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ABSTRACT. Annexin A2 is a member of the annexin family of €adependent lipid binding proteins and
believed to be engaged in membrane transport processes in a number of cell types. In small intestinal
enterocytes, we localized annexin A2 to the brush border region, where it was found mainly on the lumenal
side of the microvilli, showing an apical secretion by a “nonclassical” mechanism. In addition, annexin
A2 was associated with surface-connected, deep apical tubules in the apical terminal web region and with
an underlying pleiomorphic, tubulo-vesicular compartment (subapical compartment/multivesicular bodies).
By subcellular fractionation, the 36 kDa full-length form of annexin A2 was approximately equally
distributed between the Mg-precipitated fraction (containing intracellular and basolateral membranes)
and the microvillar membrane fraction. In addition, a 33 kDa molecular form of annexin A2 was seen in
the latter fraction that could be generated from the full-length annexin A2 by digestion with trypsin.
Taken together, the results suggest that annexin A2 acts in exocytic apical membrane trafficking and is
proteolytically cleavedn situ by pancreatic proteinases once it has become externalized to the lumenal
side of the brush border membrane. On the basis of its well-known membrane fusogenic properties, we
propose a model for the nonclassical membrane translocation of annexin A2.

The annexin multigene family numbers100 members  (11). This task is accomplished by a massive biosynthesis
from all eukaryotic kingdoms except fundi)( Structurally and constitutive exocytic transport of digestive enzymes to
the annexins are defined by a conserved core domainthe developing brush border. In general, apical membrane
consisting of four homologous repeats responsible férCa trafficking in epithelial cells involves formation of glyco-
dependent binding to anionic phospholipids, the cytoskeleton, sphingolipid- and cholesterol-rich microdomains, commonly
and extracellular matrix proteins2), and the three-  known as lipid rafts, that act as sorting platforms for proteins
dimensional structure of several members of the family has destined for the lumenal cell surfack2¢-14). Two members
now been determine@®). Collectively, annexins are thought of the annexin family, annexin A216—18) and annexin
to play a role in a host of biological functions, including A13b (19, 20), have been shown to be associated with lipid
membrane trafficking and organization, ion channels, and rafts. Whereas the latter annexin is epithelial cell specific
extracellular activities, and they have been implicated in a (8), annexin A2 has a more widespread tissue distribution
number of diseases, for instance, heart disease and canceand has been implicated in both regulated secretion and
(4, 5). Thus, annexins A1 and A2 were first discovered as endocytosis4, 5, 21—25). It forms a heterotetramer with
targets for tyrosine phosphorylation by the EGF receptor and S100A10, a member of the S100 family of proteins, and is
the transforming gene product of the Rous sarcoma virus, a substrate for therc tyrosine kinase as well as for protein
respectively, implicating these annexins in signaling path- kinase C. Both S100A10 binding and phosphorylation are

ways involved in cancers). able to modulate the properties of annexin A2, but the
Several annexins, including annexins Al, A2, A4, A6, and mechanistic aspects of the function of this annexin are not

A13, are expressed in the small intestine enterod#eL(). fully understood 4, 5).

During its short life span of only 35 days, this highly We recently observed that enterocyte annexin A2 is

specialized cell must generate and maintain a dense lumenahssociated with lipid rafts of both intracellular and microvillar
brush border, enabling it to fulfill the digestive and absorptive origin (26), suggesting its involvement in apical membrane
functions that are vitally important for the whole organism trafficking. In the work presented here, we studied this
annexin in more detail. The results indicate that the lumenal
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KY), and a goat antibody to human annexin A2 was from
Santa Cruz Biotechnology (Santa Cruz, CA). A rabbit
antibody to pig intestinal aminopeptidase N was previously
described27). Protein A-gold was obtained from J. W. Slot
and G. Posthuma (Utrecht University School of Medicine,
Utrecht, The Netherlands), and rabbit anti-goat 1gG-gold
was from Amersham Pharmacia Biotech (Hgrsholm, Den-
mark).

Pig small intestine was kindly provided by L. Klarskov
and M. Olesen from the Department of Experimental
Medicine, The Panum Institute, University of Copenhagen.

