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Detergent-insoluble complexes prepared from pig small intestine are highly enriched in
several transmembrane brush border enzymes including aminopeptidase N and sucrase-
isomaltase, indicating that they reside in a glycolipid-rich environment in vivo. In the
present work galectin-4, an animal lectin lacking a N-terminal signal peptide for mem-
brane translocation, was discovered in these complexes as well, and in gradient centrif-
ugation brush border enzymes and galectin-4 formed distinct soluble high molecular
weight clusters. Immunoperoxidase cytochemistry and immunogold electron micros-
copy showed that galectin-4 is indeed an intestinal brush border protein; we also
localized galectin-4 throughout the cell, mainly associated with membraneous structures,
including small vesicles, and to the rootlets of microvillar actin filaments. This was
confirmed by subcellular fractionation, showing about half the amount of galectin-4 to be
in the microvillar fraction, the rest being associated with insoluble intracellular struc-
tures. A direct association between the lectin and aminopeptidase N was evidenced by a
colocalization along microvilli in double immunogold labeling and by the ability of an
antibody to galectin-4 to coimmunoprecipitate aminopeptidase N and sucrase-isoma-
Itase. Furthermore, galectin-4 was released from microvillar, right-side-out vesicles as
well as from mucosal explants by a brief wash with 100 mM lactose, confirming its
extracellular localization. Galectin-4 is therefore secreted by a nonclassical pathway, and
the brush border enzymes represent a novel class of natural ligands for a member of the
galectin family. Newly synthesized galectin-4 is rapidly “trapped” by association with
intracellular structures prior to its apical secretion, but once externalized, association
with brush border enzymes prevents it from being released from the enterocyte into the
intestinal lumen.

INTRODUCTION

The brush border enzymes of the small intestinal en-
terocyte provide a good model for studying mem-
brane polarity in an epithelium in situ. They include a
large number of hydrolases, notably peptidases and
glycosidases, that are constitutively made by the en-
terocyte to maintain a high digestive capacity of its
apical brush border in the proteolytic environment of
the intestinal lumen (Semenza, 1986; Alpers, 1987). We
have previously observed that several of the trans-
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membrane brush border enzymes, including amino-
peptidase N and sucrase-isomaltase, are among the
major protein components of detergent-insoluble com-
plexes prepared from enterocyte membranes, indicat-
ing that they reside in glycolipid microdomains in
vivo (Danielsen, 1995). Radioactive labeling experi-
ments showed that newly synthesized brush border
enzymes integrate into these structures before appear-
ing at the cell surface, indicating that transmembrane
as well as glycosylphosphatidylinositol (GPI)-an-
chored proteins may be transported by the “raft”
mechanism (Brown and Rose, 1992; Fiedler et al.,
1993). We also recently described the presence of
melanotransferrin, a 80-kDa GPI-anchored member of
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the transferrin family of iron-binding proteins, in gly-
colipid microdomains prepared from fetal enterocytes
(Danielsen and van Deurs, 1995). By immunogold
electron microscopy, melanotransferrin was localized
to apical microdomain patches between adjacent mi-
crovilli that bore no morphological resemblance to
caveolae.

In the present work, galectin-4 was identified as a
major component of detergent-insoluble complexes
prepared from the small intestine. The galectin family
of B-galactoside-binding proteins (also known as S-
type lectins) is a class of vertebrate lectins, and mem-
bers of the family have been found in a variety of
tissues and cell types and have been implicated in
processes as diverse as embryonic and tumor devel-
opment, connective tissue regulation, organization of
the nervous system and immune regulation (Harrison,
1991; Drickamer and Taylor, 1993; Barondes et al.,
1994). Lacking a signal peptide for membrane trans-
location, galectins are considered to be cytosolic pro-
teins, but some of the members, in particular galec-
tin-1 and galectin-3, have been localized in the
extracellular matrix. To account for this, galectins have
been proposed to be secreted by a nonclassical path-
way (Cooper and Barondes, 1990; Muesch et al., 1990).
Despite the abundancy of extracellular B-galactoside-
containing glycoconjugates, only a few have been
shown to act as natural ligands for galectins; thus
laminin, integrin «,B;, IgE, and the IgE receptor are
among the few binding partners so far identified (Bar-
ondes et al., 1994). Our present results indicate that
galectin-4 in the enterocyte is secreted apically by a
nonclassical mechanism. Once externalized, the lectin
remains at the cell surface, forming clusters with
brush border enzymes, in particular aminopeptidase
N and sucrase-isomaltase.

MATERIALS AND METHODS

Materials

Equipment for performing organ culture, including Trowell’s T-8
medium and culture dishes with grids, was obtained as previously
described (Danielsen et al., 1982). Monoclonal antibodies to human
annexin Il were purchased from Transduction Laboratories (Lexing-
ton, KY), and peroxidase-conjugated swine immunoglobulins to
rabbit immunoglobulins and peroxidase-conjugated rabbit immu-
noglobulins to mouse immunoglobulins were from DAKO
(Glostrup, Denmark).

