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Nephrin signal peptide sequence cDNA in expression vector
determines antibody characteristics reacting on native or

glycosylation-disturbed nephrin protein in genetic immunization
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Objectives: Nephrin is an essential protein for maintaining the normal structure of podocyte foot
process and glomerular filtration barrier.  In this paper, we investigate the effect of signal peptide
sequence cDNA on the characteristics of polyclonal anti-nephrin antibodies induced by genetic
immunization.
Methods: Five fragments of nephrin cDNA with or without signal peptide sequence were inserted to
the pTARGETTM vector.  Rats were immunized with these vectors by the gene-gun method.  Seras
were analyzed by Western blotting, immunoprecipitation, flow cytometry and immunohistochemistry.
Results: Four different antibodies induced by cDNA encoding nephrin protein fragments without
signal peptide showed antigen-site specific binding to fragmented nonglycosylated nephrin proteins.
These antibodies also reacted to a deglycosylated full-length nephrin protein, but reacted to neither a
native nephrin protein nor a fully-glycosylated conformational nephrin protein.  Four different antibodies
induced by cDNA encoding nephrin fragments with signal peptide showed an antigen-site specific
binding to non-glycosylated nephrin protein fragments.  In additions, these antibodies reacted to both
a native nephrin protein and a full-length glycosylated conformational nephrin protein.
Conclusions: The absence of signal peptide sequence cDNA in the expression vector produced
antibodies specific for glycosylation-disturbed proteins, while its presence also produced antibodies
that bound to native or fully glycosylated conformation protein.
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Introduction

lomerular filtration barrier consisting of podocytes,
glomerular basement membrane and endothelial

cells, and the presence of negatively charged proteins on
all three of these components prevent leakage of the
plasma proteins into urine.1  Recent advances show that
the slit diaphragm between podocytes has a crucial role
in preventing proteinuria.2-4  Nephrin (NPHS1), which
was cloned as a gene responsible for Finnish type nephritic
syndrome, shows transcription only in glomerular
podocytes.5-9  Mature nephrin protein is located on cell
surface of the glomerular podocytes, and is a major
component of slit diaphragm.2,3,6,10-17

Nephrin has 8 extracellular immunoglobulin (Ig)-like
domains, a fibronectin type III domain, a transmembrane
domain and a cytoplasmic C-terminal domain.5,11  Nephrin

consists of 1,241 amino acids (aa) with a calculated
molecular mass of 132,532 Da.  Nephrin appears as 180-
200 kDa proteins when analyzed by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE).16,18  This molecular weight (MW) difference
depends on the extent of N-linked glycosylation.  Nephrin
contains no O-linked glycosylation sites.16,18

A newly-produced nephrin protein in the cell is
initially glycosylated in the endoplasmic reticulum (ER)
and additional glycosyl modification takes place in the
Golgi apparatus, producing mature protein.  When protein
is translated on ribosome from an mRNA and enters into
ER, it is guided into ER by an N-terminal signal peptide
with the assistance of signal recognition particle (SRP)
and SRP receptor.19  Signal peptide is species-specific
and protein-specific.  It is also essential for initial
glycosylation of protein in ER and glycosyl modification
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in the Golgi apparatus.19,20

We previously reported on the production and
characterization of polyclonal anti-human nephrin
antibodies induced by genetic immunization using
nephrin cDNA.21  Although four polyclonal antibodies
showed antigen-site specific bindings to Escherichia coli-
produced recombinant human nephrin protein, only two
of these reacted with native nephrin protein from human
kidney tissue and full-length human nephrin protein
produced by human embryonic kidney cell line (HEK293-
NW).  The reason why antigen recognition characteristics
of these polyclonal anti-nephrin antibodies are different
and the role played by signal peptide sequence in cDNA
encoding a putative protein in an expression vector
remained unknown.21  In the present study, we evidenced
the effect of signal peptide sequence cDNA in an
expression vector on the characteristics of polyclonal
anti-nephrin antibodies produced by genetic
immunization.

Materials and Methods

Animals
Sixty-four female Lewis rats purchased from the Charles
River Breeding Laboratory (Atsugi) at 7 weeks of age
were divided into 11 groups composed of 5-6 rats. Each
group of rats was for cDNA immunization as described
in Immunization schedules and sampling below.  The

rats were kept in a dark-and-light cycle of 12 hours and
fed standard laboratory food (Japan SLC, Inc., Shizuoka)
with free access to water.  All animal experiments were
performed under an experimental protocol approved by
the Ethical Review Committee for Animal Experiments
of Kitasato University School of Medicine.