Tissue Fractionation of Intestinal Mucosklucosal seg- - ¢
ments were excised from freshly obtained pig small intestine, . . : .
Ficure 1. Survey electron micrograph of the apical region of an

taken~2 m from the pylorus, as previously describ@8) enterocyte. The ultracryosection has been labeled with immunogold
In all subsequent tissue fractionation experiments, leupeptin(10 nm gold) to detect annexin A2. Gold labeling is seen in the
(10 ug/mL) and aprotinin (1Q:g/mL) were present. Sub-  brush border (BB), associated with apical tubular and vesicular
cellular fractionation of intestinal mucosa into Ktg Pf%f”e_s (?WOWS) C;f thet/terrﬂ!nal 'Welb rgglg_n (T(EVA),C?&% E\;\;Ithfttf;]e
L - subapical compartment/multivesicular bodies of the
precllpltated (Intracgllular and basolateral) membranes andorganelle region (OR). TJ is the tight junction, IS the intercellular
outside-out microvillar membran_es was performed _by the gpace, and DE the desmosome. The bar is 200 nm.
method of Booth and Kenny#). Briefly, mucosal scrapings

were homogenized in 2 mM Tris-HCl and 50 mM mannitol |y gl labeling experiments, controls were performed by

(pH 7.1) using a manually operated Potter-Elvehjem ho- omissjon of the primary antibody. Finally, the sections were
mogenizer. The homogenate was cleared by centrifugationinspected in a Philips 100 CM or Zeiss EM 900 electron
at 50@ for 10 min, and MgGl was added to a final  mjcroscope. Photographs were obtained using positives that
concentration of 10 mM. After incubation for 15 min onice, were subsequently digitized. Alternatively, digital electron

the preparation was centrifuged at 1§@0r 10 min to pellet  mjcrographs were obtained directly, using a Mega View |I
aggregated intracellular and basolateral membranes. Finally camera system.

"L -5

the supernatant was centrifuged at 48964 1 h to obtain SDS-PAGE and ImmunoblottingSDS-PAGE in 10%
a pellet of outside-out microvillar membrane vesicles and a ge|s was performed according to the method of Laemmli
supernatant of soluble proteins. (31). After electrotransfer onto Immobilon membranes,

Electron MicroscopyPieces of mucosal segments of pig immunoblotting was performed using a chemiluminescence
small intestine were fixed overnight by immersion in 0.1% (ecl) reagent from NEN (Boston, MA) according to the
glutaraldehyde and 2% formaldehyde in 0.1 M cacodylate protocol supplied by the manufacturer. Annexin A2 was
buffer (pH 7.2). After fixation, the specimens were washed detected using either a mouse monoclonal or goat polyclonal
in the above buffer, infiltrated with sucrose, mounted on antibody. Image analysis was carried out using a LAS-
stubs, and frozen in liquid nitrogen. Ultracryosections were 1000plus luminescent image analyzer (Fujifilm, Tokyo,
labeled with goat anti-human annexin A2 followed by protein Japan) and a software program supplied by the manufacturer.
A-gold.

For surface staining with ruthenium red, mucosal segmentsRESULTS

were fixed in 3% glutaraldehyde and 2% formaldehyde in  jmmunogold Localization of Annexin A2 in the Enterocyte
0.1 M cacodylate buffer (pH 7.2) for 20 h in the presence of aApex.By immunogold electron microscopy, we observed
0.2% ruthenium I’ed fO”OWed by pOStﬁxation in 1% Osmium annexin A2 main'y in the apica| region of the enterocyte
tetroxide and 0.3% ruthenium red for 2 h. After dehydration, (the 5_10//tm zone between the nucleus and the |umen), as
the mucosal segments were embedded in Epon. Postembedprevious|y reported by other8)( In this apical region~40%
ding immunogold labeling of ultrathin Epon sections of of the gold particles were associated with microvilli while
ruthenium red-treated specimens was performed with goatthe remaining labeling was found on membranous structures
anti-human annexin A2 and rabbit anti-goat IgG-gold. in the underlying cytoplasm (the terminal web and the
For pre-embedding immunogold labeling, microvillar organelle region in Figure 1). The microvillar labeling was
membrane vesicles were fixed in 0.1% glutaraldehyde and seen predominantly on the lumenal side of the membrane
2% formaldehyde in 0.1 M sodium phosphate (pH 7.2) for (Figure 2A). Thus, a quantification of 412 gold particles
10 min. The labeling was performed in Eppendorf tubes localized on appropriate sections (i.e., where the microvilli
using goat anti-annexin A2 or rabbit anti-aminopeptidase N, were well separated and the microvillar membrane was cut
essentially as described previousB0). The vesicles were  at a perpendicular angle and a precise localization of the
then postfixed in 1% osmium tetroxide in 0.1 M sodium indiviual gold particles therefore could be determined)
phosphate (pH 7.2) fol h at 4°C, dehydrated in graded revealed that 72% of the particles were on the exterior side
concentrations of acetone, and finally embedded in Epon of the membrane, 15% were over the membrane, and 13%
directly in the Eppendorf tubes. were on the interior side of the membrane. This indicates
that a major part of microvillar annexin A2 (in the range of
! Abbreviations: IgA, immunoglobulin A: IgG, immunoglobulin G: 72—87%) must reside on the lumenal side of the brush border

