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The annexins are a family of homologous Ca®*- and
phospholipid-binding proteins that until now have only
been found in vertebrates. cDNA clones encoding two
novel annexins from Drosophila melanogaster were
isolated and characterized. RNA blots indicate that the
messages for the two Drosophila proteins are differ-
entially expressed in development, with one message
being expressed throughout development, while the
other is only found in early embryos and adult flies. In
situ hybridizations localize the two Drosophila genes
to 93B and 19A-4,7, A similarly high degree of homol-
ogy relates Drosophila annexins to different verte-
brate annexins, indicating that the Drosophila annex-
ins are not the invertebrate homologues of particular
mammalian annexins but that they constitute novel
members of the annexin gene family. In continuation
with a recently established terminology, the Drosoph-
ila annexins will be named annexins IX and X. The
biochemical properties of Drosophila annexin X were
investigated using recombinant protein. Similar to
vertebrate annexins, annexin X bound to liver mem-
branes and liposomes containing phosphatidylserine in
a calcium-dependent manner but not to liposomes con-
taining phosphatidylcholine. In addition, annexin X
partitioned into the detergent phase of Triton X-114
as a function of calcium. The conservation of the an-
nexin family of Ca%*-binding proteins in invertebrates
suggests that they have a basic function in cells which
is not peculiar to vertebrate biology, and the availabil-
ity of the Drosophila sequences will open avenues for
mutational studies of these functions.

The calelectrins were originally described as a family of
Ca®*-dependent membrane-binding proteins that were pos-
tulated to be related to each other because they exhibited
similar biochemical properties and shared immunologic epi-
topes (1, 2). Sequencing (3, 4) revealed these proteins to be
homologous to a number of other proteins that were inde-
pendently characterized in recent years by several investiga-
tors. Members of this protein family have been described
under the following names: lipocortins (5), p35 and p36, also
named calpactin (6); synexin (7); endonexin I and II, which
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were the 32.5 and 35 kDA calelectrins (1, 8) renamed by
Geisow et al. (3); proteins I, I, and III (9); lymphocyte-specific
p68 (10); chromobindins (11), and human placental antico-
agulant protein (12). All proteins of this gene family currently
known were isolated from vertebrates. Although there is no
established function for these proteins that is accepted by all
investigators, a consensus has recently been reached to name
all proteins of this gene family annexins (13).

The annexins are Ca®*-binding proteins that bind to nega-
tively charged phospholipids in a Ca®**-dependent manner (1,
14-18). Their amino acid sequences predict the presence of
four internal repeats for all annexins except for annexin VI
(67-kDa calelectrin), which has eight such repeats (4). When
the sequences of different members of the protein family are
compared with each other, the repeats are found to be con-
served better by position between distinct members of the
family than within a given protein (4). The four repeats have
differences in length that are conserved in all proteins with
the third repeat being the longest (generally 85 residues) and
the second the shortest (generally 72 residues). No sequences
homologous to the EF-hand sequence of Ca?*-binding proteins
(19) can be found in the primary structure of the annexins,
suggesting that they contain a different Ca**-binding struc-
ture.

In addition to binding to negatively charged phospholipids
in a Ca**-dependent manner, members of the annexin family
have several interesting characteristics. Annexins I and II
(lipocortins 1 and 2, also referred to as p35 and p36 and as
calpactin 1 and 2 (20-22)) are tyrosine phosphorylated by
growth factor receptors in a stimulation-dependent manner
(21-23). The functional significance of the tyrosine phos-
phorylation is unknown, but the fact that annexins I and II
are major substrates for the growth factor receptor tyrosine
kinases indicates that they are intracellular proteins (6). The
different members of the annexin protein family are differ-
entially distributed in vertebrate tissues, with some proteins
showing very restricted localizations. For example, annexin
IV (32.5-kDa calelectrin) is almost exclusively localized to
ductal epithelia, such as those of biliary and pancreatic ducts,
while annexin II (lipocortin 2/p36) is preferentially found in
microvilli (24, 25). Other proteins, particularly annexin VI
(67-kDa calelectrin), appear to be ubiquitously found in ail
cells examined but particularly high in endocrine cells (24).

Several sometimes conflicting hypotheses have been ad-
vanced regarding the functions of the annexins. As lipocor-
tins, they are thought to represent humoral mediators of the
glucocorticoid-dependent regulation of inflammation (26, 27),
as calpactins, to represent Ca?*-dependent actin-binding pro-
teins (22), and as anticoagulants, to consist of circulating
components of the coagulation system (12). Each of these
functions is not universally accepted since it is controversial
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whether the annexins are secreted or intracellular proteins,
and since not all members of the protein family appear to
bind actin (1). We originally hypothesized that these proteins
might be involved in regulating membrane traffic (1), and
recent evidence has implicated annexin I (lipocortin I/calpac-
tin) in regulating exocytosis in chromaffin cells (28). However,
a distinct cellular function for this protein family remains to
be established.

