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Amphiphysin (Amph) is a src homology 3 domain-containing protein that has been impli-
cated in synaptic vesicle endocytosis as a result of its interaction with dynamin. In a screen
for novel members of the amphiphysin family, we identified Amph2, an isoform 49%
identical to the previously characterized Amph1 protein. The subcellular distribution of this
isoform parallels Amphl, both being enriched in nerve terminals. Like Amphl, a role in
endocytosis at the nerve terminal is supported by the rapid dephosphorylation of Amph2 on
depolarization. Importantly, the two isoforms can be coimmunoprecipitated from the brain
as an equimolar complex, suggesting that the two isoforms act in concert. As determined by
cross-linking of brain extracts, the Amphl-Amph2 complex is a 220- to 250-kDa heterodimer.
COS cells transfected with either Amph1 or Amph2 show greatly reduced transferrin uptake,
but coexpression of the two proteins rescues this defect, supporting a role for the heterodimer
in clathrin-mediated endocytosis. Although the src homology 3 domains of both isoforms
interact with dynamin, the heterodimer can associate with multiple dynamin molecules in
vitro and activates dynamin’s GTPase activity. We propose that it is an amphiphysin
heterodimer that drives the recruitment of dynamin to clathrin-coated pits in endocytosing

nerve terminals.

INTRODUCTION

All clathrin-mediated endocytosis, including synaptic
vesicle recycling, requires dynamin (De Camilli et al.,
1995). Originally identified in Drosophila (Poodry and
Edgar, 1979), this large GTP-binding protein appears
to act by pinching off vesicles at constricted clathrin-
coated pits. Many experiments (Herskovits et al., 1993;
van der Bliek et al., 1993; Damke et al., 1994; Hinshaw
and Schmid, 1995; Takei et al., 1995) suggest that it
does so by forming an oligomeric ring at the collar of
the vesicle that, through a conformational change
likely effected by GTP hydrolysis, is thought to drive
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vesicle fission. The brain protein amphiphysin
(Amph)! has recently emerged as a likely candidate
for a dynamin-binding protein (David et al., 1996).
Amph was originally identified as a synaptic-vesicle—
associated protein (Lichte et al., 1992). In addition to its
interaction with dynamin, it has been reported to in-
teract via a distinct domain with the o subunit of the
adaptor protein complex 2 (AP-2) adaptor complex
(Wang et al., 1995; David et al., 1996). In vitro, am-
phiphysin can interact with both a-adaptin and dy-
namin simultaneously (Wigge et al., 1997). Thus, the
original proposal (David et al., 1996) that amphiphysin
could potentially recruit dynamin to clathrin-coated
pits, perhaps via its interaction with plasma mem-
brane adaptors, has some experimental support.
Several lines of evidence corroborate these in vitro
studies by showing that Amph may have a crucial role
in endocytosis in vivo. Firstly, it has been shown that
disruption of dynamin-Amph interactions by recom-
binant Amph src homology 3 (SH3) domain in vivo
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leads to a potent block in clathrin-mediated endocy-
tosis (Shupliakov et al., 1997; Wigge et al., 1997). Sec-
ondly, in the rare autoimmune disease stiff-man syn-
drome, antibodies are sometimes made to the SH3
domain of Amph (David et al., 1994); these autoanti-
bodies are implicated in causing the neurological de-
fects apparent in these patients. Finally, there are two
proteins in yeast, rvsl61l and rvsl67 (where rvs is
reduced viability upon nutrient starvation), that are
weakly homologous to Amph, and mutations in either
of these proteins cause a reduction in endocytosis
(Munn et al., 1995).

Although there is clearly some evidence for a puta-
tive role of Amph in clathrin-mediated uptake pro-
cesses, the precise mechanism by which Amph acts
remains unclear. To further unravel the proteins in-
volved in endocytosis, we have searched for other
Amph family members. In this article, we demonstrate
the presence of an Amph heterodimer in rat brain,
consisting of the previously cloned Amphl and a
shorter isoform, which we call Amph2. The het-
erodimer has the capacity to interact with multiple
dynamin molecules through its two SH3 domains and
activate dynamin’s GTPase in vitro. In COS-7 cells,
overexpression of either Amphl or Amph?2 alone po-
tently blocks transferrin uptake, but if the two are
expressed together, endocytosis is rescued, further
supporting the hypothesis that the Amph heterodimer
is the functional unit in endocytosis. We speculate that
the heterodimer is the main factor driving the recruit-
ment of dynamin to clathrin-coated pits, its enrich-
ment in the brain perhaps helping to explain the speed
of the specialized pathway of synaptic vesicle recy-
cling.

MATERIALS AND METHODS

Cloning of Amphl and Amph2

Amphl was cloned from a Matchmaker rat brain cDNA library
(Clontech, Palo Alto, CA) by using degenerate primers (atggccga-
catsaagacgggcatcttcgee and ctawtcyarrtgkegkgtgaagttetctgg) from
comparison of the chick and human sequences. By comparison of
human expressed sequence tags with the human Amphl gene, we
noted the presence of another human isoform. By using degenerate
oligonucleotides (atggcngaratgggnwsnaarggngtnacngerggnaa and
yyanggnacnckytengtraarttytcnggraanacneenc), we  generated  a
probe by PCR to screen a rat brain cortex cDNA library, in the
lambda ZAP II vector (Stratagene, La Jolla, CA). Twenty positive
clones were analyzed that extensively overlapped. Six of the clones
encoded a longer version of the protein with an insert of 108
nucleotides. The complete cDNA was entirely sequenced from sev-
eral overlapping clones by using Dye terminator cycle sequencing
on a Perkin Elmer-Cetus Applied Biosystems model 377 sequencer
with Amplitaq FS.

The Amph2 splice variants Amph2-1 (seven clones), Amph2-2
(five clones), and Amph2-4 (one clone) were found while screening
the brain ¢cDNA library for Amphl isoforms. Amph2-3 and
Amph2-5 were identified by polymerase chain reaction (PCR) am-
plification from the same library, and Amph2-6 was obtained three
times from a kidney library. The partial clone of rat Amph2-7 we
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have identified corresponds to the human box-interacting protein 1
(BIN1) isolated by Sakamuro ef al. (1996).

