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Cell Biology
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Abstract

Nephrin is a cell surface receptor of the Ig superfamily
that localizes to slit diaphragms, the specialized
junctions between the interdigitating foot processes of the
glomerular epithelium (podocytes) in the kidney. Mutations
in the NPHS1 gene encoding nephrin lead to proteinuria and
congenital nephrotic syndrome, indicating that nephrin is
essential for normal glomerular development and function.
To identify nephrin-binding proteins, we performed mass
spectrometry on proteins obtained from pull-down assays
with GST-nephrin cytoplasmic domain. Nephrin specifically
pulled down six proteins from glomerular lysates, MAGI-2/S-
SCAM (membrane-associated guanylate kinase inverted
2/synaptic scaffolding molecule), IQGAP1l (IQ motif-
containingGTPase-
activatingproteinl) , CASK(calcium/calmodulin-dependent

serine protein kinase), «-actinin, «II spectrin, and BII
spectrin. All of these scaffolding proteins are often



associated with cell junctions. By immunofluorescence these
proteins are expressed in glomerular epithelial cells,
where they colocalize with nephrin in the foot processes.
During glomerular development, IQGAPl is expressed in the
junctional complexes between the earliest identifiable
podocytes, MAGI-2/S-SCAM is first detected in junctional
complexes in podocytes after their migration to the base of
the cells. Thus, the nephrin-slit diaphragm protein complex
contains a group of scaffolding proteins that function to
connect junctional membrane proteins to the actin
cytoskeleton and signaling cascades. Despite their special
morphology and function, there is considerable
compositional similarity between the podocyte slit
diaphragm and typical junctional complexes of other
epithelial cells.

Keywords: cell adhesion molecules, cell-cell junctions,
glomerular epithelial cell, podocyte, slit diaphragm

Slit diaphragms are specialized cell adhesion structures
found in the glomerular epithelium (podocytes), where they
attach the adjoining foot processes to one another and are
essential for glomerular ultrafiltration. Slit diaphragms
differentiate from typical junctional complexes during
development (1) and share similarities with adherens and
tight junctions (1-3). In nephrotic syndrome, which is
characterized by proteinuria, the foot process architecture
of mature podocytes is lost, and the slit diaphragms are
replaced by tight junctions comparable to those found in
developing glomeruli (4-6).

Slit diaphragms, like other adhering junctions, express Ig
and cadherin superfamily cell adhesion receptors. Nephrin
(7) and its homologue Nephl (8) are members of the Ig
superfamily, and nephrin has been suggested to form the
framework of the slit diaphragm by means of homophilic
interactions between podocytes (9, 10). The classical
cadherin P-cadherin (2, 11), another nonclassical cadherin
superfamily member FAT (12), and the tight junction protein
Zz0-1 (6, 13, 14) are also localized at the slit diaphragm.



Nephrin was identified as crucial for glomerular function
because it is mutated in the congenital nephrotic syndrome
of the Finnish type (7). Subsequently it was shown that
mutations in several other slit diaphragm-associated
proteins, including Nephl (8), podocin (15), CD2-associated
protein (16), and FAT (17), lead to loss of podocyte foot
process architecture and development of nephrotic syndrome.

In addition, mutations in «-actinin-4 (18) and «3f831
integrin (19), which attach podocytes to the glomerular
basement membrane, and in podocalyxin (20), which is
located on the apical domain of podocytes (21), can lead to
the same phenotype. The fact that these proteins localize
to different subcellular compartments of podocytes and have
diverse functions illustrates the complexity of the
regulation of podocyte morphology and glomerular function.

We have previously shown that the cytoplasmic domain of
nephrin forms a complex with cadherins (22). In this study,
we have identified several adherens and tight junction-
associated proteins that interact with the intracellular
domain of nephrin as components of the nephrin multiprotein
complex.

