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Molecular basis of synaptic vesicle cargo recognition
by the endocytic sorting adaptor stonin 2
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recycling of synaptic vesicles (SVs). How select

SV proteins are targeted for internalization has
remained elusive. Stonins are evolutionarily conserved
adaptors dedicated to endocytic sorting of the SV pro-
tein synaptotagmin. Our data identify the molecular de-
terminants for recognition of synaptotagmin by stonin 2
or its Caenorhabditis elegans orthologue UNC-41 B. the
interaction involves the direct association of clusters of
basic residues on the surface of the cytoplasmic domain of

Introduction

Efficient synaptic vesicle (SV) endocytosis is essential to main-
tain the ability of the synapse to release neurotransmitter under
sustained stimulation. Strong evidence suggests that the clathrin-
based endocytic machinery is required to recognize and prop-
erly sort SV proteins during the generation of functional SVs
(Brodin et al., 2000; Murthy and De Camilli, 2003; Galli and
Haucke, 2004; Sudhof, 2004), even at small central synapses
(Granseth et al., 2006). In spite of this, the precise molecular
mechanism of SV cargo recognition has remained elusive.
Although conventional endocytic sorting signals, such as tyro-
sine- or dileucine-based motifs (Bonifacino and Traub, 2003),
may target cargo proteins for constitutive internalization by the
heterotetrameric adaptor assembly protein complex 2 (AP-2;
comprising a, (32, p.2, and ¢r2 subunits), no common endocytic
sorting signals have been identified for SV proteins. One possi-
bility is that SV proteins remain preassembled (Bennett et al.,
1992; Willig et al., 2006), possibly by cholesterol-rich micro-
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synaptotagmin 1 and a p strand within the ~.-homology
domain of stonin 2. Mutation of K783, Y784, and E785
to alanine within this stonin 2 p strand results in failure
of the mutant stonin protein to associate with synaptotag-
min, to accumulate at synapses, and to facilitate synapto-
tagmin internalization. Synaptotagmin-binding-defective
UNC-41 B is unable to rescue paralysis in C. elegans
stonin mutant animals, suggesting that the mechanism of
stonin-mediated SV cargo recognition is conserved from
worms to mammals.

domains (Jiaet al., 2006). Alternatively, SV proteins may undergo
rapid postfusion reclustering to allow efficient recapturing by
the endocytic machinery. Both of these scenarios would alleviate
the need for an endocytic sorting signal within each individual
SV protein. Instead, SV recycling may depend on the specific
recognition of one (Voglmaier et al., 2006) or a few SV proteins
by endocytic adaptors.

A likely candidate to connect the exo- and endocytic
limbs of the SV cycle is synaptotagmin 1 Genetic, antibody-
mediated, or chemical perturbation of synaptotagmin 1 function
leads to partial vesicle depletion and SV recycling defects in
the squid giant synapse (Llinas et al., 2004), at the Drosophila
melanogaster neuromuscular junction (DiAntonio et al., 1993;
Poskanzcr et al., 2003), in Caenorhabditis elegans (Jorgensen
et al.,, 1995), and in mammalian central nervous system synapses
(Nicholson-Tomishima and Ryan, 2004). Synaptotagmin 1also
appears to influence the recycling efficiency of other SV pro-
teins (Poskanzer et al., 2003; Nicholson-Tomishima and Ryan,
2004) through specific regions in its cytoplasmic tail (Poskanzer
et al., 2006). The molecular mechanism underlying the function
of synaptotagmin in SV endocytosis has remained uncertain
but may involve its ability to associate with phosphoino-
sitides (Bai et al., 2004), AP-2p. (Zhang etal., 1994; Chapman
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et al., 1998; Grass et al., 2004), or the endocytic adaptor stonin 2
(termed stoned B in flies and UNC-41 in C. elegans; Fergestad
and Broadie, 2001; Martina et al., 2001; Stimson et al., 2001;
Walther et al., 2004).

Stonin 2 represents the first, and so far only, endocytic pro-
tein specifically dedicated to SV recycling by acting as a sorting
adaptor for synaptotagmin 1 (Diril et al., 2006). Expression of
stonin 2 in fibroblasts is sufficient to rescue clathrin/AP-2-mediated
internalization of surface-stranded synaptotagmin 1 (Jarousse and
Kelly, 2001) and facilitates synaptotagmin 1 redistribution into
SVs in primary neurons (Diril et al., 2006). Stonin 2 is linked
to the endocytic machinery by direct interactions with AP-2
(Walther et al., 2004) and epsl5 or intersectin (Martinaetal., 2001),
and can therefore be classified as a clathrin-associated sorting
protein (CLASP; Traub, 2005). CLASPs compose a set of adaptors,
including (3-arrestins (Lefkowitz and Whalen, 2004), autosomal
recessive hypercholesterolemia (Edeling et al., 2006), Dab2
(Mishra et al., 2002), Huntingtin interacting protein 1/1R, and
numb (Santolini et al., 2000), that target specific cargo to clathrin-
coated pits or subsets thereof for regulated internalization.

In contrast to other CLASPs, we lack detailed molecular
information on how stonin 2 and its orthologues recognize SV
cargo during exo- and endocytic vesicle cycling. We demon-
strate that an evolutionarily conserved (@ strand within the
|A-homology domain (JxHD) of stonin 2 recognizes basic patches
on the surface of the cytoplasmic domain of synaptotagmin 1.
Mutation of critical residues within this @ strand results in
failure of the mutant stonin protein to physically associate with
synaptotagmin and to facilitate synaptotagmin internalization
in fibroblasts or primary neurons. Furthermore, synaptotagmin-
binding-defective UNC-41B is unable to rescue paralysis in
C. elegans unc-41!stonin mutant animals, suggesting that the
mechanism of stonin-mediated SV cargo recognition is conserved
from worms to mammals.