Plasmid Construction

The vectors pGEX-4T2 (Pharmacia, Piscataway, NJ) and pET-15b
(Novagen) were used to make fusion proteins with glutathione
S-transferase (GST) and hexahistidine tags, respectively. The follow-
ing constructs, cloned by PCR, were used: GST-, His-, and pCMV-
Amphl, full-length rat Amphl in pGEX-4T2, pET-15b, and pCMVS5,
respectively; GST-Amph1-SH3, residues 596-683; GST- and pCMV-
Amph2-1, full-length rat Amph2-1; GST-Amph2-SH3, residues
494-588.

Immunocytochemistry

Three adult male Sprague-Dawley rats, deeply anesthetized with
saturated chloral hydrate (1 ml, intraperitoneally), were transcardi-
ally perfused with fixative (4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.2). The brains were removed, postfixed for 6 h,
and cryopreserved (48 h) in 30% sucrose with phosphate buffer.
Frozen sagittal sections (40 um) of brain were incubated for 48 h in
Amph2 antiserum (1:1000 dilution, 4°C; tested for cross-reactivity in
Figure 2) and the presence of this protein was visualized with
avidin-biotin-fluorescein isothiocyanate immunofluorescence. Con-
trol sections for the immunohistochemistry were prepared by omit-
ting the primary antiserum from the incubation medium or by
preadsorption with the native protein (10 ug/ml) and show no
immunoreactivity. Sections were mounted under coverslips and
viewed with conventional epifluorescence or with a Bio-Rad MRC-
600 confocal microscope for specific immunostaining of Amph2.

Electron Microscopy

Two rats were transcardially perfused with 4% paraformaldehyde,
0.1% glutaraldehyde, and 15% saturated picric acid in 0.1 M phos-
phate buffer, pH 7.4, for 5 min. Vibratome sections (40 um) of the
cerebellum were cut and processed for Amph2 immunostaining as
described above. After the 3,3’-diaminobenzidine reaction, sections
containing specific Amph2 staining were postfixed in 1% osmium
tetroxide for 1 h and dehydrated through a series of ethanol solu-
tions. “En bloc” staining was performed with a 1% solution of
uranyl acetate in 70% ethanol. After dehydration, the sections were
cleared in propylene oxide (two 10-min rinses) and placed in fresh
Durcurpan (Fluka Chemical, Buchs, Switzerland) overnight. They
were then flat-embedded in Durcurpan between cellulose acetate
foils and polymerized at 60°C for 48 h. When polymerization was
complete the sections were attached to Durcurpan blocks and ul-
trathin (pale gold interference fringe; 70-90 nm) sections were cut
with a diamond knife (Diatome, Fort Washington, PA) on a ultra-
microtome. Sections were stained with Reynold’s lead citrate for 2
to 3 min and examined with the electron microscope. This technique
baises toward membrane labeling due to either cross-linking of
proteins to membranes during fixation or the diffusion of the 3,3'-
diaminobenzidine label, thus a cytosolic pool of Amph is not clearly
seen.

Tissue Fractionations

Total brain homogenate was prepared from frozen rat brains ho-
mogenized in buffer A [150 mM NaCl, 20 mM HEPES, pH 7.4, 1 mM
MgCl,, 1 mM EGTA, and a protease inhibitor mixture (10 ug/ml
leupeptin, 100 ug/ml Pefabloc, 10 ug/ml aprotinin, and 1 ug/ml
pepstatin)], followed by solubilization with 1% Triton X-100. Debris
was pelleted at 100,000 X g for 10 min, and the supernatant was
used for experiments at approximately 5-10 mg/ml. Other tissue
homogenates were prepared in a similar manner.

Subcellular fractionation of rat brain was carried out essentially
according to McMahon et al. (1992). Synaptosomes were prepared in
HBM (HEPES-buffered medium: 140 mM NaCl, 5 mM KCl, 20 mM
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HEPES, pH 7.4, 5 mM NaHCO;, 1 mM MgCl,, 1.2 mM Na,HPO,, 10
mM glucose) and their integrity was checked before experiments by
monitoring glutamate exocytosis with a fluorometric assay as de-
scribed in McMahon and Nicholls (1991). Synaptic vesicles were
purified as described in Fykse et al. (1993).

Binding Studies

GST fusion proteins and His,-tagged fusion proteins were ex-
pressed in Escherichia coli and purified on glutathione-agarose and
nickel-nitrilotriacetic acid (Ni-NTA)-agarose resins, respectively.
Purified protein attached to beads was incubated with either total
rat brain homogenate or with COS cell expressed proteins (essen-
tially as described in McMahon and Siidhof, 1995). Immunoprecipi-
tations were carried out with 10 ug of antibody per 5 mg of brain
extract, plus 10 ul of protein A/G-Sepharose. After 2 h of gentle
mixing, the beads were pelleted at 5000 X g for 2 min and washed
three times in the same buffer. Bound protein was eluted by boiling
in an equal volume of 2X sample buffer and separated by SDS-
PAGE (7 or 13% gels) for immunoblotting (using National Diagnos-
tics reagents, Atlanta, GA) and or Coomassie staining.

Phosphorylation Studies

Phosphorylation of synaptosome proteins was carried out by incu-
bating synaptosomes (1 mg/ml) with [3?PJorthophosphate (1 mCi/
ml) in HBM containing 10 mM glucose and 0.1 mM CaCl, for 1 h.
Synaptosomes were resuspended in fresh HBM and stimulated with
35 mM KClI for 1 min at 37°C in the presence or absence of 1 mM
calcium. After rapid freezing in liquid nitrogen, the synaptosomes
were thawed and lysis was completed with 1% Triton X-100, 2.5 mM
EGTA, 1 mM dithiothreitol, and the protease inhibitor mixture.
Cleared lysate was then used for immunoprecipitations, followed
by SDS-PAGE and transfer onto nitrocellulose. Radioactivity was
quantitated by PhosphorImager analysis.

GTPase Experiments

Purified dynamin (0.5 ug) was incubated in 50 ul of 20 mM HEPES,
pH 7.4, 20 mM NaCl, 1 mM dithiothreitol, 100 uM GTP, 0.1 uM
[a-*?P]GTP, at 37°C for 20 min in the presence of 2 ug of each
effector. The Amph heterodimer was purified by Amph2 immuno-
precipitation from brain extract. Grb2 or isolated SH3 domains were
expressed in bacteria. Reactions were terminated by heating to 65°C
for 10 min and separated on polyethyleneimine-cellulose by thin
layer chormatography, followed by autoradiography.