Previously, the annexins have only been studied in verte-
brates. To investigate if the annexins are phylogenetically
widely distributed, and to explore the possibility of genetic
approaches to this protein family, we have now studied their
presence in Drosophila melanogaster. Two different novel
members of the annexin protein family (annexins IX and X)
were found in Drosophila, and one was biochemically charac-
terized, demonstrating that it had calcium-dependent binding
characteristics similar to vertebrate annexins. These results
indicate a basic cellular function of these proteins that may
be conserved between multicellular organisms.

EXPERIMENTAL PROCEDURES

Materials—[vy-**P]ATP (6000 Ci/mmol) and [«-**P]dCTP (3000
Ci/mmol) were obtained from Du Pont-New England Nuclear and
%8-labeled methionine and cysteine (Tran**slabel) from ICN. In vitro
transcription and translation reagents were from Stratagene and Du
Pont-New England Nuclear, respectively. DNA modifying enzymes
were from New England Biolabs (restriction enzymes, T; DNA ligase
and kinase), U. S. Biochemicals (Sequenase) or Boehringer Mann-
heim (restriction enzymes, ligases). Phospholipids were obtained from
Avanti Polar Lipids, and Triton X-114 from Calbiochem. All other
chemicals and proteins were of reagent grade and used without further
purification.

Complementary DNA Cloning and Sequencing—A cDNA library
from adult Drosophila heads (kind gift of Dr. G. M. Rubin, University
of California, Berkley) was screened with an oligonucleotide derived
from the calelectrin/lipocortin consensus sequence as described (4).
Of the five hybridization positive clones isolated, three were shown
by sequencing not to be homologous to the calelectrins/lipocortins,
one was A\D3-6, and the fifth was identical with AD3-6 but was not
studied further because it had a much smaller insert. The library was
rescreened with a new consensus probe made to the first repeat of
xD3-8 (sequence: GCGAAGCTTCTCGTCGGTGCCGAAGCCC-
TTCAT) and AD3-16 was isolated. The EcoRI inserts of the two
clones were subcloned into pBluescript (subclones are referred to as
pD3-6 and pD3-16) and M13 phage vectors and sequenced by the
dideoxy nucleotide chain-termination method (29). Sequence data
were analyzed on an IBM-AT computer using Microgenie software
{Beckman, Inc.).

RNA Blotting—10 ug of total RNA isolated from 0 to 2 h embryos,
2-4 h embryos, third instar larvae, and adult Oregon R D. melano-
gaster were electrophoresed and blotted onto nylon membranes as
described (31), using Bethesda Research Laboratory RNA standards
as molecular weight markers. Filters were hybridized with uniformly
32P.labeled single-stranded DNA probes and washed at high strin-
gency as described (30, 31).

In Situ Hybridizations—These were performed on squashed sali-
vary gland chromosomes as described using the biotin-labeled total
inserts of the cDNA clones as probes (32).

In Vitro Transcription and Translation of pD3-16—T3 and T7
transcription products of pD3-16 were obtained using an in vitro
transcription kit and translated in the presence of [*S]cysteine and
-methionine using a rabbit reticulocyte in vitro translation system.
Translation was terminated after 60 min by dilution in buffer A (10
mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 5 mM EGTA! and 1 mM
PMSF).

Bacterial Expression—In order to clone D3-16 into the bacterial
expression vector pET3a (33), the coding region of D3-16 was ampli-
fied by the polymerase chain reaction (34, 35) using the following
oligonucleotides CTGCATATGGAATACAAACCCGTGCC and

! The abbreviations used are: EGTA, [ethylenebis(oxyethyleneni-
trilo)] tetraacetic acid; IPTG, isopropyl-D-thiogalactopyranoside;
PAGE, polyacrylamide gel electrophoresis; SDS, sodium dodecyl sul-
fate; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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CTCAGATCTAGGCGGATCCAAGTAGGGC. The oligonucleotides
were designed to contain Ndel and BamHI restriction sites for cloning
into pET3a in such a manner that the recombinant protein produced
would not contain any amino acid residues that are not predicted by
the ¢cDNA sequence. The amplified DNA was purified by PAGE and
cloned into pET3a after restriction enzyme digestion. Escherichia coli
BL21(DE3) were transformed with the expression construct pETd3-
16 or with the parent vector pET3a as a control. Recombinant protein
expression was induced by incubating a growing culture with 0.4 mM
IPTG for 3 hours. Radiolabeled products were obtained from IPTG-
induced cultures that were treated with rifampicin (200 ug/ml) 30
min after the addition of IPTG and pulse-labeled with [*S]cysteine
and -methionine in M9 minimal medium during the third hour of
incubation. Bacterial cultures were pelleted by centrifugation, treated
with 10 g/liter lysozyme in buffer A containing protease inhibitors (5
mg/liter each of leupeptin, pepstatin, and antipapain) on ice for 5
min, sonicated, and incubated with DNase (25 mg/liter) for 15 min
at room temperature. Soluble proteins were separated from insoluble
proteins and membranes by centrifugation (2200 X g, for 10 min)
and the resulting fractions were analyzed by SDS-PAGE and auto-
radiography.