A rabbit antibody to pig intestinal aminopeptidase N was used as
previously described (Hansen et al., 1992), and protein A-gold
(PAG) was obtained from Dr. J. W. Slot and Dr. G. Posthuma
(Utrecht University, School of Medicine, The Netherlands). Pig
small intestine was kindly provided by the Department of Experi-
mental Medicine, The Panum Institute (Copenhagen, Denmark).

Organ Culture of Mucosal Explants and Tissue
Fractionation

Radioactive labeling of jejunal mucosal explants in organ culture
and subcellular fractionation of labeled explants into a Mg?*-pre-
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cipitated fraction (intracellular and basolateral membranes) and a
microvillar fraction was performed by the method of Booth and
Kenny (1974) as previously described (Danielsen, 1982), with MgCl,
instead of CaCl,. Detergent-insoluble complexes (glycolipid mi-
crodomains) were isolated from microvillar membranes by the
method of Brown and Rose (1992) as previously described
(Danielsen, 1995).

Preparation of an Antibody to Galectin-4

Starting with about 200 g of everted, washed, and frozen pig small
intestine, a microvillar fraction was prepared from a mucosal ho-
mogenate, and the microvilli were resuspended in 10 mM imidazole
hydrochloride, 100 mM KCl, 0.5 mM dithiothreitol (DTT), 1 mM
CaCl,, and 1 mM NaNj, pH 7.4, and solubilized by extraction with
1% Triton X-100 (10 min at 37°C). The demembranated microvilli
were washed in the same buffer and then resuspended and ex-
tracted with 10 mM imidazole hydrochloride, 100 mM KCl, 0.5 mM
DTT, 1 mM NaNj;, and 5 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid, pH 7.4. The extract was centri-
fuged at 48,000 X g for 1 h, and the supernatant was dialyzed
extensively against 10 mM imidazole hydrochloride, 0.5 mM DTT,
and 1 mM NaNj,, pH 7.4, and passed through a column of DE-52
cellulose. The pass-through was collected and precipitated by ad-
dition of ammonium sulfate (70% saturation). The resulting protein
pellet was resolubilized in a small volume of 25 mM N-(2-hydroxy-
ethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES) and 150 mM
NaCl, pH 7.0, mixed with an equal volume of Freund’s incomplete
adjuvant, and injected intracutaneously into a rabbit (about 50 ug/
injection) at 2-week intervals. The rabbit was bled a week after the
fourth injection. Booster injections were given at 6-week intervals,
followed by new bleedings. The immunoglobulin fraction was iso-
lated from the antiserum by chromatography on a column of pro-
tein A-Sepharose.

Morphological Investigations

Light Microscopy. Aldehyde-fixed tissue (pig small intestine, pan-
creas, and liver) was embedded in paraffin. Deparafinated sections
were treated with methanol-H,O,, then with goat serum, and finally
incubated overnight at 4°C with the rabbit anti-pig galectin-4 anti-
body. After washing the sections were incubated with peroxidase-
conjugated swine anti-rabbit IgG, followed by washing, incubating
in 3,3’-diaminobenzidine in H,O,, and finally staining with hema-
toxylin.

Electron Microscopy. Pieces of pig small intestine were fixed over-
night by immersion in 0.1% glutaraldehyde and 2% formaldehyde
in 0.1 M cacodylate buffer, pH 7.2. After fixation, the specimens
were buffer-washed, infiltrated with sucrose, mounted on stubs, and
frozen in liquid nitrogen. Ultracryosections were single-labeled
with rabbit anti-pig galectin-4 followed by PAG or double-labeled
with the anti-galectin-4 antibody followed by rabbit anti-aminopep-
tidase N and PAG. Finally, the sections were inspected in a Philips
100 CM electron microscope.

Velocity Sedimentation Analysis

Samples (1 ml) of total mucosal membrane fractions in 25 mM
HEPES and 150 mM NaCl, pH 7.0, were extracted for 10 min at 37°C
with 20 mM 3-[(3-chloramidopropyl)demethylammonio]-2-hy-
droxy-1-propanesulfonate (CHAPS) and 1 mM EDTA, then layered
on top of a 10-30% sucrose gradient (made up in 12 ml of the above
buffer containing 2 mM CHAPS), and centrifuged in a SW 40 Ti
rotor (Beckman Instruments, Palo Alto, CA) for 18 to 20 h at 3°C at
28,000 rpm (g,, = 97,400). After centrifugation, the gradients were
fractionated into samples of 1 ml and a pellet.

Electrophoretic Methods

SDS-PAGE in 10% gels under reducing conditions was performed
according to Laemmli (1970). For Western blotting, proteins sepa-
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rated by SDS-PAGE were electrotransferred onto Immobilon poly-
vinylidene difluoride membranes (Millipore, Bedford, MA), and
visualized by the procedure of Bjerrum et al. (1983). When the same
membrane was blotted successively with different antibodies, it was
washed with methanol for 5 min in between the incubations with
antibodies. Quantitative rocket immunoelectrophoresis in 1% aga-
rose gels was performed essentially as described by Weeke (1973).

