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We have used the squid giant synapse to determine whether
clathrin assembly by AP180 is important for synaptic vesicle
endocytosis. The squid homolog of AP180 encodes a 751
amino acid protein with 40% sequence identity to mouse
AP180. Alignment of squid AP180 with other AP180 homologs
shows that amino acid identity was highest in the N-terminal
inositide-binding domain of the protein and weakest in the
C-terminal clathrin assembly domain. Recombinant squid
AP180 was able to assemble clathrin in vitro, suggesting a
conserved three-dimensional structure that mediates clathrin
assembly despite the divergent primary sequence of the
C-terminal domain. Microinjection of the C-terminal domains of
either mouse or squid AP180 into the giant presynaptic terminal
of squid enhanced synaptic transmission. Conversely, a pep-
tide from the C-terminal domain of squid AP180 that inhibited
clathrin assembly in vitro completely blocked synaptic trans-
mission when it was injected into the giant presynaptic terminal.

This inhibitory effect occurred over a time scale of minutes
when the synapse was stimulated at low (0.03 Hz), physiolog-
ical rates. Electron microscopic analysis revealed several struc-
tural changes consistent with the inhibition of synaptic vesicle
endocytosis; peptide-injected terminals had far fewer synaptic
vesicles, were depleted of coated vesicles, and had a larger
plasma membrane perimeter than terminals injected with con-
trol solutions. In addition, the remaining synaptic vesicles were
significantly larger in diameter. We conclude that the clathrin
assembly domain of AP180 is important for synaptic vesicle
recycling at physiological rates of activity and that assembly of
clathrin by AP180 is necessary for maintaining a pool of releas-
able synaptic vesicles.
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Synaptic transmission relies on exocytosis and endocytosis reac-
tions that involve synaptic vesicles and occur locally within pre-
synaptic terminals. Although much progress has been made in
identifying the proteins underlying synaptic vesicle exocytosis,
molecular analysis of endocytosis is less developed (Rothman,
1994; Scheller, 1995; Sudhof, 1995; Augustine et al., 1996; De
Camilli and Takei, 1996). Part of the problem is that there is still
debate about the vesicle trafficking pathway used during endocy-
tosis. Heuser and Reese (1973) proposed that synaptic vesicle
endocytosis is mediated by coated vesicles. In contrast, it has been
argued that endocytosis proceeds via a mechanism that does not
use coated vesicles (Ceccarelli et al., 1973, 1979; Palfrey and
Artalejo, 1998).

Central to this debate is the role of a key component of coated

vesicles, the coat protein clathrin (Pearse, 1976; Keen, 1987;
Maycox et al., 1992; Takei et al., 1996; Cremona and De Camilli,
1997). We have evaluated the mechanism of synaptic vesicle
endocytosis by perturbing clathrin function at the squid giant
synapse. Because the presynaptic terminal is so large (Young,
1939), it is possible to microinject specific macromolecules while
monitoring the effect of the macromolecules on presynaptic func-
tion and structure (Burns and Augustine, 1999). To examine the
role of clathrin-mediated processes in synaptic vesicle endocyto-
sis, we have focused on the synapse-specific protein AP180 (pre-
viously called pp155, NP185, F1–20, and AP-3; Ahle and Un-
gewickell, 1986; Zhou et al., 1992, 1993; McMahon, 1999). In
vitro, this protein binds to clathrin, assembles clathrin triskelia
into three-dimensional cages that resemble the coats of coated
vesicles (Lindner and Ungewickell, 1992), and can form such
coats over uncoated vesicles (Prasad and Lippoldt, 1988). In
addition to its interactions with clathrin, AP180 is a major cellular
ligand for inositides (Norris et al., 1995; Ye et al., 1995; Hao et al.,
1997). Recent experiments show that deletion of the Drosophila
AP180 gene impairs synaptic transmission and depletes synaptic
vesicles, consistent with a block of endocytosis (Zhang et al.,
1998). However, the sequence of Drosophila AP180 is quite di-
vergent from mammalian AP180, and it has not been character-
ized biochemically. Thus, it remains to be determined whether
the mutant phenotype is caused by the loss of possible inositide
binding, clathrin assembly, or some other biochemical activity of
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the protein. In addition, chronic genetic manipulations may allow
developmental or compensatory effects that could indirectly affect
endocytosis.

We find that treatments that acutely perturb clathrin assembly
in vitro affect synaptic transmission in vivo. In particular, blocking
clathrin assembly by AP180 in vivo rapidly blocks synaptic vesicle
endocytosis, similar to what was observed by the genetic mutation
of AP180. Our results indicate that clathrin and its assembly by
AP180 play predominant roles in synaptic vesicle endocytosis.

MATERIALS AND METHODS

Cloning of squid AP180. A lgt10 cDNA library prepared from squid
stellate ganglion (kindly provided by Dr. James Battey, National Insti-
tutes of Health, Bethesda, MD) was screened by low-stringency hybrid-
ization with a mouse AP180 cDNA probe corresponding to nucleotides
504–1408 (amino acids 168–469) (Zhou et al., 1992). Nitrocellulose
membranes were hybridized with a- 32P-dCTP-labeled mouse AP180
cDNA probe at 50°C overnight in hybridization solution (63 SSC, 53
Denhardt’s, 0.1% SDS, and 100 mg/ml of denatured salmon sperm

Figure 1. Amino acid sequence alignment of the AP180 family members. Residues present in two or more family members are highlighted in black.
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DNA). The filters were washed extensively at room temperature in 23
SSC/0.1% SDS for 20 min and then at 50°C in 13 SSC/0.1% SDS for 1
hr. The positive clones were plaque-purified and subcloned into pBlue-
script vector KS 1 at the EcoRI site. Single-stranded DNA was prepared
from each clone and sequenced by using the dideoxy chain termination
method with Sequenase Version 2.0 DNA Sequencing kit (United States
Biochemicals, Cleveland, OH). A 1082 base pair (bp) long clone was
isolated that was homologous to mouse AP180.

