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Abstract
Amphiphysin I and II, proteins enriched in nerve
terminals, form heterodimers and interact with
dynamin and synaptojanin through their Src homol-
ogy 3 (SH3) domain. In order to study the expression
profile of Amphs in cells and tissues and the inter-
action state with other cellular molecules, we have
prepared specific monoclonal antibodies (mAbs)
designed to bait N-terminus, middle part, and C-ter-
minus domains of Amph I, respectively by immuniz-
ing with the expressed smaller domain molecules
using the GST gene fusion system. The expression
of Amphs was found to be most abundant in PC12
cells, followed by B103 cells and vascular smooth
muscle cells. Western blot analysis showed a rela-
tively high level expression of Amphs that were
found in both mouse and rat brain. There appeared
to be some species difference in the expression pat-
tern, i.e. Amphs are present more in the testis than
in the lungs in rats, however, they are reversed in
mice. Characterization of the mAbs revealed that
clone 14-23 precipitated Amph I and II, whereas
clone 8-2 could only precipitate Amph I. In addition,
clathrin and dynamin in a complex with Amph were
captured in the precipitate formed by mAbs and
identified by the Western blot analysis. Cellular dis-
tribution of Amph was visualized with confocal
immunofluorescence microscopy performed using
the labeled-mAbs. Taken together, these results
demonstrated that mAbs provided an excellent mea-
sure for studying Amphs’ expression profile and
their interacting proteins.
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Introduction

Amphiphysin I (Amph1) and amphiphysin II (Amph2) are
nerve terminal-enriched proteins thought to function in
synaptic vesicle endocytosis, in part through Src homo-
logy 3 (SH3) domain-mediated interactions with dyna-
min and synaptojanin (Wigge et al., 1997). In 1992,
Amph1 was discovered (Lichte et al., 1992), and recent-
ly Amph2 has been identified as an isoform of Amph1
(Ramjaun and McPherson, 1998). Amph2 has various
splice variants, and the 95 kD isoform is predominant in
the brain. Amph1 and Amph2 form a heterodimer in the
brain, which suggests that the two isoforms may
function as a complex (Wigge et al., 1997; Wigge and
McMahon, 1998). Dephosphorylation of Amph1 requires
extracellular Ca2+ (Bauerfeind et al., 1997) and depho-
sphorylation of rat brain extract was shown to promote
the assembly of dynamin1, and synaptojanin1 into com-
plexes that also included clathrin and AP-2 (Slepnev et
al., 1998). Thus, phosphorylation regulates the associ-
ation and dissociation cycle of the clathrin-based endo-
cytic machinery, and calcium-dependent dephosphoryl-
ation of endocytic proteins could prepare nerve termi-
nals for a burst of endocytosis. Recently, it has been
reported that calcineurin-binding protein cain stably
associated with the SH3 domain of Amph1 without
affecting the interaction of amphiphysin with other endo-
cytic proteins, and negatively regulated synaptic vesicle
endocytosis by inhibiting the activity of calcineurin (Peters
et al., 2000). Amph2 has been suggested to have an
additional role in addition to endocytosis because it has
the ability to interact with the Ras-GTP exchange factor
SOS and may function as a link between endocytosis
and receptor-mediated signaling (Leprince et al., 1997).
We have previously shown that amphiphysins inhibit the
activity of phospholipase D (PLD) by interaction with
PLD (Lee et al., 2000). Amphiphysins may play an
important physiological role both in mitosis and in
differentiated cells because it binds the cdk5 regulatory
subunit p35 and is phosphorylated by cdk5 and cdc2
(Floyd et al., 2001). 

It became important to investigate the change of
binding proteins with Amphs because the physiological
roles of Amphs are affected according to the change of
binding proteins with Amphs. Thus, to study the change
of binding proteins with Amphs, Amph1 was purified
using the GST fusion system and the monoclonal anti-
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bodies (mAbs) against Amph1 were produced and char-
acterized. At least, the antibodies prepared recognized
three different epitopes, N-terminal, C-terminal, and the
middle part of Amph1. In addition, we found that clone1
precipitated both of the Amphs and that clone 2 preci-
pitated only Amph1. 