Amino Acid Sequence Determination

For identification of galectin-4, the 36-kDa protein, electroblotted
onto Immobilon, was excised from gel tracks 11-13 of an experiment
performed as shown in Figure 1, which effectively separates the
lectin from annexin II, another microvillar protein of 36 kDa. Gen-
eration of proteolytic peptides, their isolation by high-pressure lig-
uid chromatography, and amino acid sequencing was performed by
Innovagen AB (Lund, Sweden).

RESULTS

Identification of Galectin-4 in High Molecular
Weight Clusters and Detergent-insoluble Complexes

Figure 1 shows an analysis of a total mucosal mem-
brane fraction (after extraction with detergent at 37°C
which readily solubilizes glycolipid microdomains;
Brown and Rose, 1992) by velocity sedimentation
through a 10-30% sucrose gradient in the presence of
detergent. Notice that the bulk of the proteins ap-
peared in fractions 2-6, but only a relatively small
number of components sedimented near the bottom of
the gradient (fractions 9-13). Some of the aminopep-
tidase N was seen in fractions 5-7, indicating its pres-
ence as a homodimer, but a significant proportion
sedimented in fractions 9-13 with some other promi-
nent brush border enzymes, including sucrase-isoma-
ltase, maltase-glucoamylase, and aminopeptidase A
but not lactase-phlorizin hydrolase (Figure 2). How-
ever, the most abundant component in the bottom
fractions of the gradient was a doublet of 36 kDa.
Subsequent amino acid sequencing of proteolytic pep-
tides of the 36-kDa protein gave the two following
sequences: VGSSGDVALHINPRLTEGI and SSEN-
PFAPGQYFDLSIRCGLDRFK. In a database search
(BLAST, National Center for Biotechnology Informa-
tion), these sequences matched 100% with amino acids
227-245 and 263-286, respectively, of a 35.8-kDa lac-
tose-binding protein from pig intestine, termed galec-
tin-4 (lectin L-36; Chiu et al., 1994). The only other
database proteins producing high-scoring segment
pairs in the search included rat galectin-4 and, to a
lesser extent, other members of the galectin family of
lectins.

In one experiment, fractions 4 and 5 from a sucrose
gradient similar to that shown in Figure 1 were frozen
and thawed, dialyzed overnight against gradient
buffer, centrifuged again on a second sucrose gradient,
and finally analyzed by SDS-PAGE. Fractions 10 and
11 from the same gradient were treated likewise. All
proteins in fractions 4 and 5 of the first gradient ap-
peared exclusively in fractions 2—-6 of the second gra-
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Figure 1. Identification of galectin-4 as a 36-kDa protein present in
high molecular weight clusters. Intestinal mucosa was homoge-
nized in a Potter-Elvehjem homogenizer in ice-cold 25 mM HEPES
and 150 mM NaCl, pH 7.0, containing 10 ug/ml aprotinin and 10
png/ml leupeptin, and centrifuged at 500 X g for 5 min. The super-
natant was centrifuged at 48,000 X g for 30 min. The resulting pellet
of total membranes was resuspended in the above buffer and solu-
bilized by extraction at 37°C for 10 min with 20 mM CHAPS and 1
mM EDTA. One milliliter of the extract was analyzed by velocity
sedimentation in a sucrose gradient as described in MATERIALS
AND METHODS. After centrifugation, 0.25 ml of each fraction was
mixed with an equal volume of acetone, and after 15 min on ice,
protein was pelleted by centrifugation at 20,000 X g for 10 min and
analyzed by SDS-PAGE and Western blotting, using the primary
antibodies indicated. Lanes 1 and 13 represent the top and bottom
fractions of the gradient, respectively, and lane P shows the proteins
recovered from the pellet of the centrifugation. Total protein was
stained with Coomassie brilliant blue. Both the 166-kDa band of
aminopeptidase N and its B-subunit, which is formed by proteolytic
cleavage in vivo (Sjostrom et al., 1978) are shown at the bottom.
Molecular mass values are indicated.

dient, indicating that the high molecular weight clus-
ters do not form as a preparational artefact during or
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Figure 2. Brush border enzymes in high molecular weight clusters.
Rocket immunoelectrophoresis against antibodies to aminopepti-
dase N, sucrase-isomaltase, maltase-glucoamylase, aminopeptidase
A, and lactase-phlorizin hydrolase of gradient fractions from top to
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Figure 3. Lactose releases galectin-4 from high molecular weight
clusters. An experiment similar to that shown in Figure 1 except that
the membranes were detergent extracted in the presence of 100 mM
lactose and that lactose (10 mM) was present in the sucrose gradient.
After SDS-PAGE and electrotransfer onto Immobilon, the bands of
galectin-4 and aminopeptidase N were visualized by Western blot-
ting. Molecular mass values are indicated.

before the centrifugation (our unpublished results). In
contrast, proteins from fractions 10 and 11 of the first
gradient were only partly recovered at the bottom
fractions of the second gradient; some bands appeared
in fractions 2-6 as well (our unpublished results),
indicating that the high molecular weight complexes
are sensitive to a freeze/thaw or simply unstable in
solution.