This clone was used to rescreen the squid stellate ganglion cDNA
library under high-stringency hybridization conditions. Nitrocellulose
filters were hybridized at 65°C overnight. Next the filters were washed

extensively in 13 SSC/0.1% SDS at room temperature for 1 hr, followed
by a 30 min wash at 60°C. The positive clones were subcloned into
pBluescript vector KS 1 at the EcoRI site for sequencing. Of the 36
clones identified, the longest clone of 2575 bp contained the entire open
reading frame. Basic Local Alignment Search Tool (BLAST) searches of
the National Center for Biotechnology Information (Bethesda, MD)
nonredundant protein database revealed that the sequence is homolo-
gous to a number of AP180-related entries in the database.

Analysis of the squid AP180 sequence. Multiple sequence alignments
were generated with Megalign running under the Lasergene software
package (DNAstar, Madison, WI), using the Clustal method (Thompson

Figure 1 Continued
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et al., 1994) and the PAM250 residue weight table. The alignment
displayed in Figure 1 included the following sequences, with the indi-
cated accession numbers: mouse AP180–1 (2492687) (Zhou et al., 1992),
Xenopus AP180–1 (AF182340) (Zhou, 1994), human AP180–2
(1373146) (Dreyling et al., 1996), Drosophila AP180 (4160434) (Zhang et
al., 1998), Caenorhabditis elegans AP180 (AF144257) (Nonet et al., 1999),
Saccharomyces cerevisiae AP180a (731735) (Wendland and Emr, 1998),
and Arabidopsis AP180a (2864615). The following sequences were added
to the multiple sequence alignment for the construction of the phylogeny
displayed in Figure 2: human AP180–1 (3327126) (Ishikawa et al., 1998),
rat AP180–1 (2492686) (Morris et al., 1993), rat AP180–2 (2792502), S.
cerevisiae AP180b (1723758) (Wendland and Emr, 1998), and S. pombe
AP180 (3150136). Two types of phylogenetic analysis were performed,
maximum parsimony (Swofford, 1998) and neighbor joining (Felsenstein,
1985). Both were performed with PAUP4.0b2 (Swofford, 1998). Robust-
ness of the results was assessed by bootstrap analysis. One thousand
bootstrap replications, with five random additions each, were done by
using unweighted parsimony. One thousand bootstrap replications were
done by using neighbor joining, with tree-bisection reconnection branch
swapping to define the shortest tree. The results of the two analyses were
in agreement, although the level of support for particular nodes differed.
The tree was rooted by using the most divergent sequence, Arabidopsis
AP180a, as the out-group (data not shown). Bootstrap values are shown
above each node (parsimony/neighbor joining). The reported pairwise
identities (see Table 1 and text) were calculated by dividing the number
of positions with identical residues in the multiple sequence alignment
(see Fig. 1) by the shortest of the two sequences being compared. The 33
kDa N-terminal domain of mouse AP180 already has been defined as
comprising amino acids 1–304, and the 58 kDa C-terminal domain of
mouse AP180 has been defined as comprising amino acids 305–901 (Ye
and Lafer, 1995a,b). For each of the AP180 family members that was
analyzed, the last residue of the N-terminal domain was taken to be the
residue that aligned with amino acid 304 of mouse AP180.

Expression of recombinant AP180. The entire open reading frame of
squid AP180 was amplified by reverse transcription PCR. Total RNA
from squid optic lobe was isolated with Trizol (Life Technologies,
Gaithersburg, MD) and reverse-transcribed into cDNA, using Super-
Script II RT (Life Technologies). The synthesized first-strand cDNA was
used as a template for a PCR reaction that used sense primer (59-
AGCGAGCTCCCCGGGATGTCTGGACAGAGTATAATG-39) and
antisense primer (59-GCTCTCGAGCCCGGGTCACAAAGCACCA
AATGGATC-39). An XbaI site flanking the open reading frame was
introduced into both PCR primers. Pfu DNA polymerase was used for
the PCR reaction, following the protocol provided by Stratagene (La
Jolla, CA). The PCR product was subcloned into pGEX-X at the XbaI
site. To amplify the 45 kDa putative clathrin assembly domain of squid
AP180, we performed PCR, using the full-length AP180 as a template. A
sense primer (59-AGCGAGCTCCCGGGTTCAACATCTAATGG-
TGTGTCA-39) that contains a SmaI site and an antisense primer (59GCT
CCCGGGCTCGAGTCACAAAGCACCAAATGGATC-39) that con-
tains a XhoI site were used for the PCR reaction. The PCR product was
subcloned into pGEX-4T-1 at the SmaI and XhoI sites. The sequence of
the full-length squid AP180 insert was confirmed further by sequencing
and was found to be identical to that of the cDNA clone reported in
Figure 1. Protein was expressed and purified from suitably transformed
BL21 cells as previously described for mouse AP180 (Zhou et al., 1993).

Clathrin assembly. The assembly of bovine brain clathrin into coats was
measured by ultracentrifugation in the presence of recombinant pro-
teins, consisting of GST fused to bovine AP180 (bAP180), squid GST-
AP180 (sAP180), or the 45 kDa C-terminal domain of squid AP180
(sC45) (Hao et al., 1997). In this assay the coats that have a high
sedimentation coefficient are pelleted, whereas soluble clathrin triskelia
with low sedimentation coefficient remain in the supernatant. Briefly, all
proteins first were dialyzed overnight into 10 mM Tris-HCl, pH 8.5, at
4°C. Individually, bAP180, sAP180, sC45, or GST was combined with
bovine clathrin, and the assembly reaction was initiated by adding 1:10
volume of 1 M MES-NaOH, pH 6.5. The final conditions in the reaction
were 0.8 mM clathrin, 0.1 M MES-NaOH, 9 mM Tris-HCl, pH 6.5, and the
indicated concentrations of assembly proteins in a volume of 200 ml. The
mixture was incubated on ice for 60 min and then was centrifuged at
400,000 3 g, 4°C for 6 min. The upper 80% of the supernatant was
removed and analyzed by SDS-PAGE and Coomassie blue staining. The
percentage of clathrin that was assembled was determined by the relative
depletion of clathrin from the solutions before and after centrifugation.
This was quantified by densitometry of Coomassie blue-stained gels

(Molecular Dynamics Personal Densitometer SI, Sunnyvale, CA), using
Image Quant software. In the absence of assembly proteins, ;5% of the
clathrin sedimented. This percentage was treated as background clathrin
assembly and was subtracted from all of the data points. Morphology of
the clathrin cages was assessed by electron microscopy (see Fig. 3E), as
described previously (Ye and Lafer, 1995a). Assembled clathrin coat
structures were applied to freshly glow-discharged Formvar carbon-
coated grids and negatively stained with 1% uranyl acetate. The speci-
mens were viewed in a JEOL 1200 EX Transmission electron microscope
at a magnification of 40,0003.