Ca**-dependent Binding to Bovine Liver Membranes—Membranes
were prepared from 30 g of bovine liver by first homogenizing the
tissue in 100 ml of buffer A using a Polytron tissue homogenizer
followed by 20 strokes in a Dounce homogenizer. The supernatant
from a low speed centrifugation of the homogenate (800 X g, for 5
min) was centrifuged at 100,000 X g,, for 60 min. The resulting
membrane pellet was resuspended in buffer A (163 ml final volume)
and the membranes (450 ug of protein) were incubated for 10 min at
room temperature with radiolabeled annexin X (108 ug of protein)
produced as a recombinant protein in bacteria. Incubations were
carried out in buffer A containing 5 mM EGTA and 6 or 10 mMm
calcium or magnesium. Annexin X bound to the membranes was
separated from free protein by centrifugation (30,000 X g, for 10
min) and analyzed by SDS-PAGE and autoradiography.

Ca**-dependent Binding to Phospholipid Liposomes—For the prep-
aration of liposomes composed of phosphatidylcholine/phosphatidyl-
ethanolamine or phosphatidylserine/phosphatidylethanolamine in a
1:1 ratio (w/w), chloroform solutions of these phospholipids were
dried down under liquid nitrogen and dried further under vacuum for
1 h. The lipids were rehydrated in buffer A for 30 min, vortexed, and
sonicated in a bath sonicator for 3 X 20 s. For binding studies,
liposomes (300 ug of lipids) were incubated with radiolabeled recom-
binant annexin X (90 ug of protein) for 10 min at room temperature
in buffer A containing 5 mM EGTA or 5 mM EGTA 5.5 mM CaCl,.
Bound protein was separated from free by centrifugation (150,000 X
Sav for 30 min) and analyzed by SDS-PAGE and autoradiography.

Cd**-dependent Partitioning into the Detergent Phase of Triton X-
114—Recombinant radiolabeled annexin X (97 ug of protein) in
buffer A was adjusted to 1% Triton X-114 and 5 mM EGTA, 5 mM
EGTA, 10 mM CaCly, or 5 mM EGTA, 10 mM MgCl, and incubated
on ice for 10 min. Samples were incubated at 37 °C for 20 min to
induce phase partitioning (36). Phases were separated by centrifuga-
tion on a 6% sucrose cushion and analyzed by SDS-PAGE and
autoradiography.

RESULTS

Two different cDNA clones with homology to mammalian
annexins were isolated from a Drosophila head cDNA library
using oligonucleotide probes complementary to the annexin
consensus sequence. The nucleotide and predicted amino acid
sequences of the two clones are shown in Fig. 1. Clone D3-16
is full-length as indicated by the presence of in-frame stop
codons in the 5'-untranslated region (underlined in Fig. 1)
and by the size of its message (see below, Fig. 2), while D3-6
is partial although it probably contains most of the coding
sequence as judged by the analysis of its repeat structure and
message size (see below, Figs. 2 and 3). Both ¢eDNA clones did
not contain poly(A) tails. However, D316 has two overlap-
ping polyadenylation consensus sequences at its 3’ end, while
D3-6 has a sequence very similar to the polyadenylation
sequence at the same position (underlined in the 3’-untrans-
lated regions in Fig. 1). The poly(A) tails may have been lost
during ¢cDNA construction and amplification.
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pD3-6
GAATTCCGCTATTCTGCGCAAGGCGATGAAGGGCTTCGGCACCGACGAGAAGGCCATCATCGAGATCCTGGCCAGGCGTG 80
LR K AMIXKGF GTDEJZKAITIETITULARTER 23
GCATCGTCCAGCGTTTGGAGATCGCTGAGGCGTTCAAGACCTCGTACGGCAAGGATCTGATCTCGGACCTCAAGTCCGAG 160
6 I VQRLETLAEATFI KTSYG6KDLI1ISDLIKSTSE 50
CTGGGCGGCAAGTTCGAGGATGTTATCCTGGCTCTGATGACGCCGCTGCCCCAGTTCTATGCCCAGGAGCTGCACGACGE 240
L66G XK FEDVILALMTZPLPOQTFYAQETLTUHTDA 77
CATCTCGGGACTGGGAACCGACGAGGAGGCCATCATCGAGATCCTCTGCACGCTGTCCAACTACGGCATTAAGACCATTG 320
156 1L1LG6GTDEEHAWTITIETILTCTLSNYGIZKTII 103
CCCAGTTCTACGAGCAGAGCTTCGGCAAGTCCCTAGAGTCCGACCTAAAGGGCGACACCAGTGGCCACTTCAAGCGGCTG 400
A QF Y EQSF GK SLESDLTZEXG?DTSSEGHPF KR RTL 13
TCCGTCTCGCTCGTCCAGGGUAACCGEGATGAGAACCAGGGCGTGGACGAGGCCGOGECCATCGCCCATGCCCAGECTCT 480
¢ VS5 LV QGNRDENGQGVDE BAAATILATDAQATL 15
GCACGACGCCGGTGAGGGACAGTGGGGCACAGATGAGTCCACCTTCAACTCGATCCTGATCACCCGCTCCTACCAGCAGC 560
HDAGEG G QWOGTUDESTT FFNSTILITHR RSTYQRQ 183
TGCGCCAGATCTTCCTCGAATACGAGAATCTGTCGGGCAACGACATCGAGAAGGCCATCAAGCGGGAGTTTAGCGGCTCE 640
LRQIFLEYENTLSGNDTIEZE K AIEKRETFSGS 0
GTGGAGAAGGGTTTCCTGGCCATCGTCAAGTGCTGCAAGTCCAAGATCGACTACTTTTCGGAGCGCCTGCACGACTCCAT 720
VEZXGFULATIUVIKC CCI KT SZ KTIDYTFSERTLIHTDSMN 237
GGCCGGCTTGGGCACCAAGGACAAGACGCTGATCCGCATCATCGTCAGCCGGTCGGAGATCGATCTGGGTGACATCAAGG 800
A GLGTI KD DI KTIULTIR RTITIVSRSETLDTLGSGDTIK 263
AGGCATTCCAGAACAAGTACGGCAAGAGCTTGGAGTCCTGGATCAAGGAGGATGCCGAGACCGATATTGGATACGTCCTG 880
E A F QNZEKJYGKSLESUWIZKEDAETHDTIGYV L 29
GTCACTCTTACGGCTTGGTAGACGGAAGCAGCCGGAATATCCGAATATCTATGAGCAATACCCCACTGTTCAAGTAGAAA 960