Immunization plasmids
Full-length human nephrin cDNA8,11 was synthesized and
purified by TaKaRa Custom Services (Ohtsu).  Nephrin
has a COOH-terminal domain, 8 immunoglobulin (Ig)-
like motifs with 10 N-linked glycosylation and a
fibronectin-like motif near the transmembrane region of
extracellular domain (Figure 1).  We prepared ten different
human nephrin cDNA fragments encoding Ig-like motifs
1-2 (aa 23-257), 3-4 (aa 258-458), 5-6 (aa 459-755), 7-8
(aa 756-940) and 1-8 (aa 23-940) with or without 22 aa
nephrin signal peptide coding sequence preceding each
structural cDNA fragment.  These 10 different cDNAs
were generated by PCR using full-length human nephrin
cDNA as a template.  PCR products were cloned into
pTARGETTM mammalian expression vectors (containing
a CMV promoter [Promega, Madison, WI, USA]) by TA
cloning.  The 10 expression vectors were transformed
into E. coli JM 109 Competent Cells (TaKaRa) according
to the manufacturer's protocol.  After overnight
incubation, each plasmid was purified using a QIAGEN
Plasmid Maxi Kit (QIAGEN, Tokyo).  The authenticity

Nephrin has eight extracellular immunoglobulin (Ig)-like domains, a fibronectin type III domain, a transmembrane
domain and a cytoplasmic C-terminal domain.  Ten potential N-linked glycosylation site are marked as black hexagons.
aa, amino acid; FNIII, fibronectin type III domain; TM, transmembrane domain

Figure 1.  Human nephrin protein structure
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of cDNA construct was confirmed by sequencing with a
BigDye Terminator V3.1 Cycle Sequencing Kit (Applied
Biosystem, Framingham, MA, USA).

Immunization schedules and sampling
Eleven groups of 5-6 female Lewis rats were used. The
nephrin expression vectors were bound to gold particles
(1μm in diameter [Bio-Rad, Hercules, CA, USA])
according to the manufacturer's protocol.  Gold particles
covered with plasmid vectors were shot into the
subcutaneous tissue of bilateral inner thighs using gene-
gun method (Bio-Rad).  For initial administration, 100
μg of plasmid DNA was used, and subsequently 10μg
plasmid DNA was administered, once a week, from weeks
2 to 12.  An expression vector without nephrin cDNA
was also administered to another group of rats in the
same manner, as a control experiment.  Blood samples
were taken every 2 weeks from the start of experiment
up to week 14 and stored at -80℃ until use.

Glutathione-S-transferase (GST)-tagged protein
expression and purification21

Full-length nephrin cDNA and 4 nephrin cDNA
fragments encoding aa 23-257 (Ig-like motifs 1-2), aa
258-459 (Ig-like motifs 3-4), aa 460-755 (Ig-like motifs
5-6), or aa 756-940 (Ig-like motifs 7-8), were inserted
into a modified pGEX-5X-1 vector (GE Healthcare,
Buckinghamshire, UK), respectively.  GST-tagged fusion
proteins were expressed in E. coli BL21 strain cultured
in  LB medium wi th  1  mM isopropyl -β-D-
thiogalactopyranoside at 37℃.  Cells were pelleted at
3,000 g for 10 minutes at 4℃, and then resuspended in
lysis buffer with phosphate buffer solution (PBS)
containing 2% Triton X-100 and protease inhibitors.  After
1 freeze-thaw cycle, the samples were sonicated on ice,
and then centrifuged at 13,000 g for 30 minutes at 4℃.
The majority of the GST-tagged fusion proteins were
included in the cell pellets.  Proteins were purified under
denaturing conditions with phosphate buffer containing
8 M urea, and then allowed to refold by removing urea
by dialysis.  GST-tagged fusion proteins were further
purified with a pre-packed Glutathione Sepharose 4B
column (GE Healthcare, Little Chalfont, England)
according to the manufacturer's instructions.  MW of
GST-tagged Ig-like motifs of 1-2, 3-4, 5-6, and 7-8 were
54, 48, 59, and 47 kDa, respectively.  MW of GST-
tagged fusion protein without fragmented nephrin protein
was 27 kDa.  These fusion proteins completely lacked N-
glycosylation because N-glycosylation was absent in
prokaryotes.30

