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The phospholipase Az inhibitor, lipocortin, shares common sequences with three abundant Ca2+-regulated 
membrane binding proteins of unknown function which are present in many cell and tissue types. A two- 
domain model for the structure of lipocortin is described and it is suggested that the new Caz+-regulated 
proteins each contain at least one lipocortin domain. The structural and biochemical properties of each pro- 
tein indicate that they all directly interact with phosphohpids. Potential sites of interaction with the lipocor- 
tin domain are identified on the basis of homology with phospholipid transfer proteins and phosphohpase 

AZ. 

Lipocortin Ca2+ binding Endonexin Calelectrin Phospholipase A2 Membrane binding 

1. INTRODUCTION 

Phospholipids play a central role in signal 
transduction [ 11. Inositol phospholipids are the 
source of two signals. First, inositol trisphosphate, 
which mobilizes intracellular Ca2+. Second, 
diacylglycerol, which activates C-kinase. The same 
lipids, together with phosphatidylcholine, are the 
source of prostaglandins and leurotrienes via 
released c&unsaturated fatty acids [2]. We have 
identified members of a new class of 
Ca2+-regulated membrane binding proteins, whose 
membrane targets appear to be lipids [3-61. Each 
protein binds to liposomes containing acidic 
phospholipids at moderate levels of Ca2+ 
(l- 10 FM) and aggregates liposomes or membrane 
vesicles at higher Ca2+ levels (> 200 PM) [4-61. 
Creutz et al. [7] discovered an analogous protein 
synexin and, independently, the lipid-binding pro- 
teins described here. In view of their similar 
biochemical and biophysical properties, we have 
coined the generic term ‘annexin’ for such proteins 
[8]. Recently, we published amino acid sequence 
data for four ‘annexins’; endonexin, calelectrin, 
protein II and ~36, which established the presence 

of a common amino acid sequence - the ‘endonex- 
in fold’ [6,9]. This feature was also found in the se- 
quence of a phospholipase A2 inhibitor, lipocortin, 
deduced from cDNA [lo]. Lipocortin is present in 
many cell types and blocks the production of 
arachidonate and the consequent prostaglan- 
din/leukotriene-mediated inflammatory response 
[lO,ll]. 

Lipocortin and p36 are strongly implicated in 
signal transduction. Lipocortin is phosphorylated 
by protein kinase C [12,13]. Lipocortin and p36 
are substrates for EGF receptor and pp60src pro- 
tein tyrosine kinases [ 13-151. Each protein binds 
CaZC and shares with protein kinase C the property 
of Ca’+- and lipid-dependent recruitment by mem- 
branes. The functions of the annexin group as a 
whole are not clear. It is therefore important to 
make a critical comparison of these molecules, to 
identify the extent to which they are really related 
in view of their potential role in transduction of the 
signals described. I report here a model for the do- 
main structure of lipocortin. I hope this will pro- 
vide a basis for comparison with the complete 
structures of the other proteins, when they become 
known. 
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2. MATERIALS AND METHODS 

Calelectrin, endonexin, p70 and p36 were 
purified as described [5,6] and sequences of both 
cyanogen bromide and trypsin fragments deter- 
mined using an Applied Biosystems model 470A 
sequencer. Circular dichroism spectra were ob- 
tained using Jouan dichrographs with proteins dis- 
solved either in Hepes or borate buffered solu- 
tions. Limited proteolysis of p70 was at 37°C for 
30 min using a 1: 500 (w/w) ratio of enzyme to 
substrate. Western blotting of limited proteolytic 
digests in SDS was performed as in [5]. 

Sequence homology searches were made using 
the algorithms of Wilbur and Lipman [16]. Sec- 
ondary structure analysis was made using a com- 
puter implementation of the algorithms of Chou 
and Fasman [17,18]. 

3. RESULTS AND DISCUSSION 

Specific antisera [4,5,19], peptide mapping and 
biophysical measurements [4,19] have established 
the independent identities of the proteins listed in 
table 1. There are, nevertheless, compelling 
similarities. The amino acid compositions, par- 
ticularly of the structurally important hydrophobic 
residues, are similar [4,20]. Each protein gives a 
far-ultraviolet circular dichroism spectrum show- 
ing a high content of a-helix. Although there are 
specific antisera for each of the mammalian pro- 
teins, two groups have found that polyclonal an- 
tisera raised against endonexin will recognise ~70, 
but not vice versa, suggesting that common, but 

not immunodominant epitopes exist in both pro- 
teins ([4], and Raeymaekers, L., University of 
Leuven, Belgium, personal communication). 