R esults

Stonin 2 physically end functionally
interacts with the CSA domain of
synaptotagmin i to facilitate internalization
Given the importance of functional SV recycling and the role
of synaptotagmin 1 in coupling exo- and endocytosis in neuro
secretory cells, we first set out to identify the domains re-
quired for its internalization. Expression of stonin 2 in human
embryonic kidney (HEK) 293 cells stably transfected with
FLAG-synaptotagmin 1 leads to redistribution of synaptotag-
min | from the plasma membrane to internal compartments
(Diril etal., 2006). Internalization assays based on anti-FLAG
antibody uptake showed that endocytosed synaptotagmin local-
izes to a subset of AP-2-coated puncta and to a perinuclear en-
dosomal compartment (Fig. | A; Diril et al., 2006), suggesting
that stonin 2 targets synaptotagmin 1 to clathrin/AP-2-coated
pits. To confine the region within synaptotagmin 1 required
for stonin 2-mediated internalization deletion, constructs lack-
ing one or both of the C2 domains were generated and ana-
lyzed by antibody uptake experiments. After antibody chase for
20 min at 37°C, surface-stranded synaptotagmin 1was detected
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by Alexa Fluor 594-labeled secondary antibodies under non-
permeabilizing conditions, remaining surface immunoreactivity
was blocked, and internalized synaptotagmin 1 was revealed
using Alexa Fluor 488 -labeled secondary antibodies. Surpris-
ingly, we found that synaptotagmin 1 lacking the C2B domain
(sytlAC2B) was internalized, albeit with reduced efficiency,
whereas mutant proteins lacking either the C2A (sytl AC2A) or
both C2 domains (sytlAC2AB) were not endocytosed (Fig. 1B).
Thus, the C2A domain contributes the major internalization
signal for stonin 2-dependent synaptotagmin 1 endocytosis.
This interpretation is supported by membrane recruitment ex-
periments in N1E neuroblastoma cells. Overexpression of wild-
type (WT) synaptotagmin 1 or sytlAC2B, but not sytlAC2A,
caused a redistribution of WT stonin 2 (stonin 2\T; Diril et al.,
2006) or an AP-2 and EpslI5 homology domain-binding-defective
stonin 2 mutant (stonin 28AFB\NFF, used to exclude indirect ef-
fects mediated via AP-2 or, e.g., epsl5) from the cytosol to the
plasmalemma (Fig. 1C). Stonin 2 coimmunoprecipitated with WT
synaptotagmin 1 or sytlAC2B but not with sytlAC2A, which
is consistent with the microscopic data (Fig. 1D). AP-2 was found
in the same complex, presumably because of its direct inter-
action with stonin 2. This complex was also seen in affinity
chromatography experiments using extracts from transfected
HEK cells incubated with GST-fused C2 domains (Figs. S1 A
and S2 B, available at http://www.jcb.org/cgi/content/full/
jcb.200708107/DCI). Stonin 2WI or stonin 28AFRNF- preferen-
tially associated with the C2A domain of synaptotagmin 1
AP-2 efficiently copurified with either C2A or C2B from cell
extracts containing stonin 2WI' but was predominantly retained
by C2B if lysates from stonin 28AFA\F~expressing cells were
used (Fig. SI, A and B), which is in agreement with published
data (Chapman et al., 1998; Haucke et al., 2000). To further
corroborate the direct association of stonin 2 with synapto-
tagmin 1-C2A, we performed in vitro binding experiments using
GST-fused synaptotagmin 1 and His6-tagged stonin 2 purified
from HEK293 fibroblasts (Fig. S2 B). Stonin 2 most efficiently
bound to GST-C2A or -C2AB, whereas a much weaker inter-
action with the C2B domain was observed (Fig. 2 A). Stonin 2 did
not bind to GST control beads. These results were confirmed by
experiments using 3S-labeled stonin 2 synthesized by coupled
transcription/translation in vitro (Fig. S2 A). We conclude that
stonin 2 directly associates with synaptotagmin 1, mainly via
determinants in the C2A domain.

Stonin 2 recognizes basic patches within
the synaptotagmin i CS domains
Coimmunoprecipitation experiments from transfected fibro-
blasts (Fig. S3, available at http://www.jch.org/cgi/content/
full/jcb.200708107/DClI) indicated that the major binding site
for synaptotagmin 1 comprised the carboxy-terminal |jIHD of
stonin 2. The [jIHD exhibits ~30% amino acid identity with
the i subunit of AP-2, which associates with a stretch of basic
amino acid residues within the C2B domain of synaptotagmin 1
(Chapman et al., 1998; Grass et al., 2004). Considering the
homology between AP-2|x and the stonin 2 |[xHD and the exis-
tence of basic patches in both C2 domains, we rationalized that
basic residues might play a role in stonin 2 binding. To test this,
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Fgure 2. Clusters of basic amino acids within the synaptotagmin 1 C2 domeins are involved in the association with stonin 2. (A Stonin 2 and synapto-
tagmin_1-C2A interact directly. Stonin 2-Hs*wes purified fromstably transfected HEK293 cells and incubated with GST-synaptotagmin 1 fusion proteins
inmrobilized on beads. | stonin 2 was detected by inTrunoblatling for the Hss-%_. Arons merk bound stonin 2 on the Ponceaustained nitrocellulose
membrane. 10%of the input wes loaded as standard (w. IVblecular messes are indicated. (B Alignment of besic patches within synaptotagmin 1 C2A
and C2B domains and rmtartsanal&ed. EQ GST-C2AWT or mutartt fusion proteins (See B were assayed in pulloown experiments for their ability to asso-
ciate with HA-stonin 28/BNIF fram (Igma Sanples were analyzed by immrundblatling for HAcstonin 2, AP-2p, and dlathrin heavy chain (CHO).
T%0f the input wes loaded as standard. MITLINOprecipitation experlnﬁr&{grforrmd fromcotransfected fibrablasts. HEK293 cells were cotransfected
with HA-tagged stonin 2 and ALAGH synaptotagmin 1WT and mutant (K189-191 E K21 35, K244E; KR321, 322EF; and K324~327w

