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Detection of Two Forms of GP330

Their Role in Heymann Nephritis
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Heymann nephritis is characterized by glomeru-
lar immune deposits that contain a glycoprotein
caUed gp330. The deposits are believed to result
from shedding of immune complexesformed on
podocytes. Complexes are also shedfrom prox-
imal tubule ceUs, when antibodies combine with
gp330 on the ceU surface. We performed the
present study to investigate what portion of the
gp330 molecule is shed, using a rabbit antiserum
against apeptide deduced to be in the cytoplasmic
domain ofgp330, as wel as a rabbit antiserum
and two monoclonal antibodies that recognize
extracelular epitopes of gp330. The anti-cyto-
plasmic peptide antiserum precipitated from
Fx1A (a crude renal cortical membraneprepara-
tion), a protein with a mass ofabout 440 kd that
was reactive with two monoclonal anti-gp330 an-
tibodies. (In our experiments, the protein caUed
gp330generaly has a mass estimated to be about
440 kd.) The anti-cytoplasmic peptide antiserum
also reacted with a truncatedgp330protein pro-
duced in transfected COS ceUs. Immunohis-
tochemical studies showed that aU the antibodies
recognized the same group of epithelial ceUs.
However, as seen in immunoultrastructural stud-
ies ofproximal tubules, the anti-cytoplasmicpep-
tide antiserum reacted only with components at
the base of microviUi, whereas the anti-gp330
ectodomain antibodies identified material not
only at the base, but over the surface ofmicroviUi
as welL In rats with Heymann nephritis, glomer-
ular deposits and material shed into tubule

lumens reacted with antibodies against extracel-
lular epitopes of gp330, but not with the anti-
cytoplasmic peptide antiserum We propose that
there are twoforms ofgp330 on the ceU surface
ofproximal renal tubules. Oneform is restricted
to coatedpit regions at the base ofmicroviUli and
has a cytoplasmic domain containing a sequence
deducedfrom a partial complementary DNA en-
coding gp330. The otherform is present over mi-
crovil (andpossibly at the base ofmicrovil as
well) and lacks the cytoplasmic domain deduced
from the complementaryDNA. The complexes that
are shed in Heymann nephritis contain either a
portion ofgp330 cleavedfrom thefull-length mol-
ecule or aform ofgp330 that lacks the cytoplas-
mic domainw (AmJPathol 1993, 143-598-611)

Heymann nephritis, a model in rats of human mem-
branous glomerulonephritis, is induced by immuni-
zation with renal cortical preparations in adjuvants
(active Heymann nephritis) or by administration to
normal rats of heterologous antibodies against renal
antigens (passive Heymann nephritis),1 reviewed in
ref. 2. The lesions are characterized by immune de-
posits on the outer side of the glomerular basement
membrane. The best-characterized antigen in Hey-
mann nephritis is a large glycoprotein, called gp330,3
which is found on podocytes (in rats)4 and on apical
domains of certain other epithelial cells, notably prox-
imal renal tubule cells, Type 11 pneumocytes, and epi-
didymal cells.56 There are conflicting observations
concerning the precise location of gp330 on renal
tubule cells. Some investigators have reported that
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gp330 is restricted to coated pit regions,78 whereas
we9 and others10 have found gp330 also on the
surface of microvilli in some segments of proximal
tubules.

The function of gp330 is unknown, but amino acid
sequences deduced from partial complementary
DNA11 reveal homology with the low-density lipopro-
tein (LDL) receptor12 and the LDL receptor-related
protein (LRP), which is also called the a2 macro-
globulin receptor (a2MR).13-15 This finding, together
with its location in coated pits, indicates that gp330
may be a receptor. Evidence has been reported in-
dicating that gp330 is a receptor for plasminogen16
and for extracellular matrix components.17 Neverthe-
less, because in most locations gp330 is not normally
exposed to these molecules, it is likely that other
ligands remain to be identified.

Kerjaschki et al have studied the formation of glo-
merular immune deposits following injection of rabbit
anti-rat gp330 antibodies into normal rats.18 Within 15
minutes, rabbit IgG and rat gp330 were seen in de-
posits in the GBM, especially adjacent to coated pits.
They postulated that deposits result from shedding of
immune complexes formed on the podocyte surface.
Support for this hypothesis was provided by experi-
ments using cultured glomerular epithelial cells in
which antibodies against surface antigens resulted in
patching and capping, followed by internalization
and/or shedding of complexes.19 Shedding of gp330
in immune complexes also seems to occur from prox-
imal tubule cells in Heymann nephritis, as a conse-
quence of increased glomerular permeability, which
allows passage of plasma proteins into tubules and
the combination of antibodies with brush border
gp330.20,21