Materials and Methods

Materials and Antibodies. Chemical reagents were from Sigma
or Fisher Biotech, and detergents were from CalBiochem.
Kodak Biomax MR film was from Fisher Biotech. Rabbit anti-
CASK (calcium/calmodulin-dependent serine protein kinase)
IgG was from Zymed, and anti-IQGAP1l (IQ motif-containing
GTPase-activating protein 1) IgG was obtained from Kozo
Kaibuchi (Nagoya University, Nagoya City, Japan) and from
Santa Cruz Biotechnology. «-actinin monoclonal antibody

(clone AT6.172) was from Chemicon. Rabbit «-actinin-4 IgG
was provided by Raghu Kalluri (Harvard Medical School,
Cambridge, MA), rabbit anti-MAGI-2/S-SCAM (membrane-
associated guanylate kinase inverted 2/synaptic scaffolding
molecule) IgG was provided by Yutaka Hata (Tokyo Medical
and Dental University, Tokyo), and rabbit anti-MAGI-2 IgG
was provided by Charles L. Sawyers and Brian J. Skaggs
(University of California, Los Angeles). MAGI-2/S-SCAM is



directed against the WW domains of MAGI-2/S-SCAM and
recognizes MAGI-2 and its homologue MAGI-1. The MAGI-2
antibody is directed against a unigque region between the
fourth and fifth PDZ domains of MAGI-2 and is specific for
MAGI-2. Anti-MAGI-2 IgG was caprylic acid-purified (23).
Rabbit anti- «II spectrin and anti- §II spectrin IgG were
obtained from Jon Morrow (Yale University, New Haven, CT),
and mouse monoclonal anti-nephrin 5-1-6 IgG was obtained
from Fujio Shimizu (Niigata University, Niigata, Japan).
Anti-podocalyxin monoclonal IgG (5A) was described (24).
Horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse IgG were purchased from BioDesign (Saco, ME) and
Bio-Rad, respectively. Highly cross-absorbed Alexa Fluor
488 goat anti-mouse and Alexa Fluor 594 goat anti-rabbit

F(ab’ )2 were from Molecular Probes.

Preparation of Glomerular Lysates. Glomeruli were isolated
from kidney cortices of male Sprague-Dawley rats (150-200
g) by graded sieving as described (25) and lysed by
incubation in 1% Nonidet P-40/20 mM Hepes, pH 7.5/150 mM

NaCl/100 mM KI with 1X Complete, EDTA-free proteinase
inhibitor mixture (Roche)/50 mM NaF/1l mM Na3V04 at 4°C for
30 min. KI was added to the lysis buffer to increase the
solubility of nephrin (25). Detergent-insoluble material

was removed by centrifugation (10,000 X g for 2 min).

Pull-Down Assays. GST and GST-nephrin tail fusion proteins
were produced as described (22). Glomerular lysates were
precleared with glutathione-Sepharose beads (Amersham
Biosciences) at 4°C for 1 h, followed by incubation (4°C

for 4 h) with GST-nephrin tail or GST alone (20 ug of each)
immobilized on beads. Beads were washed extensively with
lysis buffer and boiled in Laemmli sample buffer. Proteins
were separated by 6% SDS/PAGE for GelCode blue staining
(Pierce) or immunoblotting as described (22).

Mass Spectrometry. Pull-down assays were performed on
glomerular lysates as above. Bound proteins were separated
by 6% SDS/PAGE and stained with GelCode blue. The bands
were excised from the gel and digested with trypsin in-gel.
Tryptic peptides were analyzed by mass spectrometry as
described (26), and the peptides obtained were identified
by searching the ensembl database.