MYLNoprec 'gﬂ%m wes performed wsing polyclonal antiserum against stonin 2. Inmrundblaiting wes performed wsing antibodies against onin 2,
AP-2p, anti- synaptatagmin 1, and anti-efathrin heavy chain antibodies. 3%of the input was loaded as standard. Splices are indicated by solid lines
dl taken fromthe same exposure). Inthe case of FLAG-syngptotagmin 1, the bands repr&eentir_ﬁgnuterial present in 3%af the starting eterial were taken
froma slightly longer exposure of the x-ray filmfromthe same inmuncblot to reveal the bands. The two exposures are indicated by black boxes. Black lines
indicate that intervening lanes have been spliced aut.

residues had been exchanged (Fig. 2 C). These data were con- in which six basic side chains had been exchanged for acidic
firmed by coimmunoprecipitation experiments using charge ones (K189-191E, K213E, K244E; KR321, K322EE; and
reversal mutants of synaptotagmin 1 A synaptotagmin 1 mutant K324-327E) displayed strongly reduced binding to stonin 2,
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residues had been exchanged (Fig. 2 C). These data were con- in which six basic side chains had been exchanged for acidic
firmed by coimmunoprecipitation experiments using charge ones (K189-191E, K213E, K244E; KR321, K322EE; and
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although the interaction was not abolished completely (Fig. 2 D),
indicating that additional, perhaps cooperative, mechanisms might
be at work. In summary, we identify basic patches within both
C2 domains of synaptotagmin 1 as the major determinants for
association with stonin 2.

The KYE site within the stonin 2 pHD is
required for synaptotagmin 1 interaction
and internalization

We observed that stonin 2 associated via its (xHD (Fig. S3,
A and B) with basic residues within the synaptotagmin 1 C2
domains, which is similar to the interaction between AP-2|x
and synaptotagmin 1 C2B. Hence, we hypothesized that these
interactions might be structurally related. Previous studies had
suggested that a p strand comprising residue Y343 within
subdomain B of AP-2jx is part of the synaptotagmin 1 bind-
ing site (Haucke et al., 2000). Structural data are available for
AP-2 (Owen and Evans, 1998; Collins et al., 2002) including its
(x2 subunit, which displays high sequence homology (~52%)
to the carboxy-terminal region of stonin 2. We used (x2 as
a template to generate a molecular homology model of the

SYNAPTOTAGMIN RECOGNITION BY STONIN 2

stonin 2 (xHD (Fig. S3 D). The stonin 2 (xHD model displays an
overall p-fold structure very similar to that of AP-2|x, except for
a few loops that differ from the template. Conserved features
include the p strand suggested to harbor the synaptotagmin
binding site within AP-2[x, which contains the aforementioned
tyrosine residue (Y343 in AP-2jx). This tyrosine (corresponding
to Y784 in human stonin 2), as well as several flanking residues,
is also evolutionarily conserved within stonin family members
from humans to nematodes (Fig. 3 A), which is suggestive of its
functional importance.

We hypothesized that Y784 and its neighbors form part
of the binding site for synaptotagmin 1. To test this, we gener-
ated a stonin 2 mutant in which residues K783, Y784, and E785
(Fig. 3 A, red; and Fig. S3 D, right, red) had been exchanged
by alanines (stonin 25KYE). We transfected fibroblasts with
stonin 28ATBNF, the K'Y E mutant stonin 2 (stonin 28KYB), or a mutant
of stonin 2 combining these mutations (stonin 28AFRB\PRBKYE) and
performed affinity chromatography experiments using immobi-
lized GST-fused synaptotagmin 1C2 domains. Although stonin
25WPBNPF reacjiiy copurified with synaptotagmin 1C2A or AB, the
double mutant of stonin 2 (stonin 28ARBNPRBKYE) had completely
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stonin 2 s unable to associate With synaptotagmin 1 Bxperinents were done as described in A 2.5% of the input wes | as standard. (O Stonin 26
and stonin Z™mutants lack the ability to facilitate synaptotagmin 1 intermalization. HEKsytl oells were transfected with HAtagged stonin 2T stonin 230 or
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lost its ability to associate with synaptotagmin (Fig. 3 B). Trace
amounts of stonin 28K¥Ewere retained on GST-C2B- or -C2AB-
containing beads. This is owed to the fact that this mutant re-
tains the ability to bind to AP-2 (Fig. 4 A) and, thus, indirectly
associates with the C2B domain of synaptotagmin 1 via AP-2.
Similar results were obtained in direct binding experiments
using His6-tagged stonin 28Epurified from HEK cells (Fig. 3 C)
or synthesized by coupled transcription/translation in vitro
(Fig. S3 C).

To further corroborate these findings, we performed co-
immunoprecipitation experiments. Fibroblasts were cotransfected
with synaptotagmin 1 and stonin 2WI, stonin 28NN or the
8KYE mutant of stonin 2. As expected, synaptotagmin 1 was
found in immunoprecipitates containing stonin 2\WI or stonin
2&nfthpf but not stonin 2skye Conversely, stonin 28KYg but not
stonin 28AKNFF, retained its ability to associate with AP-2 (Fig. 4 A).
Similar results were seen for a stonin 2 mutant in which Y784
had been exchanged for R (stonin 2¥YR Fig. 4 B). This was cor-
roborated in direct binding assays using 3S-labeled stonin 2YR
(Fig. S3 C). To exclude the possibility that the introduced muta-
tions negatively impact protein folding and, therefore, non-
specifically affect synaptotagmin binding, we probed the structure
of the generated stonin 2 mutants by limited proteolysis. The di-
gestion patterns of stonin 2W, stonin 28KYE and stonin 2 YRwere
not found to be significantly different (Fig. S4, available at
http://www.jcb.org/cgi/content/full/jcb.200708107/DCI), ex-
cluding gross structural changes induced by the mutations.