The components of gp330 in the immune deposits
of Heymann nephritis have not been determined. In
particular, it is not known how much of the protein is
shed from the cell surface. Recently acquired knowl-
edge of the primary structure of gp330 makes it pos-
sible to investigate this question. Based on amino
acid sequences derived from partial cDNA clones,
gp330 is predicted to have a very large extracellular
domain, a 29-amino-acid transmembrane sequence
and a 188-amino-acid cytoplasmic domain at the car-
boxy (COOH)-terminus.11 A protein with a different
sequence was described by Pietromonaco et al as
part of gp330.22 However, subsequent studies
showed it to be a separate protein,23 with an esti-
mated mass of 39 to 44 kd, which complexes with
gp33024,25 and the LRP/a2MR.26

In the present study, we used a rabbit antiserum
against a synthetic peptide deduced to be in the cy-

toplasmic domain of gp330, as well as antibodies re-
active with epitopes on the extracellular domain, to
investigate the composition of gp330 in immune com-
plexes in Heymann nephritis.

Materials and Methods

Antibodies

A monoclonal anti-gp330 antibody, 14C1,9 and a
rabbit anti-gp330 antiserum were prepared as de-
scribed previously.27 An additional monoclonal anti-
body (1H2) was obtained by immunizing mice with
immunoaffinity-purified gp330; enzyme-linked im-
munosorbent assay and Western blot analysis
showed reactivity of 1H2 with purified gp330 (Sy
and Yahya, unpublished). 1 H2 has also been shown
to react with gp330 affinity-purified on a column
containing the 39 to 44-kd receptor-associated pro-
tein.25 For immunoblotting and immunohistochemi-
cal studies, the monoclonal antibodies were purified
from hybridomas supernatants by protein A
Sepharose affinity chromatography. Both 14C1 and
1H2 are IgGl antibodies.

Antiserum against an 18-amino-acid peptide, de-
duced from a previously cloned partial cDNA11 to
be in the cytoplasmic domain of gp330, was ob-
tained as follows. The synthetic peptide C-M-E-V-G-
K-Q-P-V-l-F-E-N-P-M-Y-A-A was produced with an
Applied Biosystems solid phase peptide synthe-
sizer. For use as an immunogen, the peptide was
coupled to keyhole limpet hemocyanin (KLH), using
the linking agent, m-maleimidobenzoyl-N-hydroxy
succinamide ester. Ten mg of KLH, 6 mg of
m-maleimidobenzoyl-N-hydroxy succinamide ester
(dissolved in 100 pl of dimethyl formamide/
tetrahydrofuran 50/50), and 6 mg of the synthetic
peptide were stirred at room temperature in 7 ml of
0.1 mol/L potassium phosphate buffer (pH 7.3) for
16 hours.28
A rabbit was injected intradermally with 1 mg of

the KLH peptide in complete Freund's adjuvant on
day 0 and with KLH peptide in incomplete Freund's
adjuvant at seven intervals between days 29 and
267. Serum samples were obtained at intervals be-
tween days 29 and 267 and were tested for reactiv-
ity with the peptide (coupled to bovine serum albu-
min) by enzyme-linked immunosorbent assay.
Bovine serum albumin peptide was incubated in
wells of microtiter plates in buffer at a concentration
of 1 mg/ml. Wells were washed three times with
borate-buffered saline, pH 8.3, and then blocked
with 2% nonfat powdered milk in borate-buffered
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saline. The rabbit antiserum or preimmune serum
was added at dilutions of 1:200 or 1:1000 in 1%
milk, and after 60 minutes the wells were washed
three times with borate-buffered saline and then in-
cubated with a 1:500 dilution of goat anti-rabbit IgG
coupled with alkaline phosphatase. Analysis was
performed with nitro blue tetrazolium/5-bromo-4-
chloro-3-indol phosphate as substrate and reaction
product measured at 405 nm. Six weeks after the
start of immunization, antibodies reactive with the
synthetic peptide were detected by enzyme-linked
immunosorbent assay. The specificity of the antise-
rum was further assessed by immunofluorescence
studies of normal rat tissue and by Western blot
and immunoprecipitation studies with Fx1A, as de-
scribed below.

Active Heymann Nephritis

Three female Lewis rats (weighing 160 to 200 g)
were immunized by intradermal injection of 4 mg of
Fx1A in 0.2 ml of complete Freund's adjuvant to-
gether with a separate injection of 0.1 pg of B. per-
tussis, as previously described.29 Four weeks later,
1 mg of Fx1A in incomplete Freund's adjuvant was
administered intradermally. Proteinuria was moni-
tored by Albustix (Miles Inc., Elkhart, IN). The ani-
mals were sacrificed when they developed 3+/4+
proteinuria, at about 7 weeks after the first injection.
Nonimmunized animals served as controls.