V5-tagged protein expression and purification21

A cDNA encoding the full-length human nephrin protein
with signal peptide sequence was cloned into mammalian
expression vector pcDNA3.1/V5 (Invitrogen Corp.,
Carlsbad, CA, USA) and then transformed into HEK293-
NW cells, a human embryonic kidney cell line, by
electroporation.  HEK293-NW cells were cultured with
RPMI (Roswell Park Memorial Institute)-1640 medium
(Sigma Chemical, St. Louis, MO, USA) supplemented
with 10% (V/V) heat-inactivated FBS (fetal bovine
serum), 100 U/ml penicillin, 100μg/ml streptomycin
sulfate and 2 mM L-glutamine in 5% CO2 and 95% air at
37℃.  Stable clones were obtained by incubation with
selection buffer containing 1 mg/ml G-418 sulfate (EMD
Biosciences, La Jolla, CA, USA).  HEK293-NW cells
with V5-tagged nephrin protein on their plasma
membranes were cloned and cultured under almost
confluent conditions.  They were then washed 3 times
with ice-cold PBS and lysed with 1ml of lysis buffer
(140 mM NaCl, 3 mM MgCl2, 0.5% [v/v] Nonidet-P 40
in 10 mM Tris-HCl [pH 8.4] and protease inhibitors).
Cell lysates were removed by centrifugation at 14,000 g
for 5 minutes and then used for immunoprecipitation
studies.  A glycosylated nephrin protein is produced by
these HEK-NW cells.

SDS-PAGE and western blot analyses
E. coli-produced GST-tagged fusion proteins containing
nonglycosylated nephrin protein fragments were
separated using a 5-20% sodium dodecyl sulfate (SDS)
gradient gel under reducing conditions.  After
electrophoresis, proteins were stained with Coomassie
brilliant blue or transferred to polyvinylidene difluoride
(PVDF) membranes.  Membranes were incubated in
blocking solution (PBS containing 20% [v/v] Block Ace
[Dainippon Sumitomo Pharma, Osaka]) overnight at 4
℃, and then reacted for 2 hours with 1/200 diluted sera
derived from rats immunized with different fragments of
the nephrin cDNA, at 14 weeks after immunization.
Thereafter, membranes were incubated with horseradish
peroxidase (HRP) conjugated rabbit anti-rat IgG (1/4000)
(Zymed, South San Francisco, CA, USA) and visualized
with chemiluminescent reagent, ECL ([enhanced
chemiluminescence]  Amersham Bioscience ,
Buckinghamshire, UK).

Immunoprecipitation studies
HEK293-NW cell lysates containing full-length
glycosylated human nephrin protein were incubated with
100μl of Immunoprecipitation Starter Pack (Amersham
Biosciences, Uppsala, Sweden; containing 50μl Protein

Effect of NPHS1 signal peptide cDNA
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A Sepharose Fast Flow and 50μl Protein G Sepharose
Fast Flow as a 50% slurry) for 1 hour at 4℃ to avoid
nonspecific binding of lysates to protein A and G beads.
Immunoprecipitation was performed for 1 hour at 4℃
by incubating 500μl of cell lysate and 50μl of sera
derived from rats immunized with different fragments of
nephrin cDNA, at week 14 after immunization.  After
adding 80μl of the Immunoprecipitation Starter Pack,
incubation was continued with gentle swirling for 1 hour
at 4℃.  Immune complexes on sepharose beads were
collected by centrifugation and then washed 3 times with
ice-cold lysis buffer and once with washing buffer
(containing 140 mM NaCl, 0.5% (v/v) Nonidet-P 40 in
10 mM Tris-HCl (pH 8.4) and protease inhibitors).
Immunoprecipitated samples were suspended in Laemmli
sample buffer and boiled for 5 minutes.  Proteins were
separated using 5-20% SDS-gradient gel under reducing
conditions (Atto, Osaka), transferred to PVDF
membranes, immunostained with guinea pig antiserum
raised against the intracellular domain of human nephrin
protein (Progen Biotechnik, Heidelberg, Germany), then
visualized with HRP-labeled rabbit anti-guinea pig IgG
Ab (Cappel ICN, Aurora, OH, USA).

