipocortin. This adduct is
easily inserted into the membranes and more resistant to
digestion by proteases, thus becoming more biologi-
cally potent with respect to suppressive effect on re-
lease of arachidonic acid.

Riassunto (Meccanismo molecolare della regolazione
del metabolismo fosfolipidico nclle membrane). - [/
glicorticoidi inducono la sintesi di lipocortine che é una
Sfamiglia di proteine che inibiscono la fosfolipasi. Que-
sta famiglia di lipocortine include proteine inibitrici
sulla fosfolipasi A,, fosfolipasi C e fosfolipasi C del
fosfatidilinositolo, enzimi che degradano i fosfolipidi di
membrana e quindi rilasciano l'acido arachidonico, un
precursore di leucotrient e prostaglandine. I glucocor-
ticoldi, quindi, possono ridurre la formazione di meta-
boliti dell’arachidonato e composti infiammatori attra-
verso Uinibizione della fosfolipasi cellulare. L'induzione
della sintesi di lipocortine da parte di glicocorticoidi in
svariati tessuti e cellule richiede un'ora per I'RNA e 5
ore per le proteine. Comungue, | glucocorticoidi spesso
esercitano il loro effetto soppressivo sul rilascio dell'a-
cido arachidonico prima che avvenga linduzione della
sintesi di lipocortina, Questo é auribuibile alla forma-
zione non enzimatica dell’addotto tra glucocorticoidi o
lipocortine. Questo addotto ¢ fucilmente inserito nelle
membrane e pii resistente alla digestione da parte di

proteasi, percio pii potente biologicamente riguardo
all'effetto soppressorio sul rilascio dell’acido arachido-
nico.

Introduction

Glucocorticoids are clinically used as therapeutic
agents effective for many inflammatory and immu-
nological diseases [1]. Although these steroids can affect
a variety of metabolisms at many levels [1, 2], it has
been proposed that the anti-inflammatory action of
glucocorticoids is attributable to reduction in the for-
mation of prostaglandins, leukotrienes and other inflam-
matory compounds derived from arachidonic acid [3].
Glucocorticoids, however, cannot suppress the
formation of those inflammatory compounds, when
arachidonic acid is given to intact cells. Furthermore,
actinomycin D and cycloheximide, inhibitors of mRNA
and protein synthesis, respectively, can block the action
of glucocorticoids on the formation of prostaglandins
and thus, diminish the anti-inflammatory action of
glucocorticoids. Hence, it has been proposed that gluco-
corticoids block the release of arachidonic acid by in-
ducing the synthesis of proteins that inhibit cellular
phospholipases [4]. Such proteins were partially purified
and characterized by several laboratories and termed
"lipocortins” [5, 7]. In this communication, we would
like to describe the mechanism of regulation of cellular
phospholipid metabolism by lipocortins.

Properties of lipocortins

Lipocortins arc a family of phospholipase inhibitory
proteins whose synthesis is induced in a variety ol tis-
sues and cells by glucocorticoids [5, 6]. Recently, two
different cDNA clones which encode human lipocorting
have been isolated and their predicted amino acid se-
quences have been reported [8, 9], Their molecular
weights calculated from the amino acid compositions are
36,000 and 37,000, respectively. They are composed of
4 repeats which have 41% homology on average. Each
repeat has the 17 amino acid consensus sequence, which



are common to 4 related proteins, p36, pll, calectrin and
endonexin [10]. In addition, the amino acids 78 to 236
of lipocortin have a strong homology with the amino
acids 22 to 171 of c-K-ras 2a, a mammalian ras-onc
gene product, which is thought to interact with phos-
phatidylinositol phospholipase C in a G protein like
fashion [11]. However, isolated lipocortin is more spe-
cific for phospholipase A, rather than for phosphatidyl-
inositol phospholipase C [12]. Nevertheless, the C-MT
peptide whose sequence is homologous to the N-ter-
minal amino acids of the consensus amino acid
sequence, is an inhibitor against phosphatidylinositol
phospholipase C [13]. Recently, we highly purified a
phosphatidylcholine phospholipase inhibitory protein
from human peripheral lymphocytes. This protein has
an apparent molecular weight of 38,000. Some of
monoclonal antibodies raised against a phospholipase A;
inhibitory protein crossreact with this phospholipase C
inhibitory protein, suggesting that they have structural
resemblance. In addition o these inhibitory protein, we
found an inhibitory protein specific for phospha-
tidylinositol phospholipase C. How specificity of these
inhibitory proteins for phospholipases is determined
should wait for further investigation. Since inhibitory
proteins on other classes of phospholipases have been
reported in bacteria and other sources, we proposed the
names of members in a family of lipocortin, phos-
pholipase inhibitory protein, as shown in Table 1. In
this chapter, I focus mainly on the action of beta-lipo-
cortin.