VT LTAWX* 296
ATGCCAAAAAAAAAAACGTTGCATTTCCCCAAAAAAAAGTATAACAAAAGCGAAGAACAAATGGAGTTGGTCTATATACA 1040
GTAGTTGTGATGTGTTCTAAAAATCCAATCTACAAAACGCTTAGTATTTTCCCTCTGTGCAATAATCGGAATTC 1114
pD3-16

GAATTCCAAAAGTCCCAGGAGAAAGACTGATTCGTGTGAAGTCGTCTACTGAAGAGCCACAAGGAACCCAAGGAATCTTC 80
CAGCTGCATAATGGAATACAAACCCGTGCCCACGGTTAAGGACGCAGCTCCCTTCGACGLCTCCCAGGACGCCCAGRTGE 160
M EY XK PV PTVXKDAAPTFDASOQDARIQYV 23
TGCGGGCGGLGATCAAGGGATTCGGCACCGACGAGCAGGAAATCATCGACGTGCTCGTCGGCAGGAGCAACCAGCAGAGG 240
L RAAMKXGF GTDEG QETITIDVLVYVGRSNDI QO QR 50
CAGACGATCAAGGCGGTTTACGAAGCGGASTTCGAGCGCGACCTGETGGACGATCTTAAGGACCAGCTGGGAGGCAAGTT 320
@ T I X A VY EAEPFERUDLVDTDLIE KT DETLSGTGTZEKTFE 77
CGAGGACGTGATCGTGGGTCTAATGATGCCACCAGTGGAGTACCTGTGCAAGCAACTGCACGCCGCCATGGCGGGCATCG 400
BDVIVGLMMEPEPVETYULGCEKOQLUHAAMNMAGTI 103
GAACCGAGGAGGCCACGCTCGTCGAGATCCTGTGCACCAAGACCAACGAGGAGATGGCCCAGATCGTGGCCGTCTACGAG 480
G TEZRATLVETLILTCTZ KTNETEWMAQTIUV AV YE 130
GAGCGCTACCAGCGCCCCCTGGCCGAGCAGATGTGCAGCGAGACCTCCGGCTTTTTCCGCCGCCTGCTCACGCTGATCGT 560
ERYQRPILAEU QMCSETSG?PTFRRLTILTTLI V 157
GACCGGAGTACGTGACGGACTGGACACGCCCGTCGACGTCGGTCAGGCCAAGGAGCAGGCCGCCCAGCTCTACTCGGCCG 640
T 6 VRDGLDTZPVDVGQAZKTEGQAAQTLYS S A 183
GCGAGGCCAAGCTGGGAACGGACGAGGAGGTCTTCAACCGGATCATGTCGCACGCCAGCTTCCCGCAGCTGCGACTTGTC 720
G EAKLGTDEEVFNRTIMSHASTFPQLRLUV 20
TTCGAGGAGTACAAGGTGCTCTCCGGGCAGACCATCGAGCAGGCCATCAAGCACGAGATGTCCGACGAGCTGCACGAGGC 800
FEEYKVYVYLSGOQTTIEQATIZKXHEWMEMSTDETLHE A 237
CATGATGGCCATAGTTGAGTGCGTCCAGTCACCGGCGGCCTTCTTCGCCAACCGCCTCTACAAGGCCATGAATGGCGCCG 88D
M MATIUVECV QS PAAFTFANRLYZ KA AMEYNGEGA 263
GCACCGATGACGCCACGCTCATCCGCATCATCGTCAGCCGCTCGGAGATCGACCTGGAGACCATTAAGCAGGAGTTCGAG 960
¢ TDDATLIRTITIVSERSETIDTLETTIZXKT QETFTE 29
CGGATCTACAACCGTACGCTGCACAGCGCCCTGGTGGACGCGGAGACCTCTGGTGACTACAAGCGGGCCCTGACAGCCCT 1040
R I YNRTLHSAVYVYDAETSG GDYZ KR RALTATL 317
ACTTGGATCCGCCTAGGCCCGAGGATGTGGCAGCTGGTCCGCCCAATATTTTATTCGTGTTAATAGCTTTGATCGTAGTG 1120
L G S A 321
TGCCTTTTAGGAAAATCGCTTTTAATGTCGTCTGCGCATGCGCACACTGTTGGCAATAAATAAACGGAATTC 1192