Tunicamycin treatment and immunoblot analyses
Tunicamycin inhibits N-linked glycosylation of nephrin
protein in the nephrin-producing cultured cells.16

HEK293-NW cells expressing glycosylated full-length
nephrin protein were cultured to almost confluent
condition before tunicamycin treatment.  Cells were then
washed once with PBS and cultured for 20 hours in fresh
culture media in the absence or presence of tunicamycin
in a dose-dependent manner.  They were then washed 3
times with ice-cold PBS and lysed with 1 ml of lysis
buffer containing 140 mM NaCl, 3 mM MgCl2, 0.5% (v/
v) Nonidet-P 40 in 10 mM Tris-HCl (pH 8.4) and 0.1
mM PMSF (phenylmethylsulfonyl fluoride).  Whole cell
lysates were transferred into Eppendorf tubes, boiled,
and centrifuged for 10 minutes before loading.  All
samples were subjected to SDS-PAGE with 5-20% SDS-
gradient gels, and proteins were transferred onto PVDF
membranes.  The membranes were subsequently blocked
and incubated with guinea pig antiserum raised against
intracellular domain of human nephrin protein (Progen
Biotechnik, Heidelberg, Germany) and then visualized
with HRP-labeled rabbit anti-guinea pig IgG Ab (Cappel
ICN, Aurora, OH, USA).

Flow cytometry analyses
Full-length glycosylated-nephrin protein produced by
HEK293-NW cells was used as the antigen for detecting

reactivity of polyclonal anti-human nephrin antibodies.
Sera obtained at 14 weeks from rats administered with
human nephrin cDNA of 10 different fragments with or
without signal peptide sequence were used for analysis.
HEK293-NW cells (2 × 105) in 100μl Hank's buffered
salt solution (HBSS) with 0.5% bovine serum albumin
(BSA) and 10μl rat serum containing anti-human nephrin
Ab were mixed and incubated at 4℃ for 30 minutes.
After centrifugation, the cell pellet was resuspended in
100μl FITC-labeled rabbit anti-rat IgG (1/100)
(GeneTex, San Antonio, TX, USA) and incubated at 4℃
for 30 minutes.  Finally, cells were washed with ice-cold
HBSS twice and assayed using flow cytometry (Becton
Dickinson, Mountain View, CA, USA).  Data obtained
were analyzed with Cell Quest Software (Becton
Dickinson, Franklin Lakes, NJ, USA).

Indirect immunofluorescence
Reactivities of rat anti-human nephrin antibodies to
normal human kidney tissue were tested with indirect
immunofluorescence.  Normal human kidney tissue was
obtained from kidneys removed because of renal
malignancy.  Small blocks of normal human kidney cortex
were taken from the opposite pole to renal malignancy,
embedded in OCT (optimum cutting temperature)
compound Tissue-Tek (Sakura Finetek, Torrance, CA,
USA), and snap frozen in liquid nitrogen.  The frozen
samples were sliced into 5μm sections and then fixed
with ice-cold acetone for 5 minutes.  After blocking with
1% BSA/PBS for 1 hour, cryostat sections were overlaid
with rat sera containing anti-nephrin antibodies, and
incubated at 4℃ overnight.  After removing the rat sera,
sections were reacted with FITC-labeled rabbit anti-rat
IgG (GeneTex) for 1 hour.  Then, after washing 3 times
with PBS, they were evaluated using a fluorescence
microscope equipped with appropriate filters (Olympus,
Tokyo).

Results

Antigen recognition abilities of polyclonal anti-nephrin
antibodies produced by immunization of nephrin cDNA
fragments (with or without signal peptide sequence) in
non-glycosylated fusion proteins
E. coli BL21-produced non-glycosylated fusion proteins
of Ig-like motifs 1-2, 3-4, 5-6, and 7-8 were used as
antigens for Western blot analysis (Figure 2A,B).  Antigen
recognition capabilities of the polyclonal anti-nephrin
antibodies produced by immunization of nephrin cDNA
fragments without signal peptide sequence encoding Ig-
like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 are shown in lanes
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Non-glycosylated nephrin fusion protein fragments of Ig-like motifs 1-2, 3-4, 5-6, and 7-8 were produced by E. coli
BL21, and used as antigens for Western blot analysis in both panels A and B.  Antibodies produced by the nephrin
cDNA fragments encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 without the signal peptide sequence are shown in
lanes 1, 2, 3, 4, and 5 of panel A, respectively.  Antibodies induced by the nephrin cDNA fragments encoding Ig-like
motifs of 1-2, 3-4, 5-6, 7-8, and 1-8 with the signal peptide sequence are shown in lanes 1, 2, 3, 4, and 5 of panel B,
respectively.  Antisera taken at week 14 from the rats immunized with empty vectors are shown in lane 6 of panels A
and B.