Indirect Immunofluorescence. Adult rat kidneys were
infiltrated with 2 M glucose or perfusion fixed with
paraformaldehyde (PFA) (25). Two-day-old rat kidneys were
fixed by immersion in PFA. For preparation of semithin
cryosections, PFA-fixed kidneys were cryoprotected and
frozen in liquid nitrogen, and semithin cryosections were
cut as described (27). For MAGI-2 staining semithin
sections prepared from glucose-infiltrated tissue were
fixed for 3 min in acetone (-20°C). Sections were incubated
with primary antibodies in PBS containing 1% BSA for2hat
room temperature. For double labeling, sections were
incubated simultaneously with two primary antibodies
followed by Alexa Fluor 488 goat antimouse and Alexa Fluor

594 goat anti-rabbit F(ab’ )2 in PBS containing 1% BSA (2 h
at room temperature) and examined with a Zeiss Axiophot.
Images were collected with an ORCA-ER camera (Hamamatsu,
Bridgewater, NJ) using image 1.59 (Scion, Frederick, MA)
software. Images were processed with photoshop 5.5 (Adobe
Systems, Palo Alto, CA).

Results

Nephrin Forms a Complex with Cell Junction-Associated
Proteins. When pull-down assays were carried out on
glomerular lysates with GST-nephrin tail and the proteins
were separated by SDS/PAGE and stained with GelCode blue,
seven bands were identified that bound specifically to GST-
nephrin tail but not to GST alone (Fig. 1). Each band was
cut out, digested with trypsin, and identified by mass
spectrometry. Only proteins with at least two different
peptide matches were considered significant. The >250-kDa
bands were identified as «II spectrin and B II spectrin,
and the 180-kDa band contained two proteins, IQGAP1l and
MAGI-2/S-SCAM. The 130-kDa band also consisted of MAGI-2.
The 110-kDa band was identified as CASK, and the 90-kDa
band represented peptides present in all four isoforms of

o -actinin. The =200-kDa band represented a previously
uncharacterized protein.

IQGAP1, «II spectrin, BII spectrin, and « -actinin are all
known to be localized at adherens junctions and to



associate with actin either directly or indirectly. IQGAP1

binds E-cadherin, f -catenin (28), and actin (29) and is a
component of signaling networks that regulate cadherin-
mediated cell adhesion (28) and actin cytoskeleton dynamics
by means of the small GTPases Cdc42 and Racl (30, 31).
Spectrins are membrane-associated cytoskeletal proteins
that have been shown to coimmunoprecipitate with E-cadherin
(32) and to stabilize cell junctions and control cell shape

and polarity (33). «-Actinins are actin-binding and

bundling proteins. Spectrin (34) and « -actinin (35) are
linked to the cadherin/catenin cell-cell adhesion complex

by «-catenin. MAGI-2 and CASK are members of the membrane-
associated guanylate kinase (MAGUK) family of scaffolding
proteins (36). These proteins are found in complexes with
members of the Ig superfamily (37-40) and serve to cluster
receptors, signaling, and scaffolding proteins at specific
membrane regions, including tight and synaptic junctions
(38, 41-43).

Thus, the proteins identified in the nephrin multiprotein
complex are all found in cell-cell junctions and are known
to play important roles in regulating cell adhesion,
signaling, and actin cytoskeleton dynamics.

Confirmation of the Presence of Cell Junction-Associated
Proteins in the Nephrin Complex. The presence of spectrins,
IQGAP1l, MAGI-2, CASK, and «-actinin was confirmed by
immunoblotting of pull-downs obtained from glomerular
lysates with GST-nephrin tail (Fig. 2 A and C). The
presence of «-actinin was confirmed by using an antibody
that recognizes all four «-actinin isoforms as well as an
antibody specific for «-actinin-4. «-actinin-4 has
previously been shown to be expressed in podocytes and,
when mutated in humans, can lead to familial focal
segmental glomerulosclerosis (18).

Because MAGI-2 was not detected previously in kidney
lysates with the MAGI-2/S-SCAM antibody, which recognizes
MAGI-1 and MAGI-2 (42), we checked the presence of MAGI-2
in glomerular fractions by using this antibody and a MAGI-
2-specific antibody (Fig. 2B). MAGI-1 has previously been
shown to be expressed in podocytes (44, 45). Multiple bands



representing previously characterized isoforms of MAGI-1
(45) and MAGI-2 (46) were observed in glomerular lysates
with both antibodies (Fig. 2B). Immunoblotting of nephrin
pull-downs with both antibodies confirmed the presence of
MAGI-2 in the nephrin complex (Fig. 2C). We conclude that

spectrins, IQGAPl, MAGI-2, CASK, and «-actinin-4 are part
of the nephrin multiprotein complex.