SAC, subapical compartment; SBBAGE, sodium dodecyl sulfate membrane. For comparison, Figure 2B shows a similar
polyacrylamide gel electrophoresis; Snare, Snap receptor. labeling for aminopeptidase N, a digestive enzyme located
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FicurRe 2: Annexin A2 associated with microvilli and deep apical
tubules. (A) An ultracryosection, showing immunogold labeling for
annexin A2 predominantly localized to the outside of the microvilli
(arrows). (B) A similar immunogold labeling for aminopeptidase
N. Notice that most, but not all, gold particles for this lumenal
marker localize on the lumenal side of the microvilli. PanetsEC
are ultrathin Epon sections from ruthenium red-treated mucosal
segments. In panel C, deep apical tubules are seen outlined by
distinct ruthenium red staining (arrows). In panels D and E, sections FIGURE 3:
of ruthenium red-stained specimens have further been labeled with .
immunogold (10 nm gold) for annexin A2. The ruthenium red
staining (now weaker due to washout) outlines the gold-labeled
deep apical tubules (arrows). Bars are 200 nm (A ard&ELand
100 nm (B).

Immunogold labeling of microvillar membrane vesicles.

Epon sections showing pre-embedding immunogold labeling of

outside-out microvillar membrane vesicles for annexin A2 (A) and

" aminopeptidase N (B). For both proteins, labeling of vesicular
membranes is seen. Bars are 500 nm.

at the extracellular side of the membrane. Here, gold particlesA2 Was seen at the membrane of both the deep apical tubules

were also found predominantly, but not exclusively, on the @nd the vesicle-like structures (Figure 2D,E).

lumenal side of the membrane. Below the terminal web region in the organelle region
To ascertain the extracellular localization of annexin A2, (Figure 1), annexin A2 labeling was seen in tubulo-vesicular

Figure 3A shows an annexin A2 immunogold labeling of and endosomal structures also known as the subapical

microvillar membrane vesicles performed by a pre-embed- compartment (SAC)33).

ding protocol. Microvilli form regular closed, outside-out g celiular Distribution and Proteolytic Processing of

vesicles upon tissue homo_genizatim)(_ Ieavi_ng only the_ Enterocyte Annexin A2Vhen small intestine mucosa was
extracellular_surface accessible f_or 'abe"!‘g- Sln_ce the Ves'dessubcellularly fractionated by the divalent cation precipitation
were conspicuously labeled, this experiment independently

corroborates the extracellular localization of annexin A2 method into M@"-precipitated (intracellular and basolateral)
A X u -allzatio X membranes, outside-out microvillar membrane vesicles, and
shown in Figure 2A. For comparison, Figure 3B shows a

similar labeling for aminopeptidase N soluble protein, approximately equal amounts of the 36 kDa

In the underlying apical cytoplasm, annexin A2 labeling polypeptide of annexin A2 were found in the two membrane
was associated with tubulo-vesicular1 membranes IocalizedfraCtions’ Whereas_ it was ess_enti_ally ab;ent from the solyble
in the terminal web region (Figure 1, TW, and Figure 2D,E), pool of proteins (Figure 4). This distribution agrees well with