Inhibition of clathrin assembly by peptides. Peptides from the clathrin
assembly domain (sC45) of squid AP180 were synthesized as potential
inhibitors of clathrin assembly in vitro. The sequences of the peptides
used in this study are as follows: NGVSDEEKKKMLDDENQRLNQ
(s180 pep); KSLGEDDNRNMVEEDKNQLQK (Scram s180 pep1);
QNEDSMKDVQKNLENLKGDRE (Scram s180 pep2). To test the
ability of these peptides to inhibit clathrin assembly, we made 5 mM stock
solutions in 10 mM Tris-HCl, pH 8.5. The pH of the solution was adjusted
by using 2 M NaOH when required. Bovine clathrin and sAP180 were
combined in 10 mM Tris-HCl, pH 8.5, to which an appropriate amount of
the peptide solution was added. The assembly was initiated by the
addition of 1:10 volume of 1 M MES-NaOH, pH 6.7. The final conditions
in the reaction mixture were 0.5 mM clathrin, 1.5–2.0 mM sAP180, 0.1 M
MES-NaOH, pH 6.7, and 0–1000 mM peptide in a final volume of 200 ml.
The mixture was incubated on ice for 45 min, followed by centrifugation
at 400,000 3 g, at 4°C for 6 min. The amount of clathrin that was
assembled was determined as described above. Clathrin assembled in the
presence of sAP180, but without peptides, served as 100% assembly. The
inhibition by the peptides was calculated as the relative amount of
assembly in the presence of the peptides as compared with the assembly
in the absence of the peptides. Peptides were synthesized by Dr. Lynda
Bonewald at the Protein Core Facility of the University of Texas Health
Science Center (San Antonio, TX).

Electrophysiolog ical analysis of synaptic transmission. Electrical mea-
surements were made on giant synapses in isolated stellate ganglia of the
squid, Loligo pealei, as described in Bommert et al., (1993). Ganglia were
superfused with oxygenated physiological saline (10–15°C) containing
(in mM) 466 NaCl, 54 MgCl2, 11 CaCl2, 10 KCl, 3 NaHCO3, and 10
HEPES, pH 7.2. Electrodes filled with 3 M KCl were inserted into the
presynaptic and postsynaptic axons. Action potentials were evoked every
30 sec (0.033 Hz) by depolarizing the presynaptic axon with a current
pulse (0.7–1.9 mA, 0.5 msec duration). Transmitter release was measured
by recording postsynaptic potentials (PSPs) elicited by the presynaptic
action potentials. Signals were recorded with an Axoclamp-2A amplifier
(Axon Instruments, Foster City, CA) and acquired and analyzed with
Axobasic programs written by F. Schweizer (UCLA, Los Angeles, CA).

The mammalian proteins used for microinjection were expressed and
purified as described by Ye and Lafer (1995b). The most biologically
abundant isoform of mouse AP180 (AS108 1AS15 2) was used (Zhou et
al., 1993). All microinjected peptides and proteins were dissolved in an
injection solution containing (in mM) 250 K-isothionate, 200 KCl, 100
taurine, and 50 HEPES, pH-adjusted to 7.4 with NaOH. These solutions
were microinjected into the giant presynaptic terminal via a third elec-
trode connected to a Picospritzer injector (General Valve, NJ) that
applied pulses of positive pressure (10–80 msec; 10–100 psi; N2 gas).
FITC-dextran (3 kDa MW; 100 mM; Molecular Probes, Eugene, OR) was
coinjected to estimate the amount of protein or peptide that had been
injected. The resulting fluorescence was imaged with a Zeiss Axioskop
microscope (103 magnification, 0.25 numerical aperture objective) and
detected with a Cohu SIT camera. Fluorescence images were processed
with Image-1 software (Universal Imaging, Philadelphia, PA).

Electron microscopic analysis. Terminals were fixed for electron micros-
copy with 2.5% glutaraldehyde and processed as described in Sanchez et
al. (1990). When active peptides were injected, the terminals were fixed
after synaptic transmission was inhibited by 80% or more. Fixed termi-
nals were sectioned (80 nm thickness) at intervals of 50 or 75 mm through
the entire length of the synaptic terminal. Sections were examined with
a JEM-1200 ExII (JOEL USA, Peabody, MA) electron microscope, and
images were digitized and analyzed with Image-1 software. Terminal
structure was quantified as described previously (Hess et al., 1993; Burns
et al., 1998). Because active zones typically are spaced ;1 mm apart, only
synaptic vesicles within 500 nm of the active zone were measured to
ensure that each vesicle was counted only once.

Membrane area was calculated for each section by measuring the
perimeter of the presynaptic terminal in low magnification (5003) im-
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ages. Such measurements probably represent underestimates because of
small plasma membrane invaginations that could not be detected at low
magnification. To determine the magnitude of this effect, we measured
actual plasma membrane distance from selected regions in high-
magnification images (12,0003). These measurements indicated that the
plasma membrane perimeter of terminals injected with s180 peptide was
36% larger than estimated from the low-magnification images, whereas
the control terminals were underestimated by 30%. Then the perimeter
measurements made at low magnification were increased by these
amounts. Plasma membrane perimeter was multiplied by the thickness of
the section (80 nm) to calculate the surface area of plasma membrane in
each section. The surface area of synaptic and coated vesicles was
calculated as 4pr 2, where r is the measured radius of these vesicles. The
surface area per vesicle was multiplied by the mean number of vesicles
per active zone, yielding the amount of vesicle area per active zone, and
then was multiplied by the number of active zones per section to yield the
mean surface area in synaptic and coated vesicles in each section.

RESULTS
Cloning of the squid homolog of AP180
Low-stringency screening of a squid lgt10 cDNA library, by
hybridization with a mouse AP180 cDNA probe, identified a 1082

bp clone that had high homology to mouse AP180. This clone was
used to rescreen the cDNA library by high-stringency hybridiza-
tion and identified 36 additional clones. The sequence of the
longest clone was 2575 nucleotides, and it covered 90 nucleotides
of the 59 untranslated region, the entire coding region, and the
entire 39 untranslated region to the poly(A1) tail. It contained a
single open reading frame with two upstream in-frame stop
codons. The open reading frame of squid AP180 encoded a 751
amino acid protein with a predicted molecular weight of 80,200 Da.