Figure 2.  Antigen recognition abilities of polyclonal anti-human nephrin antibodies against the E. coli-produced
nephrin fusion proteins

Glycosylated full-length nephrin protein produced by HEK293-NW cells was
used as the antigen in both of panels A and B.  Antibodies induced by the
administration of cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, or 1-8
without signal peptide sequence or empty vectors were applied in lanes 1, 2, 3,
4, 5, and 6 of panel A.  Antibodies induced by the administration of cDNAs
encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, or 1-8 with the signal peptide sequence
or empty vectors are shown in lanes 1, 2, 3, 4, 5, and 6 of panel B.

Figure 3.  Immunoprecipitation of a glycosylated full-length nephrin by anti-
nephrin antibodies induced by the nephrin cDNA fragments with or without
the signal peptide sequence

Effect of NPHS1 signal peptide cDNA
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1, 2, 3, 4, and 5, respectively, in Figure 2A.  Antigen
recognition capabilities of polyclonal anti-nephrin
antibodies induced by the immunization of nephrin cDNA
fragments with the signal peptide sequence encoding Ig-
like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 are shown in lanes
1, 2, 3, 4, and 5 in Figure 2B.  Thirty-four antibodies
produced by immunization of cDNA encoding Ig-like
motifs 1-2, 3-4, and 5-6 (with or without the signal peptide
sequence) showed antigen-site specific binding for
nonglycosylated nephrin protein.  Twelve antibodies
induced by administration of nephrin cDNA fragment
encoding Ig-like motifs 7-8 (with or without the signal
peptide sequence cDNA) could not recognize any
fragment of nonglycosylated nephrin proteins of Ig-like
motifs 1-2, 3-4, 5-6, and 7-8.  On the other hand, 12
antibodies produced by immunization with Ig-like motifs
1-8 cDNA (with or without signal peptide sequence
cDNA) showed bindings to all of the nonglycosylated
nephrin protein fragments (Ig-like motifs 1-2, 3-4, 5-6,
and 7-8).  Results for sera taken at week 14 from rats
administered with the empty vector are shown in lane 6
in Figure 2A and B.  These sera did not recognize any
fragments of nonglycosylated nephrin protein.

Immunoprecipitation using glycosylated full-length
nephrin protein and anti-nephrin antibodies
Glycosylated full-length nephrin protein (≅200 kDa),
produced by HEK293-NW cells, was used as antigen as
shown in Figure 3A and B and Figure 4.  The antibodies
induced by administration of cDNAs encoding Ig-like

motifs 1-2, 3-4, 5-6, 7-8, or 1-8 without signal peptide
sequence, or empty vector were used in lanes 1, 2, 3, 4, 5,
and 6, as shown in Figure 3A.  Twenty-eight of 29
antibodies could not precipitate glycosylated full-length
nephrin protein, as shown in lanes 1-5. Each of 6
antibodies produced by cDNA encoding Ig-like motifs
1-8 without signal peptide sequence was used in lanes 1-
6 in Figure 4.  One exceptional antibody (rat No. 31)
precipitated glycosylated full-length nephrin protein, as
shown in lane 3.  Antibodies produced by administration

Glycosylated full-length nephrin protein produced by HEK293-NW cells before
tunicamycin treatment was used in panel A, while another full-length nephrin protein
produced by HEK293-NW cells after treatment with N-glycosylation inhibition by 0.5
μg/ml of tunicamycin was used in panel B.  Antibodies induced by nephrin cDNA
encoding fragments without signal peptide sequence of Ig-like motifs 1-2, 3-4, 5-6, 7-
8, and 1-8 were applied in lanes 1, 2, 3, 4, and 5 of panels A and B, respectively.  An
antibody induced by an empty vector was applied in lane 6.  An antibody induced by
nephrin cDNA encoding Ig-like motifs 1-8 with signal peptide sequence was used in
lane 7.