Transferrin Uptake Assay

COS 7 cells were transiently transfected as described by Wigge et al.
(1997) with pCMV-Amph1 and pCMV-Myc-Amph2. After 36 h cells
were incubated in serum-free DMEM for 1 h and then with DMEM
containing 25 ug/ml biotinylated transferrin (Sigma, St. Louis, MO).
Amph 1 was visualized after paraformaldehyde fixation with anti-
Amphl followed by Texas Red anti-rabbit secondary antibody (Vec-
tor Laboratories, Burlingame, CA). Amph2 was detected with 9E10
anti-MYC antibody followed by Cy5-conjugated goat anti-mouse
antibody. Transferrin was visualized with fluorescein isothiocya-
nate-avidin.

Antibodies

Antibodies against Amphl and Amph2 were raised by injecting the
N terminus of Amphl and His-Amph2-1 proteins, respectively, into
rabbits (three 100-pg injections). Other antibodies used were against
Dynamin (D632, Tom Stidhof, HHMI, UT Southwestern Medical
Center, Dallas), synaptobrevin (C169.1, Reinhard Jahn, HHMI, Yale
University), synaptotagmin (V216, Tom Stidhof), a-adaptin (AC1-
Mi11 from Margaret Robinson, Cambridge University, England),
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v-adaptin (Transduction Laboratories, Lexington, KY), and MYC
(9E10, Sean Munro, MRC, Cambridge, England).

RESULTS

Cloning of Amph2

From comparison of the human Amph1 sequence with
expressed sequence tags from the database, we de-
signed degenerate primers that were used to make
probes by PCR to screen a rat brain cortex cDNA
library. Sequencing revealed the rat homologue of the
previously cloned 125-kDa Amph protein (which we
call Amph1). In addition, a second smaller cDNA was
sequenced, encoding a protein of 588 amino acids. We
named this protein Amph2 because it has 49% amino
acid identity to Amphl (Figure 1A). Amphl and
Amph? are highly conserved at their N and C termini
(Figure 1B), indicating a likely conservation of func-
tion, but there is also a region largely unique to
Amphl (Domain III). Like Amphl, the C-terminal re-
gion of Amph?2 (Domain IV) is predicted to be an SH3
domain. It contains two critical residues (Gly and Pro,
marked with asterisks in Figure 1A) that, when mu-
tated in the SEM-5 SH3 domain, result in a nonfunc-
tional protein (Clark et al., 1992), and are conserved in
Amphl and Amph?2 alignments. Amph2 has no pre-
dicted transmembrane domains.

The predominant forms of Amph2 in the ¢cDNA
library were Amph2-1 and Amph2-2 (see MATERI-
ALS AND METHODS). However, we identified many
other splice variants of Amph2, some from the cDNA
library and at least 10 bands (our unpublished results)
can be identified from rat brain cDNA by PCR out of
the conserved domains at the N and C termini. Figure
1C shows where the splicing occurs in the sequenced
clones, including the recently published BIN1 protein
(Sakamuro et al., 1996) for which we have a partial
clone.

Amph2 Is a 92-kDa Protein That Has a Tissue and
Subcellular Distribution Closely Paralleling Amphl

A polyclonal antibody to Amph2 was generated by
using bacterially expressed Amph2-1 protein. As
shown in Figure 2A, this antibody reacts predomi-
nantly with a 92-kDa band in brain (a weaker band
just below Amph2-1 is probably due to the slightly
smaller Amph2-2 protein, which was found by cDNA
screening to be the next most common splice variant
in the brain). Amph2-1 expressed in COS cells comi-
grates with the 92-kDa band in brain, with an addi-
tional band sometimes seen at 95 kDa (likely a post-
translational modification). The anomalous behavior
on PAGE (predicted molecular mass of 65 kDa) is due
to a region of the protein that is spliced out in
Amph2-5 (our unpublished results); Amphl similarly
migrates slower on gels than predicted (Lichte et al.,
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A

cAmph 75
hAmph 75
Rat Amph1l 75
Rat Amph2 80
cAmph KLTESLHEVYEPDWYGREDVKMI[GEKCDE[LWEDFHQKLVDGSL DTYLGQFPDIKITRIAKRSRKLVDYDSARHHLEAL 155
hAmph KLTESLHEVYEPDWYGREDVKMVGEKCDVLWEDFHQKLVDGSL DTYLGOQFPDIKNRIAKRSRKLVDYDSARHHLEAL 155
RatAmphl |KLTESLHEVYEPDWYGRED VGEKCDVLWED HQKLVDgSLL DTYLGQFPDIKPLRIAKRlﬁ]RKLVDYDSARHH EAL 155
RatAmph2 |KLIS[E[CILIQEVYE PEWPIGRDEANKI NNDLLWMDYHQKL VDQALL DTYLGOFPDIKISRIAKRIGRKLVDYDSARHH|Y[E/SL 160
cAmph AEEE KAQKVFEEFNTIDLQEELPSLWSRRVGFYVN 204
hAmph AEEE KAQKVFEEFNVDLQEELPSLWSRRVGFYVN 204
Rat Amphl AEEE KAQKVFEEﬁNVDLOEELPSLW RVGFYVN 204
Rat Amph2 VSLLEKAAPQWCQGKLQAHLVAQTNLLRNQAEEE KAQKVFEEMNVDLQEELPSLWNSRVGFYVN 240
cAmph HmMLAPA] 284
hAmph HTLAPA 284
Rat Amph1l 284
Rat Amph2 320
cAmph 360
hAmph 360
Rat Amphl 360
Rat Amph2 400
cAmph PEVIV STGVTHSPMSQTLPWOLWTT[TSEJLVQPAS|STAFNGFIA_|GDTTAFIAVIQSNENIVTET AIE|EJA P|L GIE(L|KIVIE E[T 435
hAmph PEVTPAGSAGVTHSPMSQTLPWDLWTTSTDLVQPASGGSFN QDTSLFTMQTDAQISMICN S[EQAPPTEPKAEEP 440
RatAmphl |PDVTPAGSAAATHSPMSQTLPWDLWTTSTDLVQPASGGSFNDD PQDTSLFTMQTDQNM TIEQA|L[P TEP|QAEEP 436
RatAmph2z |PVAS|PVKAP TP[SGQSIPWDLW 421