The sequence of squid AP180 is homologous to a number of
AP180-related entries in the protein database of the National
Center for Biotechnology Information. Because several of these
entries came from genome-sequencing projects and the predicted
proteins have not yet been named, we devised a uniform nomen-
clature for the AP180 family members. Mouse AP180, the first
vertebrate AP180 to be cloned and sequenced, was assigned the
name AP180–1. All vertebrate sequences highly homologous to
mouse AP180–1 also were assigned the name AP180–1. Mouse
AP180–1 mRNA is restricted to neuronal cells, and its protein is
synapse-specific (Perry et al., 1991, 1992; Sousa et al., 1992); this may
be the case for the other members of the AP180–1 group. A second
vertebrate AP180-related gene with 48% identity to AP180–1 was
isolated from a human myeloid leukemia cell line and was called
clathrin assembly lymphoid myeloid leukemia gene, or CALM
(Dreyling et al., 1996). We assigned the name AP180–2 to human
CALM as well as to all vertebrate sequences highly homologous to
human AP180–2. AP180–2 mRNA is expressed ubiquitously in a
wide range of human cell types, and this may be true for other
members of the AP180–2 group (Dreyling et al., 1996). The AP180-
related genes of nonvertebrates are called AP180, with multiple
genes distinguished by letters according to the precedent set by the
S. cerevisiae AP180 genes (Wendland and Emr, 1998).

The relationship between squid AP180 and other representa-
tives of the AP180 family was revealed by a multiple sequence
alignment (Fig. 1). When more than one alternatively spliced
isoform has been reported for a family member, we used the
longest available isoform in constructing the alignment. Gaps in
the alignment reflect the diverse range of sizes of the AP180
family members, especially within the C-terminal domain. The
smallest reported family member is Drosophila AP180, which has
469 amino acids (Zhang et al., 1998). The largest reported family
member is rat AP180, which has 915 amino acids (Morris et al.,
1993). Examination of the alignment reveals a protein family that
is much better conserved in the ;33 kDa N-terminal domain than
in the variably sized C-terminal domain (Fig. 1). This observation
is supported by an analysis of the pairwise identity scores of the
aligned sequences (Table 1). For example, whereas the overall
identity between squid and mouse AP180 is 40%, the identity
between their N-terminal domains is 66%, and the identity be-
tween their C-terminal domains is 24%.

Phylogenetic analyses of all of the available AP180 family mem-
bers reveal that squid AP180 is related most closely to the other
invertebrate AP180s, with the strongest similarity to Drosophila
AP180 (Fig. 2). To our surprise, the mammalian AP180–2 subfamily
is more closely related to the invertebrate AP180s than it is to the
mammalian AP180–1 subfamily. This indicates that the AP180–2
subfamily appeared before the AP180–1 subfamily during evolution.

Biochemical characterization of squid AP180 and its
C-terminal domain
The clathrin assembly activity of mouse AP180–1 resides within
its C-terminal domain (Ye and Lafer, 1995b), which our analysis

Figure 2. Phylogenetic relationships among the AP180 family members.

Table 1. Sequence identities between squid AP180 and the other AP180
family members

Identity to squid AP180 (%)

Whole
protein

N-terminal
domain

C-terminal
domain

Mouse AP180 1 40 66 24
Xenopus AP180 1 41 66 26
Human AP180 2 39 70 13
Drosophila AP180 61 74 35
C. elegans AP180 46 64 26
S. cerevisiae AP180a 17 24 12
Arabidopsis AP180a 11 16 9
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indicates is not well conserved among other members of the
AP180 family (see Fig. 1). Thus, it is possible that other AP180
forms do not assemble clathrin. For this reason we asked whether
squid AP180 can assemble clathrin. To study the functional
properties of squid AP180 in vitro, we expressed in bacteria
glutathione S-transferase (GST) fusions of full-length squid
AP180 (aa 1–751) (sAP180) and its C-terminal domain (aa 313–
751) (sC45). Because squid AP180 is shorter than mouse AP180,
the amino acids that correspond to the 58 kDa clathrin assembly
domain of mouse AP180 (mC58; Ye and Lafer, 1995b) encode a
45 kDa protein in squid. The abilities of sAP180, sC45, GST, and
bovine AP180 (bAP180) to assemble bovine clathrin were com-
pared in an in vitro assay that measured the incorporation of
clathrin triskelia into cages (Fig. 3). Both sAP180 and sC45 were

able to assemble bovine clathrin in a concentration-dependent
manner (Fig. 3A,B). In terms of the concentrations required for
clathrin assembly, as well as the maximal amount of assembly,
both squid constructs were very similar to bovine AP180 (Fig.
3C). GST alone did not assemble clathrin (Fig. 3D), showing that
the clathrin assembly activity of the fusions was attributable to
the AP180 rather than to the GST. The cages assembled by
sAP180 were homogeneous in size (Fig. 3E), as has been reported
for mammalian AP180s (Ye and Lafer, 1995a). These results
indicate that squid AP180, like its mammalian homologs, is a
clathrin assembly protein. Further, the ability to assemble clathrin
resides in the 45 kDa C-terminal domain of squid AP180, which
indicates that enough tertiary structure is conserved to mediate
clathrin assembly despite the divergent primary sequences in the
C-terminal domains of mammalian and squid AP180.