Materials and Methods

Materials

The following reagents were obtained from Amersham
(Buckinghamshire, UK): ECL kit, PVDF membrane, gly-
cine, Tris, SDS, acrylamide. Brilliant blue G 250 and
pristane (2,6,10,14-tetramethyl pentadecane), PEG, HRP
anti-mouse IgG, FITC and anti-amphiphysinII MAb were
obtained from Sigma (Louis, MO, USA). DMEM medium,
FBS, and IPTG were obtained from GibcoBRL (Burling-
ton, Ontario, Canada). Cell culture dish, plate and ELISA
plate were obtained from Nunc (Naperville, IL, USA).
Glutathione sepharose 4B was obtained from Pharmacia.
Complete and incomplete Freunds adjuvants were
obtained from GibcoBRL. BCIP/NBT was obtained from
KPL (Maryland, USA).

Purification of GST-amphiphysin fusion proteins

Truncated cDNAs encoding the NH2-terminal 373 residues
(Amph1N) or COOH-terminal 404 residues (Amph1C) of
Amph1 from human were separately ligated into the 5'
BamHI and 3' EcoRI sites of the pGEX4T vector (Amer-
sham Pharmacia Biotech) by standard techniques of
subcloning and the polymerase chain reaction to produce
expression vectors (pGEX-Amph1N and pGEX-Amph1C)
encoding the respective GST fusion proteins. Escheri-
chia coli BL21 cells were transformed with the various
expression vectors encoding the GST fusion proteins
and grown at 37°C until the absorbance at 600 nm of
the culture reached 0.5-0.6. Expression of GST-Amph
proteins was then induced by incubation of the cells for
3 h in the presence of 100 µM isopropyl-β-D-thiogalacto-
pyranoside (IPTG). Cells were collected, washed with
phosphate-buffered saline (PBS), sonicated in PBS con-
taining 1% (v/v) Triton X-100, 2 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride, and centrifuged at 25,000 g for
30 min. GST fusion proteins were purified from the
resulting supernatant with the use of glutathione-Sepha-
rose 4B (Amersham Pharmacia Biotech).

Production of monoclonal antibody against amphi-
physins

GST-Amphs, purified as described above, were injected
into BALB/c mice. Hybridomas were prepared by fusing
spleen cells with cells of myeloma line SP2/0-Ag14 using
previously described procedures (Lee et al., 1996). Enzyme
linked immunosorbent assay (ELISA) were performed to

insure that each monoclonal antibody selected reacts
exclusively with Amph. The prepared antibodies recog-
nized at least three different epitopes of Amph1. 

Enzyme linked immunosorbent assay

Ninety-six well microtiter plates (Nunc-Immuno Plate,
MaxiSorpTM) were coated with the Amph1C or Amph1N
(protein concentration; 5 µg/ml) by incubating plates
overnight at room temperature (under shaking). Plates
were then washed twice with PBS containing 0.05%
Tween 20 (PBS-T, 200 µl/well), incubated with 2% BSA
in PBS (100 µl/well) for 1 h at room temperature, and
washed again twice with PBS-T (200 µl/well). In parallel,
supernatants of selected clones were incubated for 1 h
at 37°C. Subsequently, anti-mouse Ig antibody (Sigma,
1 : 3,000) linked to horseradish peroxidase was incubat-
ed for another 1 h at room temperature. After this
incubation step, plates were washed with PBS-T (four
times, 200 µl/well). Enzymatic reactions were carried out
at room temperature by adding H2O2 and o-phenylene-
diamine (2.5 mM each in 0.1 M phosphate-citrate buffer,
pH 5.0) (50 µl of each reagent/well). Reactions were
stopped after 30 min by the addition of 50 µl of 1 M
H2SO4 containing 0.05 M Na2SO3. Color development
was measured at 405 nm. To exclude the monoclonal
antibodies that recognize GST, control ELISA was
performed in parallel with GST.

Immunoprecipitation and Western blotting

Cells and tissues were homogenized in 5 volumes of
10 mM Hepes (pH 7.4) containing 1 mM EDTA in the
presence of a protease inhibitor cocktail (PIC; aprotinin,
antipain, leupeptin, and pepstatin each at 3 µg/ml). The
lysate was centrifuged at 20,000 g for 1 h. The
supernatants were precleared with protein A-gel and
then subjected to immunoprecipitation with a mono-
clonal antibody to amphiphysins and protein A-gel.
Immune complexes were collected and washed by a
brief centrifugation, separated by SDS-PAGE on an 8%
gel. The proteins in the gel were then transferred onto
nitrocellulose membrane. Western blotting was perform-
ed with monoclonal antibodies to amphiphysins using
an ECL kit. Protein quantification of samples was per-
formed using the method of Bradford (1976).