Synaptotagmin-binding-defective stonin ¢?
is unable to facilitate synaptotagmin 1
internalization in fibroblasts or neurons and
fails to accumulate at synapses
To study the functional importance of the interaction between
stonin 2 and synaptotagmin |, we performed endocytosis ex-
periments in HEK-synaptotagmin | cells coexpressing either
stonin 2vjr or synaptotagmin I-binding-deficient mutants thereof.
Neither stonin 28YEnor stonin 2YRmutants were able to facili-
tate AP-2-dependent synaptotagmin | internalization (Fig. 4,
C and D). Stonin 28YEand stonin 2YRalso failed to become re-
cruited to the plasmalemma by overexpressed synaptotagmin |
in NIE neuroblastoma cells (Fig. 5). Quantitative fluorescence-
based analysis of synaptotagmin | internalization indicated that
mutations of individual residues within the KYE site to alanines
reduced the efficiency of endocytosis and that these effects were
additive (Fig. 4 D). Based on these findings, we conclude that the
direct association between stonin 2 and synaptotagmin | is neces-
sary for the physiological function of stonin 2 as a synaptotagmin-
specific endocytic sorting adaptor.

In primary neurons, stonin 2 localizes to pre-SV clusters
(Diril et al., 2006). We hypothesized that this localization might be
caused by its interaction with synaptotagmin I, at least in part.

stonin 2R respectively. Synaptotagmin 1 intemalization wes assayed as described in the A surface sy \
SYeg ) AP fonin ion Wes verified using Cy5-labeled secondary antibodlies [right). Eoual exposure tirmes and
iderttical Intersity normrelization were used during imege acouisition. Bars, 20 “m (D) Quartifications of synaptotag
lying the Mesk function of the Slidebook 4.0.8 Digital l\/icrosoo%aoft\nare (Intelligert Iz

otagmin_1; blue, DAPI-stained nuclei. Stonin 2 express
stonin 2 rrutants. Huorescence intersities were quantified by appl

We transfected primary rat hippocampal neurons with HA-tagged
stonin 2WI; stonin 26KYE or stonin 2 YR respectively, and studied their
localization by indirect immunofluorescence microscopy. As ex-
pected, stonin 2wl colocalized with synaptotagmin | in pre-SV clus-
ters. In contrast, we were unable to detect such colocalization in
the case of the synaptotagmin-binding-defective stonin 2 mutants,
stonin 28K or stonin 2YR(Fig. 6 A). Thus, stonin 2 represents
the first example of an endocytic protein known to be targeted
to synapses by interaction with a SV protein, further emphasiz-
ing its important role as a specialized adaptor dedicated to
SV recycling.

We then quantitatively analyzed the effect of stonin 2Wlor
the synaptotagmin-binding-defective KYE mutant on the parti-
tioning of synaptotagmin | between the presynaptic plasma-
lemma or an internal SV-localized pool in primary hippocampal
neurons in culture. To this aim, we used a previously described
approach using ecliptic pHIluorin-tagged synaptotagmin | (syt-
pHluorin). SytpHluorin is properly targeted to synapses where
it undergoes activity-dependent exo-endocytic cycling (Diril
et al., 2006). The pH dependence of the pHIuorin fluorescence
allows quantitative monitoring of the distribution of the synap-
totagmin chimera (Wienisch and Klingauf, 2006). Fluorescence
analysis after acid quenching and ammonium dequenching
(Fig. 6, B and C) revealed that coexpression of stonin 2WI'signifi-
cantly decreased the relative steady-state plasmalemmal frac-
tion of sytpHIluorin at presynaptic boutons, resulting in a strong
increase of the vesicular/surface stranded pool ratio, as reported
previously (Diril et al., 2006). In contrast, stonin 28YEhad lost
the ability to facilitate targeting of sytpHluorin to the recycling
vesicle pool but instead displayed a modest, albeit statistically
insignificant, dominant-negative effect, i.e., led to a small de-
crease in the vesicular/surface stranded pool ratio of sytpHluorin
(Fig. 6 D). Thus, the ability of stonin 2 to associate with synap-
totagmin | is essential for its role as a synaptotagmin-specific
sorting adaptor in neurons.

Synaptotagmin-binding-defective UIMC-41 B
is unable to rescue paralysis in

C. elegans mutant animals

As mentioned in the preceding paragraph, the |xHD of stonins,
and in particular the KYE site responsible for its association
with synaptotagmin |, is highly conserved between differ-
ent stonin family members from mice to worms (Fig. 3 A).
The C. elegans genome contains a single member of the stonin
family encoded by unc-41, expressed as two alternative transcripts
A and B (unpublished data). UNC-41B expressed in fibroblasts,
like its mammalian counterpart stonin 2, was able to associate
with the C2 domains of synaptotagmin 1, which is consistent
with its putative role in SV recycling. Mutation of the KYE site
within UNC-41B strongly impaired its synaptotagmin 1- binding
ability (Fig. 7 A). To investigate whether UNC-41 plays a

