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Annexin IV was cloned and sequenced from a mouse
one marrow-derived macrophage cDNA library, and
as found to exist as three different alternatively

pliced transcripts. One transcript contained an addi-
ional 688 base pairs inserted within the coding region
f the gene including an in-frame stop codon. Transla-
ion of this transcript in vitro confirmed the prema-
ure arrest of translation which resulted in a trun-
ated annexin IV protein of approximately 22 kDa.
ike other members of the annexin family, the product
f the wild-type annexin IV transcript bound in a
alcium-dependent manner to both phenyl-sepharose
nd phospholipid vesicles. In contrast, the truncated
nnexin IV product bound to these substrates in a
a21-independent fashion. The existence of a novel

orm of annexin IV in mouse macrophages may aid in
urther defining the role of members of the annexin
amily. © 1999 Academic Press

Members of the annexin family of Ca21-dependent
hospholipid binding proteins are ubiquitously distrib-
ted in eukaryotic organisms (1). Currently encom-
assing some thirteen members, the specific functions
f many of these proteins still remain unclear although
hey have been implicated in a large number of biolog-
cal processes including blood coagulation (2), regula-
ion of cytoskeletal organization (3), membrane fusion
vents (3), and the formation of Ca21-selective ion
hannels (4). At the structural level, all family mem-
ers possess a conserved C-terminal region which con-
ists of a four-fold repeat of a 70 amino acid domain
with the exception of annexin VI which has an eight-
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L56556 from the National Institutes of Health.
2 To whom correspondence should be addressed at Division of

asic Sciences, National Jewish Medical and Research Center, Neu-
tadt Rm D405, 1400 Jackson Street, Denver, CO 80206. Fax: (303)
98-1381. E-mail: richesd@njc.org.
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mino acid sequence termed the endonexin-fold (5).
tudies have shown this motif to be responsible for the
onserved Ca21-dependent phospholipid binding prop-
rties of the annexins (5, 6). The N-terminal regions of
he molecules are structurally diverse and are believed
o be responsible for the more specialized functions of
he annexins.

Annexin IV is functionally one of the less well-
efined annexins, although recently it has been impli-
ated in the regulation of chloride channels (7). An-
exin IV is expressed in a variety of cell types (8)

ncluding mouse bone marrow-derived macrophages.
lthough giving rise to a single translated protein, its
RNA exists as two predominant species of 1961 bp

nd 1179 bp, which have arisen through the use of
ifferent polyadenylation sites in the 39-untranslated
egion (Sable and Riches, unpublished observations).
n this paper, we report on the cloning and sequencing
f a unique annexin IV variant from a mouse bone
arrow macrophage cDNA library.

ATERIALS AND METHODS

Materials. All chemical compounds, unless indicated, were pur-
hased from Sigma Chemical Co., St. Louis, MO. Radiochemicals
ere from New England Nuclear, Boston, MA. Phospholipids were

rom Avanti Polar Lipids, Alabaster, AL. Invitrogen Corporation,
an Diego, CA constructed the mouse macrophage cDNA library.
DNA for annexin IV was kindly provided by Dr. Carl Creutz, and
DNA for GAPDH was a generous gift from Dr. John Shannon. Bone
arrow-derived macrophages from C3H/HeJ mice were cultured as

reviously described (9) for 5 days.

Construction and screening of mouse bone marrow macrophage
DNA library. A cDNA library was constructed using RNA isolated
rom interferon-primed C3H/HeJ mouse bone marrow macrophages
nd cloned into pcDNA I. The library was plated on 150 mm LB/
mptet plates and screened using a random-primer labeled bovine
nnexin IV cDNA probe. DNA was isolated from positive clones was
equenced by the dideoxy chain termination method (10). Unknown
equences were aligned to those in the GenBank database using the
LAST search program (11).
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rogram portions of total RNA were reverse transcribed using
ligo-dT to prime first strand synthesis. Each PCR contained 1 mM
ach of the upstream and downstream primers, 100 mM of each
NTP, 50 mM KCl, 10 mM Tris, pH 9.0, 0.1% (v/v) Triton X-100, 2
M MgCl2, and 2 U Taq polymerase. The amplification profile con-

isted of denaturation at 94°C for 45 seconds, annealing at 53°C for
5 seconds, and elongation at 75°C for 1.5 minutes.