Proteins Identified in the Nephrin Complex Are Localized in
the Glomerular Epithelium (Podocytes) in Rat Kidney. Next
we performed immunofluorescence on semithin cryosections
from rat kidney to determine the localization of the
putative nephrin interaction partners identified in
glomerular lysates. All these proteins are expressed in

glomeruli. MAGI-2 (Fig. 3A), IQGAP1l (Fig. 3C), and « -
actinin (data not shown) specifically stained the
podocytes. Staining for all these proteins was confined to
the foot process layer that lines the capillary loops of

the podocytes and codistributes with nephrin (Fig. 3B). «II

spectrin (Fig. 3D) and B II spectrin (data not shown) were
distributed in a punctate pattern in the foot process
layer. CASK was diffusely distributed throughout the
cytoplasm in the podocyte foot processes and cell bodies
(22) . IQGAP1l, CASK, and spectrins were detected in kidney

tubules as well as in glomeruli, whereas MAGI-2 and « -
actinin were restricted to podocytes. Thus, the proteins
identified in the nephrin complex were found to be
expressed in podocytes and to codistribute with nephrin in
the foot processes.

Differentiation of Slit Diaphragms from Junctional
Complexes During Glomerular Development. Glomeruli
differentiate from metanephric mesenchymal cells in a
stepwise process in which several stages (renal vesicle, S-
shaped body, capillary loop, and maturing glomerulus) are
recognized (1). The presumptive podocytes can first be
identified at the S-shaped body stage by expression of the
sialoglycoprotein podocalyxin (Fig. 4A) on their apical
surface (1). At the beginning of this stage, the foot
processes and slit diaphragms have not yet formed and the
cells destined to be podocytes are typical polarized
epithelial cells connected at their apical surfaces by
tight and adherens junctions (Fig. 4A, arrowheads). As this



stage progresses, the junctional complexes migrate from the
apical surface toward the base of the cells and podocalyxin
marks the apical domain of the podocytes above the
junctional complex (3) (Fig. 4C). Subsequently capillaries
“invade” the epithelium, foot process differentiation and
interdigitation begins, and the slit diaphragms start to
differentiate (capillary loop stage). Junctional migration
and foot process interdigitation can be followed by
staining for the tight junction protein ZO-1, which
localizes to the migrating junctional complex (6). Nephrin
is first detected at the approximate time that junctional
migration begins, when it colocalizes with ZO-1 in the
junctional complex (11). P-cadherin is expressed in the
renal vesicle before expression of podocalyxin and nephrin
(11) .

Expression of IQGAP1 During Kidney Development Reflects
Foot Process Formation. When IQGAP1l was localized during
glomerulogenesis in semithin cryosections of newborn rat
kidneys, it was detected at cell-cell junctions between the
earliest forming podocytes (renal vesicle stage) when the
cells destined to become glomerular epithelium are not yet
distinguishable from those destined to become proximal
tubule cells (data not shown). After podocalyxin appears on
the apical domain (Fig. 4A), IQGAPl is distributed on all
cell domains but is most concentrated in the migrating
junctional complexes of the differentiating podocytes (Fig.
4B, arrowheads) and at cell-cell junctions between
presumptive proximal tubule cells (Fig. 4B, arrows). After
migration of podocalyxin (Fig. 4C) and the junctional
complexes to the base of the immature podocytes, IQGAP1
begins to be concentrated at their base (Fig. 4D). Upon
interdigitation of the foot processes IQGAP1l (Fig. 4F)
becomes concentrated in the foot process layer, which is
heavily stained for podocalyxin (Fig. 4E).