Al PTAAVIVEKEAILAEPPDEPTEQAAES IEIAGDKETT VATEQ ~ 507
RatAmphl [PTITIARAP/TAGLOLGILEM KEEE AlALLIPlP 6T D 506
Rat Amph2 QTAEPGPAQP 481
cAmph EGE M N[E|SKID/AAAE MG TIQGIT DISET]S EQKIATEEI 587
hAmph JE G E| A[E|PK E[T]T E DJA[A PIPIG P|T| PELATEQKPIP 594
Rat Amphl E[EH TGITETREATEDVAPQGPAGEKQELATEPTP LDls 583
Rat Amph2 494
cAmph 682
hAmph 661
Rat Amphl 662
Rat Amph2 567
cAmph 682
hAmph 695
Rat Amphl 683
Rat Amph2 588

Amph1 j— n > 1 . " { 683
' Domain I : Domain I1 H Domain ITII i Domain IV !
i 68% AA identity ' 53% AA identity : 16% AA identity v 51% :
Amph2-1} - . -~ . ——] 588
‘_.' ~ =~ -~ -
rat Amph2-1 | |
=)
Sd . . :
rat Amph2-2 | S 4 Figure 1. Primary structure of rat Amph2. (A) Sequence align-
3 ment showing homology of rat Amph2 to Amphl. Boxes show
o, regions of amino acid identity in comparison to rat Amphl. The
rat Amph2-3 p——oooo—— 10 8 y p phl.
8 chick and human Amph sequences are shown for comparison.
08 Q Amino acids conserved in among all SH3 domains are indicated
rat Amph2-4 N N,d’ with an asterisk. These sequences have been submitted to the
P f e GenBank database under accession numbers Y13380 (Amph2) and
© o~ Y13381 (Amphl). (B) Overall comparison of Amphl and Amph?2.
) B .- % , Amph is divided into four domains. Domain A is predicted to be
rat Amph2-5 | 1 a-helical and has a average pl of 9.0. Domain B is proline rich and
Rg 8 8 acidic. Domain C is not conserved and acidic. Domain D is an SH3
rat Amph2-6 | e Do | module and acidic. (C) Amph?2 splice variants. Comparison of
] 9 ) Amph?2 clones. Spliced introns are indicated by dotted lines. Note
Amph2-7 | AL S P § . that Amph2-3 and Amph2-4 contain Amph?2 sequence at their 3’
. PN A ! untranslated regions and, therefore, are unlikely to be clonin
(Bin 1) A g y g
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A
Figure 2. Characterization of Amph2 and its
antiserum. (A) Amph2 is a 92-kDa protein &
present in the brain in the same molar ratio as ® £
Amphl. Total brain extract, extracts of COS 'g Q‘E
cells transfected with either of the Amphs, and 4 o
bacterially expressed protein were loaded on Amph? 8 &
SDS-PAGE gels for comparison, followed by -
immunoblotting with each of the Amph anti- 114kDa-
bodies. (B) Tissue distribution of Amph2 re-
sembles that of Amphl. Brain extract (20 ug) 86kDa—
and each of the other tissues (5 ug) were loaded Amph2

on SDS-PAGE gels and immunoblotted with

. 1 114kDa~-
each antibody as indicated. A longer exposure -
of Amph2 reveals Amph2 reactivity in other 86kDa—
tissues.

1992). We quantified the amounts of Amph present in
brain, by calibration of antibody reactivity with stan-
dards of His-tagged Amphs. Amph2 is present in
approximately the same abundance as Amphl, both
constituting 0.1% of cell protein (Figure 2A). By com-
parison, dynamin is present at approximately 0.4%
(our unpublished results).

To characterize the cellular distribution of Amph?2,
we immunoblotted various tissue fractions for Amph?2
protein (Figure 2B). Amph2, like Amphl, is greatly
enriched (at least 10-fold) in brain over peripheral
tissues. Additionally, there appears to be a ubiquitous
form of Amph?2 at slightly lower molecular weight
(probably Amph2-2). These results correlate with the
presence of a ubiquitous Amph?2 message on Northern
blots that is smaller than the brain message and also
the PCRs of the Amph2 cDNA being smaller from
kidney and liver than brain.

Within the brain, both proteins are concentrated at
nerve terminals (Figure 3). This can be visualized by
immunocytochemistry where nerve terminals immu-
noreactive for Amph2 are widely distributed. The
heaviest staining is observed in the cerebellum (Figure
3, A and B, bright areas), the pontine nucleus (Figure
3C) and in the hippocampus (particularly the CA1-
CA3 pyramidal cell layer, our unpublished results).
Within the cerebellum, nerve terminals containing
Amph? are found in all three layers. The large excita-
tory mossy fiber terminals of the granule cell layer
appeared to be strongly reactive for this protein (Fig-
ure 3, B and F) and the Purkinje cell bodies are coated
with many small round varicosities that stained posi-
tive for Amph?2 (Figure 3B inset, and 3F). The molec-
ular layer receives a dense plexus of Amph2-reactive
terminals, which appear as punctate structures (Figure
3B). In the pontine nucleus, large numbers of neurons
are heavily innervated by varicosities that are positive
for Amph2 (Figure 3C). It is striking that Amph?2 is
highly enriched in a subset of terminals and weakly
present in others. We suggest that Amph2 may be
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highly associated with nerve terminals that have high
levels of synaptic activity, because these terminals are
packed with synaptic vesicles (Ohara and Lieberman,
1985). It was also noted that the staining of Amph?2 is
remarkably similar to that previously published for
Amphl (Lichte et al., 1992).

Subcellular fractionation shows that both Amphl
and Amph?2 are enriched in isolated nerve terminals
(middle layer of sucrose gradient) to approximately
the same extent as synaptic vesicle markers (Figure
3D). Within these terminals, the protein exists in two
distinct pools, soluble and vesicle-associated (approx-
imately 50% in each; Figure 3E). Immunoelectron mi-
croscopy was used to confirm the localization of
Amph? in nerve terminals at higher resolution, and it
appears that, as has been reported previously for
Amphl, the outer surface of synaptic vesicles (and
also patches of the plasma membrane) is highly la-
beled for Amph2 (Figure 3, F and G). In addition,
Amph?2 behaves similarly to Amphl in being highly
resistant to extraction from membranes by high salt
(up to 1 M KCI; our unpublished results). Thus, these
data suggest that both Amphl and Amph2, like dy-
namin, may be able to shuttle between membrane-
bound and cytosolic pools.