In vitro transcription and translation of annexin IV cDNA clones.
DNA clones were transcribed and translated in vitro using a cou-
led transcription/translation system. Transcription was initiated at
T7 RNA polymerase binding site and this transcript was directly

ranslated in a rabbit reticulocyte lysate system in the presence of
5S-methionine.

Phenyl Sepharose column chromatography. Macrophages were
abeled with 100 mCi/ml of [35S]-methionine for 4 hr before homoge-
ization in 10 mM Hepes, pH 7.4, 150 mM NaCl (buffer A), contain-

ng 5 mM EGTA, 1 mg/ml leupeptin, and 0.1 mM PMSF. After
entrifugation for 30 min at 100,000 3 g the pellets were resus-
ended in homogenization buffer and adjusted to 1 mM CaCl2. These
amples were chromatographed over a 1 ml phenyl-sepharose col-
mn equilibrated in Buffer A containing 1 mM CaCl2. Annexins were
luted by the substitution of 5 mM EGTA for Ca21 in the buffer. A
.1% SDS solution was used to dissociate all remaining proteins from
he column and the peaks of radioactivity were pooled and analyzed
y SDS–PAGE.

Phospholipid binding assay. Liposomes composed of a 1:1 ratio of
ither phosphatidylcholine/phosphatidylethanolamine or phospha-
idylserine/phosphatidylethanolamine were prepared as described
12). Liposomes (300 mg) were incubated with 10 ml of [35S]-labeled
nnexins in the presence of either 5.5 mM CaCl2 or 5 mM EGTA for
0 min at room temperature. Proteins which bound to lipids were
eparated from unbound proteins by centrifugation at 150,000 3 g
or 30 min. The pellets and supernatants were analyzed by SDS–
AGE.

ESULTS

loning of a Novel Annexin IV Transcript
from Mouse Macrophages

A bovine annexin IV cDNA probe was used to screen
cDNA library constructed from mouse IFNb-primed
acrophage RNA. Three different types of clones were

solated from this screen. Two of these, annexin IVA
ANX IVA) and annexin IVB (ANX IVB), were identical
n their 59 untranslated regions and in their open
eading frames but contained differences in the 39 un-
ranslated region due to the use of alternative poly-
denylation sites (C. L. Sable and D. W. H. Riches,
npublished observations). The third type of clone, an-
exin IVC (ANX IVC), differed from previously cloned
nnexin IV’s in that it contained 688 bp of additional
equence inserted within the coding region proximal to
he start of the third endonexin repeat. The deduced
mino acid sequence of ANX IVC and its alignment
ith the full length protein are illustrated in Figure
A. The first 176 amino acids of ANX IVC which in-
lude the N-terminal variable region and annexin do-
ains I and II, were identical to the full length annexin

V. However, at a point 18 amino acids distal to the
tart of annexin domain III, an additional 20 amino
163
cids, including a total of 9 hydrophobic amino acids,
ere found to be inserted followed by a termination

odon thus yielding a protein with a predicted molec-
lar weight of 21.9 kDa. The nucleotide sequence of the

nserted region is shown in Figure 1B. This sequence is
nique in that it bears no significant homology to any
reviously cloned genes, as determined by comparisons
ith known sequences using the BLAST program, in-
icating that the sequence is part of an unique annexin
V transcript. In addition, the inserted region con-
ained a dinucleotide repeat, comprising a 27-fold CT
epeat and a 9-fold TG repeat.
Northern analysis and PCR cloning and sequencing
ere used to confirm that mouse macrophages contain
transcript for ANX IVC. Northern blots of total mac-

ophage RNA were probed with a radiolabeled cDNA
robe derived from the unique sequence in ANX IVC
Figure 2) and resulted in the detection of a single band
Figure 3). cDNA corresponding to ANX IVC was also
loned from mouse macrophages by reverse transcrip-