MAGI-2 Is Up-Regulated upon Foot Process Differentiation.
In contrast to IQGAP1l, MAGI-2 (Fig. 5B) is expressed much
later during glomerulogenesis (late capillary loop stage).
The protein is first detected after migration of
podocalyxin (Fig. 5A) and the junctions to the base of the
cells. After the foot processes begin to differentiate
MAGI-2 colocalizes with nephrin in the foot processes (Fig.
5 C and D).



Spectrin Is Present Throughout Glomerulogenesis. «aII
spectrin is expressed along the cell membrane in both the
podocytes and presumptive tubule cells throughout

glomerulogenesis (Fig. 5 E and F). In tubule cells «oII
spectrin is concentrated along lateral cell margins (Fig.
5F, arrowheads) (47), but in glomeruli no significant
concentration at junctional complexes is observed (Fig. 5F,
asterisks).

Discussion

The podocyte slit diaphragm is a specialized cell junction
adapted for facilitating glomerular filtration. It is
derived from typical junctional complexes of polarized
epithelial cells that are composed of a group of
transmembrane cell adhesion molecules and a cytoplasmic
plague of regulatory and scaffolding proteins modulating
cell adhesion, signaling, and cytoskeletal connections.
Although there are morphological differences between the
slit diaphragms and epithelial cell junctions, they share
several key structural proteins of both adherens junctions
and tight junctions including the presence of cadherins and
catenins (2, 22) and zZO-1 (2, 6).

We have previously shown that nephrin, a cell adhesion
receptor of the Ig superfamily, and P-cadherin, a classical
cadherin, are components of a multiprotein complex (22).
Here we report the identification by mass spectrometry of
several additional cell junction-associated proteins in
nephrin complexes. Four of the proteins identified, IQGAPI1,

aII spectrin, BII spectrin, and «-actinin, represent
adherens junction-associated proteins (28, 34, 35), and
two, MAGI-2/S-SCAM and CASK, represent MAGUK family
scaffolding proteins that associate with Ig superfamily
proteins (37-40) and are found in tight junctions and
synapses (38, 41-43). All these proteins have previously
been shown to be involved in the regulation of cell
adhesion. We have localized these proteins to the foot
processes of podocytes in the adult rat kidney, confirming
that they are properly distributed to interact with nephrin
and regulate cell adhesion. The presence of these proteins



in slit diaphragms and their association with nephrin
suggests that they may form a scaffolding protein complex
in the podocyte slit diaphragm and thus contribute to the
regulation of ultrafiltration by binding slit membrane
proteins and establishing their cytosolic connections.

The presence of IQGAP1l in slit diaphragms is particularly
intriguing because it binds E-cadherin (28) and actin (29)
and controls cadherin-mediated cell adhesion (28, 48).
IQGAP1l contains multiple protein-protein interaction
domains, including calponin homology, WW, IQ, and RasGAP-
related domains (31), and has been shown to be a component
of signaling networks that regulate actin cytoskeleton
dynamics and cell motility (30, 49). IQGAPl binds actin
directly (29), and it regulates the actin cytoskeleton
indirectly via the small GTPases Cdc42 and Racl (30, 31).
IQGAP]1 also associates with calmodulin (31), the major
mediator of Ca2+ signaling in cells, which regulates the
actin-binding activity of IQGAP1l (29). Overexpression of
IQGAP1 (28) or translocation of endogenous IQGAP1l to cell-
cell junctions (48) coincides with a decrease in E-
cadherin-mediated homophilic adhesion. Binding of IQGAP1l to

E-cadherin displaces « -catenin from the cadherin/catenin
complex, thus reducing the interaction of E-cadherin with
the cytoskeleton and decreasing cell adhesion (48). Ca2+
signaling also plays an important role in the regulation of
cell adhesion via IQGAP1l, because Ca2+/calmodulin competes
with E-cadherin for binding to IQGAP1 (48).