FiG. 1. Nucleotide and translated amino acid sequences of
two eDNA clones encoding annexins IX and X from D. mela-
nogaster. The sequence of clone pD3-6 (annexin IX) is shown on
top and of clone pD3-16 (annexin X) on the bottom. Sequences are
numbered on the right and flanked by EcoRI linkers derived from the
cloning procedure {38). The translated amino acid sequence is given
in single-letter code below the nucleotide sequence, with the asterisk
denoting the stop codon. Although both clones lacked poly(A) tails,
polyadenylation signals can be found in pD3-16 and a similar se-
quence in pDD3-6 (underlined in the figure). The in-frame termination
codons in the 5’-untranslated region of D3-16 are also underlined.

RNA blotting experiments were performed to determine
the sizes of the messages for D3-6 and D3-16 and to study
their expression during development (Fig. 2). D3-16 was
encoded by a single message of 1.4 kb that was very abundant
in adult flies and weakly expressed in early embryos (lanes A
and D, respectively, right panel of Fig. 2) but absent from late
embryos and late instar larvae (lanes B and C). This suggests
that D3-16 is primarily expressed in adult flies and that the
message observed in early embryos may be maternal. If the
poly(A) tail is taken into account, the cDNA insert of the
clone we isolated appears to be full-length. Probes derived
from D3-6 hybridized to two messages of approximately 1.35
and 1.5 kb that were expressed at all stages in development,
although most abundantly in adult flies (left panel of Fig. 2).
The message sizes, particularly that of the larger species,
appeared to vary slightly during development, with the late
embryonal message being slightly smaller than the adult
message (cf. lanes B and D, left panel of Fig. 2). The larger
message of D3-6 was less abundant than the smaller message.
As judged by the size of the smaller message for D3-6, the
c¢DNA clone that we isolated appears to lack 100-250 bp at
its 5" end.

In Fig. 3, the amino acid sequences of the two Drosophila
annexins are aligned with each other and with a consensus
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sequence obtained from a comparison of mammalian se-
quences (4-7), revealing a high degree of homology. The
Drosophila proteins contain four internal repeats as is typical
for the annexins (5, 6). While the homology between the four
repeats within a given protein is rather weak, although sig-
nificant, the degree of identity between the repeats found in
the same position in different proteins is very strong. This
allows the formulation of a separate consensus sequence for
each repeat which is stronger than that for all four repeats
combined (4). The Drosophila sequences clearly align well
with the mammalian consensus sequence (Fig. 3) or with
individual mammalian sequences (data not shown), although
at some positions a highly conserved residue in the mamma-
lian annexins is different in the Drosophila proteins (for
example, the Leu and Lys at positions 96 and 118 of D3-6
and D3-16, respectively, is an Arg in all mammalian proteins).
The alignment demonstrates that the clone encoding D3-6,
although incomplete, contains all four repeats and is only
missing its aminoterminal extension.

In individual comparisons between the Drosophila and the
mammalian sequences, overall sequence identities observed
ranged from 40 to 50%, with annexins I and II (lipocortins I
and II) being least related to both Drosophila proteins, and
annexin V (35-kDa calelectrin) and annexin VI (67-kDa cal-
electrin) being most related. The two Drosophila sequences,
when compared with each other, were found to be 46% iden-
tical. These comparisons demonstrate that although there are
differences in the relatedness between the Drosophila proteins
and the mammalian sequences currently available, the differ-
ences are rather small and within the range generally observed
in comparisons between members of the protein family. Ac-
cordingly, the Drosophila proteins do not appear to be the
direct invertebrate equivalents of particular mammalian an-
nexins, but rather independent members of the protein family
and will therefore be referred to as annexins IX and X.