FIG. 1. (A) Deduced amino acid sequence and compartive align-
ent of full length mouse annexin IV and the truncated ANX IVC

rotein. The unique additional 20°C-terminal amino acids are over-
ined. (B) Nucleotide sequence of the inserted region in ANX IVC.
he stop codon is indicated in bold. The long repeat sequence is
nderlined.
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ion and PCR. The primers used in the PCR were
esigned such that one primer from each set hybrid-
zed to wild-type annexin IV sequences, and the other
rimer from the set hybridized to sequences within the

FIG. 2. Northern analysis of mouse macrophage RNA using
DNA probes specific for ANX IVC sequences. Radiolabeled cDNA
robes were generated which were complementary to (A) wild-type
nnexin IV sequences or (B) unique sequences which are only found
n ANX IVC. Northern blots containing mouse macrophage RNA
ere hybridized with these probes and the corresponding autoradio-
raphs are presented.

FIG. 3. Amplification of sequences corresponding to ANX IVC
rimer sets were designed to separately amplify the 59 (1) and the 39
o wild-type annexin IV sequences, and one to bind to ANX IVC spe
mplification products. Bands of the predicted sizes obtained from t
164
redicted products of 980 bp and 480 bp (Figure 3)
hose sequences were identical to those in ANX IVC.
o more accurately investigate the characteristics of
he annexin IV transcript containing the unique se-
uences, the cDNA encoding ANX IVC was transcribed
nd translated in vitro using a coupled transcription-
ranslation system in a rabbit reticulocyte lysate. Both
he full length and the ANX IVC sequences were effi-
iently transcribed and translated in the rabbit reticu-
ocyte lysate system. The wild-type clone gave rise to
he expected product of 32.5 kD and ANX IVC resulted,
s predicted, in the synthesis of a truncated protein of
3 kD (Figure 4).

he Truncated Annexin IV Binds to Phospholipid
in a Ca21-Independent Fashion

Because the truncated annexin IV is missing most of
he third and all of the fourth annexin repeats, we
nvestigated the functional consequences of this loss.
wo biochemical approaches, using in vitro-translated
roteins, were used to analyze the binding properties of
he wild-type and truncated annexin IV molecules,
amely, (i) hydrophobic column chromatography over
henyl-sepharose and (ii) liposome binding. As pre-
icted, the wild type annexin IV bound to the column
nd was specifically eluted with EGTA (Figure 5C). In
ontrast, the truncated annexin IV bound tightly to the
olumn and could only be eluted with SDS (Figure 5A).

m reverse-transcribed mouse macrophage RNA. (A) Two different
portions of the transcript. Within each primer set one primer bound
c sequences. (B) Ethidium-bromide stained agarose gel of the PCR
two PCRs are indicated.
fro
(2)
cifi

he
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iposomes composed of either phosphatidylserine:
hosphatidylethanolamine or phosphatidylcholine:
hosphatidyl-ethanolamine were incubated with [35S]-
ethionine-labeled translated annexin IV proteins in

ither the presence or absence of Ca21. Protein which
ound phospholipid was separated from unbound pro-
ein by high-speed centifugation. The pellets and su-
ernatants were analyzed by SDS–PAGE. In the pres-
nce of 5.5 mM Ca21, more than 90% of the wild-type
nnexin IV protein bound to phosphatidylserine-
ontaining vesicles, and greater than 60% of the pro-
ein bound to phosphatidylcholine-containing vesicles
Figure 6) and when protein was incubated with vesi-
les in the presence of EGTA, greater than 85% of the
nnexin IV protein was found in the supernatant of
hosphatidylserine-containing vesicles, and over 65%
f the protein was in the supernatant of phosphati-
ylcholine-containing vesicles. In contrast, Ca21 had no
ffect on the ability of the truncated annexin IV protein
o bind vesicles containing phosphatidylcholine, as ap-
roximately equal amounts of protein were bound in
ither the presence of Ca21 (45%) or EGTA (55%). Ca21

id moderately enhance the binding of the truncated
rotein to phosphatidylserine-containing vesicles (65%
ound with Ca21), but the effect was markedly dimin-
shed compared to the effect of Ca21 on the binding of
he wild-type protein.