Figure 3 shows an experiment similar to the velocity
sedimentation analysis of Figure 1 except that the
membranes were detergent-extracted in the presence
of 100 mM lactose prior to the gradient centrifugation.
Galectin-4 now almost exclusively sedimented in the
top fractions of the gradient, showing that the cluster-
ing of galectin-4 is mediated by lectin—carbohydrate
interactions. In contrast, the position of aminopepti-
dase N in the bottom fractions was unaffected. In fact,
the only ligands present in the bottom fractions in
sufficient amounts to account for the observed cluster-
ing of galectin-4 (in the absence of lactose) are the
brush border enzymes, in particular aminopeptidase
N and sucrase-isomaltase. The above experiments
therefore suggest that brush border enzymes may
serve as natural ligands for galectin-4. The lactose-
resistant clustering of aminopeptidase N may be due
to association with the microvillar cytoskeleton be-
cause the 42-kDa band of actin was also present in the
bottom fractions of the gradient.

Figure 2 (cont). bottom of the experiment shown in Figure 1.
Twenty microliters of each fraction was applied to the wells and
after electrophoresis, the immunoprecipitates were visualized by
staining with Coomassie brilliant blue.
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Figure 4. Galectin-4 is a major
component of glycolipid mi-
crodomains. SDS-PAGE of Tri-
ton X-100-insoluble complexes
prepared from a microvillar
fraction. After electrophoresis
and electrotransfer onto an Im-
mobilon membrane, the gel
tracks were either stained for
protein with Coomassie bril-
liant blue (lane 1) or Western
blotted, using a monoclonal an-
tibody to annexin II (lane 2) or a
polyclonal antibody to galec-
tin-4 prepared as described in
MATERIALS AND METHODS
(lane 3). Notice that the galec-
tin-4 antibody only reacted
with the 36-kDa band and not
the 265- and 166-kDa bands of
sucrase-isomaltase and amino-
peptidase N, respectively. Mo-
lecular mass values are indi-
cated.

In a previous work, detergent-insoluble complexes
prepared from small intestinal mucosa were observed
to have a very distinct protein composition and to be
heavily enriched in brush border enzymes such as the
transmembrane sucrase-isomaltase and aminopepti-
dase N, as well as the GPI-anchored alkaline phospha-
tase (Danielsen, 1995). These proteins thus were an
estimated 25-30% of the total protein in the glycolipid
microdomains, and the only major protein band not
identified in this fraction was one of 36 kDa. An anti-
body raised to galectin-4 showed the lectin to be a
prominent component of detergent-insoluble com-
plexes (Figure 4). Contrary to aminopeptidase N and
sucrase-isomaltase, which are only partially low-tem-
perature detergent-insoluble (Danielsen, 1995), galec-
tin-4 completely resists detergent solubilization at 0°C
(Figure 5, lane 2). Annexin II (a microvillar protein of
similar molecular weight) is also present in these com-
plexes, but unlike galectin-4, the 36-kDa band of an-
nexin II migrated exclusively in the top fractions of the
sucrose gradient (Figure 1, compare annexin II and
galectin-4 blots). Galectin-4 is not expressed in the
kidney (Oda et al., 1993), and unlike the annexin II
antibody, the antibody to galectin-4 failed to detect a
36-kDa band in detergent-insoluble complexes pre-
pared from a total membrane extract of pig kidney
(our unpublished results). Importantly, this confirms
that the latter antibody only recognizes galectin-4 but
not annexin II.
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Figure 5. Copurification of
galectin-4 and brush border
enzymes. A mucosal explant,
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hjem homogenizer in 1 ml of 265 » u
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NaCl, pH 7.0, containing 10
pg/ml  aprotinin and 10
pug/ml leupeptin, and centri-
fuged at 500 X g for 5 min. The
supernatant was centrifuged
for 48,000 X g for 30 min. The
resulting pellet of total mem- _;4
branes was resuspended in
0.25 ml of HEPES buffer and
solubilized for 10 min on ice
by the addition of CHAPS (20
mM). The extract was centri-
fuged at 48,000 X g for 30 min
to obtain a supernant of low
temperature detergent-soluble 35 p | - R 5
protein and a pellet. The pellet i&’.

was resuspended in 0.25 ml b

HEPES buffer and solubilized

for 10 min at 37°C by 20 mM
CHAPS and 1 mM EDTA. The
extract was centrifuged at 36 5 e
48,000 X g for 30 min to obtain | ﬁ :

a supernatant of (solubilized) - —
low-temperature detergent-in-
soluble protein and a pellet.
Galectin-4 antibody (0.2 ml)
was added to both the extracts
of low-temperature detergent-
soluble and low-temperature
detergent-insoluble proteins,
and after incubation at 4°C
overnight, the extracts were centrifuged at 5000 X g for 5 min to
pellet the immunoprecipitates. The immunoprecipitates of both the
low-temperature detergent-soluble (lane 2) and low-temperature
detergent-insoluble (lane 4) fractions were washed in buffer once
and analyzed by SDS-PAGE together with 100 ul of the correspond-
ing extract supernatants left after immunoprecipitation (lanes 1 and
3, respectively) and the pellet of detergent-insoluble material (lane
5). After electrophoresis and electrotransfer onto an Immobilon
membrane, the gel tracks were visualized by autoradiography, and
then Western blotted in three successive steps using the indicated
primary antibodies. (The single sharp 36-kDa band seen in lanes 1
and 3 of the galectin-4 blot is residual staining of annexin II from the
previous round of blotting because they were not observed in single
blot experiments using the galectin-4 antibody alone). Molecular
mass values are indicated.