Table 1. - Various phospholipase inhibitory proteins in
cells [30]

Phospholipases Lipocortins

Molecular weight

Ay alpha 28,000 *
Ay beta 38,000 + 2,000 **
11,000 £ 2,000 *
& gamma 36,000 + 2,000 **
14,000 + 2,000 *
D della _
Phosphatidylinositol epsilon 30,000 + 2,000 *

Phospholipase C

¥ Bacterial ongins
**  Mammalian origins

Induction of lipocortin synthesis by glucocorticoids

When rabbit peritonial neutrophils were treated with
flucinolone acetonide, a potent synthetic glucocorti-
coids, the release of arachidonic acid clecited with
fMctLeuPhe, a synthetic chemoattractant, was suppres-

sed in time and dose dependent manners [14]. The sup-
pression of arachidonate release was first observed in4 h
and gradually increased o attain the maximal 10 h after
the treatment was initiated (Table 2). The level of
mRNA for lipocorting was quantificd by incorporation
of ¥S-methionine into the immunoprecipitates by the
anti-lipocortin - antibody after poly A*-mRNA was
translated by the rabbit reticulocyte lysates. The major
protein in the immunoprecipitates had an apparent
molecular weight of 37,000 on sodium dodecyl sulflate
polyacrylamide gel electrophoresis (SDS-PAGE). The
increase of mRNA for lipocortin preceded the increase in
lipocortin. Furthermore, this increase in mRNA levels
could not be blocked by 5 pg/ml cycloheximide, suggest-
ing that glucocorticoids dircctly enhance the synthesis of
lipocortin through the mechanism called "genomic
effects” [2]. The degree of suppression of arachidonic
acid release did not necessarily parallel the cellular levels
of lipocortin as measured by the radioimmunoassay
[15]. This might be partly duc to the existence of
isoforms of lipocortin, and partly due to the post-trans-
lational modification of lipocortin. It is highly possible
that there are some isoforms of beta-lipocortin, since
isoforms of phospholipase A, have been reported [16],
and lipocortin makes a complex with each isolorm of
phospholipase A,.

Post-translational modification of lipocorting
Lipocortin was first discovered in the culture media in

which macrophages, ncutrophils and kidney interstitial
cells were cultured together with glucocorticoids [5-7].

-As being often the case with other secretory proteins, il

was characterized as glycoproteins. However, this family
of proteins has been shown 1o be identical with p35 and
p36 in placenta, proteins which serve as substraic
proteins for epidermal growth factor (EGF) receptor and
retrovirus tyrosine protein kinases [9]. These substrate
proteins for tyrosine kinases have been demonstrated by
the immunological methods to be associated with cyto-
skeletal elements such as actins, and their cDNA clones
revealed that these proteing have no signal peptide sc-
quences. To determine the mechanism of how these

Table 2. - Induction of mRNA and lipocortins In
flucinolone acetonide [31]

Incubation time mRNA Lipocortins  fMetLeuPhe inducod

(h) (cpm/0.1 pg  (ng/mg protein) arachidonic
polyA+ acid release
mRNA) (cpm/10¢ cells)

0 594 + 50 18 +2 1954 + 10
1 822 + 62 16 + 2 1840 + 60
2 1082 + 84 15+2 1620 + 30
5 1416 + 91 2242 1450 + 87
10 1270 + 31 36 +£3 832 + 57

24 1030 + 20 38 +3 531 + 61




cytosolic proteins are secreted outside cells, rabbit peri-
toneal neutrophils were cultured with various radioactive
compounds, and then, lipocortin in the media was
immunoprecipitated (Table 3). As expected, 4C-glu-
cosamine was incorporated into the immunoprecipitates
by anti-lipocortin antibody, suggesting that lipocortin is
glycosylated. Furthermore, the immunoprecipitable pro-
tein(s) was found to be acylated with palmitic and myri-
stic acids. These fatty acids are reported to modify the
different sites of proteins; proteins acylated with palmit-
ic acid are often observed to be integrated into mem-
branes [17].