1 legend. Red, surface otagmin 1; green, intemal

min intermalization experiments using

aging Innovations) on the green channel (intemalized synaptotagmin 1) in stonin 2-transfected cells (red). Eror bars represent
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were cotransfected with lumerelly HA
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n?2

using antibodlies directed against stoni

role in neurotransmission, we monitored animal movement.
As expected, unc-41(e268) mutant worms carrying a nonsense
mutation that abrogates UNC-41 protein expression displayed
severe locomotion defects, presumably because of impaired
neurotransmission. This phenotype was rescued by microinjec-
tion of a construct expressing WT UNC-41B cDNA but not the
synaptotagmin interaction-defective SKYE mutant (Fig. 7,
B and C), although both proteins were expressed at roughly
similar levels (Fig. 7 D). Moreover, a 25-fold increase in injec-
tion concentration of the SKYE mutant protein-encoding plas-
mid also did not result in rescue of the locomotory phenotype
(unpublished data). Similar results were seen in rescue experi-
ments using GFP-tagged UNC-41B variants (unpublished data).
When analyzed by confocal microscopy, WT GFP-UNC-41B
exhibited a punctate synaptic distribution within the C. elegans
nervous system, whereas the SKYE mutant protein failed to ac-
cumulate at synapses (Fig. 7 E). These experiments suggest that
the KYE site is important for UNC-41B association with synap-
totagmin and its targeting to synapses, although at this stage we
cannot rule out the possibility that other factors contribute to
this phenotype in vivo.
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White boxes indicate megnifications to the right. Bars, 20 [am

In summary, our data reveal the molecular basis for the
recognition of synaptotagmin 1by stonin 2 and suggest an evo-
lutionarily conserved mechanism of cargo recognition by stonin
family members during exo-endocytic SV cycling.

D iscussion

This study provides the first detailed molecular characterization
of the interaction interface between the SV protein-specific
CLASP stonin 2 and its cargo, synaptotagmin 1. Previous stud-
ies have implicated the synaptotagmin 1C2B domain in clathrin/
AP-2-mediated endocytosis and SV recycling (Haucke et al.,
2000; Littleton et al., 2001; Poskanzer et al., 2006). We demon-
strate a role for the synaptotagmin 1 C2A domain as the main
recognition site for stonin 2 and as a major determinant for syn-
aptotagmin 1internalization. The following lines of evidence
support this. First, we find that synaptotagmin 1, lacking the C2B
domain, is readily internalized in a stonin 2-dependent man-
ner in transfected fibroblasts. Second, stonin 2 is recruited to the
plasma membrane of transfected neuroimmune endocrine (NIE)
cells by synaptotagmin 1 AC2B but not by a AC2A domain mutant.
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Third, direct binding, as well as coimmunoprecipitation experi-
ments, reveals that conserved basic residues within C2A form
the main interaction site for stonin 2. In contrast, AP-2 predomi-
nantly associates with the C2B domain, which is consistent with
earlier data (Chapman et al., 1998; Haucke et al., 2000). We hy-
pothesize that the identified basic patch within the C2A domain
is part of an endocytosis signal. However, synaptotagmin 1 mu-
tants displaying reduced affinity for stonin 2 (Fig. 2 D) appeared
to retain the ability to undergo stonin 2-dependent internaliza-
tion (not depicted), suggesting that additional determinants and/
or cooperative effects are likely to be involved. It is worthwhile to
note that both C2 domains contain additional positively charged
surface-exposed side chains that could well serve as additional
interaction sites for stonin 2.

Site-directed mutagenesis paired with structure-based
homology modeling has allowed us to unravel the cognate rec-
ognition site for synaptotagmin 1 within the [xHD of stonin 2.
Mutational analysis reveals the functional importance of a
@strand, including residues K783-E785, that is evolutionarily
conserved between different members of the stonin/stoned B
family of adaptors from nematodes to mammals (Fig. 3 A).
We propose that the function of stonin 2 as a synaptotagmin-specific
endocytic sorting adaptor dedicated to SV recycling is based on
the ability of residues outlined by the KYE site to interact with
patches of basic side chains within the synaptotagmin C2 do-
mains. This proposal is based on the observations that stonin 28
is unable to interact with synaptotagmin directly in vitro or in
living cells, to facilitate synaptotagmin 1 endocytosis in fibro-
blasts, to become enriched at presynaptic sites in primary neu-
rons, or to target synaptotagmin 1 to the recycling vesicle pool
at synapses. As with all mutant proteins, a valid concern is
that the mutations may affect protein structure and/or stability.
We feel that this is unlikely for several reasons. When expressed
in fibroblasts or primary neurons, stonin 28<YE appeared to be
expressed at levels comparable to those of its WT counterpart.
Moreover, it retained its ability to associate with AP-2 in vitro
and in living cells or to become targeted to clathrin-coated pits in
primary astrocytes (unpublished data). When probed for struc-
tural integrity by limited proteolysis using different proteases,
two independent mutants of stonin 2 (SKYE and Y784R) gave
rise to fragmentation patterns virtually identical to those seen
for the WT. A possible, yet speculative model for the recogni-
tion of synaptotagmin 1-C2A by the |xHD of stonin 2 based on
our collective mapping data is shown in Fig. S5 (available
at http://www.jcb.org/cgi/content/full/jcb.200708107/DC1).
Considering the high degree of sequence conservation with re-
gard to synaptotagmin 1-C2 domains and stonin/stoned B family
members, we consider it likely that other stonins, such as stoned B
inD. melanogaster and UNC-41 in C. elegans, use a similar mode
of cargo recognition.