Investigation of Amph2-binding Partners

Because of the homology of the C-terminal domain of
Amph? to the SH3 domain of Amphl, the interaction
of this domain with dynamin was tested. The C-ter-
minal 94 amino acids were expressed and purified as
a GST fusion protein, and the fusion protein was
incubated with a crude extract of rat brain. An ~100-
kDa doublet, which microsequencing revealed to be
dynamin I, was specifically precipitated by this do-
main (Figure 4A). Thus, the sequence similarity of this
region to Amph1 and other SH3 domains extends to a
functional homology. The ligands of SH3 domains are
proline-rich sequences, and so the Amph2 SH3 do-
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Figure 3. Subcellular distribution of Amph2 in rat brain. (A) By using Amph2 antiserum, the strongest staining for Amph?2 is in the
molecular (M) and granule cell (G) layers of the cerebellum. (B) At higher magnification, the presence of Amph in mossy fiber terminals of
the granule cell layer (G) can be clearly seen (arrows). The Purkinje cell bodies (P) were surrounded by numerous small reactive terminals.
This is more clearly seen in the inset (arrowheads). (C) Many cells in the pontine nucleus were densely innervated by fine Amph2 containing
terminals. Bars: A, 300 um; B, 14 um; C, 9 um. (D) Western blot analysis of subcellular fractions of rat brain. Subcellular fractionation was
carried out according to MATERIALS AND METHODS. S1-P2 refer to successive pellets (P) or supernatants (S) of rat brain homogenized in
0.32 M buffered sucrose (see McMahon et al., 1992). The P2 fraction contains crude synaptosomes and was used for Percoll gradient separation
into three predominant layers, the middle layer of which is enriched in isolated nerve terminals. Five micrograms of protein were loaded in
each lane. (E) Amphl and Amph2 both exist as membrane-associated and cytoplasmic pools. Synaptosomes were hypotonically lysed,
followed by pelleting at 150 000 X g for 30 min to obtain a crude membrane fraction and cytosol, cleared of all synaptic vesicles (as shown
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main should interact with dynamin via its C-terminal
polyproline region.

The C terminus of dynamin contains several over-
lapping clusters of proline-rich sequences, with poten-
tial for selectively binding different SH3 domain-con-
taining proteins (Scaife et al., 1994; Shpetner et al.,
1996). To examine whether Amphl and Amph2 SH3
domains share the same polyproline target sequence,
two peptides were synthesized, P1 (PAVPPARPG)
and P2 (SPDPFGPPPQVPSRPNR). These were tested
for their ability to compete with the SH3 domain-
dynamin interaction of either Amphl or Amph?2 in
brain extracts. Interestingly, although P2 (200 uM)
efficiently blocks the Amphl-dynamin interaction, the
binding of Amph2 SH3 domain is much less well
inhibited (Figure 4B). Thus, either 1) the two Amph
isoforms target different polyproline domains or 2)
they bind to the same region but are differentially
affected by P2 peptide inhibition due to different bind-
ing affinities. Recently, Okamoto et al. (1997) have
identified the Amphl-binding sequence on dynamin
to be GPPPQVPSRPNRA, and this has been further
refined to the 6-residue sequence PSRPNR by Grabs et
al. (1997). Our results therefore are consistent with
these two studies.

Amph2, Like Amphl, Is Phosphorylated in
Synaptosomes by Protein Kinase C (PKC)

Given that Amph2 shares the ability of Amphl to
bind dynamin and possibly recruit it to coated pits,
our results suggest that Amph2 may also have a role
in synaptic vesicle endocytosis. Amphl has been
reported to exist as a phosphoprotein that is de-
phosphorylated upon stimulation (Bauerfeind et al.,
1995). To test whether the phosphorylation state of
Amph?2 is also affected by depolarization, we la-
beled synaptosomes with [*?P]orthophosphate, and
immunoprecipitated for each of the Amphs. Amph2
immunoprecipitates contain a band at the correct
size that is evidently labeled at resting potential
and, upon the addition of 35 mM KCl to stimulate
the synaptosomes, Amph?2 is rapidly dephosphory-
lated by approximately 50% (Figure 5A). Compared
with Amphl and dynamin I, this dephosphorylation
is more extensive. Indeed, the effect can be reversed
by repolarizing the presynaptic membrane (return

Figure 3 (cont). by synaptotagmin control). Each fraction was
loaded in duplicate, at 10 ug of protein per lane. (F and G) Electron
micrographs showing the ultrastructural localization of Amph2 in
the rat cerebellum. The large mossy fiber terminals in the granule
cell layer were found to be heavily stained with Amph2 reaction
product (F), as were climbing fiber terminals in the molecular/
Purkinje cell layer (G). Within these structures, Amph?2 staining was
heavily concentrated on the outer layer of synaptic vesicles.
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Figure 4. Amph2 associates with dynamin in vitro. (A) The SH3
domain of Amph2, like Amphl, binds specifically and stoichiomet-
rically to dynamin in brain extracts. GST fusion proteins, and GST as
a control, were incubated with brain extract followed by analysis of
bound proteins by SDS-PAGE and Coomassie staining. Note the
presence of a fainter ~145-kDa band (probably synaptojanin). (B)
The P2 peptide differentially affects dynamin binding to Amph1 and
Amph?2. GST-tagged SH3 domains were incubated as in A but in the
presence or absence of each of the indicated peptides (at a concen-
tration of 200 uM). Bound dynamin was visualized by Coomassie
blue staining.

to 5 mM KCl), bringing both Amphs back to their
original phosphorylation state (Figure 5B). This sug-
gests that both Amphs can be reversibly dephospho-
rylated upon stimulation of exocytosis, further im-
plicating the function of Amph?2 in synaptic vesicle
recycling. Thus, all three proteins might be dephos-
phorylated as a complex. A similar cycling of the
dynamin I phosphorylation state has been observed
(Robinson et al., 1994).