To investigate the biochemical properties of Drosophila
annexins, a bacterial expression vector directing the inducible
synthesis of full-length annexin X under the control of the
T7 promoter was constructed (see “Experimental Proce-
dures”). E. coli harboring the expression construct but not the
parental vector exhibited the abundant inducible expression
of a 35-kDa protein which by its molecular mass and expres-
sion characteristics was identified as recombinant annexin X
(Fig. 4). Annexin X encoded by the expression vector can be
selectively radiolabeled by growing the bacteria in the pres-
ence of [*S]methionine and -cysteine under conditions under
which the endogenous bacterial protein synthesis is inhibited
(Fig. 4). In bacteria transformed with the expression con-
struct, only annexin X was radiolabeled under those condi-
tions while bacteria containing the parental vector exhibited
a different single radiolabeled band that appears to be speci-
fied by a reading frame in the vector and is absent if the
vector has an insert.

Most of the recombinant annexin was insoluble in E. coli
and was segregated into inclusion bodies, but a small percent-
age (approximately 5%) was soluble (Fig. 4) and could be
directly used for biochemical studies. Radiolabeled recombi-
nant annexin X was used to assess the ability of the protein
to bind to bovine liver membranes as a function of calcium.
As demonstrated in Fig. 5, the recombinant protein only was
copelleted with liver membranes in the presence of calcium
but not in the presence of EGTA or magnesium. Identical
results were also obtained with radiolabeled protein produced
by in vitro transcription and translation of pD3~16. Only the
sense but not the antisense strand of pD3-16 produced a
protein product of 35 kDa after in vitro translation. This
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D3-16 KDAAPFDASQDAQV AAMHEGFGTDEQEN IIDVILIVGIRIS NQIOR|QT|I|[KAVYEAEFER VDIDLE|D[ELGGKFEDVI|VG|LMHIPIFPVE 90
Di-6 Al KMWMKGFGTDEKAITIEI|L|ARIR|GI VIQR[LE|IJAEAFKTSYGK ISDLE|SELGGKF EDV I|LAJLM|TIFILPQ 68
Mammalian
Consensus r DA A ¢ DE 1 ] QRO I L LE L C E
D3-16 ¥ LCEKQILHAAHK A|G|I|G TIE TLVIEILCTETIN[EEMAQI|VAV ERYQRP|LAEQMCSE FIF|RR LIL T L IVITIGV 162
DI-6 FYAQE|L HID|A|[I S|G|L|G T EATIIEILCT|LS GIKT|IIAQF QSFGEKES|ILIESDLEGD H K|R LjC V S LIV|QG N 140
Hammalian

L R
Consensus DA 14 GTDE L EIL RT I Y L D DTSG
D3-16 P VG OQA|K E QAlA QLYY 5 AKL|GTDE|E V|F H[R|I|H 5 H A F F|0 L R|L V|F|E! XK VL 5|6 @ T|I E|Q H|E|M|S|D EL HE A M H|A I V|E|CIV Q 247
Di-& G EAA I ADWK[G A|LIH D GOQWGTDE|S T|F N(sS LITRIS|Y QoL R|Q I[F|L E N|L 5]G N D|I E|K R|E|F|5|G 5 VEKGF LJA I V|K|C|C K 224
Mammalian v
Cansansis o L AG GTD ¥ 1 RS L Y I E G E c
D3-16 PAAPF|FIANIRL|Y K A|M[N|GJA|G TID|AIT LIRIIVSERESEIDLI|ET QE|FfER I|Y|NR T|L|H AV-V[DAET|SGD|Y[K RALTALLGS A * 321
D3-6 KIDY S E|RLIH D SIM[A|GIL|G T|X|D|K|IT L IR I I VSRS EIDL|GD Ealrlonkfy|ck S|L|E|S|W IK EJDAET|[D IG|Y[VLVTLTAW® 296
Hamealian

LL G
re—— A L AMEG GT L R HVSESE D 1 ¥ Y SL 1 DT GDY

Fic. 2. Alignment of the amino acid sequences of the Drosophila annexins with each other and with
a consensus sequence derived from mammalian annexins. Residues that are identical between the two
Drosophila sequences are boxed, and residues that are shared between the mammalian consensus sequence and the
Drosophila sequences are shown in bold type. Sequences are numbered to the right and identified on the left. Part
of the first and third repeats are not shown because no shared residues were found in those portions. The
mammalian annexin consensus sequence includes all residues that are present in more than 80% of the sequences

(4-7).

ABCD ABCD

—95kb
—T75kb
—44kb

—24kb

—14kb

. —02kb

D3-6

FiG. 3. Differential expression of the messages for annexins
IX and X during Drosophila development. Total RNA (10 ng)
from 0 to 2 h embryos (lanes A), 2—-4 h embryos (lanes B), third instar
larvae (lanes C), and adult flies (lanes D) was electrophoresed and
blotted. The same blot was consecutively hybridized with probes
derived from pD3-6 (annexin IX, left panel) and pD3-16 (annexin X,
right panel). Position of molecular weight size markers are shown on
the right. Both autoradiograms were exposed for 24 h at —70 °C with
intensifying screens.

D3-16

product again bound to liver membranes only in the presence
of calcium but not of EGTA (data not shown).