One of the remaining puzzles is the observation that
synaptotagmin 1 displays binding affinity for the ubiquitous
adaptor AP-2|x and, in this respect, joins a growing number of
pre- and postsynaptic proteins that use similar modes of recogni-
tion by AP-2|x for regulated endocytosis, including AMPA-type
glutamate (Kastning et al., 2007) and GABAa receptors (Kittler
et al., 2005). However, in vivo synaptotagmin endocytosis is

SYNAPTOTAGMIN RECOGNITION BY STONIN 2

strongly facilitated by its direct association with stonin 2 (Figs. 5,
6, and 7). This phenotype is even more pronounced in D. melano-
gaster, where stonin 2/stoned B is encoded by an essential gene
(Fergestad and Broadie, 2001; Stimson et al., 2001). One pos-
sibility to explain the pivotal roles of stoned proteins could be
the need for sorting during SV cycling. SV recycling requires
constitutive cargo to be excluded from the forming vesicle and,
thus, might benefit from the presence of a specific stonin fam-
ily sorting adaptor. The presence of stonin 2 allows concentra-
tion of SV proteins, including synaptotagmin 1and its partners,
independently of the requirements of AP-2 for recognition of
constitutive cargo (i.e., activation by kinases such as adaptor-
associated kinase 1 and cyclin G-associated kinase), such as
transferrin or EGF receptors. In addition, the use of C2A as an
interaction interface for stonin 2 may alleviate constraints on
SV cargo recognition imposed by the multiplicity of binding
partners targeting the C2B domain of synaptotagmin 1 Multiple
mechanisms of regulation of SV endocytosis by synaptotagmin |
have recently been observed in D. melanogaster (Poskanzer
et al., 2006). Mechanistically, the action of stonin 2 and its or-
thologues stoned B (D. melanogaster) and UNC-41B (C. elegans)
may therefore resemble that of other CLASPs, including
P-arrestins (Traub, 2005) or dishevelled-2 (Yu et al., 2007), in
targeting cargo to subsets of clathrin-coated vesicles (Puthenvecdu
and von Zastrow, 2006). In the case of the presynaptic compart-
ment, a precise fine tuning of the endocytic process is required
to maintain the exact composition of SV proteins and lipids
(Takamori et al., 2006) and to ensure release competence.
The present study could form a first basis for the mechanistic
understanding of this process.

M aterials and m ethods

@l culture and transfections

HEK293 and NEL 15 cells were cultured in DVE (Innnfogen) containing

4.5 g/liter glucose and NIEcells in DIVE containing 1 ¢/liter glucose, sup-

ﬁlemen:ed\/\m 10%RCS peniaillin, and streptomyein. Quituring of primery
neurons has npranaslydmmed (Melleretal 2004).

Gall lines as well as primary neurons were transfected Lsi mfectan

2000 (Invitrogen). Calcium phosphate transfection wes for sytpHuorin

ing assal ine- Iable HEK293 oeII Ilnes were generated
e e i e
oells stably expressi otagmin 1 (HEKsytl)

have been prevlouslydlegcnralnal I (Diril et ?do%?l For rm'(pmloglcal ex-

periments, cells were groan on Vetrigel-coated glass

Plasmids and DNAconstructs

Tre following amino terminally HA-tagged human stonin 2 constructs
were made by inserting PCR products into EocoRV-Xal restriction sites in
pcHAZ: HAStonin 2 (aa 421-898), HAstonin 2 [aa 1-555), and HA-
stonin 28/MW(WISA, W102A, and W232A). We generated plasmid
construd, allomclgéor the expression of luerally ALAGtagged rat

tagin 1by|rrcr ing the cDNA into the BarH-Xhal restriction sites into
the pdq_AGvector By application of PFCRsite-dlirected is, We pre-
pared several synap nlmIaﬂmoorstructsA%lZGS)ALEZA
(A 40-270), ACZAB -139), and sytl ™ (KL89-192F; K213E, K244E;
and KR321,322EE, K324-32 E) Tre folloning ratsynapt n 1(§T
fusion constructs were enerated le - .&

E140-2652, CB (271-4 1 CZAB(l 21), QAT
K189-192A, K213E, and K244S) C2BT'V"

K213E, and K244S), C2Amb

(KK326, 327 CZBnmz 4-327A), and C2BmB (KR321, 322AA,
and K324-327 ) Corstnns alloning for the expression of HAtagged
hurren stonin 2 were %)nerated as previously described (\élther et al.,

2004; Diil et al. 2006). Tre following mutants were prepared by AR
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site-cirected Wis HAgin WI02A, and ,
HAstonin 2 (WFL5, 18AA WF102, 106AA WF232, Y
NPF313-315NAV;: and NPF329-313NAV), HAstonin 2RE [KYE7S3-
785AAA], HAstonin 23/MNFRE (W15, 18AA WF102,  106AA
WF232, 235AA; NPF313-315NAV, NPF329-313NAV, and KYE783-
, HAstonin 2 ( , HAstonin 2YA(Y784A], HAstonin 2

E , and HAstonin 2\R . C. elegans synaptotagmin 1 C2AB

worm base: F31E8.2a [WE]; aa 158-441] wes cloned into pGEX4T-l.

~ TheGFP-UNC4! (PMG13) C elegans expression plasmid con-
sisted of the 2.5-kb unc4 1 promoter (fram , 0.85-kb GP fragment
gfggnﬁre labvector 95.77), and 5.4-kb unc-41b s 3UTR (framRVA
) inserted into the EooRI-Sall restriction sites of 37f(+) wsing the
imers: 5- AATAOGIGS3;

followi ACGAGAATTOCTCOOOGECAA]

5- TGTTCTATG-3;5-ACATTOO0GGCA

CAGAAAAARCA3;5-ACTTGIOGACCATGIGICAGAGGTTTTCACOGIGS3;

5-ACGA] ATAGTTCATOCATGOC

ATG3; and 5-AC0C000GCGATGAGT -3.
An analogous construct was mede fgﬂ%ion of the GFP-UNC-