Cell culture

The cell lines were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum, 100 units of penicillin/ml, and 100 µg of strepto-
mycin/ml at 37oC in a humidified, CO2-controlled (5%)
incubator. Cells were maintained to keep subconfluency
(about 80-90%) and serially passaged. B103 and PC12
cell line are neuronal cell lines, F9 cells are the
teratocarcinoma cells of mouse, ECV304 is an endo-
thelial cells, and vascular smooth muscle cells (VSMC)
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was prepared from the aorta of rat.

Confocal immunofluorescence microscopy

Vascular smooth muscle cells (VSMC) were fixed and
permeated in 2% paraformaldehyde/0.1% Triton X-100
for 15 min at room temperature. Confocal immuno-
fluorescence microscopy was performed for VSMC by
incubating cells with a monoclonal antibody against
amphiphysins for 90 min at 37°C. Primary antibody was
detected using FITC-conjugated secondary antibody
(molecular probe, USA) for 30 min at 37°C. Washes
were performed with PBS/0.1% Triton X−100 after both
primary and secondary antibody incubation. Cells were
mounted in Anti-fade and visualized using a confocal
microscope (Bio Rad, MRC 1024, USA).

Results

Purification of GST-Amph1C and GST-Amph1N

The expressed GST fusion proteins were purified from
the supernatant with the use of glutathione-Sepharose
4B (Figure 1). Even though the purified fraction of GST-

Amph1N revealed a single band, the purified fraction of
GST-Amph1C was consisted of several fragments. The
purified GST-fusion proteins were used as antigen to
produce monoclonal antibody against Amphs.

ELISA with selected clones

To characterize selected clones for its specificity toward
three different epitopes, ELISA was performed. Clones
14-23, 20-6, and 23-6 recognized only Amph1C. Clone
4-2 reacted only with Amph1N, but clones 1-1 and 8-2
bound both Amph1N and Amph1C (Figure 2). Clones 1-
1 and 8-2 seemed to recognize the middle part of
Amph1 (Amph1M).

Western blot analysis with anti-amphiphysins

The selected antibodies were further evaluated by Western
blot analysis. Even though some clones did not show
binding, clones 4, 8, and 14 showed strong binding in
Western blot analysis. Our system could recognize about
100pg of Amph1 (Figure 3A).

To profile Amphs expression in various tissues, western
blot analysis was performed on the tissue extracts of
selected tissues and gland in both rat and mice i.e.
brain, lung, testis, and adrenal gland. The result showed
that Amphs are most abundantly expressed in brain
tissues. Interestingly, the expression of Amphs was
positive in the testis of rats but not in mice (Figure 3B).
Cellular location of Amphs, examined by the sub-
fractionation of cellular component showed some vari-
ation between the tissues; Amph1 is present in the
cytosolic fraction of the rat lung, whereas it is present in
both the cytosolic and the membrane fractions of the
brain (Figure 3C). 

Figure 1. Purified GST-Amph1C and GST-Amph1N. Escherichia coli BL21
cells were transformed with the pGEX4T vectors encoding the GST fusion
proteins and grown at 37°C until the absorbance at 600 nm of the culture
reached 0.5-0.6. Expression of GST-Amph proteins was then induced by
incubation of the cells for 3 h in the presence of 100 µM isopropyl-β-D-
thiogalactopyranoside (IPTG). Cells were collected, washed with PBS,
sonicated in PBS containing 1% (v/v) Triton X-100, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, and centrifuged at 25,000 g for 30 min. GST
fusion proteins were purified from the resulting supernatant with the use of
glutathione-Sepharose 4B (Amersham Pharmacia Biotech). Purified
samples were separated on an 8% SDS-PAGE gel. Lane 1, purified GST-
Amph1C; lane 2, purifed GST-Amph1N.