ffect of 20-Amino Acid Truncation on Phenyl
Sepharose Binding

The ability of the truncated annexin to bind to the
olumn could be explained by (1) the loss of annexin
epeats 3 and 4, or (2) the unique C-terminus of the
runcated product which has a high abundance of hy-

FIG. 4. In vitro transcription and translation of a novel annexin
V transcript. cDNA clones of murine annexin IV were transcribed
nd translated in vitro in a rabbit reticulocyte lysate system in the
resence of [35S]-methionine. Labeled products were analyzed by
DS–PAGE and autoradiography. Lane: (A) wild-type clone, (B)
NX IVC, (C) control (luciferase).
165
hat the unique C-terminal 20 amino acids of the trun-
ated protein contains 9 hydrophobic amino acids
ithin a 14 amino acid stretch (VFQHSWIPDLFLTL).
o test whether the unique 20 residues imparted
nough hydrophobic properties to the truncated an-
exin IVC to explain the altered binding to the col-
mns, an ANX-IVC protein lacking these residues was
onstructed (ANX IVC-u). When the protein from this
lone was produced in vitro using the transcription/
ranslation system in the presence of [35S]-methionine,
nd chromatographed over phenyl-sepharose, its bind-
ng properties were identical to those of the truncated
rotein from ANX IVC (Figure 5B). In addition, the
NX IVC-u lacking the unique C-terminal amino acids
ound liposomes in a manner indistinguishable from
hat of ANX IVC (data not shown) suggesting that the
nusual phenyl-sepharose- and phospholipid-binding
roperties of the truncated annexin IV are not likely to
e due to the addition of hydrophobic residues to the
-terminus of this protein, but rather may reflect the
bsence of annexin repeats 3 and 4.

ISCUSSION

In this report, we have shown that murine macro-
hages contain a transcript which codes for a novel,
runcated form of annexin IV. The existence of this
ranscript was confirmed by: (1) cloning from a mouse
acrophage cDNA library, (2) detection of a transcript

n mouse total RNA using Northern analysis, (3) clon-
ng from macrophage RNA using reverse transcription
nd PCR amplification, and subsequent sequencing of
he amplified product. The novel annexin IV transcript
iffers from the mRNA encoding the wild-type protein
y the presence of 688 bp within the coding region of

FIG. 5. Phenyl-sepharose column chromatography of murine an-
exin IV proteins produced in vitro. Annexin IV clones were tran-
cribed and translated in vitro as described in Figure 6. Proteins
ere subjected to phenyl-sepharose chromatography as described in
ethods. Fractions from flow-through, EGTA eluates, or SDS elu-

tes were pooled, and proteins were precipitated using acetone and
nalyzed by SDS–PAGE. (A) ANX IVC; (B) ANX IVC-u; (C) Wild-
ype.
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he gene. Sixty bp downstream of the start of this
nserted sequence is an in-frame stop codon. Using in
itro translation, we have confirmed that this stop
odon is utilized, and therefore the annexin IV protein
rom this transcript is truncated after the addition of
0 amino acids to the C-terminus that are not present
n the wild-type protein.