To investigate the mechanism of binding of annexin X to
liver membranes, the ability of recombinant Drosophila an-
nexin X to bind to liposomes composed of either phosphati-
dylserine-phosphatidylethanolamine or phosphatidylcholine-
phosphatidylethanolamine as a function of calcium was in-
vestigated (Fig. 6). Annexin X only bound to phosphatidyl-
serine-containing liposomes but not to phosphatidylcholine
liposomes and only in the presence of calcium, suggesting that
it has binding characteristics similar to those of the mam-
malian annexins.

Some of the mammalian annexins (annexins IV, V, and VI,
the original calelectrins (1)) are efficiently purified by cal-
cium-dependent hydrophobic affinity chromatography, sug-
gesting that they expose a hydrophobic site as a function of
calcium (1, 18). In order to test if Drosophila annexin X would
also bind to membranes by a mechanism that involves the
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FiG. 4. Production of recombinant annexin X in E. coli.
BL21(DE3) cells transformed with the parent vector pET3a (left
three lanes) or with the annexin X expression vector pETD3-16 (right
three lanes) were induced for 3 h with 0.4 mm IPTG. Half of the cells
were radiolabeled and fractionated into soluble (S) and insoluble
proteins (P) (see “Experimental Procedures”), and compared with
total proteins in unlabeled bacteria (T). All fractions were analyzed
by SDS-PAGE followed by Coomassie Blue staining (top) and auto-
radiography (bottom, 48-h exposure). Bacteria transformed with the
annexin X construct synthesize large amounts of a 35-kDa protein
that is selectively radiolabeled in the presence of rifampicin which
blocks endogenous bacterial transscription. The 35-kDa protein con-
stitutes more than 30% of the total protein in the cells transformed
with pETD3-16 but is absent from bacteria transformed with the
vector only. These, however, exhibit a specific radiolabeled protein of
30 kDa upon rifampicin treatment that is specified by the insertless
vector. Migration of molecular weight markers is shown on the right.

calcium-dependent exposure of hydrophobic sites, the distri-
bution of annexin X into the aqueous and detergent phases
of Triton X-114 as a function of calcium was investigated.
Proteins containing hydrophobic sites such as transmembrane
proteins are selectively retained in the detergent phase of
Triton X-114, while almost all soluble proteins partition into
the aqueous phase. Annexin X, although fully soluble even at
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Fic. 5. Binding of recombinant Drosophila annexin X to
bovine liver membranes as a function of Ca**. Bovine liver
membranes were incubated with recombinant radiolabeled annexin
X in buffers containing EGTA, EGTA-Ca**, or EGTA-Mg** and
separated into bound and free annexin X by centrifugation (see
“Experimental Procedures”). Pellets (P) and supernatants (S) were
analyzed by SDS-PAGE and autoradiography (18-h exposure) with
the migration positions of molecular weight standards being shown
on the right. The left lane (T) contains the starting material used for
the experiment. Migration of molecular weight markers is shown on
the right.

<

S
3;?604.;&7

PS | _PC
T+

None

Pellet

Supernatant

——— e

FiG. 6. Ca®**-dependent binding of recombinant Drosophila
annexin X to phospholipids. Radiolabeled annexin X was incu-
bated with or without liposomes composed of phosphatidylserine-
phosphatidylethanolamine (PS) or phosphatidylcholine-phosphati-
dylethanolamine (PC) in the presence or absence of Ca** (see “Ex-
perimental Procedures”). Bound and free annexins were separated by
centrifugation and the liposome pellets (top) and supernatants (bot-
tom) were analyzed by SDS-PAGE followed by autoradiography (18-
h exposure). Annexin X is only pelleted if both calcium and phospha-
tidylserine are present. Molecular weight markers are shown on the
right.

high calcium concentrations, showed a selective shift into the
detergent phase of Triton X-114 that was not observed in the
presence of EGTA only or of magnesium (Fig. 7).

In situ hybridization experiments were performed to local-
ize the chromosomal positions of the genes for annexius [X
and X. As shown in Fig. 8, annexin IX (D3-6) lies on chro-
mosome 3 at position 93B, while annexin X (D3-16) is located
on the X chromosome at position 19A-4,7. Several deletions
have been described that encompass the regions to which D3-
6 and D3-16 were localized (37). Future experiments will have
to investigate if these deletions can be used as a first approach
to genetically study the function of D3-6 and D3-16.

Annexins in Drosophila
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FiG. 7. Ca**-dependent partitioning of Drosophila annexin
X into the detergent phase of Triton X-114. Radiolabeled recom-
binant annexin X was incubated on ice in 1% Triton X-114 with or
without Ca** or Mg”* and phase separation was induced at 37 °C (36).
Fractions containing the detergent (det.) and aqueous (ag.) phases
were analyzed by SDS-PAGE and autoradiography (18-h exposure).
The left lane (T) contains the starting material, and the migration of
molecular weight markers is shown on the right.