Thus, identification of IQGAP1l in nephrin pull-downs
suggests that it may play an important role in controlling
slit diaphragm function by modulating cadherin adhesion and
actin cytoskeleton dynamics. In keeping with our findings
in glomeruli, while this paper was in preparation, another
study reported identification of IQGAP1l by nephrin tail
pull-down assay on cell lysates obtained from podocytes in
culture (50).

In addition to IQGAP1l, three other proteins often
associated with adherens junctions, «-actinin-4, «oII
spectrin, and BII spectrin, were identified in the nephrin

multiprotein complex. In podocytes, «-actinin-4 is part of
the microfilament network connecting podocytes to the



glomerular basement membrane (51). In other cell types, «-
actinin-4 has also been shown to be in complex with
cadherins and catenins (35) and with the Ig superfamily

member ICAM-1 (intercellular adhesion molecule 1) (52). -
Actinin-4 is essential for maintaining podocyte function,

because mutations in « -actinin-4 lead to focal segmental
glomerulosclerosis (18), which is associated with
disorganizaton of the foot processes and filtration slits.

Mutated o -actinin-4 shows enhanced binding of the mutated
protein to actin and disregulation of the actin
cytoskeleton. Interestingly, a mouse model mimicking the
human disease exhibited reduced levels of nephrin
expression (53). Our finding of spectrins in nephrin/P-
cadherin protein complexes is in keeping with previous
findings that spectrin can associate with the Ig
superfamily and the cadherin-mediated cell adhesion

receptors (54). Spectrin also associates with «-catenin at
sites of E-cadherin-mediated cell-cell contact (34). «II

and BII spectrins form a tetramer, and the complex has been
suggested to provide anchoring points for transmembrane
proteins at regions specified by cell adhesion proteins

and, thus, strengthen cell junctions (55). Similarly, in
podocytes spectrin may be involved in the regulation of

cell junctions.

The MAGUK family proteins ZO-1 and MAGI-1 have previously
been localized in podocytes (6, 14, 44, 45) and shown to
associate with the Ig superfamily cell adhesion receptor
Nephl (56, 57) and JAM4 (junctional adhesion molecule 4)
(44), respectively. Here we report identification of two
new members of the MAGUK family of proteins, MAGI-2/S-SCAM
and CASK, as components of the nephrin multiprotein
complex. MAGUK proteins contain multiple protein-protein
interaction domains, including guanylate kinase, WW, and
PDZ domains, and they homodimerize and heterodimerize to
form scaffolding complexes (36).

MAGI-2/S-SCAM has previously been shown to localize in
junctions in certain synapses in brain called puncta
adherentia (40). Puncta adherentia resemble adherens
junctions morphologically, and they are composed of
cadherins, catenins (58), and nectin (40) (an Ig



superfamily member cell adhesion receptor), which are all
components of adherens junctions. MAGI-2/S-SCAM has been
suggested to link cadherins and nectin in puncta

adherentia, thus connecting these cadherin and Ig family
cell adhesion receptors (40). Furthermore, MAGI-2/S-SCAM

directly interacts with the adherens junction protein f -
catenin (59).

CASK has also been found in cell-cell adhesion sites,
including synapses (37, 41) and tight junctions, and it has
been shown to associate with Ig domain protein JAM (38) and
with cadherins, catenins, and kainate receptors (60). CASK
has been postulated to link membrane proteins to the
cytoskeleton and reqgulate epithelial cell polarity (36).

The MAGUK family scaffolding proteins MAGI-1, MAGI-2, CASK,
and ZO-1, which localize to podocyte foot processes, most
likely function as scaffolds to link Ig family receptors,
including nephrin, and cadherins in podocytes.

Collectively, the adherens junction-associated proteins and
MAGUK family scaffolding proteins found in the nephrin
multiprotein complex may be expected to play a fundamental
role in regulating slit diaphragm assembly during
development and its function in mature glomeruli. Further
studies are needed to analyze the functional consequences
of these interactions in glomeruli in vivo under normal and
proteinuric conditions.
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