Annexin Il blot

Galectin-4 blot

Aminopeptidase N blot
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Copurification of Brush Border Enzymes and
Galectin-4

Figure 5 shows that the polyclonal galectin-4 antibody
failed to detect the lectin in the low-temperature de-
tergent-soluble fraction (Figure 5, lane 2) but was able
to immunoprecipitate the lectin from the low-temper-
ature detergent-insoluble fraction (Figure 5, lane 4) of
[*°S]methionine-labeled mucosal explants after a sec-
ond extraction with detergent at 37°C, which com-
pletely solubilizes both transmembrane and GPI-an-
chored proteins from glycolipid rafts (Brown and
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Figure 6. Distribution of galectin-4 in a pig small intestinal villus
(A), pancreas (B), and liver (C). Note that the enterocytes, in partic-
ular those at the tip of the villus (arrows in A) are clearly labeled. In
the two other tissues the epithelial paranchyma is unstained al-
though some immunoperoxidase staining may be seen in relation to
stromal elements (small arrows). Bar, 100 pwm.

Rose, 1992; Danielsen, 1995). Interestingly, the 265-
and 166-kDa bands of sucrase-isomaltase and amino-
peptidase N from the latter fraction were partially
coprecipitated by the galectin-4 antibody (the 42-kDa
band of actin was seen as well). In contrast, the two
brush border enzymes were not immunoprecipitated
from the corresponding low-temperature detergent-
soluble fraction from which galectin-4 is absent but
which contains a large proportion of the brush border
enzymes (Figure 5, compare lanes 2 and 4). Thus, the
coprecipitation of sucrase-isomaltase and aminopepti-
dase N is not due to artefactual cross-reactivity with
the antibody but must be due to their association with
galectin-4 present in the low-temperature detergent-
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insoluble fraction. The anti-annexin II monoclonal an-
tibody visualized this protein only in the supernatants
collected after the immunoprecipitates had been pel-
leted by centrifugation (Figure 5, lanes 1 and 3), show-
ing that annexin II and galectin-4 are not associated.
This experiment thus confirms that the brush border
enzymes and galectin-4 to a significant extent are as-
sociated, as suggested by the lactose-sensitive cluster-
ing observed by gradient centrifugation analysis.

Localization of Galectin-4

Figure 6 shows the distribution of galectin-4 in three
different epithelial tissues by immunoperoxidase cy-
tochemistry. In the enterocytes, a clear reaction was
seen in the cytosol and, more intensely, in the brush
border membrane, in particular in cells toward the tip
of the villi. In contrast, epithelial cells of the liver and
pancreas were unlabeled.

Immunogold labeling of ultracryosections revealed
that galectin-4 is present throughout the cytosol of the
enterocytes (Figure 7). Interestingly, the labeling did
not appear to be randomly distributed in the cyto-
plasm because gold particles were often seen in asso-
ciation with various tubulo-vesicular structures, in
particular on their cytoplasmic surface. In addition,
the bundles of actin filaments descending from the
microvilli into the apical terminal web often appeared
labeled. Finally, the brush border itself was labeled;
some labeling was associated with the cytoskeletal
core and some was associated the the lipid membrane
(Figure 7). Galectin-4 labeling was never seen in the
Golgi complex/trans-Golgi network and only very
rarely in endosome/lysosome-like structures. Because
the apical portion of the enterocyte is of particular
interest in relation to brush border enzymes, we quan-
tified the galectin-4 labeling of the most apical 3.5 um
of the enterocytes; this revealed that 29% of the galec-
tin-4 (gold particles) were localized to tubulo-vesicu-
lar structures (more than two-thirds on their cytoplas-
mic surface), 46% were found over the brush border
and microvillar actin filament rootlets, and only 25%
of the gold particles appeared unassociated with any
recognizable structure (total number of gold particles
counted, 835). The latter number is probably an over-
estimate because, as described below, galectin-4 is
essentially absent from the soluble pool of proteins.