We proposed that the inclusion of this 688 bp sequence
ithin the unique annexin IV transcript is the result of
n alternative splicing event. The genes of annexins I, II,
I, and VII (13–16) have been cloned, and, with the
xception of annexin VII, exhibit a high degree of conser-
ation of gene structure, especially in regards to intron/
xon gene boundaries. Although the annexin IV gene has
et to be cloned, work done by Tait (17) has shown that
he intron/exon boundaries in this gene conform to the
ame pattern as annexins I, II and VI. Alignments of the
nnexin I, II, and VI genes with the cDNA sequence of
he novel murine annexin IV suggest that the position of
nsertion of the additional sequences corresponds exactly
o an intron/exon boundary in the other genes. In addi-
ion, this site also corresponds to the site of an alternative
plicing event in annexin VI (18). Sequences at the
oundaries between introns and exons are highly con-
erved (19), and the sequences surrounding the inserted
egion in annexin IVC conform to recognized splice donor
nd acceptor sequences.
The ANX IVC transcript was transcribed and trans-

ated in vitro into a truncated 22 kD protein that con-
ained only repeats 1 and 2. Phenyl-sepharose column
hromatography and liposome binding, indicated that
he truncated molecule had lost the ability to bind phos-
holipid in a Ca21-dependent manner. Elucidation of the
rystal structures of annexins I (20) and V (6, 21–23) have
emonstrated that there are multiple Ca21-binding se-
uences within the molecules. They are composed of a
onsensus sequence, GXGT(X38)D/E (6), which is found
n annexin IV in repeats 1, 2, and 4. Mutational analysis
f the Ca21-binding sites in annexin IV have revealed
hat the repeat 4 is most prominant in Ca21-dependent

FIG. 6. Binding of annexin IV proteins to phospholipids. Wild-typ
ranscribed and translated in vitro as described in Figure 5. Protei
ixtures of either phosphatidylethanolamine:phosphatidylserine (PS

ds were separated by centrifugation, and both the pellets and the sup
rotein.
166
hospholipid binding (24). In addition, mutation of a
ighly conserved arginine at the C-terminus of the
ndonexin-fold in the repeat 4 also had profound effects
n the ability of annexin IV to interact with membranes
24). These findings are consistent with our data demon-
trating that the truncated annexin IV, lacking repeat 4,
s defective in phospholipid binding.

Residues in repeat 3 have also been demonstrated to
e important in regulating phospholipid binding of the
nnexins (25). In annexin V, trp187 is exposed upon
inding of Ca21 to the annexin, and is demonstrated to
irectly make contact with the membrane (21, 25). It is
roposed that the conformational changes induced by
inding of Ca21 in domains 1, 2 and 4, which result in
he exposure of trp187, are important in establishing
embrane contact and anchoring the annexin to the
embrane (21, 23). Therefore, the third annexin re-

eat is essential to membrane binding, which is also
onsistent with the reduced phospholipid-binding
roperties in the truncated annexin IV.
Since the full range of functions of annexin IV are

till unknown, it is currently not possible to assign a
ole to the truncated version of the protein. However,
ome speculations can be made. Firstly, the truncated
rotein may playing a regulatory role by removing the
unctional activities of the full-length annexin IV, i.e.,
y acting as a dominant negative inhibitor. The lack of
a21-dependent phospholipid-binding activities in the

runcated annexin is consistent with this function. Sec-
ndly, the truncated protein may have a distinct cellu-
ar function. To elucidate this function we have at-
empted to make cell lines which overproduce the
runcated annexin IV, however, to date none of the
ransfections have yielded viable cells.

In summary, we have described a novel form of an-
exin IV transcript in mouse macrophages. Although
he protein product corresponding to this transcript
as not been detected, several unique features of the
NA warrant further investigation. In addition, if a

runcated protein is produced, its lack of Ca21-

Clone IA) or truncated (ANX IVC) murine annexin IV proteins were
were incubated in the presence of Ca21 (1) or EGTA (2), with 1:1
r phosphatidylethanolamine-phosphatidylcholine (PC). Phospholip-
atants were analyzed by SDS–PAGE for the presence of radiolabeled
e (
ns
) o

ern
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ovel member of the annexin family.
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