which contains a complex meshwork of filaments interdigi- the |_mmunogold Iabell_ng s_hown in F|gure L Wher_l one
tating between the actin rootlets of the microvillar cytosk- considers that the microvillar fraction only constitutes
eleton B2). The high density of filaments functions as a 2~ 10% of the protein of a total mucosal homogenate, it
barrier, preventing larger organelles such as mitochondria, indicates that the apical cell surface is a major destination
endoplasmic reticulum, and endosomal compartments from for annexin A2 trafficking in the enterocyte. For comparison,
direct access to the apical surface. Figure 2C shows an Eporf-igure 4 also shows that the transient, high-mannose gly-
section of intestinal mucosa after treatment with the non- cosylated 140 kDa band of the resident microvillar enzyme
permeable surface marker ruthenium red. In addition to @aminopeptidase N was only seen in the Atgrecipitated
staining the entire microvillar surface, ruthenium red also fraction, whereas the mature, complex 160 kDa glycosylated
labeled deep apical tubule2g) penetrating into the terminal ~ €nzyme was highly enriched in the microvillar fraction,
web region. Some vesicular profiles were also labeled by indicating that a major cross contamination between the two
the surface marker, indicating a connection with the cell membrane fractions did not occur. In addition, a fragment
surface (Figure 2C). The tubules and vesicular profiles (most (120 kDa) of the mature form of aminopeptidase N was
likely cross-sectioned tubules) had a diameter of-500 present in the microvillar fraction, indicative of proteolytic
nm, and penetrated up toudn into the cytoplasm. Annexin  cleavagen situ by pancreatic proteinase34).
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FIGURe 4: Subcellular distribution of enterocyte annexin A2. 36kDa
Mucosal scrapings were homogenized and fractionated infdMg 33kDa —» i
precipitated membranes (Mg, microvillar membrane vesicles w

(Mic), and soluble proteins (Sol) as described in Materials and
Methods. Proportional amounts of the three fractions were analyzed Protein

by SDS-PAGE followed by immunoblotting with a monoclonal  Ficure 6: Membrane association of annexin A2 isGdependent.
antibody to annexin A2 and a polyclonal antibody to aminopeptidase Mg2+-precipitated (M§") and microvillar (Mic) membranes,

N. After immunoblotting had been carried out, total protein was resuspended in 25 mM HEPES-HCI and 150 mM NacCl (pH 7.1),
visualized by staining with Coomassie brilliant blue. Molecular mass were incubated at room temperature for 10 min in the absence or
values of annexin A2 (36 kDa) and aminopeptidase N (160, 140, presence of 1 mM EDTA. After incubation, the samples were
and 120 kDa) are indicated. centrifuged at 200G for 20 min, and the pellets (P) and
supernatants (S) were collected and subjected to-STGE. After
electrophoresis and electrotransfer onto Immobilon, annexin A2 was
visualized by immunoblotting with a monoclonal antibody and total
protein of the same gel tracks by staining with Coomassie brilliant
blue. Asterisks denote proteins, including annexin A2, specifically
released from the microvillar fraction by EDTA. Molecular mass
values are indicated.

1 2 3
Fraction: Mg2* Mic Mg?* Mic Mg2* Mic

APreparatin n:

36kDa __,

-— - —— e RS S
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FIGURE 5: A 33 kDa molecular form of annexin A2. (A) Mucosal INEDa— I O = D 45
scrapings from three different pigs were homogenized and fraction- 120 kDa — - e
ated into M@"-precipitated (M@") and microvillar (Mic) mem-
branes as described in Materials and Methods. Proportional amounts :
of the two membrane fractions were analyzed by SP3GE
followed by immunoblotting with a monoclonal antibody to annexin
A2. Notice the presence of a 33 kDa band in the microvillar fraction
in preparation 3. (B) M@ -precipitated membranes, resuspended 42kDa —»
in 25 mM HEPES-HCI and 150 mM NaCl (pH 7.1), were incubated ek
at 37 °C in the presence of 1@g/mL trypsin for the indicated 33 kD2 — py :: -
periods of time. After incubation, the samples were rapidly cooled L
on ice and centrifuged at 2009®@or 20 min. The pellets (P) and -

supernatants (S) were collected and analyzed by -SPSGE
followed by immunoblotting with a monoclonal antibody to annexin
A2.

Protein Immuno blots
FIGURE 7: Release of microvillar annexin A2 by alkaline treatment.

Microvillar membranes (Mic) were resuspended in 5 mMGI@;
In intestinal preparations from some but not all animals, (PH 11.0) and incubated on ice for 30 min. After centrifugation at
an additional molecular form of 33 kDa annexin A2 was 4800@ for 1 h, the pellet (P) and supernatant (S) were collected.