Passive Heymann Nephritis

Four normal Lewis rats were unilaterally nephrecto-
mized under anesthesia, and 3 days later two rats
were injected intravenously with 2 ml of rabbit anti-
serum against gp330 and two rats with the rabbit
anti-cytoplasmic peptide antiserum. The rats were
sacrificed 3 days later.

Tissue Processing

For some immunofluorescence studies, animals
were anesthetized with pentobarbital (Inactin Byk
Gulden, Konstanz, FRG) and then perfused for 10
minutes with a paraformaldehyde lysine-periodate
(PLP) solution30 administered via the left ventricle.
Small pieces of renal tissue were immersion fixed in
PLP at 4 C overnight. The tissue was processed fur-
ther for either light or electron microscopic immuno-
cytochemical studies, performed as described.31

In other experiments, tissue removed from ani-
mals that were not perfused was immediately frozen

in liquid nitrogen, and sections were cut at 5 p,
dried, fixed in acetone for 5 minutes, and stained by
indirect immunofluorescence as previously de-
scribed.32 The primary antibodies consisted of the
rabbit anti-gp330 antiserum, the rabbit anti-
cytoplasmic peptide antiserum, and the two mouse
monoclonal anti-gp330-antibodies (14C1 and 1H2).
The secondary antibodies used were fluorescein
isothiocyanate-conjugated goat anti-rabbit IgG
(Cappel, Durham, NC) or anti-mouse IgG (Sigma
Chemical Co., St. Louis, MO), which had been ab-
sorbed with normal rat serum. Sections prepared
from kidney, liver, adrenal, lung, and epididymis
were studied.

Immunoelectron Microscopy

For detection of antigenic sites at the ultrastructural
level, immunogold labeling of ultrathin frozen sec-
tions was used, prepared by the method of Toku-
yasu.33 Briefly, pieces of PLP-fixed kidney cortex
were cryoprotected in 2.3 mol/L sucrose for at least
1 hour, frozen in liquid nitrogen, and sectioned us-
ing a Reichert FC4D ultracryomicrotome. Ultrathin
sections were picked up on nickel grids and stored
at 4 C on phosphate-buffered saline (PBS), pH 7.4,
containing 1% gelatine until use. Sections were in-
cubated for 1 hour at room temperature, or at 4 C
overnight in a dilution of the rabbit anti-gp330 anti-
serum (1:200) or the anti-cytoplasmic peptide anti-
serum (1:100). Sections were washed three times
for 5 minutes in PBS, and then incubated for 1 hour
on a drop of protein A-gold prepared with 15-nm
gold particles as previously described.34 For dou-
ble labeling, sections were incubated in the follow-
ing sequence: 1 hour in primary mouse monoclonal
anti-gp330 antibody (14C1) (20 pg/ml); 1 hour in
goat anti-mouse IgG coupled to 10-nm gold parti-
cles (Janssen, Piscataway, NJ); 1 hour in primary
anti-cytoplasmic peptide antiserum; and finally 1
hour in 15-nm protein A-gold, which under the con-
ditions of incubation binds only to the rabbit anti-
cytoplasmic peptide antiserum. Sections were
washed in PBS, fixed for 10 minutes in 1% glutaral-
dehyde, and washed again in distilled water. They
were stained for 5 minutes in 2% aqueous uranyl
acetate and embedded in methyl cellulose before
examination in a Philips CM10 electron microscope.

Western Blot Analysis

This was performed with Fx1A prepared from kid-
neys perfused in vivo with phenylmethyl sulfonyl flu-
oride, and ethylenediaminetetraacetic acid. The
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Fx1A was separated by nonreducing, sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on a 4 to 12% gradient gel and trans-
ferred to nitrocellulose. The monoclonal anti-gp330
antibodies, the anti-gp330 antiserum, and the anti-
cytoplasmic peptide antiserum all reacted with ma-
terial in the region of 440 kd. (It is now recognized
that the protein called gp330 often seems to have a
higher molecular mass, depending on the condi-
tions of the gel.24) In addition, other bands were
seen, as described in results.