Figure 2. The result of ELISA with selected clones. Purified GST fusion
proteins (GST-Amph1C and GST-Amph1N) were coated on a 96-well plate.
The plate was then washed twice with PBS containing 0.05% Tween 20
incubated with 2% BSA in PBS for 1 h at room temperature, and washed
again twice with PBS-T. In parallel, supernatants of selected clones were
incubated for 1 h at 37°C. Subsequently, anti-mouse Ig antibody linked to
horseradish peroxidase was incubated for another 1 h at room temperature.
After this incubation step, plates were washed with PBS-T (four times, 200
µl/well). The color was developed and read at 405 nm.
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Examination of several cell lines showed the relative
level of Amphs expression and they are much higher in
PC12 cells, followed by B103 and VSMC, but much
lower in F9 cells (Figure 3D). Since PC12 cell lines are
derived from chromaffin cells of adrenal glands and from
transplantable rat pheochromocytoma, an examination
of rat adrenal gland showed the presence of only a
small level not matching those of PC12 cell lines (Figure
3E). 

Immunoprecipitation analysis with anti-amphiphy-
sins

The antibodies were further evaluated by immunopre-
cipitation analysis. Clone 8-2 precipitated only Amph1,
but clone 14-23 precipitated several proteins (Figure
4A). The p95 band precipitated by clone 14-23 cross-
reacted with a commercial anti-Amph2 (Figure 4B).

To evaluate whether mAbs (Amph) recognized epitope
site(s) of Amph related with the interaction with other
ligands such as dynamin and clathrin, the Amph complex
with either dynamin or clathrin was precipitated with
mAbs (Amph) clone 14-23 and analyzed by Western
blotting with anti-dynamin and anti-clathrin. Two bands
of dynamin and clathrin are shown (Figure 4C). The
results indicated that clone 14-23 did not interfere with
the binding of dynamin and clathrin with Amphs and
epitopes are structurally distant and distinct from the
ligand binding sites. 

Confocal Immunofluorescence microscopy with anti-
amphiphysins

To confirm the earlier cellular distribution of Amphs by
immunoblot analysis of cellular sub-fractions, direct
identification of cellular location of Amphs and their level
changes upon the stimulation of cells were carried out
with immunofluorescence microscopy. Confocal immuno-
fluorescence microscopy was performed in VSMC by
incubating cells with a mixture of clone 8-2 and 14-23.
It was shown that the levels of Amphs increased slightly
after treatment with insulin (Figure 5). These results
suggest that our mAbs (clone 8-2 and 14-23) should be
useful to study the cellular localization of Amphs. 

Discussion

Amph1 is known as the autoantigen of Stiff-Man syn-
drome with breast cancer (De Camilli P. et al., 1993).
The expression and purification systems of three sepa-
rate domains of Amph1 established here should be
useful in detecting antibodies of Stiff-Man syndrome.
Attempt was made to solve difficulty of expressing
whole large Amph1 molecule by subdividing the entire
length by three domains hoping that there exist inter-
dependent domains to maintain native conformation
(structure-dependent epitopes). Purified Amph1N con-
tains 50% of Amph1 from N-terminus and purified

Figure 3. Western blot analysis with supernatants of selected clones. A, Purifed GST-Amph1C was separated on an 8% SDS-PAGE gel after loading different
amounts of proteins. Western blot analysis was performed with supernatants of selected clones. Lane 1, 2, 3, 50.0 ng, 5.0 ng, 0.5 ng each of purified GST-
Amph1C. B, Homogenates of several tissues were separated on an 8% SDS-PAGE and Western blot analysis was performed. upper panel, tissues of rat; lower
panel, tissues of mouse. Lane 1, brain; lane 2, lung; lane 3, testis. C and D, Homogenates of lung, brain, and adrenal gland were separated to membrane
and cytosolic fraction. Western blot analysis was performed. M, membrane fraction; C, cytosolic fraction. E, Several cell lines were harvested, solublized. The
cell lysates were quantified by Bradford method and the same amounts of proteins were loaded. The cell lysates were separated on an 8% SDS-PAGE and
Western blot analysis was performed. Lane 1, B103; lane 2, NIH3T3; lane 3, VSMC; lane 4, ECV304; lane 5, F9; lane 6, PC12.
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Amph1C contains 60% of Amph1 from C-terminus. It
means there is small (10%) overlapping part. Because
of some overlaps clone 8-2 recognizes both Amph1N
and Amph1C. It can be concluded that clone 8-2
recognizes the middle part of Amph1.