- . - . . . . Proportional amounts of the fractions were analyzed by -SDS
detected in the microvillar fraction by immunoblotting, using - paGE, followed by immunoblotting with polyclonal antibodies to
both a monoclonal (Figure 5A) and a polyclonal (Figure 7) annexin A2 or aminopeptidase N. Total protein was visualized by
antibody, suggestive of a partial proteolysis. Since not only staining with Coomassie brilliant blue. Molecular mass values are
aminopeptidase N34) but also several other microvillar ~ indicated.
proteins, including sucrase isomaltasgs)( and maltase
glucoamylase36), are known to be partially proteolytically ~ the time of slaughter. Figure 5B shows that the 36 kDa
cleavedn situ by pancreatic proteinases, annexin A2 might molecular form of annexin A2 was converted to the 33 kDa
undergo a similar processing at the lumenal surface of theform in vitro by incubation with trypsin. Since the total
brush border membrane. Consequently, the animal to animalamount of annexin A2 was not markedly reduced during the
variation with regard to the presence of the 33 kDa form incubation, the result indicates the existence of a trypsin-
seen in Figure 5A most likely can be attributed to differences sensitive bond in pig annexin A2. Interestingly, the cleavage
in lumenal contents and activity of pancreatic enzymes at of full-length annexin A2 was not accompanied by a release
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of the 33 kDa form from the membrane. Taken together, cleaved or not, simply by virtue of its membrane transloca-
the data strongly indicate that annexin A2, like other lumenal tion.
brush border proteins directly exposed to the proteolytic  The fact that a major amount of enterocyte annexin A2 is
enzymes of pancreatic origin during the digestive process, found in the microvillar fraction implies that annexin A2 in
becomes partially cleaved situ. this cell type mainly seems to act in apical exocytosis. This
Figure 6 shows that annexin A2 was released from both role is in agreement with its localization in the deep apical
Mg?*-precipitated and microvillar fractions by a brief treat- tubules and the SAC below the terminal web region. In addi-
ment with EDTA, indicating the requirement for €ain tion, it fits with the constitutive apical exocytosis being a
membrane binding. For both membrane fractions, ap- major trafficking pathway during the short life span of the
proximately half of the total amount of the 36 kDa form of enterocyte. Together with the likewise constitutive transcy-
annexin A2 was released by 1 mM EDTA, whereas the 33 tosis of dimeric IgA from the basolateral cell surface to se-
kDa form of microvillar annexin A2 was almost completely cretion from the brush border, this demands an apical mem-
released. Increasing the concentration of EDTA to 5 mM brane trafficking system with a “high-throughput” capacity.
did not cause any further dissociation of annexin A2 from Annexin A2’s well-known membrane fusogenic properties
either membrane fraction (data not shown). This result and actin binding capability5§ would seem particularly
indicates that a major part of annexin A2 resides on the useful for the protein acting as a facilitator in this process.
cytoplasmic side of intracellular vesicles of the Wig Endocytosis of nutrients from the brush border surface, on
precipitated fraction. In addition, since the microvillar the other hand, is generally a rare phenomenon under normal
fraction essentially consists of closed, outside-out vesiclesfasting conditions after “closure” when the enterocyte ceases
(29), the significant release of annexin A2 from this fraction to take up macromolecules from the gut lum&®g)(
confirms the lumenal localization of microvillar annexin A2 The lumenal localization of microvillar annexin A2 implies
observed by immunogold electron microscopy. Finally, the that it is a protein secreted apically by a nonclassical mech-
result shows that annexin A2 associates with the lumenalanism (i.e., not involving a signal peptide for membrane
side of the membrane in a &adependent manner similar  translocation). The mechanism underlying nonclassical secre-
to its binding at the cytosolic face of the membrane. tion of proteins is as yet poorly understood, but in light of
Figure 7 shows the release from microvillar membranes the membrane fusogenic properties of heterotetrameric an-
of both the 36 and 33 kDa forms of annexin A2 by alkaline nexin A2, we propose a mechanism whereby this might occur
extraction (pH 11.0), a method that opens membrane vesiclegFigure 8). First, annexin A2 acts to mediate the docking of
and releases peripheral proteins on both sides of thetransport vesicles and carriers at the apical surface, most