Surprisingly, lipocortins bound [3H]dexamethasone
and this radioactivity was not released by the extraction
with chloroform-methanol (2/1, v/v) or ethylether, Alka-
line and hydroxylamine treatments, which generally
cleave the acyl groups of proteins, had no effects.
Therefore, it is likely that lipocortin forms the adduct
with glucocorticoids. Since such adduct formation be-
tween lipocortin and dexamethasone could be detected in
vitro, this reaction appears to be nonenzymic as reported
in the case of lens crystalins [18]. In accordance with
this interpretation, the rate of the adduct formation was
dependent upon concentrations of dexamethasone or pu-
rified lipocortin or both. Preliminary experiments show-
ed that this adduct formation takes place even in intact
cells, especially AtT 20 cells, a mouse pituitary cell
line (Hirata, F. and Lupini, A., unpublished data). Lipo-
cortin in the adduct form was approximately 50 to 100
fold more biologically potent than lipocortin in the
nonadduct form with respect to suppression of the CRF-
induced ACTH release form AT 20 cells. This post-
translational modification of lipocortin may explain so
called "acute effect” and/or "membrane stabilizing effect”
of glucocorticoids.

Mechanism of inhibition of phospholipases by
lipocortins

The activity of lipocortin is generally assayed as its
inhibitory activity against phospholipases in vitro [15].
The maximal inhibition of porcine pancreatic phospho-
lipase A, is observed, when the stoichiometric amount

Table 3. - Post-translational modification of lipocortins
[31]

Cell
Medium Membranes Cytosols
(cpm/107 cells)
35§ -methionine 8,800 + 182 1,740 + 300 6,530 + 420
3H-palmitic acid 3,020 + 98 2,580 + 180 1,020 + 121
3H-mynstic acid 2,210 + 68 630 + 54 3,320 + 162
14C-glucosamine 1,760 + 72 630 + 20 450 + 32
3H-dexamethasone 1,760 + 48 1,120 + 39 280 + 28
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(on the molar basis) of lipocortin is given. Lipocortin
noncompetitively inhibits porcine pancreas phospho-
lipase A, with respect to Ca2+, an activator, and phospha-
tidylcholine, a substrate [12]. The Km of phospholipase
A, for phosphatidylcholine is not changed, whereas the
Ka of phospholipase A, for Ca?* increases in the
presence of lipocortin. Essentially similar results are
obtained, with the C-MT peptide, although the affinity
of this peptide for phospholipase A, is much lower,
compared with that of lipocortin [13]. Two moles of
Ca?+ are proposed to bind to phospholipase A,; one is at
a high affinity site (active site of phospholipase) and the
other at a low affinity site [19]. The low affinity site is
proposed to play a role in bridging phospholipid sub-
strates with the active site of phospholipase. The C-MT
peptide interferes the action of Ca2+ at the low affinity
site. The C-MT peptide is homologous to the consensus
sequence of the calcium binding proteins [13], and
lipocortin can bind Ca?* even in the absence of acidic
phospholipids [20]. From these observations, we con-
cluded that lipocortin inhibits phospholipase A, by
binding to the Ca?+ binding sites of phospholipase A,
and making a one-to-one stoichiometric complex with
phospholipase A,.

However, Davidson et al. reported that lipocortin and
its related proteins inhibit phospholipase A, by binding
phospholipid substrate rather than by making a complex
with phospholipase A, [21]. Only in the presence of
Ca?+, these proteins bind to phosphatidylserine and other
acidic phospholipids but not to phosphatidylcholine and
phosphatidylethanolamine, better substrates for phos-
pholipase A,. A concentration of Ca2+ for half maximal
binding of lipocortin to acidic phospholipids is around 5
to 10 puM, concentrations which are much beyond a
physiological concentration. For the assay, they used
bacterial phospholipids which contained phospha-
tidylserine in addition to phosphatidylethanolamine, a
major phospholipid substrate. Therefore, it is likely that
in the reaction mixture containing high concentrations
of Ca?+, lipocortin bound to phospholipid micelles
before it interacted with phospholipase A,. Alternative-
ly, it is still possible that p35 and p36, substrate pro-
teins for tyrosine kinases, are not identical to lipocortin
that we originally reported. This possibility is more
favored, since cDNA clones which we recently isolated
from libraries of human placenta and dexamethasone
treated U937 cells have distinct sequences from those
previously reported (Hirata, F. et al., unpublished data).