Double immunogold labeling showed that amino-
peptidase N, in contrast to galectin-4, was almost ex-
clusively localized to the brush border (Figure 8).
Moreover, the double labeling revealed that the two
proteins sometimes form distinct aggregates at the
microvillar membrane, confirming their clustering in
density gradient centrifugation and in immunopurifi-
cation.
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Galectin-4 Is an Apically Secreted Brush Border
Protein

In subcellular fractionation, essentially all galectin-4 in a
mucosal homogenate was pelleted by centrifugation at
48,000 X g for 30 min, indicating that most if not all of the
lectin in the enterocyte is associated with either cytoskel-
etal or membraneous structures (Figure 9). This figure
also shows that at least half the amount of galectin-4 is
present in the microvillar fraction rather than in the
bulky Mg?*-precipitated fraction. Because the microvil-
lar fraction only contains about 10% of the total homog-
enate protein (Sjostrom et al., 1978), galectin-4 is consid-
erably enriched (about 5 times) in the brush border
membrane relative to the homogenate. By comparison,
brush border enzymes are typically enriched 8-10 times
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Figure 7. Distribution of galectin-4 in the apical portion of enterocytes as revealed by immunogold labeling. Gold particles are seen
throughout the cytoplasm, in association with tubulo-vesicular structures (arrows) and the actin rootlets of microvilli (arrowheads). Note that
many of the gold particles associated with tubulo-vesicular structures are found on their cytosolic surface. BB, brush border; En, endosomes.
Bar, 100 nm.

by this type of fractionation. The localization of galec-
tin-4 both by immunogold electron microscopy shown
above thus agrees well with the distribution of the lectin
studied by subcellular fractionation.

To decide whether the lectin was present on the cyto-
solic or extracellular side of the brush border surface (a
difficult decision to make based solely on gold-labeled
cryosections), a microvillar fraction, containing predom-
inantly, if not exclusively, tight right-side-out vesicles
(Booth and Kenny, 1976), was washed briefly with 100
mM lactose (10 min on ice) in the absence of detergent.
As shown in Figure 10, this treatment released about half
the amount of galectin-4 and only neglegible amounts of
aminopeptidase N from the vesicles. When detergent
was included in a second extraction, the remaining
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Figure 8. Clustering of galectin-4 and aminopeptidase N. Immunogold double labeling for aminopeptidase N (5-nm gold) and galectin-4
(10-nm gold). (A) Aminopeptidase N and galectin-4 are present in the brush border, but little aminopeptidase N is seen in the cytoplasm
(arrow). (B-D) Galectin-4 and aminopeptidase N often form clusters in the microvillar membrane (open arrows). Bars, 100 nm.

membrane-associated galectin-4 was released, as was a
major fraction of aminopeptidase N. The experiment
thus shows that a major proportion of the lectin is
present at the extracellular side of the microvillar mem-
brane, thereby implying that it has been secreted from
the enterocyte. A brief wash with lactose also released
the bulk of galectin-4 from the Mg?*-precipitated frac-
tion (Figure 10). As described above, galectin-4 is essen-
tially absent from the pool of soluble proteins and in the
cytoplasm it appears in immunogold electron micros-
copy to be largely associated with membraneous struc-
tures, small vesicles, and cytoskeletal filaments; ligand
binding thus releases the lectin from these structures.
Figure 11 shows that galectin-4 was released from
intestinal mucosal explants by a 15-min incubation at
0°C with 100 mM lactose. No release of the lectin was
observed by a similar wash in buffer alone or a wash
in buffer containing 100 mM sucrose. As a “stalked”
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integral membrane protein, aminopeptidase N is sus-
ceptible to solubilization by proteolytic cleavage by
pancreatic proteinases in vivo (Sjostrom et al., 1978;
Semenza, 1986), and in contrast to galectin-4, some
aminopeptidase N was released by all three solutions
but, interestingly, in highest amount by the lactose
wash. This experiment therefore confirms the extracel-
lular localization of galectin-4 and supports the notion
that the lectin is secreted bona fide from the brush
border membrane but remains associated at the apical
surface by ligand interactions.

Newly Synthesized Galectin-4 Resides
Intracellularly

Figure 12 shows that by 1 h of labeling, newly synthe-
sized galectin-4 was exclusively confined to the Mg?*-
precipitated fraction, being absent from the large mi-

Molecular Biology of the Cell
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Sup Pel Mg* Mic
kDa

Figure 9. Subcellular distri-
bution of galectin-4. About 1 g
of frozen intestinal mucosa
was thawed and homogenized
in a Potter-Elvehjem homoge-
nizer in 10 ml of 25 mM
HEPES and 150 mM NaCl, pH
7.0. The homogenate was
cleared by centrifugation at
500 X g for 5 min and then
centrifuged at 48,000 X g for
30 min, to obtain a pellet (Pel)
and a supernatant (Sup). The
pellet was resuspended in 10
ml of the above buffer and 50
wl of this fraction and of the
supernatant was analyzed by
SDS-PAGE. Likewise, from 1 g
of intestinal mucosa, Mg?*-
precipitated (Mg?*) and mi-
crovillar (Mic) fractions were
prepared and resuspended in
equal volumes of 25 mM
HEPES and 150 mM NaCl, pH
7.0, and samples of 50 ul were
examined by SDS-PAGE. Af-
ter electrophoresis, the gel
tracks were Western blotted
with the galectin-4 antibody
and afterward stained for pro-
tein with Coomassie brilliant
blue.