membrane but leaves integral membrane proteins, includinglikely at a site like the easily accessible deep apical tubules
aminopeptidase N, in the pellet after centrifugati®T)( between the rootlets of adjacent microvilli. During the
Unlike the EDTA treatment shown in Figure 6, alkaline preparation of the subsequent membrane fusion process, the
extraction therefore released most of the vesicular contenttwo bilayers next have to come in close apposition with one
of actin (42 kDa). Nevertheless, some annexin A2 remained another. This process where water molecules are forced out
in the pellet, indicating a strong membrane association.  of the closing gap between the two bilayers requires energy,
but we theorize that annexin A2's €adependent membrane
DISCUSSION affinity is sufficiently strong for it to remain at the membrane
Although annexin A2 is known to be a membrane-as- interface. Second, when the two monolayers, now in direct
sociated protein in the brush border region of enterocytes opposition to one another, form a “stalk” and undergo hemi-
(9), its presence in the deep apical tubul6) @t the apical fusion, annexin A2 is forced into the hydrophobic interior
cell surface and lumenal localization along the microvillito of the stalk. We hypothesize that the energy requirement for
our knowledge have not been described previously. An ad- this step is provided by the tight associationvondt-snares
ditional finding was that lumenal annexin A2 appears to un- believed to be general components of the membrane docking
dergo proteolytic cleavage to a 33 kDa form, presumably and fusion machinery3@). Third, as the fusion process
by the action of trypsin and possibly other pancreatic pro- proceeds to completion, annexin A2 is rapidly expelled from
teinasedn sity, in @ manner similar to that of a number of the interior to the surface of the membrane. The expulsion
digestive brush border ectoenzymes that are likewise directlyis most likely a spontaneous, stochastic process that may
exposed to the harsh environment of the gut. The cleavageoccur to either the cytoplasmic or extracellular surface of
of annexin A2 probably occurs near the N-terminus of the the membrane. When the latter is the case, annexin A2 is
molecule that consists of arrhelix that is joined by an ex-  translocated in the process, whereas annexin A2 not trans-
posed flexible link to the remainder of the molecug The located across the membrane may engage in a new round of
finding that the cleaved 33 kDa form of annexin A2 was vesicle trafficking. This model is consistent with the majority
present predominantly in the microvillar fraction and not of microvillar annexin A2 residing on the lumenal side of
distributed to intracellular membranes implies that it most the membrane and predicts that the nonclassical membrane
likely represents a major end point in the membrane traffick- translocation occurs as an integrated part of the general
ing of the molecule. Hypothetically, this could be explained membrane fusion process. The proposed mechanism may
by the proteolytic loss of the N-terminal helix that contains also operate for other types of nonclassically secreted
the binding site for S100A10, enabling it to form the func- proteins, provided they have a sufficiently high affinity for
tional heterotetramer that is capable of bridging opposite the membranes that undergo fusion to avoid expulsion in
membrane surface$), However, it is equally likely that  the process. One such protein might be galectin-4, which
annexin A2, once externalized at the microvillar surface, like annexin A2 is secreted nonclassically and subsequently
loses its ability to mediate membrane trafficking, whether attached to the brush border membra8, 40).
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Ficure 8: Model for apical nonclassical secretion of annexin A2.
(1) A transport vesicle, carrying an annexin A3100A10 het-
erotetramer at its cytosolic surface, docks at the apical cell surface.
The membrane fusogenic properties of annexin A2 facilitate the
docking of the vesicle, allowing andt snares to interact and initiate
the membrane fusion process. (2) During formation of the “stalk”
in the hemifusion of the two opposite lipid monolayers, annexin
A2 is forced into the hydrophobic interior of the stalk. The energy
requirement for this step is provided by the general vesicle fusion
machinery involvingy andt snares. (3) As the fusion process
proceeds, annexin A2 is rapidly extruded from the hydrophobic
phase of the membrane. Extrusion may take place equally well to
either side of the cell membrane; thus, a fraction of annexin A2
becomes secreted in the overall process of vesicle fusion.