The clathrin assembly domain of AP180 enhances
synaptic transmission
To determine whether clathrin assembly by AP180 is important
for synaptic vesicle endocytosis, we microinjected various forms
of AP180 into the squid giant presynaptic terminal to determine
their actions on neurotransmitter release. If AP180 stimulates
clathrin assembly in vivo and clathrin assembly is essential for
synaptic vesicle endocytosis, then injecting AP180 might enhance
synaptic transmission. Synaptic transmission was evoked by single
action potentials elicited every 30 sec (0.03 Hz) by currents
injected directly into the presynaptic axon, and postsynaptic re-
sponses were recorded during the injection of AP180 reagents.
Although full-length mouse GST-AP180 (mAP180) and sAP180
had no effect on synaptic transmission (Table 2), the injection of

Table 2. Effects of microinjected AP180 proteins and peptides on
synaptic transmission

AP180 reagent Number of injections Mean effect (SEM) (%)

mAP180 9 8.1 (4.0)
mC58 13 17.9 (6.5)
mM42 4 5.8 (7.1)
mN33 2 5.1 (5.1)
sAP180 8 3.8 (7.6)
sC45 10 16.6 (9.2)
GST 10 5.1 (4.1)
Carrier solution 13 20.1 (2.3)
s180 pep 17 235.4 (7.2)
Scram s180 pep1 2 23.8 (2.4)

Figure 3. Squid GST-AP180 and squid GST-c45, but not GST, assemble clathrin as efficiently as bovine AP180. A–D, Clathrin assembly by squid
GST-AP180 (A), squid GST-c45 (B), bovine AP180 (C), and GST (D). Points represent the mean of three to four independent experiments, and error
bars indicate the SEM values. Half-maximal concentrations for clathrin assembly, determined by fits to a rectangular hyperbola function (solid lines),
were 0.3 mM for squid GST-AP180, 0.4 mM for GST-c45, and 0.6 mM for bovine AP180. The maximum amount of assembly ranged from 85 to 94% for
these three proteins. E, Electron micrograph of clathrin coats assembled by squid GST-AP180.
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the clathrin assembly domains of either squid (sC45) or mouse
AP180 (mC58) enhanced PSPs produced by presynaptic action
potentials (Fig. 4A,B, Table 2). Injected mC58 enhanced trans-
mitter release without altering the presynaptic action potential
(Fig. 4A), indicating that action potential generation was unaf-
fected by the protein. The enhancement of the postsynaptic
response was reversible over time (Fig. 4B), presumably attribut-
able to mC58 diffusing out of the terminal and into the rest of the
presynaptic neuron (Bommert et al., 1993; Burns et al., 1998).
This indicates that the inhibition was attributable to the injected
protein rather than to some irreversible consequence of the
injection procedure. Control injections of GST also had no effect
on synaptic transmission, further documenting the specificity of
the injected proteins (Fig. 4C, Table 2).

The lack of effect of full-length AP180 could indicate that the
microinjected protein was inhibited by regulatory factors. Poten-
tial regulatory factors include endogenous inositides, which in-
hibit AP180-mediated clathrin assembly by binding to the regu-
latory N-terminal domain of AP180 (Ye et al., 1995; Hao et al.,

1997). If this is the case, then injecting the N-terminal domain—
which has no clathrin assembly activity in vitro (Ye and Lafer,
1995a,b)—should not affect synaptic transmission. To test this
possibility, we injected the 33 kDa N-terminal domain of mouse
AP180 (mN33) and found that this domain indeed had no effect
on transmitter release (Table 2). Likewise, the central 42 kDa
domain of mouse AP180 (mM42), which also has no clathrin
assembly activity in vitro (Ye and Lafer, 1995b), did not affect
synaptic transmission (Table 2). These results suggest that in-
creasing the amount of clathrin assembly in vivo by AP180 en-
hances neurotransmitter release and that this clathrin assembly is
regulated by the N-terminal domain of the protein.

The stimulatory actions of injected sC45 and mC58 were sen-
sitive to the physiological state of the presynaptic terminal (Fig.
5). During the course of our experiments, occasionally synapses
were encountered in which synaptic transmission was declining.
In these cases, injecting sC45 or mC58 caused a large enhance-
ment of synaptic transmission, but a much smaller effect was

Figure 4. Presynaptic microinjection of the 58 kDa clathrin assembly
domain of mouse AP180–1 (mC58) enhances transmission. A, Superim-
posed traces of presynaptic (Vpre ) and postsynaptic (Vpost ) responses
during microinjection of mC58. mC58 enhanced the postsynaptic re-
sponses, whereas the presynaptic response remained unchanged. B, Time
course of response to the injection of mC58 (10 mM; during bar). mC58
reversibly enhanced transmitter release when the synapse was stimulated
at 0.03 Hz. C, GST alone had no effect on transmitter release.

Figure 5. The effects of sC45 and mC58 depend on the physiological
state of the synapse. A, B, When basal synaptic transmission (Baseline
slope, measured as the rate of change of the PSP slope) was declining, the
resulting enhancement in transmission (Change in PSP) seen with sC45
(A) and mC58 (B) is larger than when there is little or no decline in basal
synaptic transmission. C, Injection of GST had little or no effect, even
when basal synaptic transmission was declining rapidly. Data were fit by a
linear function (solid lines).
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observed in synapses in which transmission was stable before
injecting these proteins. The influence of the stability of basal
synaptic transmission on the effects of injected proteins is shown
in Figure 5. There was a strong correlation between the stability
of basal synaptic transmission, measured as the rate of change in
the baseline slope of the PSPs, and the effect of injected sC45
(Fig. 5A) or mC58 (Fig. 5B) on PSPs. In contrast, injections of
GST (Fig. 5C) did not enhance synaptic transmission signifi-
cantly, even when baseline transmission was steeply declining.
The difference between the effects of sC45 and GST was statis-
tically significant ( p , 0.01; Student’s t test) as was the difference
between mC58 and GST ( p , 0.1). Although we do not know the
reason for the decline in basal synaptic transmission, we suspect
that it is attributable to a high rate of spontaneous transmitter
release and subsequent depletion of the readily releasable pool of
synaptic vesicles (Charlton et al., 1982). Thus, the clathrin assem-
bly domains of squid and mouse AP180 may enhance transmitter
release when the terminal is highly active.

Clathrin assembly is essential for
synaptic transmission
As a second test of the in vivo role of clathrin assembly in synaptic
transmission, we injected reagents that inhibit clathrin assembly
by AP180. For this purpose we first considered the ability of a
number of synthetic peptides from the well conserved blocks of
the clathrin assembly domain of sAP180 to inhibit clathrin as-
sembly in vitro. Among these peptides one (s180 pep) inhibited
the assembly of bovine clathrin by sAP180. This inhibitory pep-
tide was a 21-mer near the beginning of the sAP180 clathrin
assembly domain, including amino acids 337–356. s180 pep pro-
duced a concentration-dependent block of clathrin assembly in
vitro, with 38% inhibition observed at a peptide concentration of
1 mM (Fig. 6A). Two mutated versions of s180 pep, containing the
same amino acids in a scrambled order (Scram s180 pep1 and
Scram s180 pep2), had no effect on clathrin assembly in vitro at
concentrations as high as 1 mM (Fig. 6B,C). These in vitro results
suggest that s180 pep can be used in vivo to inhibit clathrin
assembly by AP180, with the scrambled peptides serving as
controls.