DISCUSSION

The annexins are a well-characterized family of Ca®*-bind-
ing proteins that bind to phospholipids as a function of Ca**
(1-7). Until now they have only been identified in vertebrates
where at least eight different members named annexins I to
VIII have been reported (1, 4-13). All vertebrate annexins are
composed of four internal repeats (or a duplication of the four
repeats to eight repeats in annexin VI) and exhibit sequence
identities between 35 to 50% in pairwise comparisons. In
addition to their common architecture, all vertebrate annexins
appear to have similar phospholipid binding specificities, but
there is currently no consensus on what their cellular func-
tions might be.

We have now characterized two novel annexins from the
fruitfly D. melanogaster. The sequences of these clones dem-
onstrate that the structural characteristics of the annexin
protein family are highly conserved between vertebrates and
invertebrates. The consensus sequence elements established
with the mammalian proteins are generally retained in the
Drosophila sequences, including the observation that repeats
are individually more conserved between proteins than within
a protein. By and large, the Drosophila proteins are as ho-
mologous to the mammalian proteins as they are to each other
or as the mammalian proteins are to each other (40-50%
identities in pairwise comparisons). This indicates that the
Drosophila homologues of the annexins described here are not
the invertebrate equivalent of specific mammalian proteins
but rather additional members of an already large gene family.
As such, the Drosophila proteins are referred to as annexins
IX and X.

The two Drosophila annexins described here are differen-
tially expressed in development. Since the cDNAs encoding
them were isolated from a library constructed with RNA
derived from adult heads, it is not surprising that both pro-
teins are most abundantly expressed in adult flies. However,
they are differentially expressed in other stages of Drosophila
development (Fig. 3). Eight different annexins have been
described in mammals, raising the possibility that additional
members of this protein family may be present in Drosophila.

Some of the biochemical characteristics of Drosophila an-
nexin X were studied using radiolabeled recombinant protein
produced in E. coli or synthesized by in vitro transcription
and translation. Similar to mammalian annexins, Drosophila
annexin X was found to bind to phospholipid membranes in
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F1c. 8. Localization of the genomic loci for annexin IX
(pD3-6) and annexin X (pD3-16) by in situ hybridization
using biotin-labeled probes on squashed salivary gland chro-
mosomes (32). Hybridization-positive bands are indicated by ar-
rows.

a calcium-dependent manner. This binding was specific for
calcium when compared with magnesium, and specific for
phosphatidylserine as compared with phosphatidylcholine
and phosphatidylethanolamine. In addition, it was found that
annexin X could be selectively induced by calcium but not by
magnesium to partition into the detergent phase of Triton X-
114. Partitioning between the detergent and aqueous phases
of Triton X-114 is a widely used method to assess the presence
of hydrophobic sites such as transmembrane regions in a
protein (36). The calcium-dependent movement of annexin X
into the detergent phase of Triton X-114 suggests that cal-
cium initiates binding of the hydrophobic Triton X-114 to
annexin X, possibly by inducing a conformational change in
annexin X that exposes hydrophobic sites. A similar mecha-
nism has been postulated to explain the calcium-dependent
purification of annexins IV, V, and VI (originally named
calelectrins (1, 8)) on phenyl-Sepharose

The results of this study have several implications for our
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understanding of the annexin super-gene family. First, with
the unequivocal demonstration of the presence of annexins in
invertebrates a function such as anticoagulation or glucocor-
ticoid-modulated inflammation that is only fully developed in
vertebrates seems rather unlikely. Our data clearly support
the notion that the annexins have a general role in cellular
functions that is shared by all cell types and multicellular
organisms.

Second, the similarity in the calcium-dependent phospho-
lipid binding characteristics between Drosophila and verte-
brate annexins suggests that these properties are encoded in
structural elements shared by all annexins and that these
properties are central to the unknown cellular functions of
the annexins. However, no two annexins are more than 50%
identical, and less than 10% of the amino acid residues are
invariant in all annexins. Sequence characteristics such as
hydrophobicity are much more strongly conserved. These
results are compatible with the notion that the tertiary struc-
tures of all annexins are similar and that the actual calcium-
and phospholipid-binding sites are only formed by a few key
residues, while the variable residues may have a functional
roles that are specific to individual annexins. The differential
expression of the two annexins from Drosophila as well as the
previously characterized tissue-specific expression of mam-
malian annexins clearly points toward tissue and stage-spe-
cific roles of individual annexins.

Third, the conservation of the four-repeat structure of the
annexins in Drosophila supports an evolutionary model
whereby all annexins were derived from the same four-repeat
precursor which in turn may have evolved by gene duplica-
tions from precursors containing one and two repeats (4). It
will be interesting to determine if the annexins are specific to
multicellular organisms or are also present in unicellular
eukaryotes such as yeast, and if a protein can be found that
has less than four repeats. A function of the annexins in
processes that are specific for vertebrates seem unlikely now
in view of their presence in insects. However, the question
now arises if the annexins have a role in functions associated
with multicellularity, that is with the evolution of tissues, or
if they participate in cellular processes shared by all eukar-
yotes.
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