166 »

67 »

42 »

36>

Galectin-4 blot

36>

crovillar pool of the lectin (and the culture medium).
In contrast, the 42-kDa band of actin in the microvillar
fraction was clearly radioactively labeled by 1 h,
showing its rapid association with the microvillar cy-
toskeleton. Even by 2 h, only minute amounts of ra-
diolabeled galectin-4 were detectable in the microvil-
lar fraction (results not shown). This result
demonstrates that newly synthesized galectin-4 does
not reach the brush border membrane by rapid free
diffusion. Instead, the lectin apparently becomes
“trapped” by binding to intracellular structures, re-
sulting in a very slow rate of transport to the apical
cell surface.

DISCUSSION

Galectin-4 was originally discovered as a soluble 17-
kDa lectin (designated RI-H) present in rat intestinal
extracts by Leffler et al. (1989). The same group later
cloned and sequenced its cDNA, showing it to encode
a 36-kDa protein (Oda et al., 1993). The 17-kDa lectin
initially reported constituted the C-terminal domain of
the full-length protein harboring one lactose binding
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Figure 10. Galectin-4 is pres- Aminopeptidase N blot
ent on the extracellular side of Mg? Mic
mivrovillar vesicles. Mg?*- 1.2 3 4 5 &
precipitated (Mg?*) and mi- kDa

crovillar (Mic) membranes

were resuspended in 25 mM 16§ e g -
HEPES and 150 mM NaCl, pH
7.0, containing 100 mM lactose 123 »
and incubated for 10 min on
ice. After centrifugation at
48,000 X g for 30 min, the pel-
lets were collected, resus-
pended in the same buffer
containing 100 mM lactose
and 20 mM CHAPS, and incu-
bated for 10 min at 37°C be-
fore centrifugation again as described above. The lactose-extracted
fractions (lanes 1 and 4), lactose + CHAPS-extracted fractions (lanes
2 and 5), and the insoluble fractions (lanes 3 and 6) were analyzed
by SDS-PAGE, followed by Western blotting using antibodies to
aminopeptidase N (top) or galectin-4 (bottom). (The 140-kDa band
is the transient high-mannose glycosylated form of aminopeptidase
N, which is only present in the Mg?-precipitated fraction.) Molecu-
lar mass values are indicated.

e S e
Galectin-4 blot

36 ,

site; the N-terminal domain, lost by artefactual degra-
dation under nondenaturing tissue extraction, also
possesses a carbohydrate recognition site similar, but
not identical, to that of the C-terminal domain. Galec-
tin-4 mRNA is expressed in the small and large intes-
tine and the stomach but not in other organs such as
kidney, liver, spleen, skeletal, or heart muscle (Oda et
al., 1993). Nothing has as yet been reported about its
subcellular localization, ligand(s), or function in the
intestine. Chiu et al. (1992, 1994) identified galectin-4
as a major 37-kDa protein present in pig oral epithelial
cells, and on the basis of its insolubility and colocal-
ization in immunofluorescence with actin, vinculin,
and uvomorulin, they suggested it to be an adherens
junction protein in these cells.

In the present work, we initially discovered small
intestinal galectin-4 as a prominent component of sol-
uble high molecular weight clusters that were deter-
gent extracted at 37°C from total mucosal membranes.
In addition, the lectin was found in preparations of
low-temperature detergent-insoluble complexes, con-
taining proteins associated with glycolipid microdo-
mains that resist detergent extraction at this tempera-
ture (Brown and Rose, 1992). In both types of
preparations, several brush border enzymes, includ-
ing the two most abundant ones, aminopeptidase N
and sucrase-isomaltase, are highly enriched as well,
suggesting these membrane glycoproteins to be the
ligands for galectin-4. Both by subcellular fraction-
ation and immunocytochemistry, a substantial pro-
portion of galectin-4 in the enterocyte was localized to
the brush border membrane, implying that it associ-
ates with brush border enzymes also in vivo. Finally,
a direct interaction between galectin-4 and brush bor-
der enzymes was demonstrated by their coimmuno-
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Aminopeptidase N blot Figure 11. Release of galec-
tin-4 from mucosal explants.
Exp HBSS +Suc +Lac Mucosal explants of about

kDa 0.1 g (wet weight) were ex-
cised and placed in culture

dishes and immersed in 1 ml

of ice-cold Hanks’ buffered

salt solution (HBSS). After 15

166 » min, the HBSS was collected
and replaced by 1 ml of ice-
123 » cold HBSS containing 100 mM

sucrose (+Suc). After 15 min,
this solution was replaced by 1
ml of ice-cold HBSS contain-
ing 100 mM lactose (+Lac)
and incubated 15 min. Protein
released by the three wash so-
lutions was precipitated by
addition of an equal volume of
acetone and pelleted by cen-
36 » trifugation at 20,000 X g for 10
min, and equal amounts of

sample from each wash were

analyzed by SDS-PAGE with a

sample of the mucosal explant

(Exp). After electrophoresis

and transfer to Immobilon, galectin-4 and aminopeptidase N were
visualized by Western blotting. Molecular mass values are indicated.