The kinase for Amph has not been identified to date,
and to address whether it may also be PKC, we treated
synaptosomes with the PKC activator phorbol 12-my-
ristate 13-acetate (PMA), or the specific PKC inhibitor
Ro31-8220, during phosphate labeling. Figure 5C
shows that Amphl, Amph2, and dynamin are hyper-
phosphorylated in the presence of PMA, and this la-
beling is reduced with the PKC inhibitor, implying
that all three proteins share the same a common ki-
nase.
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Figure 5. Amph phosphorylation and dephosphorylation. (A)
Time course of Amph2 dephosphorylation is more rapid and exten-
sive than Amph1 or Dynl. Seconds refer to the time after addition of
KCl. Data are averaged from four separate experiments (means *+
SEM). (B) Repetitive depolarization/repolarization of synapto-
somes induces cyclical changes in the phosphorylation state of the
Amphs. After the first stimulation (Stim1), synaptosomes were pel-
leted for 5 s at 13,000 X g and resuspended in repolarization buffer
(HBM containing 4.5 mM KCl), allowed to equilibrate for 1 min at
37°C, before addition of KCl back to 35 mM (Stim2). Dynamin,
Amphl, and Amph2 were immunoprecipitated with their respec-
tive antiserum. (C) Effect of PKC activator (PMA) and inhibitor
(Ro31-8220) on the phosphorylation state of Amphl and Amph2.
Synaptosomes were labeled as described in A and 10 uM of either
PMA or Ro31-8220 were added just before harvesting.

Amph2 Forms Heterodimers with Amphl

The subcellular colocalization of Amphl and 2 and
their parallel dephosphorylation shown in Figure 5A
suggest that Amphl forms a complex in the brain with
Amph?2. To test this directly, Amph2 immunoprecipi-
tates were Coomassie-stained, revealing that Amphl
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and Amph?2 are coprecipitated and, moreover, that the
two proteins are in an equimolar ratio (Figure 6A).
Densitometry from 10 immunoprecipitations gave a
mean Amphl to Amph2 ratio of 1.04 = 0.09. Although
significant, the coprecipitation of the two isoforms
could merely be due to cross-reactivity of the antibody
to the other isoform. This was tested by immunopre-
cipitations from COS cells transiently transfected with
Amphl or Amph?2 or the two together (Figure 6B). The
Amphl and Amph2 antisera cross-react very weakly
at the level of immunoprecipitations; i.e., the Amphl
antiserum precipitates very little Amph2, and vice
versa. In cells coexpressing the two isoforms, how-
ever, either antibody coprecipitates both Amphl and
Amph? (Figure 6B). Amphl and Amph2 do not inter-
act to form a stable complex in vitro upon the addition
of separately expressed Amphs, indicating that two
proteins need to be coexpressed in vivo for association
to occur.

These data strongly suggest Amphl and Amph?2
form a complex in vivo. To determine the size of this
heterooligomer, cross-linking was used. 3,3’-Dithio-
bis(sulfosuccinimidylpropionate) (DTSSP), a homobi-
functional cross-linker that is cleaved by 2-mercapto-
ethanol, was incubated with rat brain cytosol. A band
at 220-250 kDa that is reactive to both anti-Amphl
and anti-Amph? antibodies, and therefore containing
both isoforms, is present only in the sample containing
cross-linker, and disappears upon boiling in 2-mer-
captoethanol (Figure 6C). This molecular weight is
equivalent to the sum total of the apparent masses of
Amphl (125 kDa) and Amph2 (92 kDa). As a control
antibody, anti-y-adaptin did not react to the same
band. The same adduct was found after incubation of
synaptosomes with a membrane-permeable cross-
linker. It is perhaps surprising that, although dynamin
was found in immunoprecipitates of the heterodimer,
it was never found cross-linked with the complex (our
unpublished results). This probably reflects the fact
that the area for contact between dynamin’s polypro-
line site and the SH3 domains consists of only a few
residues, none of which are lysines (McMahon and
Owen, unpublished data) upon which the cross-link-
ers depend.

To further confirm the existence of a stoichiometric
homogenous heterodimer in brain extracts, a combi-
nation of gel filtration and sucrose density gradient
centrifugation was used. Immunoblotting revealed
perfect comigration of Amphl and Amph? into a sin-
gle peak, consistent with a heterodimer (our unpub-
lished results). The molecular weight of the complex
could not be estimated accurately because of its anom-
alous migration in both fractionation procedures due
to a highly extended conformation of the Amph com-
plex (McMahon and Owen, unpublished data). These
data and the fact that the Amph2 immunoprecipitate
in Figure 6A precipitates the two isoforms in a 1:1 ratio
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Figure 6. Amphl and Amph2 form het-
erodimers in vivo. (A) Immunoprecipitation of
Amphl and Amph2 from brain as an equimolar
complex. Rat brain extract in buffer A was im-
munoprecipitated with antiserum to either
Amph2 or, as a control, dynamin. Bound pro-
teins were analyzed by Coomassie blue stain-
ing. Note the presence of dynamin in both im-
munoprecipitates  (see  Figure 8A). (B)
Immunoprecipitation of the two isoforms as a
complex in COS cells. COS cells were tran-
siently transfected with Amph1, Amph2, or the
two together. Extracts of each were separately
immunoprecipitated with antibodies against
Amphl or Amph2 and processed for Western
blotting. Total proteins were also loaded to
show the starting material. (Due to the strength
of the Amph2 antibody, total brain (lane 1)
appears to have a much higher level of Amph2
compared with Amph1, but as we have shown
in Figure 2A, they are present in a 1:1 ratio.) (C)
Cross-linking with DTSSP suggest the Amph1-
Amph?2 oligomer is a heterodimer. Rat brain
cytosol (10 mg/ml) was incubated with differ-
ent concentrations of DTSSP and separated by
SDS-PAGE on 7% gels before blotting with the
antibodies indicated.

Amph2 IP

Amph1 —

Dynamin —
Amph2 —

suggest that the heterodimer is the predominant form
of Amph in the brain.