41 BRYE mutant (pMGl 4, UNC-41KYE: translational GFP).

Antibodies

Polyclonal anti-stanin 2 antiserumwas generated as described previously

Sl/:\Lalther etal, 200??. Monoclonal antibodies against the a subunit of
2 (clone APs]and cl

e I clathrin heavy chain (clone TDL) were a gift from
P De Camilli (Yale University, New Haven, CT). Mono- (clone M) or poly-
clonal arti- as well as anti-p-actin antibodies, were obtained from
Sigme-Aldrich, monoclonal anti-HA antibodies were obtained from Baloco,

yclonal anti-HA antibodies [Y1 1) were obtained from Santa Cruz Bio-
tedmology, Inc, monoclonal antibodiies directed against the Hs™tag were
obtained from BVD, monoclonal anti-a, (32, and {32 antibodies were
obtained from BDBiosciences, and monoclonal anti- min lanti-
bodies (dore 41.1) were obtained fram Syneptic Huorescent
dy&coar[}jugated Secol antibodies were obtained from Invitrogen and
horseradish peroxidase-labeled secondary arttibodies, as well as unlabeled
%_)at anti-mouse and goat anti-rabbit antibodies were obtained from

anova GrbH

ification

GST- min 1 fusion proteins were expressed in Escherichia coli
(E?Z%?%t 25°C for 3 hafter induction with 0.5 mMMIIPTG Bacterial pel-
lets okl)tygr&ed frmll Lliter wlult{ﬁr \_NereXreSllmjspebemed in 1?0 m FBS Cdls
were using lysozyme, 1%Triton X-100, benzonase (to remove possi-
ble nucleic aci&?wﬁa[ﬁnarm , and sonification. The bacterial emadp?/s;s
cleared by centrifugation at 39,000 g for 15 min and GST fusion proteins
were affinity purified wsing GST-bind resin (BVD.

Stonin 2 WT and mutant proteins were affinity purified fram
HEIK™srdrand HEKIRstn28E cells using NHNTA Agarose (QAGEN).
Pratein expression was induced by addition of 1 [xg/ml doxycyclire to the
m medium for at least 16 hbefore cells were lysed in homogenization

(0mMiepes pH174 150 VN, 2 iVIMGQ2 1AV
and 0.1% mammelian protease inhibitor cocktail [Sigme-Aldrich]) wsing a
ball-bearing cell cracker with a clearance of 12 m Tre cell extract was
cleared by consecutive centrifugation at 20,000 g for 5 minand 180,000 g
for 15 min The supernatant was supplemented with 320 mM sucrose,
500 MM NeCl, 1% CHAPS, 1 mM DOIT; 10 mM imidazole, and 1 mM
PIVEF before application on N-NTAAgarose for 2 hat 4°C on a rotating
wheel. The beads were washed twice In washing buffer (20 nivi ]
pH7.4, 500/150 mMNaCl, 2 mMIMgCh, 320 mMisucrose, 1%

1 MM DT and 10 rTMlmd'azoIS% containing 500 MMVINaCl and once
with washing buffer oontaini% mMINaCl. Bound pratein waes eluted
inwashing buffer containing mMMINeCl and 120 iMiimidazole.

Protein expression and

Affinity chromatography, in vitro binding, and inmunoprecipitation
experiments

24-48 h after transfection, trarsiently transfected HEK293 cells were lysed
in 20 Vi Hepes, 100 mM KO, 2 mMIMGCI2, 1% Triton X100, 1M
AVER, 0.3% mammelian protease inhibitor cocktail for 10 rmin on ice.
Cleared odll extracts were incubated with GST fusion proteins on a rotating
wheel (L ng of cdll extract at 1 mg/ml) for 2 hat 4°C. After extersive
washes, bound proteins were eluted with of sanple buffer. For inmruno-
precipitation experiments, transfected cells were lysed in the buffer
specified in the preceding paragraph. Monaclanal antibodies inmrohilized
on pratein A/G-Sepharose (Santa Cruz Biotechnology, Inc:) were incubated
with 1 g of cell extracts at 1 mg/ml for 4 hat 4°C underO?entle agitation.
Beads were washed extensively and eluted with 60 i of sanple buffer.
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anples were analyzed by SOSPACE and immunoblatting. For in vitro
binding experiments, 2-3 jxg of inmobilized GST-synaptotagmin 1 fusion
proteins were incubated with 600 ng7to 1 pg stonin 2-His* in 100 jin
of binding buffer (20 nMI—lepesmw 4, 150 mMMNaCl, 2 mMIMCI2,
320 mMisucrose, 1%CHAPS, 1MDIT, and 10 mMiimickizole) for 2 hat
4°C. Aiter three washes in binding buffer, the beads were eluted in 50 [j1 of
saple buffer. Sarrples were analyzed b{S:SPA(Eand inTrunoblotting.

For some experiments, radioactively labeled 3S-abeled stonin

FSHabeled stonin 2YR or 3S-laleled stonin 2HRE synthesized by the cou-
pled TNT in vitro transcriptionvtranslation kit (Pr%gg;) was Incubated

with 2 [xg GST-synaptotagmin 1 fusion proteins in ‘of binding buffer
for 2 h|z):1?4°Cma rotating wheel. Afterptrneevxesh&s inbinding , e

beads were eluted in 50 P DEPACE sanple buffer and the ertire sanple
was applied to S5 P Bound 3S-labeled stonin 2 was detected by

autoragiography using the Cyclone Phospholmeger system [PerkinBlrey).