In addition to its role in apical membrane trafficking, it is
tempting to speculate that annexin A2 may also serve a
function at the lumenal side of the microvillar membrane.
Annexin A2 has been found on the surface of endothelial
cells where it has been proposed to serve as a platform for
the binding of plasminogen and tissue plasminogen activator
to promote fibrinolysis %, 41). If annexin A2 acts as a
receptor in the gut lumen, physiological ligands for it have
yet to be defined. One possibility could be during fat
digestion, where annexin A2 might act as a receptor for
phospholipid-containing mixed micelles, enabling these to
remain in the unstirred layer in the proximity of the brush
border during their digestion by pancreatic lipases.

ACKNOWLEDGMENT

Lissi Immerdal, Lise-Lotte Niels-Christiansen, Birthe T.

Nystram, Mette Ohlsen, and Kirsten Pedersen are thanked

for excellent technical assistance.

Biochemistry, Vol. 42, No. 49, 20034675
REFERENCES

1. Morgan, R. O., and Fernandez, M. P. (1997) Annexin gene
structures and molecular evolutionary genetics|l. Mol. Life
Sci. 53 508-515.

. Raynal, P., and Pollard, H. B. (1994) Annexins: the problem of
assessing the biological role for a gene family of multifunctional
calcium- and phospholipid-binding proteirBiochim. Biophys.
Acta 1197 63-93.

. Liemann, S., and Huber, R. (1997) Three-dimensional structure
of annexinsCell. Mol. Life Sci. 53516-521.

. Gerke, V., and Moss, S. E. (1997) Annexins and membrane
dynamics,Biochim. Biophys. Acta 1357129-154.

. Gerke, V., and Moss, S. E. (2002) Annexins: From structure to
function, Physiol. Re. 82, 331—-371.

. Gerke, V., and Weber, K. (1984) Identity of p36K phosphorylated
upon Rous sarcoma virustransformation with a protein purified
from brush borders; calcium-dependent binding to non-erythroid
spectrin and F-actireMBO J. 3 227-233.

. Massey, D., Traverso, V., and Maroux, S. (1991) Lipocortin IV
is a basolateral cytoskeleton constituent or rabbit enterocytes,
Biol. Chem. 2663125-3130.

. Wice, B. M., and Gordon, J. I. (1992) A strategy for isolation of
cDNAs encoding proteins affecting human intestinal epithelial cell
growth and differentiation: characterization of a novel gut-specific
N-myristoylated annexin]. Cell Biol. 116 405-422.

. Weinman, J. S., Feinberg, J. M., Rainteau, D. P., Della Gaspera,

B., and Weinman, S. J. (1994) Annexins in rat enterocyte and

hepatocyte: an immunogold electron-microscope studgll

Tissue Res. 27889-397.

Massey-Harroche, D., Mayran, N., and Maroux, S. (1998) Polar-

ized localizations of annexins |, I, Vi and XllI in epithelial cells

of intestinal, hepatic and pancreatic tissue<;ell Sci. 1113007

3015.

Trier, J. S. (1968) Morphology of the epithelium of the small

intestine, inHandbook of Physiology: Alimentary can@ode,

C. F., Ed.) Vol. 6, pp 11251176, American Physiological

Society, Washington, DC.

Simons, K., and lkonen, E. (1997) Functional rafts in cell

membranesNature 387 569-572.

Brown, D. A., and London, E. (1998) Functions of lipid rafts in

biological membranesAnnu. Re. Cell Dev. Biol. 14, 111—

136.

Hooper, N. M. (1999) Detergent-insoluble glycosphingolipid/

cholesterol-rich membrane domains, lipid rafts and caveMaé,

Membr. Biol. 16 145-156.

Lisanti, M. P., Scherer, P. E., Vidugiriene, J., Tang, Z. L.,

Hermanowski-Vosatka, A., Tu, Y. H., Cook, R. F., and Sargia-

como, M. (1994) Characterization of caveolin-rich membrane

domains isolated from an endothelial-rich source: implications

for human disease). Cell Biol. 126 111-126.

Harder, T., and Gerke, V. (1994) The annexpp1il, complex is

the major protein component of the Triton X-100-insoluble low-

density fraction prepared from MDCK cells in the presence of

Ca*, Biochim. Biophys. Acta 122375-382.

Harder, T., Kellner, R., Parton, R. G., and Gruenberg, J. (1997)

Specific release of membrane-bound annexin Il and cortical

cytoskeletal elements by sequestration of membrane cholesterol,

Mol. Biol. Cell 8 533-545.

Oliferenko, S., Paiha, K., Harder, T., Gerke, V., Stiala, C.,

Schwarz, H., Beug, H., Guhert, U., and Huber, L. (1999)

Analysis of CD44-containing lipid rafts: Recruitment of annexin

Il and stabilization by the actin cytoskeletah, Cell Biol. 146

843-854.

19. Fiedler, K., Lafont, F., Parton, R. G., and Simons, K. (1995)

Annexin XllIb: a novel epithelial specific annexin is implicated

in vesicular traffic to the apical plasma membradeCell Biol.

128 1043-1053.

Lafont, F., Lecat, S., Verkade, P., and Simons, K. (1998) Annexin

Xlllb associates with lipid microdomains to function in apical

delivery,J. Cell Biol. 142 1413-1427.

Nakata, T., Sobue, K., and Hirokawa, N. (1990) Conformational

change and localization of calpactin 1 complex involved in

exocytosis as revealed by quick-freeze, deep-etch electron mi-

croscopy and immunocytochemistry, Cell Biol. 110 13—

25.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.