The Heterodimer Binds to Multiple Dynamin
Molecules and Accelerates Dynamin’s GTPase
Activity
The SH3 domains of either Amphl or 2 both bind
dynamin in a 1:1 molar ratio (Figure 4A). However,
Figure 6A shows that the amount of dynamin bound
to the heterodimer is approximately 2:1 (mean ratio of
1.8, from five experiments). Thus, both Amph SH3
domains in the dimer seem to be accessible to bind
separate dynamin molecules. We tested whether this
is the case by immunoprecipitating the heterodimer
under conditions identical to those for the experiment
shown in Figure 4B. In the presence of 200 uM peptide
P2, which blocks the AmphlSH3-dynamin interac-
tion, but not the Amph2SH3-dynamin interaction (see
Figure 4B), the amount of bound dynamin is reduced
by only ~60% (Figure 7A). As further evidence that
both SH3 domains are accessible, the bacterially ex-
pressed heterodimer can bind twice as much dynamin
as an equivalent molar amount of Amphl or Amph2
(our unpublished results). As an additional control, 1
M NaCl completely eluted dynamin from the dimer
(Figure 7A), which shows that the dimerization of
Amphl to Amph2 is a very stable interaction and,
moreover, does not depend on dynamin.

Association of the heterodimer with multiple dy-
namins in the Amph2 immunoprecipitate raised the
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possibility that, in recruiting dynamin, Amph1+2 may
act as an initiation points for dynamin oligomeriza-
tion. Such assembly of dynamin (possibly into helical
rings) has been proposed to cause an increased
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Figure 7. The heterodimer binds tightly to dynamin and increases
its GTPase. (A) Effect of peptides and high salt treatment on dy-
namin binding to the heterodimer. Amph2 immunoprecipitations of
brain extract were done in buffer A containing 200 uM peptide P1 or
P2 (left) or in different salt concentrations (right; Ctrl, low salt
[buffer A]; IM NaCl, high salt wash) and separated by SDS-PAGE
on 7% gels for Coomassie staining. (B) The heterodimer activates
dynamin’s GTPase in vitro. Purified dynamin was incubated with
[a-*?P]GTP in the presence of different effectors. The heterodimer
(0.2 pginlane 1 and 2.0 pg in lane 2) was purified from brain cytosol
by Amph2 immunoprecipitation. All reactions were brought to the
same dynamin concentration (0.5 ug in 50 ul). Taxol-polymerized
microtubules were included as a positive control.

2011



P. Wigge et al.

A

B
100 -
(0]
S
8 T
ol d
=)
£
_.EI__J 50 -
2 T
© [ 1
= T
\6‘0\ 1
0- T T 1
- Al Al
= A o +
g§ B &
Q
< <C S
<€

Figure 8. Support for heterodimer formation and function in COS cells. (A) Immunofluorescence micrograph showing a blockade of
transferrin uptake (green perinuclear staining) in cells overexpressing Amphl (stained red) or Myc-Amph?2 (stained blue). The mauve cell
marked with an arrow is cotransfected with both constructs (and therefore overexpressing both isoforms) and takes up transferrin normally.
The transferrin uptake assay was done according to Wigge et al. (1997). (B) Quantitation of the effect. Sixty cells (20 from each category) were
measured for transferrin uptake and the mean value was expressed as a percentage of normal transferrin uptake (i.e., that of untransfected

cells).

GTPase activity of dynamin (Warnock et al., 1996), and
this could be necessary in vivo, because GTP hydro-
lysis is postulated to drive fission of the collared ves-
icle. We therefore tested the effect of the heterodimer
on dynamin’s GTPase activity. Immunoprecipitation
with the Amph2 antibody was used to purify the
heterodimer from brain cytosol, and when added to
the GTPase reaction, the heterodimer greatly in-
creased the conversion of GTP to GDP (Figure 7B).
This is similar to the effect of microtubules, which was
included as a positive control. In contrast, individual
SH3 domains of either Amphl or Amph2 failed to
activate dynamin’s GTPase to a significant extent (our
unpublished results). Thus, these results suggest that
the heterodimer may have a special function in re-
cruiting multiple dynamins (and therefore acting as a
template for oligomerization) or in regulating dy-
namin’s GTPase cycle.

Transferrin Uptake in COS Cells Is Blocked by
Overexpression of Amphl or Amph2 but Is Rescued
by Their Coexpression

We have previously shown that the SH3 domain of
Amph 1 exerts a dominant negative effect on receptor-
mediated endocytosis in COS cells, likely by prevent-
ing dynamin recruitment to clathrin-coated pits
(Wigge et al., 1997). We used the same transferrin
uptake assay to answer the question of whether full-
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length Amphl could exert the same effect. Amphl
caused a potent block (red blood cells, Figure 8A) as
scored by the absence of transferrin uptake (perinu-
clear green staining). The inhibition is observed in the
majority of cells as quantitated in the bar graph (Fig-
ure 8B). Myc-tagged Amph2 also caused a similar
inhibition of transferrin uptake (blue cell in Figure
8A). This provided us with a useful tool to test the
importance of the heterodimer in vivo. We cotrans-
fected the two plasmids and show that cells coexpress-
ing both isoforms (pink cell) are rescued in transferrin
uptake (see Figure 8B). We interpret these results to
mean that either Amphl or Amph2 overexpression
alone leads to sequestration of endogenous dynamin
into inactive complexes, but when the two proteins are
expressed together, forming a heterodimer, endocyto-
sis can resume. It appears that only the heterodimer
can form a functional complex with dynamin and so
participate in the endocytic cycle.

DISCUSSION

In this article we have investigated the properties of
Amph?, in the possibility that it might represent an
isoform functionally distinct from Amphl, perhaps
participitating in endocytic events other than synaptic
vesicle recycling at the plasma membrane. Instead, we
find that the subcellular distribution and phosphory-

Molecular Biology of the Cell



lation and membrane association properties of both
Amphs closely parallel each other. This suggests that
the two proteins act in concert, and indeed, coexpres-
sion of the two isoforms in COS cells or in bacteria is
sufficient to generate a stable equimolar complex.
Cross-linking indicates that this complex exists in vivo
as a 220- to 250-kDa heterodimer. Furthermore, the
dimer appears to be the predominant form of Amph in
the brain, where it can be coimmunoprecipitated with
multiple molecules of dynamin I and, therefore, is the
likely form of Amph that drives the recruitment of
dynamin to sites of clathrin-mediated endocytosis. It
is interesting that Amph1, Amph?2, and dynamin I are
rapidly dephosphorylated in parallel upon nerve-ter-
minal stimulation. On repolarization they are all re-
phosphorylated by the same kinase, PKC, further sup-
porting the idea that they might function as a complex.