Figure 6. A peptide from the clathrin assembly domain of squid AP180
(s180 pep) inhibits clathrin assembly in vitro. A, The amount of inhibition
of clathrin assembly depended on the concentration of s180 pep. Points
represent the mean of three independent experiments, and error bars
indicate SE. B, C, Two scrambled s180 peptides, Scram s180 pep1 and
Scram s180 pep2, had no effect on clathrin assembly. Because none of the
peptides inhibited by .50% over this concentration range, these data
were fit by a linear function (solid lines).

Figure 7. Sequence-specific inhibition of transmitter release by s180 pep.
A, Superimposed traces of presynaptic and postsynaptic responses re-
corded before (Control ) and during the injection of s180 pep. s180 pep
reduced PSPs below the threshold for producing a postsynaptic action
potential. B, The inhibitory effects of s180 pep were reversible after
cessation of the peptide injection (during bar). C, Scram s180 pep1 had no
effect on transmitter release.
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We next injected s180 pep into the squid giant presynaptic
terminal to ask whether clathrin assembly by AP180 is necessary
for synaptic vesicle endocytosis in vivo. If clathrin is important for
endocytosis in the nerve terminal, then the block of clathrin
assembly should have several effects: (1) prevent fused vesicular
membrane from being retrieved from the plasma membrane and
thereby increase presynaptic surface area, (2) inhibit the forma-
tion of clathrin-coated vesicles, (3) reduce the number of synaptic
vesicles, and (4) inhibit transmitter release by reducing the num-
ber of synaptic vesicles. We found that s180 pep produced all of
these lesions.

First, presynaptic injection of sAP180 pep inhibited evoked
transmitter release without affecting the presynaptic action po-
tential (Fig. 7A). On average, sAP180 pep injection inhibited
PSPs by 36% (n 5 17; Table 2), although injection of a sufficient
amount of this peptide (estimated to be several millimolar) com-
pletely inhibited synaptic transmission. Inhibition of the PSP was
reversible over time (Fig. 7B), indicating that the inhibition was
not attributable to damage of the presynaptic terminal. Scram
s180 pep1, which had no effect on clathrin assembly in vitro, also
had no effect on transmitter release (Fig. 7C, Table 2). This
indicates that the inhibition of synaptic transmission seen with
s180 pep is sequence-specific and that clathrin assembly in vivo by
AP180 is essential for neurotransmitter release.

We next used electron microscopy to examine the ultrastruc-
ture of presynaptic terminals injected with s180 pep. During the
injection of s180 pep, synaptic transmission was monitored and
the terminals were fixed after the peptide had inhibited PSP slope
by 80% or more. Control terminals were treated similarly, except
that they were injected with a similar volume of inert solution that
did not inhibit synaptic transmission. The two terminals injected
with s180 pep were depleted of synaptic vesicles dramatically in
comparison to the two control terminals (Fig. 8). This effect of
s180 pep was quantified by measuring the spatial distribution of
synaptic vesicles in the immediate vicinity of the active zone (Fig.
9A), using an approach described previously (Hess et al., 1993).
For each 50-nm-wide shell within the presynaptic terminal, s180
pep injection reduced the mean number of synaptic vesicles (Fig.
9A). s180 pep caused a larger depletion of the synaptic vesicles
that were farthest from the plasma membrane. This was analyzed
by calculating the relative number of vesicles within each shell,
determined by dividing the mean number of vesicles in each shell
of the s180 pep-injected terminals by the mean number measured

in the control terminals. This analysis showed that the vesicles
within 100 nm of the plasma membrane were reduced by only
18%, whereas those farther away were reduced by 82% (Fig. 9B).
Integrated over the volume within 500 nm of the plasma mem-
brane (Fig. 9C), the number of synaptic vesicles in s180 pep-
injected terminals was reduced by 74%, a statistically significant
reduction ( p , 0.05; Student’s t test). This reduction in the
number of synaptic vesicles is a second indication that s180 pep
inhibits endocytosis and suggests that s180 pep inhibits transmit-
ter release by blocking clathrin assembly by AP180 in vivo.

The number of coated vesicles also was measured in presynap-
tic terminals injected with s180 pep or control terminals. In
control terminals we observed approximately one coated vesicle
per active zone, indicating that these structures are rather infre-
quent. However, terminals injected with s180 pep had virtually no
coated vesicles, with their mean number of coated vesicles re-
duced by 84% as compared with the controls (Fig. 9D). This
reduction in the number of coated vesicles in the presence of s180
pep is consistent with the block of clathrin assembly produced by
s180 pep in vitro and is a third indication that clathrin assembly is
necessary for synaptic vesicle endocytosis.

Finally, if s180 pep prevents endocytosis, then fused vesicular
membrane should accumulate in the plasma membrane. We ex-
amined this by using electron microscopy to measure the perim-
eter of the nerve terminals injected with s180 pep or control
solutions. Then these measurements were converted to mem-
brane surface area by multiplying the perimeter by the thickness
of the terminal section (Heuser and Reese, 1973; Burns et al.,
1998). In control terminals the surface area of the presynaptic
plasma membrane and synaptic vesicles was similar to values
reported previously (Burns et al., 1998). However, terminals in-
jected with s180 pep had a 20% larger plasma membrane surface
area than the plasma membranes of the control terminals (Fig.
9E; p , 0.05). This increased plasma membrane area suggests
that the vesicular membrane that was lost after s180 pep injection
may have been trapped in the plasma membrane. To test this
hypothesis further, we measured the combined areas of synaptic
vesicles, coated vesicles, and presynaptic plasma membrane for
control terminals and those injected with s180 pep. The total area
of membrane in these compartments did not change between s180
peptide-injected terminals and controls ( p 5 0.17), indicating
that the expansion of the plasma membrane can, in large part,
account for the loss in synaptic vesicle area after s180 pep injec-
tion. This is a fourth indication that s180 pep inhibited synaptic
vesicle endocytosis and is consistent with a block of clathrin
assembly by AP180 in vivo. We therefore conclude that prevent-
ing clathrin assembly by AP180 blocks synaptic vesicle endocyto-
sis, which is predicted by the model that synaptic vesicle endocy-
tosis requires clathrin.