Immunoprecipitation of Proteins in FxlA
with the Anti-Cytoplasmic Peptide
Antiserum

One hundred p1 of normal rabbit serum or rabbit
anti-cytoplasmic peptide antiserum were added to
100 pl of Sepharose protein A beads along with 1
ml of PBS. After 1 hour of incubation at 4 C on a
tube rotator, the beads were pelleted and the super-
natant discarded. Fx1A, prepared by solubilization
in 1% deoxycholate,35 was precleared by incuba-
tion with Sepharose protein A beads for 1 hour at 4
C on a tube rotator followed by centrifugation for 5
minutes at 2,000 rotations/minute. One mg of pre-
cleared, solubilized Fx1A was then added to each
of the tubes containing the beads that had been in-
cubated with the normal rabbit serum or the anti-
cytoplasmic peptide antiserum. After 1 hour of incu-
bation, the beads were washed six times with 50
mm Tris (pH 8.6), containing 1% deoxycholate and
1% Triton (X-100), and twice in PBS. The beads
were then suspended in nonreducing SDS sample
buffer, boiled for five minutes, and after a final cen-
trifugation, the supernatant was separated on SDS
gels and transferred to nitrocellulose paper. Strips
of the paper were blocked with 1% nonfat dried milk
and then incubated with the monoclonal anti-gp330
antibodies, (14C1 and 1H2) and with an irrelevant
isotype-matched monoclonal antibody (1 E8)
against a human granulocyte serine protease.36
Staining was produced by use of an avidin biotin
peroxidase secondary antibody system (Vectastain,
Vector Laboratories, Burlingame, CA).

Expression of a Truncated gp330 Protein
in COS Cells

The reactivity of the anti-gp330 antibodies was also
assessed by use of COS 7 cells37 that were trans-
fected with a cDNA that encodes part of gp330, in-
cluding 423 amino acids of the extracellular do-

main, 29 amino acids of the transmembrane
domain, and 188 amino acids representing the
complete cytoplasmic domain.11 The cDNA was li-
gated into the CDM8 expression vector with the sig-
nal sequence for the complement Type 1 receptor.
This construct was used to target the truncated
gp330 protein into the lumen of the endoplasmic
reticulum and then to the cell surface. As controls,
COS cells were transfected with cDNA encoding
the human LDL receptor American Type Culture
Collection or with the CDM8 vector (Invitrogen, San
Diego, CA) alone.
COS cells were incubated with 10 pg of the plas-

mid construct in the presence of DEAE-Dextran and
10% Nuserum (Collaborative Research).37 Incuba-
tion at 37 C for 6 hours was followed by a 2-minute
shock of 10% dimethylsulfoxide in PBS. Cells were
placed in Dulbecco's minimum essential medium
and 10% fetal bovine serum supplemented with
glutamine and then trypsin treated and replated af-
ter 24 hours. For Western blot analysis, cells were
lysed in detergent buffer (1% deoxycholate in PBS)
and separated by 10% SDS-PAGE in nonreducing
conditions (using Protogel from National Diagnos-
tics). The separated proteins were transferred to ni-
trocellulose and incubated with the appropriate pri-
mary antibodies. For immunofluorescence staining,
cells were fixed with 3% paraformaldehyde in PBS
at 4 C for 4 hours. Some cells were then incubated
with the rabbit anti-gp330 antiserum or the anti-
cytoplasmic peptide antiserum for 1 hour at room
temperature, washed, and then incubated with fluo-
rescein isothiocyanate-conjugated goat anti-rabbit
IgG for 1 hour. Other cells were permeabilized with
0.1% Triton X-100 in PBS for 5 minutes, washed
three times, and then incubated with the rabbit anti-
cytoplasmic peptide antiserum, followed by the
conjugated secondary antiserum. Cells were exam-
ined and imaged using a Biorad 600 laser confocal
microscope.

Results

Immunoprecipitation of gp330 from FxlA
by the Anti-Cytoplasmic Antiserum

Proteins immunoprecipitated from Fx1A-DOC by the
anti-cytoplasmic peptide antiserum coupled to
Sepharose beads were separated by SDS-PAGE
and transferred to nitrocellulose paper. As shown in
Figure 1, two monoclonal anti-gp330 antibodies re-
acted with an identical band, which had a mass
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material in the upper part (Figure 2). The anti-
cytoplasmic peptide antiserum also produced faint
staining in lower molecular weight regions, particu-
larly in the regions of 110 kd and 80 kd. The pro-
teins in these lower molecular weight regions
were not stained by the monoclonal anti-gp330
antibodies.

COS Cells Transfected with a gp330
cDNA

Western blot analysis of extracts of COS cells trans-
fected with cDNA encoding part of gp330 (with a
predicted mass of 77 kd) showed two bands at 80
and 74 kd, recognized both by the rabbit anti-
gp330 antiserum and the anti-cytoplasmic peptide

Figure 1. Material in soluble FxlA that bound to the rabbit anti-
cytoplasmic peptide antiserum on protein A beads was separated by
SDS-PAGE and transferred to nitrocellulose paper (lanes 4 to 6). Nor-
mal rabbit serum on protein A beads was used as a control (lanes 1
to 3). The monoclonal anti-gp330 antibodies (1H2 and 14C1, lanes
5 and 6) resulted in staining of a band slightly above 440 kd,
uwhereas the irrelevant monoclonal antibody (1E8, lane 4) did not.
No staining of a 440-kd band was seen when normal rabbit serum
was used. The markers on the right are based upon fibronectin (440)
and the Bio-Rad high molecular weight markers.

slightly greater than 440 kd. An irrelevant mono-
clonal antibody (1 E8) did not react with the immune
precipitate. Normal rabbit serum did not precipitate
this protein. The results show that the anti-cyto-
plasmic peptide antiserum recognizes gp330.