Two Amph homologues, rvs161 and rvs167, have
been identified in Saccharomyces cerevisiae (David et al.,
1994; Munn et al., 1995; Sivadon et al., 1995). Knocking
out either of the rvs genes leads to the full endocytosis-
defective phenotype characteristic of the double mu-
tant. Furthermore, both mutant strains are suppressed
by the same set of SUR genes (Desfarges et al., 1993).
This has led to the hypothesis that the two proteins
function as a complex, possibly a heterodimer, at least
in yeast (Bauer et al., 1993). Although sharing only
weak sequence homology to the yeast proteins,
Amphl and Amph?2 also form heterodimers, and in
this respect at least, the heterodimer appears to have
been conserved throughout evolution.

Whether or not the heterodimer has been conserved
in function is less clear. The in vivo transferrin uptake
assay clearly shows that, although overexpression of
either Amphl or Amph2 alone blocks endocytosis in
COS cells, formation of the Amphl-Amph2 het-
erodimer rescues this defect. This suggests that the
heterodimer has a crucial function not fulfilled by the
separate Amphs. What is this function? Although
Amphl and Amph2 separately bind dynamin in vitro,
the brain heterodimer can interact with multiple dy-
namin molecules simultaneously and, therefore, bind
more on a molar basis than either Amphl or Amph?2.
This would imply that both SH3 domains in the het-
erodimer are accessible to interact with separate dy-
namin molecules. In synaptic vesicle endocytosis,
Amph heterodimers localized to the plasma mem-
brane (probably via an interaction with the AP-2 adap-
tor complex; Wang et al., 1995; David et al., 1996)
would allow for efficient recruitment of multiple dy-
namin molecules to the coated pit. By generating a
high local concentration of dynamin molecules in this
way, Amph could potentially act as a template for the
nucleation of dynamin oligomers, aiding the assembly
of dynamin into rings at the neck of the constricted
coated pit (Figure 9). Although this hypothesis re-
mains to be tested, our experiments showing that the
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Figure 9. Hypothetical model for the action of the Amph het-
erodimer in dynamin recruitment. The SH3 domains of both iso-
forms are accessible in the dimer to interact with separate dynamin
molecules, which are brought into close proximity, catalyzing the
formation of intermolecular links leading to oligomerization. The
heterodimer is likely to be membrane localized through its interac-
tion with AP-2 adaptor complexes (the question mark in the dia-
gram). Amphl and Amph2 probably dimerize through coiled-coil
interactions between their N-terminal a-helical domains (a region
weakly conserved with the Rvs proteins). Dissociation of the com-
plex could be brought about by dynamin’s GTPase activity, break-
ing up the oligomer and returning the separate components to the
cytosol.

heterodimer (but not either isolated Amph SH3 do-
main) accelerates dynamin’s GTPase activity in vitro
lends support to this model. GTP hydrolysis by dy-
namin is thought to be a necessary prerequisite for the
concerted conformational change in the oligomer that
pinches off the vesicle (De Camilli ef al., 1995). If Amph
has an important role in this cycle, it is likely that the
GTPase activation is tightly controlled; GTP hydroly-
sis in the cytosol would be premature. To be physio-
logical, Amph should only activate GTP hydrolysis on
dynamin when it is assembled at the collar of the
coated pit. In vivo, therefore, it is important not to rule
out other factors that may come into play as well as
Amph.

Why are there so many splice variants of Amph2?
We have identified six different alternatively spliced
forms; at least some of these are present in peripheral
tissues and, therefore, could have more generalized
roles. It is interesting that both Amph2-3 and
Amph2-4 lack the C-terminal SH3 domain and in this
respect resemble the domain structure of the yeast
homologue rvs161. The yeast heterodimer, lacking the
two SH3 domains characteristic of the rat brain het-
erodimer we have characterized, would probably
have a different function. Such a dimer would not be
able to recruit multiple dynamin molecules. It is pos-
sible, then, that the brain heterodimer is a feature of
the specialized pathway of synaptic vesicle uptake
and reflects the need for rapid or efficient dynamin
recruitment to endocytosing zones of nerve terminals.
Yeast, which does not require such rapid membrane
uptake, could cope with just one SH3 domain. How-
ever, the yeast dynamin homologue interacting with
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the Rvs167 protein remains to be identified, and so
endocytosis in this organism could, in theory at least,
act by a different mechanism entirely.

Particularly intriguing is the possibility that a col-
lection of Amph heterodimers could exist, each with
slightly different binding specificities. In this context,
we have preliminary data suggesting that Amph?2-6,
and possibly other splice variants, can heterodimerize
with Amphl. The transcription factors Fos and Jun
exist in different combinations of dimeric forms, each
of which display different DNA-binding specificities.
It is possible that a repertoire of different Amph het-
erodimers could greatly expand the potential for reg-
ulation of clathrin-mediated uptake processes.

Although much evidence indicates that the Amph
family takes part in endocytosis at the plasma mem-
brane, a second distinct role for one of the Amph2
splice variants, Amph2-7, has been suggested. This
isoform has been recently isolated as the nuclear Myc-
interacting protein BIN1 (Sakamuro et al., 1996). Loss
of BIN1 mRNA was frequently observed in tumor cell
lines, and BIN1 prevented tumorigenesis by Ras in a
cooperativity assay. Thus, these data led Sakamuro et
al. (1996) to suggest that BIN1 is a tumor suppressor.
Although we found a partial clone encoding a nuclear
localization signal, this was not predominant in the
cDNA library. We have no other data to support a
different function for Amph?2, but it is possible that
this gene product, depending on how it is spliced and,
therefore, to which compartment it is targeted, has the
capacity to play two diverse roles in the cell. Proen-
kephalin, normally a cytoplasmic protein that is des-
tined to be secreted, has also been found to have a
possibly distinct function in the nucleus (Bottger and
Spruce, 1995). These authors hypothesized that the
two diverse roles of the protein may reflect a molec-
ular economy in the process of evolution, such that
“gene sharing” has been adopted.

The heterodimer appears to be the main form of

Amph in the brain, and a combination of in vitro and
in vivo data suggest it may have an important wide-
spread role in clathrin-mediated endocytosis not ful-
filled by either isoform alone.
Note Added in Proof. After submission of this manu-
script, three groups independently reported the clon-
ing and characterization of Amph2 (Butler et al., 1997;
Leprince et al., 1997; Ramjaun et al., 1997).
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