Figure 5.  Immunoprecipitation of a full-length nephrin protein before or after
tunicamycin treatment with the antibodies produced by cDNA encoding human nephrin
protein fragments without signal peptide

Glycosylated full-length nephrin protein produced by HEK293-
NW cells was used as antigen.  Each of 6 antibodies made by
administration of cDNA encoding Ig-like motifs 1-8 without signal
sequence was applied in lanes 1, 2, 3, 4, 5, and 6. An antibody
induced by administration of empty vector was used in lane 7.
The antibody produced by administration of cDNA encoding Ig-
like motifs 1-8 with signal peptide sequence was used in lane 8.
The number in parenthesis designates the individual number of
the rat studied.

Figure 4.  Immunoprecipitation of glycosylated full-length
nephrin protein by antibodies produced by cDNA encoding Ig-
like motifs 1-8 without signal peptide
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of cDNAs encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, or
1-8 with signal peptide sequence, or empty vectors were
used in lanes 1, 2, 3, 4, 5, and 6 as shown in Figure 3B.
All 23 antibodies induced by cDNAs encoding Ig-like
motifs 1-2, 3-4, 5-6, and 1-8 with signal peptide sequence
did precipitate glycosylated nephrin protein, as shown in
lanes 1, 2, 3, and 5 of panel B in Figure 3 and lane 8, in
Figure 4.  However, all 6 antibodies induced by cDNA
encoding Ig-like motifs 7-8 with signal peptide sequence
could not precipitate glycosylated nephrin protein, as
shown in lane 4 of panel B in Figure 3.

Immunoprecipitation of nephrin produced by HEK293-
NW cells before or after tunicamycin treatment using
antibodies induced by cDNA encoding nephrin protein
fragments without signal peptide sequence
Immunoblot analyses shows inhibitory effect of

tunicamycin on N-linked glycosylation of nephrin as
evaluated by changes in MW of protein in cultured
HEK293-NW cells.  HEK293-NW cells producing
glycosylated full-length nephrin protein were treated with
0.01, 0.05, 0.1, 0.5, or 1.0μg/ml of tunicamycin for 20
hours.  MW of the nephrin protein moved from 200 kDa
toward 180 kDa in a dose dependent manner.  Inhibition
of N-linked glycosylation (as estimated by the presence
of 100% 180 kDa nephrin protein) occurred in doses of
0.5μg/ml or above of tunicamycin.

Full-length human nephrin protein produced by
HEK293-NW cells before (panel A) or after (panel B)
treatment with 0.5μg/ml of tunicamycin to inhibit N-
linked glycosylation was used as antigen for these
immunoprecipitation experiments (Figure 5).  Antibodies
induced by nephrin cDNA fragments encoding Ig-like
motifs 1-2, 3-4, 5-6, 7-8, and 1-8 without signal peptide

Glycosylated full-length nephrin protein expressed on the plasma membrane of HEK293-NW cells was used as the antigen.  Antibodies
induced by cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 without signal peptide sequence were used in panels A1, A2, A3, A4,
and A5, respectively.  Serum from an exceptional rat (No. 31) immunized with cDNA encoding Ig-like motifs1-8 without signal peptide
sequence was used in panel B5.  Antibodies produced by cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 with a signal peptide
sequence were used in panels C1, C2, C3, C4, and C5, respectively.  The vertical bar shows the number of cell counts and the horizontal
bar indicates the intensity of fluorescence.  Cells that reacted with anti-human nephrin antibodies shifted to the right side of each panel.

Figure 6.  Flow cytometric analyses of the binding of polyclonal anti-human nephrin antibodies to glycosylated nephrin protein on the
plasma membrane of HEK293-NW cells

Effect of NPHS1 signal peptide cDNA
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sequence were applied in lanes 1, 2, 3, 4, and 5,
respectively.  Six antibodies induced by an empty vector
were applied in lane 6 as a negative control.  Six antibodies
induced by cDNA with signal peptide sequence of Ig-
like motifs 1-8 were used in lane 7 as a positive control.
Twenty-eight antibodies induced by nephrin cDNA
encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 (with
one exception, that of rat No. 31) without signal peptide
sequence could not precipitate glycosylated full-length
nephrin protein (before tunicamycin treatment) as shown
in lanes 1, 2, 3, 4, and 5 in panel A.  Four of these 5
different types of antibodies could precipitate full-length
nephrin protein after inhibition of N-linked glycosylation
by tunicamycin (lanes 1, 2, 3, and 5 of panel B).  None of
the 6 antibodies produced by the cDNA encoding Ig-like
motifs 7-8 without signal peptide sequence could
precipitate full-length nephrin protein after N-linked
glycosylation inhibition by tunicamycin (lane 4 of panel
B).  Six sera from rats immunized with empty vector
precipitated none of the full-length nephrin proteins (lane
6 of panels A and B).  Six sera of rats administered with
nephrin cDNA fragment encoding Ig-like motifs 1-8 with

signal peptide sequence precipitated both of the full-length
nephrin proteins before and after N-linked glycosylation
inhibition by tunicamycin.