Western Blot Analysis

On Western blots, using Fx1A, the monoclonal anti-
gp330 antibodies, and the anti-cytoplasmic peptide
antiserum, all reacted with material in the region of
440 kd; however, the staining with the anti-
cytoplasmic peptide antiserum was weaker and
more restricted than that produced by the other an- Figure 2. Western blot analysis ofFxlA separated by 4 to 12% gradi-
tibodies. The anti-cytoplasmic peptide antiserum ent nonreducing SDS-PAGE and transferred to nitrocellulose. Lane 1:

control mouse monoclonal antibody; lane 2: anti-gp330 monoclonal
stained material only in the upper part of the 440-kd antibody (14C1); lane 3: normal rabbit serum; and lane 4: anti-
region, whereas the monoclonal anti-gp330 anti- cytoplasmic peptide antiserum. The markers on the left are based

upon fibronectin (440) and the Rainbou high molecular weight
bodies stained a broader region, which included markersfrom Amersham.
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antiserum (Figure 3). The antibodies did not react
with similar bands in extracts of control COS cells.
Treatment of extracts of transfected COS cells with
N-glycanase and 0-glycanase (Genzyme, Cam-
bridge, MA) resulted in the elimination of the upper
band (data not shown), indicating that this material
differed from the lower because of glycosylation.

Immunofluorescence microscopy was performed
with transfected and control COS cells (Figure 4).
The rabbit anti-gp330 antiserum produced punctate
staining of PLP-fixed cells, but not of control non-
transfected cells. The anti-cytoplasmic peptide anti-
serum produced staining of PLP-fixed transfected
cells; however, there was background staining of
control cells. Following permeabilization with 0.1%
Triton X-100, the intensity of staining of transfected
COS cells by the anti-cytoplasmic antiserum was
markedly increased, whereas the staining of control
cells was unchanged.

Immunofluorescence Studies in Normal
Rats

Immunofluorescence studies of several organs
showed that the anti-cytoplasmic peptide antise-
rum, the anti-gp330 antiserum, and the monoclonal
antibodies reacted with a group of epithelial cells

known to express gp330, namely, renal proximal tu-
bule cells, Type 11 pneumocytes, and epididymal
cells. None of the antibodies reacted with hepatic
cells or with adrenal cortical cells, which express
the homologous proteins, LPR/a2MR38 and LDL re-
ceptor.39

Although all cells that stained with the anti-gp330
antibodies also stained with the anti-cytoplasmic
peptide antiserum, there were slight dissimilarities
in the staining patterns in certain cells. The differ-
ences were clearly seen in renal proximal tubules,
especially in 1-p sections of PLP-fixed tissue (Figure
5). The polyclonal and monoclonal anti-gp330 anti-
bodies resulted in a broad zone of staining, which
seemed to be present not only at the base of mi-
crovilli, but over the entire brush border microvilli as
well (Figure 5A). This microvillar staining varied in
intensity in different segments of the proximal tu-
bule. In contrast, the reactivity of the anti-
cytoplasmic peptide antiserum was restricted to a
narrow zone, which seemed to be at the base of the
intermicrovillar region (the intermicrovillar micro-
domain, Figure 5B).

Immunofluorescence microscopy also revealed
differences in the reactivity of the antibodies
with the podocytes of normal glomeruli. The
anti-cytoplasmic peptide serum produced only

Figure 3. Western blot analysis of extracts ofCOS cells that bad been transfected with partial gp330 cDNA (lane 1), with LDL receptor cDNA (lane
2), CDM8 vector (lane 3), or no DNA (lane 4). Extracts were prepared 48 hours after transfection and separated on nonreducing 10% SDS-PAGE.
The blots were stained using normal rabbit serum (nonimmune), anti-cytoplasmic peptide serum (peptide), or anti-gp330 serum (gp330). The
markers on the left are based upon high molecular weight protein standards (Gibco Bethesda Research Laboratories, Bethesda, MD). The anti-
cytoplasmic and the anti-gp330 antisera both stained bands in the extracts ofCOS cells transfected with partial gp330 cDNA, but not in the control
extracts.
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Figure 4. Confocal immunofluorescence images of COS cells trans-
fected with the partial gp330 cDNA. 7Te cells were incubated with
rabbit anti-gp330 antiserum (A using PLP-fixed nonpermeabilized
cells) or anti-cytoplasmic peptide antiserum (B using PLP-fixed
then permeabilized cells), followed by fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG. Th-ere is punctate staining that ex-

tends into cell processes.

equivocal or very faint staining of podocytes, which
was detected only in frozen sections (Figure 6B);
the staining was considerably less than that pro-

duced by the anti-gp330 antiserum (Figure 6A) or

even the monoclonal anti-gp330 antibodies.