14676 Biochemistry, Vol. 42, No. 49, 2003

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gruenberg, J., and Emans, N. (1993) Annexins in membrane 32.

traffic, Trends Cell Biol. 3224-227.

Emans, N., Gorvel, J. P., Walter, C., Gerke, V., Kellner, R.,
Griffiths, G., and Gruenberg, J. (1993) Annexin Il is a major
component of fusogenic endosomal vesiclésCell Biol. 120
1357-1369.

Harder, T., and Gerke, V. (1993) The subcellular distribution of
early endosomes is affected bythe annexyplll, complex,J.

Cell Biol. 123 1119-1132.

Mayorga, L. S., Beron, W., Sarrouf, M. N., Colombo, M. I., Creutz,
C., and Stahl, P. D. (1994) Calcium-dependent fusion among
endosomes]). Biol. Chem. 26930927-30934.

Hansen, G. H., Pedersen, J., Niels-Christiansen, L.-L., Immerdal,
L., and Danielsen, E. M. (2003) Deep apical tubules: Dynamic
lipid raft microdomains in the brush border region of enterocytes,
Biochem. J. 373125-132.

Hansen, G. H., Wetterberg, L.-L.,"Sjdom, H., and Nofa, O.
(1992) Immunogold labeling is a quantitative method as demon-
strated by studies on aminopeptidase N in microvillar membrane
vesicles Histochem. J. 24132-136.

Danielsen, E. M., Sgiram, H., Noren, O., Bro, B., and Dabelsteen,
E. (1982) Biosynthesis of intestinal microvillar proteins. Char-
acterization of intestinal explants in organ culture and evidence
for the existence of proforms of the microvillar enzym@mchem.

J. 202 647-654.

Booth, A. G., and Kenny, A. J. (1974) A rapid method for the
preparation of microvilli from rabbit kidneyBiochem. J. 142
575-581.

Hansen, G. H., Immerdal, L., Thorsen, E., Niels-Christiansen, L.-
L., Nystram, B. T., Demant, E. J. F., and Danielsen, E. M. (2001)
Lipid rafts exist as stable cholesterol-independent microdomains
in the brush border membrane of enterocyfe®iol. Chem. 276
32338-32344.

Laemmli, U. K. (1970) Cleavage of the structural proteins during
the assembly of the head of bacteriophageNdture 227 680—

685.

33.

35.

Danielsen et al.

Mooseker, M. S., Keller, T. C., and Hirokawa, N. (1983)

Regulation of cytoskeletal structures and contractility in the brush
border,Ciba Found. Symp. 95.95-215.

Hoekstra, D., and van ljzendoorn, S. C. (2000) Lipid trafficking

and sorting: how cholesterol is filling gapSurr. Opin. Cell Biol.

12, 496-502.

. Sjestrom, H., Nore, O., Jeppesen, L., Staun, M., Svensson, B.,

and Christiansen, L. (1978) Purification of different amphiphilic
forms of a microvillus aminopeptidase from pig small intestine
using immunoadsorbent chromatograpByr. J. Biochem. 88
503-511.

Sjestram, H., Norfen, O., Christiansen, L., Wacker, H., and
Semenza, G. (1980) A fully active, two-active-site, single-chain
sucrase-isomaltase from pig small intestideBiol. Chem. 255
11332-11338.

. Sgrensen, S. H., NareO., Sjstram, H., and Danielsen, E. M.

(21982) Amphiphilic pig intestinal microvillus maltase/glucoamyl-
ase. Structure and specificitizur. J. Biochem. 126559-568.

.Cowell, G. M., and Danielsen, E. M. (1984) Biosynthesis of

intestinal microvillar proteins. Rapid expression of cytoskeletal
components in microvilli of pig small intestinal mucosal explants,
FEBS Lett. 172309-314.

. Morris, I. G. (1968) Gamma globulin absorption in the newborn,

in Handbook of PhysiologyCode, C. F., Ed.) pp 14911512,
American Physiological Society, Washington, DC.

. Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., and

Walter, P. (2002Molecular Biology of the Cellth ed., pp 722
724, Garland Science, New York.

. Danielsen, E. M., and van Deurs, B. (1997) Galectin-4 and small

intestinal brush border enzymes form clustéfs|. Biol. Cell §
2241-2251.

. Hajjar, K. A., Jacovina, A. T., and Chacko, J. (1994) An

endothelial cell receptor for plasminogen/tissue plasminogen
activator. |. Identity with annexin II,J. Biol. Chem. 269
21191-21197.

BI10355239