It has been proposed that synaptic vesicle volume is determined
by AP180 (Ye and Lafer, 1995a; Zhang et al., 1998). To test this
proposal, we measured the diameter of synaptic vesicles in control
terminals and those injected with s180 pep. Synaptic vesicle
diameters were described by Gaussian functions in both control
(Fig. 9F) and s180 pep-injected terminals (Fig. 9G). The half-
width of the size distributions did not change, being 24 nm for
control vesicles and 22 nm for vesicles in terminals injected with
s180 pep. However, the mean diameter of synaptic vesicles was
significantly larger ( p , 0.0001; Student’s t test) in s180 pep-
injected terminals (70.0 nm; n 5 909 SVs) than in control termi-
nals (66.7 nm; n 5 939 SVs). Thus, s180 pep caused a shift in the
vesicle size distribution without changing the shape of the distri-

Figure 8. Presynaptic terminals injected with s180 pep are depleted of
synaptic vesicles. Compared with terminals injected with inert control
solutions (A), s180 pep-injected terminals (B) had drastically fewer syn-
aptic vesicles. Asterisks mark postsynaptic spines. Scale bar in A applies to
both panels.
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bution (Fig. 9H). The change in vesicle diameter corresponds to
a 16% increase in volume, indicating that clathrin assembly by
AP180 influences the volume of synaptic vesicles.

DISCUSSION
We have used the squid giant synapse to study the function of
AP180, a synapse-specific protein that assembles clathrin in vitro.
The squid homolog of AP180 exhibits strong biochemical simi-
larities to mammalian AP180 despite low conservation of the
C-terminal clathrin assembly domain of these proteins. Presyn-
aptic injection of the clathrin assembly domain of AP180 en-
hanced transmitter release from terminals in which transmission
was declining. Conversely, preventing clathrin assembly by inject-
ing a peptide from the clathrin assembly domain of AP180 inhib-
ited transmitter release and prevented synaptic vesicle endocyto-
sis. These results indicate that clathrin, and its assembly by
AP180, is necessary for synaptic vesicle trafficking.

Functional conservation of the clathrin assembly
domain of AP180
Cloning of a new AP180 family member allowed us to perform a
detailed phylogenetic analysis that revealed several new insights
into this family. First, it appears that the ubiquitously expressed
vertebrate AP180–2 subfamily arose at an earlier point in evolu-
tion than the neuronal-specific vertebrate AP180–1 subfamily
(see Fig. 2). Second, it appears that whereas all of the AP180
family members are well conserved in their ;33 kDa N-terminal
domains, they have diverged considerably in their variably sized
C-terminal domains (see Fig. 1, Table 1). Although the
C-terminal domain of mouse AP180 is known to assemble clath-
rin into homogeneously sized cages in vitro (Ye and Lafer,
1995a,b), it was not clear whether the variable C-terminal do-
mains of other AP180 family members would assemble clathrin.
We found that both full-length squid AP180 and the C-terminal
domain of squid AP180 could assemble clathrin in vitro into a
homogeneously sized population of cages despite their divergent
C-terminal domains (see Fig. 3). This is consistent with a report
that the C-terminal domain of S. cerevisiae AP180a can bind to
clathrin, although it was not known whether this protein could
assemble clathrin (Wendland and Emr, 1998). Our studies pro-

vide strong support for the functional conservation of the evolu-
tionarily divergent C-terminal domain of AP180 family members
and predict that all members of the family can assemble clathrin.

The domains responsible for the various ligand-binding prop-
erties of mammalian AP180 have been well defined biochemically
(Ye and Lafer, 1995b; Ye et al., 1995). The N-terminal domain
binds to inositides (Ye et al., 1995), and this binding event inhibits
clathrin assembly (Norris et al., 1995; Ye et al., 1995; Hao et al.,
1997). The C-terminal domain is responsible for the clathrin
assembly activity (Ye and Lafer, 1995b). Despite a detailed
description of the clathrin assembly properties of mammalian
AP180 in vitro, nothing was known about the functions of these
domains in vivo. For this reason, we injected various AP180
protein domains into the squid giant presynaptic terminal. Al-
though injection of the C-terminal clathrin assembly domains of
either mouse AP180 (mC58) or squid AP180 (sC45) enhanced
synaptic transmission (see Fig. 4, Table 2), the N-terminal domain
(mN33) and central domain (mM42) had no effect. This correla-
tion between clathrin assembly properties and their effects on
synaptic transmission suggests that these domains enhance clath-
rin assembly in vivo, as predicted by their in vitro properties. It is
possible that the enhancement of synaptic transmission by mC58
is attributable to AP180 binding other endocytotic proteins, such
as EH domain proteins or AP2. However, mC58 does not contain
the NPF motifs thought to be important for proteins binding to
EH domains (Salcini et al., 1997), suggesting that interactions
with EH domains are not responsible for the enhancement of
synaptic transmission. It is also unlikely that the effect is attrib-
utable to an interaction between AP180 and AP2, because neither
mM42 nor mAP180 had an effect on transmission (see Table 2),
yet they both contain the AP-2 binding site (Hao et al., 1999).
Therefore, it is likely that mC58 and sC45 enhance synaptic
transmission by binding to clathrin and stimulating clathrin-
dependent endocytosis. Microinjection of full-length squid or
full-length mouse AP180 had no effect on synaptic transmission
(see Table 2), although these constructs included the C-terminal
clathrin assembly domains. It is possible that this was attributable
to the presence of the regulatory N-terminal domain, which
inhibits clathrin assembly (Ye et al., 1995; Hao et al., 1997).