Immunofluorescence Studies of Rats with
Heymann Nephritis

The rabbit anti-gp330 antiserum and the mono-

clonal anti-gp330 antibodies produced granular
staining along the glomerular basement membrane
in sections of three rats with active Heymann ne-

phritis. This staining was especially intense in fresh
frozen tissue sections (Figure 6C), but was also
seen in PLP-fixed tissue (Figure 7A). In addition,
there was staining of luminal debris, which reflects
shedding of gp330 containing immune complexes
into the tubule lumen.21 Compared with normal kid-
neys, the brush border staining for gp330 was di-

minished or focally lost. However, some residual
staining was seen at the base of the microvilli, even
in areas where there was an absence of microvillar
staining. In contrast, the rabbit anti-cytoplasmic
peptide antiserum failed to stain glomerular depos-
its or debris in the lumen of proximal tubules (Fig-
ures 6D and 7B). However, the regions at the base
of the microvilli of proximal tubules were intensely
stained (Figure 7B).

In passive transfer experiments, the kidneys of
the two rats that received rabbit anti-gp330 antise-
rum 3 days earlier showed bright, granular staining
for rabbit IgG of glomerular deposits and brush bor-
der regions. In contrast, there was no staining for
rabbit IgG in the two rats that received the anti-
cytoplasmic peptide antiserum.

Immunogold Studies

Further information about the distribution of gp330
in normal renal tubules was obtained by immu-
nogold electronmicroscopic studies. The rabbit anti-
gp330 antiserum produced gold labeling of brush
border microvilli, the base of the microvilli, in the re-
gion of coated pits, and some apical vesicles (Fig-
ure 8, A and C). As seen in perpendicular sections
through apical membranes, the reactive sites were
clearly extracellular.

In confirmation of the findings in proximal tubules
seen by light microscopy, the anti-cytoplasmic pep-
tide antiserum produced gold labeling of the apical
plasma membrane that was confined to the base of
the microvilli and to some apical vesicles (Figure 8,
B and D). Furthermore, the gold particles were re-
stricted to the cytoplasmic side of the membrane,
thus demonstrating that the antibodies recognize
epitopes in the cytoplasmic domain. The extracellu-
lar and cytoplasmic surface of brush border mi-
crovilli were virtually devoid of gold particles. Dou-
ble labeling studies using 15-nm gold to detect the
anti-cytoplasmic peptide antiserum and 10-nm gold
to detect the monoclonal anti-gp330 antibody
(14C1) clearly demonstrated that the epitopes rec-
ognized by these two antibodies are located on the
cytoplasmic side and the extracellular side of the
membrane, respectively (Figure 9).

Discussion
We designed the present study to investigate what
part of the gp330 molecule is present in immune
complexes shed from the plasma membrane of

*%
.....
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Figure 5. Immunofluorescence micrograph of PLP-fixed normal rat kidney cortex. 7he anti-gp330 antiserum (A) produces a broader band of
staining of the proximal tubule (P7) brush border region than the anti-cytoplasmic peptide antiserum (B). The brush border staining pattern pro-
duced by the anti-gp330 antiserum varies among tubules. The glomerulus (6) shows faint staining with the anti-gp330 antiserum, but is not
stained with the anti-cytoplasmic peptide antiserum serum. (Scale bar = 20 j)

podocytes or proximal tubule cells following combi-
nation with antibodies in Heymann nephritis. For this
purpose, we used monoclonal and polyclonal anti-
bodies that recognize extracellular epitopes of

gp330 and a rabbit antiserum produced by immuni-
zation with a peptide sequence predicted from a
partial cDNA encoding gp330 to be in the cytoplas-
mic domain.1" We found that antibodies directed



606 Bachinsky et al
AJP August 1993, Vol. 143, No. 2

Figure 6. Immunofluorescence micrographs ofsectionspreparedfrom fresh-frozen, acetone-fixed kidney ofa normal rat (A and B) and a rat u'ith
Heymann nephritis (C and D). The anti-gp330 antiserum produces conspicuous punctate staining of the normal glomerulus (A) and intense stain-
ing of deposits in a rat with Heymann nephritis (C). The anti-cytoplasmic peptide antiserum produces only veryfaint staining of the normal glom-
eruilus andfails to stain the immune deposits (B and D).