Galectin-4 blot

purification and by a colocalization in immunogold
electron microscopy. We therefore conclude that ga-
lectin-4 be considered an intestinal brush border pro-
tein and that its natural ligands include some of the
major digestive enzymes confined to the apical cell
surface of the enterocyte, in particular aminopeptidase
N and sucrase-isomaltase.

The brush border enzymes are commonly character-
ized as “stalked” membrane proteins with short cyto-
plasmic tails and large heavily glycosylated ectodo-
mains (Semenza, 1986); accordingly, their association
with galectin-4 implies the lectin be present at the
extracellular surface. Its substantial and rapid release
by a lactose wash from microvillar vesicles and from
whole mucosal explants confirmed this membrane to-
pology, and as a consequence, we must designate
galectin-4 an apically secreted brush border protein.
Like some of the other members of the galectin family,
notably galectins-1 and -3, galectin-4 is thus subject to
externalization by nonclassical secretion. Little is gen-
erally known about this pathway, but galectin-3,
which is expressed as a major protein in MDCK cells,
has been shown to be secreted almost exclusively from
the apical cell surface by a nonclassical pathway
(Lindstedt et al., 1993). Although secretion was either
unaffected or even increased by inhibitors of the clas-
sical pathway such as monensin and brefeldin A, it
was inhibited by nocodazole and essentially blocked
by culture at 20°C, implying that nonclassical secre-
tion may be an event that requires cytoskeletal and
vesicular components (Lindstedt et al., 1993). Al-
though not rigorously proven, the membrane translo-
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Figure 12. Newly synthe-
sized galectin-4 resides intra-
cellularly. Mg?*-precipitated
(Mg?*) and microvillar (Mic)
fractions were prepared from
mucosal explants labeled for
1 h, extracted with CHAPS at
37°C for 10 min, and centri-
fuged through a sucrose gra-
dient as described in MATE-
RIALS AND METHODS.
After centrifugation, the five
bottom fractions of each gradi-
ent were pooled, acetone-pre-
cipitated, and analyzed by
SDS-PAGE with the culture
medium (Med). After electro-
phoresis and electrotransfer
onto Immobilon, galectin-4
was visualized by autoradiog-
raphy (A) and by Western
blotting (B). Molecular mass
values are indicated. (Notice
that only the upper band of
the 36-kDa doublet is radiola-
beled, indicating that the
lower band is generated by
proteolysis after biosynthesis).

Autoradiography

Mic Mg® Med
kDa ‘

42> -
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cating step in nonclassical secretion is believed to oc-
cur at the plasma membrane (Cooper and Barondes,
1990), and recently two genes, NCE1 and NCE2, of
which the latter encodes a multispanning membrane
protein required for export of galectin-1 from yeast,
were discovered (Cleves et al., 1996).

In a previous work, galectin-1 (L-14) was proposed
to be secreted from differentiating myoblasts by a
mechanism involving membrane evaginations that
pinch off to become labile extracellular vesicles (Coo-
per and Barondes, 1990). We obtained no morpholog-
ical evidence to suggest that such a process occurs at
the enterocyte brush border membrane, and little if
any galectin-4 is probably truly released from the cell.
In a previous work on apical secretion of apolipopro-
teins from cultured mucosal explants, we failed to
detect the appearance of a 36-kDa protein in the me-
dium (Danielsen et al., 1993). Nevertheless, this “mem-
brane bleb” model emphasizes a fixed positioning of
the lectin in the vicinity of the plasma membrane prior
to its secretion. Likewise, the observed insolubility of
galectin-4 in the enterocyte most likely reflects its in-
tracellular association with cytoskeletal filaments, and
labeling experiments indicated that newly synthesized
lectin must bind rapidly to these structures because it
only reaches the microvillar membrane very slowly.
However, galectin-4 was also seen in association with
small vesicles. A speculative model for nonclassical
secretion of galectin-4 could be a “piggy-back” model
in which the lectin is actively carried to the brush
border membrane on the cytosolic face of exocytotic
vesicles. These could provide a means of vectorial
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transport to an otherwise immobilized intracellular
galectin-4 and, in so doing, establish an interrelation-
ship between nonclassical secretion and exocytotic
membrane traffic. Obviously, much further work is
needed to unravel the mechanism underlying nonclas-
sical secretion, but the expression of galectin-4 as a
brush border protein in the enterocyte should be a
useful model for future studies.

Finally, what is the biological function of galectin-4
in the small intestine? By its exclusive localization at
the apical cell surface, it is unlikely to be engaged in
either cell-cell or cell-matrix interactions, like galec-
tins expressed in other tissues (Barondes et al., 1994).
Instead, its two carbohydrate binding sites enable it to
recruit soluble lumenal ligands to the brush border.
Likely ligands could be pancreatic digestive enzymes
or protease-solubilized brush border enzymes; their
recruitment to the cell surface probably enhances the
digestive and absorptive capacity of the small intes-
tine. Evidence for such a role is the observation that a
lactose wash of mucosal explants released an in-
creased amount of aminopeptidase N (Figure 11). An-
other role could be to secure the attachment of the
brush border “fuzzy coat” or glycocalyx.
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