We previously reported that antiserum to 
calelectrin combines with ~70, p36 and endonexin 
on Western blots [4,5] and that this may reflect the 
presence of a common epitope in a conserved se- 
quence [6]. The partial sequences of endonexin, 
calelectrin and p36 show that there are multiple 
copies of this consensus sequence in each protein 
[6]. To look for the distribution of immunoreac- 
tive peptides, each protein was subjected to limited 
proteolysis by V-8 protease in 0.1% SDS. After 
electrophoresis, each digest was stained by an- 
ticalelectrin on immunoblots. Whereas essentially 
all calelectrin peptides were immunostained, only a 
small number of fragments of endonexin, p36 and 
p70 were recognised. The relative molecular 
masses of the cross-reacting fragments were 
distributed around one half and one quarter the in- 
itial molecular masses (fig-la). Under non- 
denaturing conditions, p70 was rapidly cleaved by 
both cu-chymotrypsin and V-8 protease to 33 kDa 
fragments and further to 15 and 10 kDa fragments 
by the former enzyme (fig.lb). 

Recently, the complete sequence of human 
lipocortin was deduced from cloned cDNA [lo]. 
Similarity matrix analysis of the sequence in- 
dicated four regions of internal homology. Align- 
ment of these regions, with only two insertions, 
shows lipocortin to be composed of four similar 70 
amino acid folding units (fig.2). Together, these 
account for most of the 345 amino acid sequence, 
the remainder being in the unique N-terminus and 

Table 1 

Biochemical characteristics of annexins 

Protein Kb (Ca”) 
(M) 

Composition (mol%) W-Helix (To) Ref. 

Met Tyr Phe Cys 

P70 67 000 1.2 x 1o-6 2.6 2.6 3.0 1.1 33 
Lipocortin 40000 _ 2.6 3.2 3.2 0.6 

(::) 
10 

~36 36000 1.0 x 1om4 2.3 4.3 3.5 - 42 21 
Endonexin 32500 2.5 x 10-j 2.1 3.2 3.6 1.4 36 19 
Calelectrin 34000 1.0 x 1om4 1.5 2.9 2.9 1.5 54 _ 

Ca2+ affinities are reproduced from the references cited. Helix content for lipocortin was 
derived from structure prediction using the Chou-Fasman method. Amino acid compositions 

were calculated from sequence (Iipocortin) or cited from [4,20] 
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Fig. 1. Limited proteolysis of annexins. (a) Immunoblots of annexins digested with Staphylococcus aureus V-8 protease 
in the presence of 0.1% SDS. Lanes: 1, non-annexin control (38 kDa protein present in adrenal membrane EGTA 
extracts [S]); 2, Torpedo calelectrin; 3, ~35 (not identified); 4, ~32.5 (endonexin); 5, p36 (src-gene kinase substrate); 
6, ~70. The blot was immunostained with anti-calelectrin as described [S]. (b) Digestion of p70 under non-denaturing 
conditions. Lanes: 1,2, a-chymotrypsin; 3;4, V-8 protease; 5, no protease. In addition, 1 and 3 contained 1 mM Ca’+, 

2 and 4, 1 mM EGTA. 

G R Y G 
PSSDVA-ALHKA QETGKPLDEI'LKKAL 
PAQFDADELRAA 
ADSDARALYEAG 1 
PAFF-AEKLHQA MYGISLCQAILDET 

LGTDEDAIINVLAY 

2 
AGTDEGSLIEILAS 
AGTSENVLIEILAS 
FGTDEDVILDLLTQ 1 3 

1 4 
Fig.2. Repeated folding units present in annexins. (1) Lipocortin; the amino-terminus (residues l-43) and the 
connection between units 2 and 3 (residues 184-199) are not shown. (2) Endonexin peptides. (3) Calelectrin peptides. 
(4) p36 peptides. The last p36 sequence is reproduced from [23]. Conserved sequences are shown in boxes and invariant 

residues on the top line. 

a loop between the C-terminus of unit 2 and the N- 
terminus of unit 3. At this stage, all partial se- 
quences determined for calelectrin, endonexin and 
~36, together with two independent partial se- 
quences published for the latter protein [22,23] 
were compared with lipocortin. Only those se- 

quences with significant homology (extending over 
7 residues or more) were selected. The alignment 
highlights two regions of close homology within 
each 70 amino acid unit (boxed in fig.2). The first 
is that previously identified - the endonexin fold 
[6,9]. This extends for 17 residues and contains a 
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strongly conserved subsequence GhGTDE, where 
h is usually a hydrophobic residue. The second 
glycine is invariant and an invariant arginine forms 
the C-terminal boundary of the consensus 
sequence. 

The second homologous region also occurs 
around an invariant glycine. The 11 amino acids 
around this glycine represent the closest approach 
to an E-F hand [9] in the molecules (with the reser- 
vation that only the lipocortin structure is com- 
plete). None of the sequences would be predicted 
to bind Cazc, since at the ‘-z’ position of a putative 
octahedral co-ordination complex, where an 
oxygen-containing side chain must occur for CaZt 
binding [24], there is a hydrophobic side chain. 
This is the first amino acid of a conserved, 
6-residue hydrophobic sequence. Sequences inter- 
connecting the two closely homologous regions 
described have lower, but significant homology. In 
particular, an invariant P-branched hydrophobic 
residue and tyrosine occur in the centre of each 
sequence. 