against extracellular epitopes reacted intensely with
material in the glomerular deposits and debris in tu-
bular lumens, whereas the anti-cytoplasmic peptide
antiserum did not react. Furthermore, administration
of the rabbit anti-gp330 antiserum produced pas-
sive Heymann nephritis and the anti-cytoplasmic
antiserum failed to do so. These findings indicate
that the gp330 in immune deposits is derived
mainly from the extracellular domain, whereas part
or all of the cytoplasmic domain is not shed into de-
posits.
We initially interpreted these results as indicating

that the full-length gp330 molecule is cleaved
somewhere in the extracellular domain during the
formation of immune deposits. We had assumed
that there is only one type of gp330 on the cell sur-
face, consisting of a continuous polypeptide chain,
with the predicted cytoplasmic and transmembrane
domains and a very large ectodomain. However,
certain immunohistochemical findings in the brush
border of proximal tubules led us to hypothesize
that there are two separate forms of gp330 and that
only one of these is found in the immune deposits.
One form of gp330, which is identified by our anti-
cytoplasmic peptide antiserum, is restricted to

clathrin-coated pit regions and apical vesicles of
proximal tubules. The second form, which is reac-
tive with antibodies against extracellular epitopes,
but not with the cytoplasmic sequence, is found
over the microvilli; it could not be determined
whether this type is present in coated pit regions as
well.

The validity of the hypothesis that there are two
forms of gp330 in the kidney depends on the evi-
dence that the anti-cytoplasmic peptide antiserum
reacts with a portion of gp330 rather than with a
separate protein. The evidence for this conclusion
is as follows. First, the antiserum was raised against
a peptide whose amino acid sequence was de-
duced from partial cDNAs encoding gp330.11 The
gene bank did not reveal an identical sequence in
other proteins. Second, and most important, the
rabbit anti-cytoplasmic peptide antiserum precipi-
tated from Fx1A a protein of about 440 kd that was
specifically recognized by two monoclonal anti-
gp330 antibodies (under the conditions we use,
gp330 has a mass of about 440 kd). Third, the anti-
cytoplasmic peptide antiserum stained material in
Fx1A with a mass of approximately 440 kd. Fourth,
immunofluorescence studies on normal rat tissues
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Figure 7. Immunofluorescence micrographs ofPLP-fixed kidneyfrom a rat with Heymann nephritis. The anti-gp330 serum (A) produces granularstaininig of deposits in glomerulus (G), which is less intense than in frozen sections (Figuire 6C). In addition, there is staining of material in thelumen ofsome proximal tubules (PT) andfocal loss of brush border staining. The anti-cytoplasmic peptide antisenrm (B) fails to staini the glomer-idluts (G) or Ilumintal debris in proximal tuibuiles (PT btut does staini the base of the brush border, as was seeni in niormal rats. (Compare with Figuire5B.)

showed that the anti-cytoplasmic peptide antiserum
reacted with cells known to express gp330, namely,
renal epithelial cells, epididymal epithelial cells, and

Type 11 pneumocytes, and failed to react with ade-
nal cortical or hepatic cells, which express the ho-
mologous proteins, LDL receptor and LRP/a2MR.
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Figure 8. Ultrathin frozen sections ofproximal convoluted tubule epithelial cellsfrom a normal rat kidney incubated with anti-gp 330 antiserum
(A and C) or anti-cytoplasmic peptide antiserum (B and D), followed by 15-nm protein A-gold. 7Te sites recognized by the anti-gp 330 antiserum
are located over the surface of the brush border microvilli and in the intermicrovillar region, as well as in apical invaginations and vesicles. At
higher magnification (C), the extracellular location of the reactive sites is clearly detectable in regions where the membrane is sectioned in a per-
pendicularfashion (arrows). Immunogold labeling with anti-cytoplasmic peptide antiserum is confined to the base of the microvilli, and to some
apical vesicles (B); the surface of brush border microvilli is devoid ofstaining. 7Te distinct cytoplasmic location of the antigenic sites in petpendic-
ular sections of the apical membrane is shown in D (arrows). Scale bars = 0.5 .

Fifth, the rabbit antiserum against gp330 and the
anti-cytoplasmic peptide antiserum both reacted
with proteins of the same mass in COS cells trans-
fected with a partial cDNA encoding the cytoplas-
mic domain, the transmembrane domain, and a por-
tion of the extracellular domain of the gp330
molecule.