Mechanism on regulation of cellular phospholipid
metabolism by lipocortins

Stimulation of many, if not all, cells with hormones,
neurotransmitters and drugs causes release of arachidonic
acid cell membranes [3]. In the resting state, phospho-
lipases appear to be inactive, although these lipases arc
surrounded by phospholipid substrates. We hypothesized
that phospholipases make the complexes with inhi-
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bitory proteins in intact resung cells. To prove i, we
investigated the mechanism as to how lipocortin 1s
dissociated from phospholipases after stimulation of
receptors, and how phospholipases are allowed to be
maximal active. Phosphorylation of cellular protcing
has been postulated to be associated with signal trans-
duction through many receptors [22]. Lipocortins can be
phosphorylated in vitro by various kinases including
cyclic AMP dependent kinase, protein kinase C and
tyrosine protein kinase [12, 20, 23]. In either case,
phosphorylated lipocortin loses its capacity to inhibit
phospholipasec A, in vitro. Tyr?®® or Tyr22 and threo-
nine23 (serinc?) are now proposed to be the phospho-
rylation sites. Furthermore, the amounts of phosphoryl-
ated lipocortin in the mitogen-induced lymphocytes and
the fMetLeuPhe-stimulated neutrophils appeared 1o
correlate well with the rates of release of arachidonic acid
from these cells [13, 23]. These obscrvations suggest
that the phosphorylation of lipocortin by kinases as-
sociated with various receptors plays an important role
in arachidonic acid release.

Now, many receptors have also been shown to couple
to N(GTP binding) proteins [24, 25]. These proteins are
composed of heterotrimer peptides, alpha, beta and gam-
ma subunits. The alpha subunit of some species of N
proteins are now postulated to be responsible for acti-
vation of phosphatidynositol turnover [26]. Although
lipocortin shares the homologous amino acid sequence
with K-ras, a GTP binding protein [11], purified lipo-
cortin failed to bind GTP or its analogues. However,
anti-lipocortin antibody can immunoprecipitate GTP-
[gamma?3S], a nonhydrolyzable analogue of GTP, from
the fMetLeuPhe-stimulated plasma membranes of rabbit
neutrophils (Table 4). Lipocortin has been reported to be
copurified in highly purified preparations of transducin,
another type of GTP binding proteins in the retina [9].
Our preliminary results showed that transducin can
overcome the suppressive effect of lipocortin on porcine
pancreatic phospholipase A, when GTP and its ana-
logues are present (Hirata, F., Fraser, C. and Rodbell,
M., unpublished data). GDP and GMP had almost no
effect on the reversal action of transducin to anti-phos-

Table 4. - Interaction berween G proteins and lipocorting
(31]

Radioactivity
GTP[gamma 32 GTP[gamma 35§
Control Anti-lipocortin  Control Anti-lipocortin

(cpm) (cpm)

None 512+ 41 469 + 32 188 + 24 134 + 34

fMetLeuPhe 554 + 62
(0.1 pM)

1852+ 86 134426

pholipasc action of lipocortin. These results suggest
that the alpha subunit-GTP complex may strongly
interact with lipocortin. The mechanism and nature of
this interaction between N proteins and lipocortin
require further investigation. However, it is quite likely
that such interaction may activate phospholipases by
dissociating the phospholipase-lipocortin - complex.
Recently, ras-onc gene products (which can bind GTP)
have been reported to activate cellular phospholipase A,
when they are injected into intact fibroblasts [27]. Since
lipocortins are shown to be phosphorylated in prolifer-
ating cells [9, 20, 23], these observations suggest that
activation of cellular phospholipase A; either by phos-
phorylation at tyrosine and/or serine or threonine siles
of lipocortin or by interaction between the ras-onc gene
product-GTP complex and lipocortin may play a role in
the events taking place during transformation and/or
proliferation of cells. It is not yet ruled out that products
of ras-onc genes such as Ha-ras gene, may phospho-
rylate lipocortin with GTP as substrate, because this
protein has been shown to autophosphorylate threonint
site with GTP but not ATP [28].
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