The N-terminus of lipocortin (residues l-32) 
and the connecting polypeptide chain between 
units 2 and 3 are predicted to be relatively unstruc- 
tured (not shown), and would be expected to be 
particularly susceptible to proteolysis. This ap- 
pears to be the case, since lipocortin is easily 
cleaved into fragments with relative molecular 
masses of 30 and 15 kDa [10,25]. A 15 kDa frag- 
ment (macrocortin) has the full biological activity 
of the parent protein [26]. p36 is also cleaved by 
proteases to give a blocked amino terminal frag- 
ment and a 33 kDa protein which retains most of 
the properties of the intact protein [22,23]. The 
present biochemical and structural evidence are all 
consistent with the idea that ~70, ~36, endonexin 
and lipocortin contain closely similar folding units, 
two of which, corresponding to a total molecular 
mass of 15 kDa, make up the membrane binding 
domains of each protein. 

Is there evidence to indicate which regions of the 
folding units described are responsible for Ca*+ 
and membrane binding? Our experiments with en- 
donexin suggest a minimal requirement for the 
lipid phosphoryl group for membrane binding [6]. 
The head group specificity appears to vary, and 
phosphatidic acid, phosphatidylinositol lipids and 
phosphatidylserine appear to be bound by dif- 
ferent annexins [6,23,27]. 
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It was considered that a binding site for lipid 
phosphorus might resemble that for (pyro)- 
phosphate present in dinucleotide-binding pro- 
teins. In these proteins, the phosphate makes a 
close contact with invariant glycine residues in the 
sequence XhXhGXGXX(G); X = any residue; h = 
a hydrophobic residue and the final G is optional 
[28,29]. In fact, precisely this pattern was 
discovered in the protein data base in the sequences 
of phospholipase A2 (PLAz) and a viper PLA2 in- 
hibitor [30]. In the X-ray structure of pig PLA2 
this sequence is present in a surface loop of the 
polypeptide chain. The carbonyl oxygens of the in- 
variant glycine residues act as two ligands of the 
bound Ca2+ upon which the activity of the enzyme 
depends [31]. The amino acids preceding and 
following the invariant glycines are in a-helical and 
extended chain conformation, respectively. The se- 
quence around the two conserved glycines of the 
endonexin fold (fig.2) differs slightly from that 
present in dinucleotide-binding proteins. It con- 
forms to the pattern XhXX(G)hGTXXX, where 
the second hydrophobic group in the dinucleotide 
protein pattern is replaced by a charged residue in 
all sequences of fig.2 except for the first unit of 
lipocortin and the p36 fragment. The second 
glycine residue is closest to the phosphate ester 
group in dinucleotide-binding proteins. In the se- 
quences in fig.2, the glycine at this position is in- 
variant. If this glycine were close to the phosphoryl 
group of bound lipid, the location of the conserved 
threonine could be significant. Lipocortin is 
known to be phosphorylated by kinase C and, on 
the basis of substrate specificity, this threonine 
residue was predicted to be the phosphate acceptor 

[lOI* 
PLA2, a viper PLAz inhibitor, and lipid transfer 

proteins also contain hydrophobic 6-residue se- 
quences. In PLA2, this sequence contributes side 
chains to the hydrophobic cavity surrounding the 
catalytic residues in the active site [3 11. In the 
phosphatidylcholine transfer protein (PC-TP) the 
corresponding six-residue sequence makes a close 
contact with the 2-acyl fatty acid chain of bound 
lipid [32]. 

We previously suggested that the bound Ca*+ in 
endonexin might be near what appears to be a frag- 
ment of the consensus sequence -WGTDEK (not 
shown in fig.2), on the evidence of efficient energy 
transfer from Tb3+ in the Ca*+ site to protein tryp- 
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tophan [6]. Calcium binding to p36 markedly af- 
fects the environment of the single tryptophan 
molecule and this also appears to be in the con- 
served endonexin fold (fig.2). In view of the 
absence of any E-F hands in lipocortin, a tentative 
suggestion can be made that a complex Ca2+- 
binding site exists in this protein, perhaps using 
side-chain carbonyl oxygens as in PLA2 [31]. In 
view of the low Ca2+ affinity of some of these pro- 
teins in the absence of membrane lipids [19,20], it 
is possible that lipid binding directly affects the co- 
ordination of Ca2+, so that affinity for both ion 
and lipid is increased in the ternary complex. 

In summary, lipocortin probably folds into two 
related 15 kDa domains. At least one of these do- 
mains, consisting of two similar ‘folding units’, is 
likely to be present in the proteins ~70, ~36, 
calelectrin and endonexin. Each of these domains 
contains sequences which resemble parts of the 
lipid-binding sites of PLA2 and lipid transfer 
proteins. 
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