Flow cytometric detection of glycosylated nephrin by
antibodies produced by nephrin cDNA fragments with
or without signal peptides
Glycosylated full-length nephrin protein on the plasma
membrane of HEK293-NW cells was used to assay the
reactivities of anti-nephrin antibodies using flow
cytometry (Figure 6).  Twenty-eight of 29 antibodies
produced by cDNA fragments encoding Ig-like motifs
1-2, 3-4, 5-6, 7-8, and 1-8 without signal peptide sequence
did not label the cells with a high intensity of fluorescence
(panels A1, A2, A3, A4, and A5).  Only one exceptional
antibody from rat No. 31 immunized with cDNA encoding
Ig-like motifs 1-8 without signal peptide sequence
recognized glycosylated full-length nephrin protein on
the plasma membrane of HEK293-NW cells and produced
cells with a high intensity of fluorescence (panel B5).
All of the 23 antibodies induced by cDNA encoding Ig-
like motifs 1-2, 3-4, 5-6, and 1-8 with signal peptide

Anti-nephrin antibodies induced by cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-8 without signal peptide sequence were
applied in panels A1, A2, A3, A4, and A5, respectively.  One exceptional antibody of rat No. 31 immunized with cDNA encoding Ig-like
motifs 1-8 without signal peptide sequence was applied in panel B5.  Antibodies produced by cDNA encoding Ig-like motifs 1-2, 3-4, 5-
6, 7-8, and 1-8 with a signal peptide sequence were applied in panels C1, C2, C3, C4, and C5, respectively.

Figure 7.  Indirect immunofluorescence staining of normal human kidney tissue by polyclonal anti-human nephrin antibodies
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sequence reacted with glycosylated full-length nephrin
protein on plasma membrane of HEK293-NW cells
(panels C1, C2, C3, and C5).  None of the 6 antibodies
made by cDNA encoding Ig-like motifs 7-8 with signal
peptide sequence could react with glycosylated nephrin
protein on plasma membrane of HEK293-NW cells (panel
C4).

Recognition of native nephrin by anti-human nephrin
antibodies using indirect immunofluorescence
Anti-nephrin antibody reactivities against a native nephrin
protein in normal human kidney tissue were examined
(Figure 7).  Twenty-eight of 29 antibodies induced by
cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, 7-8, and 1-
8 without signal sequence did not react with native nephrin
protein on normal human kidney tissue (panels A1, A2,
A3, A4, and A5).  One exceptional serum of rat No. 31
showed binding to native nephrin protein in normal human
kidney tissue (panel B5).  All of the 23 antibodies
produced by cDNA encoding Ig-like motifs 1-2, 3-4, 5-
6, and 1-8 with signal peptide sequence recognized native
nephrin protein in normal human kidney tissue (panels
C1, C2, C3, and C5).  None of the 6 antibodies made by
cDNA encoding Ig-like motifs 7-8 with signal peptide
sequence reacted with native nephrin protein (panel C4).

Discussion

The isolation of a sufficient amount of pure protein for
immunization is a time-consuming and sometimes
difficult process.  We successfully produced highly
specific polyclonal antibodies against human nephrin
protein fragments using a genetic immunization
technique.21  In this report, we also studied the effect of
including a cDNA encoding signal peptide sequence in
the immunization vector on the characteristics of
antibodies produced by genetic immunization.

Polyclonal anti-nephrin antibodies induced by nephrin
cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, and 1-8
with signal peptide sequence showed antigen-site specific
reactivity against nonglycosylated nephrin protein
fragments and could also react to native and fully-
glycosylated conformational nephrin protein.  On the
other hand, 28 of 29 antibodies induced by the nephrin
cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, and 1-8
without the signal peptide sequence also showed antigen-
site specific binding to nonglycosylated nephrin protein
fragments but did not bind to either native or full-length
glycosylated nephrin protein.  These data indicate that
the presence of signal peptide in the expressed motif of
protein fragments is required to obtain antibodies that

react to native or full-length glycosylated nephrin protein.
These data also suggest that antigen presentation might
occur after N-linked glycosylation of the newly generated
nephrin protein expressed by the vector containing cDNA
encoding nephrin protein with signal peptide.