Figure 9. s180 pep inhibits endocytosis
in the squid giant presynaptic terminal. A,
Spatial distribution of synaptic vesicles in
terminals injected with s180 pep or con-
trol solutions. Error bars indicate means
and SE values for 376 active zones from
two terminals injected with s180 pep and
209 active zones from three control termi-
nals. B, Relative spatial distribution of
synaptic vesicles, determined from the
data in A by dividing the means for s180
pep by those for control terminals. The
dashed line indicates a ratio of 1, repre-
senting no effect of s180 pep. C, D, Mean
number of synaptic vesicles ( C) and
coated vesicles (D) in terminals injected
with s180 pep or control solution. E, Mean
areas of membrane in synaptic vesicles
(SV ), coated vesicles (CV ), and plasma
membrane (PM ) in sections taken from
terminals injected with s180 pep or con-
trol solution. F–H, Distribution of synap-
tic vesicle (SV ) diameters in terminals in-
jected with control solution ( F) or s180
pep (G). The curved lines indicate Gauss-
ian functions fit to these distributions. H,
Superimposition of the two distributions,
with s180 pep measurements in black.
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Manipulating clathrin assembly by AP180 alters
synaptic vesicle trafficking
Our results provide several lines of support for a role for clathrin
in synaptic vesicle trafficking. Our observation that clathrin as-
sembly domains enhanced synaptic transmission is the first dem-
onstration that stimulation of clathrin-mediated endocytosis can
affect synaptic transmission. We presume that the enhancement
arises from increasing the number of synaptic vesicles in the
readily releasable pool of vesicles, attributable to the stimulation
of vesicle endocytosis and subsequent reformation of synaptic
vesicles. Consistent with this explanation, we found that the
enhancement of synaptic transmission by these domains was
largest in terminals in which basal synaptic transmission was
declining. We interpreted this to suggest that the concentration of
AP180 is only limiting in very active terminals, although alterna-
tive explanations cannot be excluded without understanding why
basal synaptic transmission declines.

Stronger support for the hypothesis that clathrin is important
for synaptic vesicle endocytosis comes from s180 pep, which
prevents clathrin assembly in vitro (see Fig. 6). Injecting s180 pep
into the squid presynaptic terminal inhibited synaptic transmis-
sion reversibly (see Fig. 7). The fact that synaptic transmission
could be inhibited completely by s180 pep indicates that clathrin
assembly by AP180 is essential for synaptic transmission. Further,
s180 pep injection reduced the number of synaptic vesicles and
coated vesicles and increased the surface area of the presynaptic
terminal (see Fig. 9). All of these changes indicate that impair-
ment of clathrin assembly prevents synaptic vesicle endocytosis.
Our results complement recent work showing that mutation of the
Drosophila AP180 gene impairs synaptic transmission and de-
pletes synaptic vesicles (Zhang et al., 1998). Because Drosophila
AP180 is not known to assemble clathrin, it was not clear whether
the resulting phenotype represents the loss of clathrin assembly
activity or some other function of AP180. Our results suggest that
lack of clathrin assembly is the likely explanation for the conse-
quences of genetic deletion of AP180.

Based on the common definition that docked vesicles are those
closest to the plasma membrane (Schweizer et al., 1995), s180 pep
caused the number of docked synaptic vesicles to decrease by
;40% (see first column, Fig. 9B), yet evoked transmitter release
completely stopped. There are several possible explanations for
the inability of the remaining docked vesicles to fuse. It is possible
that these vesicles are generated by a pathway incapable of cor-
rectly sorting vesicular proteins, so these vesicles do not contain
proteins required for fusion. Alternatively, transmitter release
could be disrupted by accumulation of vesicular membrane in the
plasma membrane. Regardless of the specific mechanism, our
results indicate that nerve terminals cannot sustain transmitter
release in the absence of clathrin-mediated endocytosis.

Molecular pathways for synaptic vesicle recycling
A role for clathrin-dependent endocytosis in synaptic vesicle
trafficking originally was suggested by Heuser and Reese (1973).
Because their experiments used heavy and possibly nonphysi-
ological rates of synaptic activity, it has been suggested that
clathrin-independent mechanisms may be involved in vesicle traf-
ficking under more physiological conditions (for review, see Pal-
frey and Artalejo, 1998). Our experiments argue strongly to the
contrary by showing that clathrin-mediated endocytosis is impor-
tant even during physiological levels of synaptic activity. How-
ever, terminals injected with s180 pep still had approximately
one-fourth of their synaptic vesicles remaining. It is possible that

the peptide may not have inhibited clathrin-mediated endocytosis
completely, allowing other clathrin assembly proteins, such as
AP2, to sustain endocytosis at a low level. This also could account
for the presence of a few coated vesicles in peptide-injected
terminals (see Fig. 9D) and the existence of synaptic vesicles in
Drosophila AP180 mutants (Zhang et al., 1998). Alternatively, the
remaining synaptic vesicles may have been endocytosed via a
second, clathrin-independent pathway (Koenig and Ikeda, 1996;
Klingauf et al., 1998; Kuromi and Kidokoro, 1998; Shi et al.,
1998).

Clathrin cages assembled in vitro in the presence of mammalian
AP180 are smaller and more uniform than those assembled with-
out AP180, suggesting that AP180 may control the volume of
synaptic vesicles (Ye and Lafer, 1995a). Support for this hypoth-
esis comes from our finding that the synaptic vesicles remaining in
terminals injected with s180 pep had a 16% larger mean volume
than control terminals (see Fig. 9F–H), as well as observations
that mutation of the AP180 gene reduces vesicle volume (Zhang
et al., 1998; Nonet et al., 1999). These results indicate that
synaptic vesicles of normal size require AP180 and, hence,
clathrin-coated vesicles. However, the source of these vesicles is
still uncertain. Coated vesicles clearly bud off from the plasma
membrane (Heuser and Reese, 1973; Takei et al., 1996), and
interfering with AP180 must prevent such budding because s180
pep increases presynaptic plasma membrane area. However, it is
also possible that coated vesicles bud off from endosomes (Heuser
and Reese, 1973; Schweizer et al., 1995; Sudhof, 1995). Thus, our
results cannot resolve the long-standing question of whether
clathrin-based budding from endosomes is responsible for the
generation of synaptic vesicles (Takei et al., 1996; Murthy and
Stevens, 1998; Shi et al., 1998).

In summary, our results show that clathrin assembly by AP180
is important for endocytosis in nerve terminals experiencing
physiological amounts of activity. AP180 also is essential for
neurotransmitter release and for the formation of synaptic vesi-
cles of normal size. Our results support a clathrin-based mecha-
nism for synaptic vesicle recycling, although it remains to be
determined whether an endosomal intermediate is involved in
endocytosis and why some synaptic vesicles are present when
AP180-mediated clathrin assembly is impaired. Although
clathrin-based endocytosis is the predominant mechanism of
endocytosis, it is still possible that clathrin-independent mecha-
nisms participate in synaptic vesicle endocytosis.
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