Nevertheless, the possibility must still be consid-
ered that the protein we detected on the surface of
microvilli with the anti-gp330 antibodies is not
gp330, but rather other proteins with cross-reacting
epitopes. In this regard, Kerjaschki et al have con-
cluded that gp330 is confined to the base of mi-
crovilli and that the material demonstrated on the
surface of microvilli with polyclonal anti-gp330 anti-
bodies is maltase, which shares epitopes with
gp330.7 Another protein to be considered is a gly-

coprotein called gp280, which has been found on
brush border of renal tubules, especially in intermi-
crovillar regions, and in the yolk sac.40 We believe,
however, that there is compelling evidence for the
presence of gp330 on microvilli. In a study by Chat-
elet et al,10 four monoclonal anti-gp330 monoclonal
antibodies were shown to react with material over
the surface of microvilli in some segments of proxi-
mal tubules, and we have made similar observa-
tions with two monoclonal antibodies (14C1 and
1 H2). It is unlikely that all of these monoclonal anti-
gp330 antibodies recognize cross-reactive proteins
on microvilli. In addition, monoclonal anti-gp330 an-
tibodies failed to stain absorptive intestinal cells,5
which express abundant maltase. Furthermore, on
Western blots of Fx1A, our monoclonal anti-gp330
antibodies stained proteins in the region of 440 kd,
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Figure 9. Double immunogold labeling of the apical region ofa proximal convoluted tubule epithelial cell demonstrating localization of extracel-
lular and cytoplasmic domains ofgp330. The ultrathin cryosection was incubated first with the monoclonal anti-gp330 antibody (14C1) followed
by goat anti-mouse IgG coupled to 10-nm gold particles. The section was then incubated with the anti-cytoplasmic peptide antiserum, which was
detected with 15-nm protein A-gold. In the region of coated pits and of apical vesicles, the monoclonal anti-gp 330 antiserum clearly labels the
extracellularface of the apical membrane (arrows). In contrast, in the same regions the gold labeling produced by anti-gp 330 cytoplasmic peptide
antiserum is restricted to the cytosolic side of the membranes (arrowheads). Scale bar = 0.1 p.

but not proteins in lower molecular weight regions
that might represent maltase or gp280.

The anti-cytoplasmic peptide antiserum resulted
in staining of glomerular podocytes, as seen in fro-
zen tissue sections, but the staining was very faint
and markedly less than of proximal tubules. The
other anti-gp330 antibodies resulted in more con-
spicuous staining of podocytes, which was, how-
ever, also far less than what was seen in tubules.
These findings probably reflect the relatively low
level of expression of gp330 by podocytes. In early
studies, antigens reactive with antibodies to Fx1A
were not detected at all in normal glomeruli by im-
munofluorescence techniques.2 It is also possible
that the faint staining of glomeruli we observed in
the current study was due in part to relatively low ti-
ters of the antipeptide antibodies.

The composition and interrelation of the two pos-
tulated cell-surface types of gp330 are unknown,
but some information is provided by Western blot
analysis of Fx1A. The anti-cytoplasmic peptide anti-
serum was seen to react with material only in the
upper region of a broad band around 440 kd that
stained with the monoclonal anti-gp330 antibodies
and the rabbit anti-gp330 antiserum (Figure 2).
These results are consistent with the interpretation
that the intact gp330 molecule is represented by
protein in the upper region of 440 kd and that the
contiguous protein below this lacks a cytoplasmic

domain, at least one detectable by our anti-
cytoplasmic peptide antiserum. The lower molecu-
lar weight materials at about 110 kd and 80 kd rec-
ognized by the anti-cytoplasmic peptide antiserum
may represent fragments of the parent gp330.
The postulated separation of gp330 into two

parts may be analogous to processing of LRP/
a2MR, which is split in the trans-Golgi apparatus
into an 85-kd portion containing cytoplasmic and
transmembrane domains as well as a short extra-
cellular segment and a 515-kd extracellular domain,
which is bound noncovalently to the shorter por-
tion.41 However, we have no evidence that the mi-
crovillar type of gp330 is combined with a shorter
membrane-spanning segment and do not know
how it is attached to the cell membrane.

Although we have speculated that two forms of
gp330 arise from intracellular cleavage of a single
polypeptide, it is also possible that the different
forms are generated by alternative RNA splicing.
Still another possibility is that gp330 present over
the microvilli possesses a cytoplasmic domain that
is conformationally altered in a way that renders it
unreactive with the anti-cytoplasmic peptide antise-
rum.
How does the evidence of two forms of gp330 re-

late to the formation of immune deposits in Hey-
mann nephritis? The finding that only extracellular
epitopes of gp330 were identified in the deposits of
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Heymann nephritis can be explained in one of two
ways: one, the intact molecule is cleaved at a sus-
ceptible site in the ectodomain; or two, only the
form of gp330 that lacks a detectable cytoplasmic
domain is shed. Further studies are needed to re-
solve this issue.
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