Amphs have been reported to be specifically located
in the nerve terminals and its mRNA is expressed in the
brain and adrenal gland, but not in the liver, pancreas,
spleen, testis or other tissues of chickens (Lichte et al.,
1992). Our results were somewhat different. It is
possible that the level of mRNA is inconsistent with the
expression of protein. In our data, Amphs are expressed
in the brain, lungs, and the testis of rats, while they are
located only in the brain and the lungs of mice. Amph1
is present only in the cytosolic fraction in the lungs,

whereas it is present both in the cytosolic and the
membrane fractions of the brain (Figure 3C). To under-
stand the differential expression and cellular location of
Amphs between species and organs a further study is
required. Even though there are several isoforms of
Amphs in PC12 cell, only a small band was present in
the adrenal gland (Figure 3E). Although PC12 cells
originated from the adrenal phenochromocytes, several
isoforms of Amphs are highly expressed in PC12 cells
but not in the adrenal gland. Whether Amphs are
associated with cancer is not yet clear. It might be
possible that Amphs are involved in the transformation
of pheochromocyte.

Binding proteins with Amphs, i.e. dynamin and syn-
aptojanin, have several isotypes (Ringstad et al., 1997).
Dynamin I is a brain-specific isoform, dynamin II is ex-
pressed in all tissues, and dynamin III is most abundant
in testis but also expressed in the brain and the lungs
(Urrutia et al., 1997). Recently, the isotypes of Amph
have been reported (Sakamuro et al., 1996; Butler, M.H
et al., 1997; Kadlec et al., 1997; Leprince et al., 1997).
Amph2 also binds to dynamin and synaptojanin through
its SH3 domain. In vivo, Amph2 and dynamin can co-
immunoprecipitate in the PC12 cells stimulated with
NGF. It means that Amph2 may be connected to
receptor-dependent signaling pathways (Leprince et al.,
1997). The other isotype, BIN1 is a nuclear polypeptide.
Distinctly, BIN1 is located in nucleus. It interacts with the
N-terminal region of Myc and inhibits malignant cell
transformation by Myc. Besides Amph2, BIN1, and
ALP1 (the Amph-like protein 1) interact functionally with
the cABL tyrosin kinase C-terminal via its SH3 domain
in vitro and in vivo. Different from Amph1, ALP1 is highly
expressed in skeletal muscles (Kadlec et al., 1997). Our
anti-amphiphysin recognize two other proteins with
molecular weights of 70 kD and 90 kD as well as
Amph1. Those proteins were highly expressed in the
brain and PC12 cells. In the N-terminal anti-sense
experiment, the 70 kD, 90 kD and Amph1 also changed
to negative (data not shown). According to that data, It
is believed that the 70 kD, 90 kD proteins may be other
isoforms of Amphs. 

To discover positive clones to precipitate Amphs, an
immunoprecitation was performed. The results of immuno-
precipitation were different from those of Western
blotting. Though clone 14-23, 14-19, and 8-2 recognize
several strong bands in Western blotting, the result of
immunoprecipitation was different. Clone 14-23 also
precipitates several isoforms of Amph, whereas clone
14-19 precipitates Amphs poorly, and clone 8-2 sedi-
ments only Amph1 in cell lysate (Figure 4A). To study
the binding proteins with Amphs, it was tested whether
antibodies block the interaction of Amphs and other
proteins such as dynamin and clathrin. After immuno-
precipitation, dynamin and clathrin are shown in Western
blotting analysis (Figure 4C). 

Figure 4. Immunoprecipitation analysis with monoclonal anti-amphiphy-
sins. A, The lysates of several cell lines were centrifuged at 20,000 g for 1
h. The supernatants were precleared with protein A-gel and then subjected
to immunoprecipitation with monoclonal anti-amphiphysins of three clones
and protein A-gel. Immune complexes were collected and washed by a brief
centrifugation, separated by SDS-PAGE on an 8% gel. Western blot analysis
was done with monoclonal anti-amphiphysin. Lane 1, clone 14-23; lane 2,
clone 14-19; lane 3, clone 8-2. B, After immunoprecipitation with clone 14-
23, Western blot analysis was performed with anti-amphiphysins (lane 1)
and commercial anti-amphiphysin2 (lane 2). C, After immunoprecipitation
with clone 8-2, precipitates were analyzed by repeated immunoblotting with
anti-clathrin, antidynamin, and anti-amphiphysins as indicated. Lane 1,
precipitate; lane 2, supernatant fraction.
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To examine whether our mAbs can be used in im-
munocytochemistry. Confocal immunofluorescence micro-
scopy was performed in VSMC. We were able to obtain
good pictures. Taken together, these results suggest
that our mAbs should be an excellent tool in studying
the physiological roles of Amphs.
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