Twenty-eight of the 29 antibodies induced by nephrin
cDNA encoding Ig-like motifs 1-2, 3-4, 5-6, and 1-8
without signal peptide sequence recognized neither native
nephrin protein nor full-length glycosylated nephrin
protein.  These same antibodies could precipitate full-
length nephrin protein on HEK293-NW cells after
tunicamycin treatment.  As tunicamycin inhibits
glycosylation of nephrin protein,16 conformation of
nephrin protein might have changed, and some hidden
antigenic epitopes might have been revealed allowing
these antibodies to bind to the full-length nephrin protein.
The antigen epitopes of nephrin protein for these
antibodies might include an asparagine residue that is
involved in N-linked glycosylation.

One exceptional antibody from rat No. 31 produced
by immunization against cDNA encoding Ig-like motif
1-8 without signal peptide sequence reacted with both
fully glycosylated and deglycosylated nephrin protein.
This antibody might react on a putative antigen epitope
located on the surface of native nephrin protein in a region
whose conformation remains unaffected by the presence
or absence of glycosylation.  Antibodies against such an
epitope are rarely produced by using cDNA of a protein
without signal peptide sequence in genetic immunization.

The administration of cDNA encoding Ig-like motifs
7-8 with or without signal peptide sequence failed to
produce any reactive antibodies.  The reason the structure
of Ig-like motifs 7-8 might be poorly antigenic in DNA
immunization remains unknown.

The antibody induced by administration of cDNA
encoding Ig-like motifs 1-8 with signal peptide sequence
was able to bind to Ig-like motifs 1-2, 3-4, 5-6, and 7-8 of
nonglycosylated nephrin proteins, full-length
glycosylated nephrin protein on the cell membrane of
HEK 293-NW cells, and nephrin protein in normal human
kidneys.  This antibody may well be utilized for
immunoprecipitation, immunoblotting, and tissue
staining.  It may also be the only antibody that reacts
with Ig-like motifs 7-8 of nephrin protein.

The antibodies produced by genetic immunization
using nephrin cDNA fragments encoding proteins without
signal peptide can bind to the deglycosylated nephrin
protein but are almost not able to bind to native and
fully-glycosylated structural nephrin protein.  These
antibodies can work in immunoblotting but not in cell
staining or immunoprecipitation.  This is consistent with
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the results obtained with antibody produced by
immunization with short linear synthetic peptide of 5-20
amino acids that worked in immunoblotting and cell
staining but not in immunoprecipitation.22  But antibodies
produced by genetic immunization with cDNA encoding
nephrin fragments with signal peptide could bind to
native, fully-glycosylated protein as well as to
deglycosylated nephrin protein.  These antibodies can
work in  immunoblot t ing,  cel l  s ta ining,  and
immunoprecipitation.  On the other hand, antibody
produced by immunization with a recombinant protein
with folded protein structure also worked in cell staining
and immunoprecipitation but never worked in
immunoblotting.22  Consequently, two types of
qualitatively modulated antibodies produced by genetic
immunization with cDNA encoding nephrin proteins with
or without signal peptides may provide a potent tool for
future research in life science.

Glycosylation is essential for the proper folding and
transport of nephrin to the plasma membrane.16,23  These
modifications take place in the ER.19  The obstacle to
protein folding resulting from glycosylation disturbance
of nephrin leads to ER stress for glomerular epithelial
cells.16,20,24  ER stress in glomerular epithelial cells may
be pathogenetically important in some of the kidney
disease models, such as passive Heymann's nephritis,
puromycin aminonucleoside nephrosis, and megsin
transgenic rat and anti-Thy1 nephritis.24-29  Newly-
produced polyclonal anti-nephrin antibodies induced by
nephrin proteins without signal peptide sequence only
recognize nephrin protein with disturbance of its N-linked
glycosylation.  These antibodies could be a valuable tool
for the evaluation of ER stress in glomerular epithelial
cells of diseased human kidney.

In conclusion, DNA immunization with cDNA
encoding a nephrin protein fragment with or without
signal peptide sequence produced distinct polyclonal
antibodies against native or deglycosylated nephrin
protein, respectively.  The effect of cDNA encoding signal
peptide on antibody characteristics in genetic
immunization was also evidenced.
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