Tryptic ingel digest and mess spectrometry ) )
The SC6 polyacrzlamﬂe gel, containing the proteins of interest, was
stained wsing the ypgpared colloidal Coomessie and destained ac-
cording to the manufacturer's instructions (Rath). Gel bands were excised
under clean conditions with new razor blades and cut into 1418 pieces.
Gel fragments were transferred toa 5004jll reaction tube and incubated in
a shaker in20 jill of a 1:1 solution of acetonitrile/100 m\VINHIHCOS for
15 min Sarrples were oentr_lfL_Fed for a short tie and supernatartt Wwes
exchanged for 100% acetonitrile and incubated for 5 min or urtil the gel
ieces tumed white, Aoetonitrile was removed and Igel ieces lyophilized
10 min For reduction of disulfice bridges, the Kiq:_ﬁ!‘lczxe%% ieces
were incubated in 20 jjll of 100 mMDITin 100 mM min
at 56°C. After incubation, sarmples were centrifuged for a short tirre, super-
natant was remowved, and volure wes measured. Gel fragments were
again dehydrated twice by the addition of 20 ju of 100% acetonitrile.
Cysteine residues were covalently modified by carbamidomethylation by
addition of 20 jin of 55 mMiodacetamide in 100 M\ NHAHCOs and
incubation for 20 rin at room t ure in the dark Supernatant was
removed and exchanged Fr 100 mMVINFHOCB8 and incubated For 15 rrin
at room tenperature. Gel pieces were incubated in 20 ji of 100% aceto-
nitrile urtil nﬂih\?/ tumed white and lyophilized for 10 min 12,5 ixg/mi tryp-
sinin 25 NHIHCO3 wes prepared and added to the lyophilized cel
pieces (volure = 20 4 —volurre of supernatant, measured after reduction
in DIT + 3 (2. Sarmples were placed for 30 rrin on ice before incubation
at 37°C ovemight. Sanples were centrifuged and again incubated at
37°C for 30 min before ~3 i of the supernatant wes removed and suib-
jected to mess spectrometric analyses.

Lirvited proteolysis . . .
We perggfed limited proteolysis to assess the folding properties of stonin 2
mutartts by digestion of stonin 2-His* purified from stable HEKcells or in
vitro-transcribed/translated stonin 2. 0-20 jag/m Trypsinand 0-80 ng/ml
proteinase Kwere chosen for this pur&()x;e. Proteolysis reactions were
_ in 20 mVIHepes, pH 7.4, 100 mMKQ, and 2 mMMC™ for
Invitro-translated stonin 2 and in 20 mMIHepes, pH 7.4, 150 mMNeC],
2 mMIMYdlj, 320 mMisucrose, 1%CHAPS, 1mMDIT, and 10 miMlimid-
azole for purtfied stonin 2-Hs*for 10 minat 37°C. Invitro-translated digested
otein was analyzed by SS5PACGE and autoradiography and stonin 2—Hs*
g/ inmrunoblatting for the His*tag.

Antibody internalization and membrane recruitment asgag?/s
For indirect immunofluorescence micr . HEK293 cells stably express-
ing FLAG-synaptotagmin 1 were cooled on ice and preincubated with
%Ayclonal anti antibodies in Optimem (Invitrogen) for 30 min at
C. Alter chase at 37°C for 20 nin, cellswere fixed in4% FRATor 10 min
Surface-bound anti-ALAG arttibodies were blocked with unlabeled goat
anti-rabbit 19G (1:5) overnight at 4°C. Cells were gerrmablllzed and pro-
cessed for immunostaining using Alexa Huor 488- or 594-labeled sec-
ondary antibodies. Syraptotagmin internalization in transfected
Cells wes essertially done as previously described (il et al., 2006).
Membrane recruitrrent experiments in NE1 15 cells were performed as in
ol Et|a|' o taken by a char led devi
ITBgeS Were at room tenmperature by a charge-coupl ce
camera (AxioCam Carl Zeiss, Inc] mourted on an inverted m’crosmépe
Adovert 200M; Carl Zeiss, Inc) with an ail-inmersion objective (63x
4 NA Carl Zeiss, Irrtnez illuminated and controlled by the Stallion Re-

tio Imegi %/steﬂl ligent Imeging Innovations, Inc.). Imeging data
\Aereng%itlg , anal;Szed, gﬁg prnoﬁc%gs%d by nearest neig?hbommlu
tion with Slidebook 4.0.10 software (Intelligent Imeging Innovations, Inc).



Slidebook 4.0.10 wes wsed for quantifications based on data obtained
fromat least three independent experiments. Using e%uglnexposure tirres, at
lesst three lon-negnification imeges were acquired fromeach experimert,
ﬁd@sa mininumof nine datasets (each containing 5-20 trarsfected cdlls).
1 sk function wes applied on the fluorescence channel represent-
ing stonin 2 (stonin 2 mesk). Huorescence values representing intermalized
synaptotagmin 1 within the stonin 2 mesk were calculated, and mean intermeal-
ized otagmin 1 fluorescence values (¥SBV) per cdll were estimeted
and plotted ina histogram Background fluorescence wes subtracted.

Huorin recyclingassays in living neurons o

ished procedures were used to assay sytpHuorin recycling in neurons
(il et al., 2006). In brief, hippocampal neurons from 1-3-d-old Wistar
rats were transFected by calciumphosphate DINA coprecipitation and used
after 11-14 d in\itro, %c boutons were stimulated by electric field
stirrulation (platinum electrodes, 10mmspacing, 200 pulses of SOmA and
altermating polarity, 10 GIMCNQX, and 50 (IMARS to prevent recurrert
action potentials) at room temperature. Fest solution exchanges were
achieved by a piezo-controlled ste?epder device (SF77B Warner Irstru-

merts). Images were taken by a cooled slowsscan charge-coupled device
camera ) SersiCe mourted on an inverted microsoope (Ado-
vert : Carl Zeiss, Inc) with a water-immersion objective(63x1 .2

NA Carl Zeiss, Irc) | |rg) data were digitized and preanalyzed with
Till Msion Software (Till Phatonics) by using regions of interest to delirrit
puncta. For further analysis, the data were collected, normalized, and av-
eraged wsing setfwritten mecros in lgor Pro (V\Averretrics).

C elﬁns strains, rmicroinjection, and cortfocal imeging

Tre following strains were used for rescue experiments: WT C ele-
gans N2); CB268. unc-41(e268); EGA499: unc-41(e268);
OXBEX920[Punc-41A::unc-41B(unc-41B WT cDNAj, Pec:GFP); and
EG4501:  unc41(e268j;  oxEx922[Punc-41A::unc-41B(unc-41B
KYE'YAAA cDNAj, Roc::GHP, Strains for canfocal imeging were:
EG4741: OEAOS0[PUNnc-41A::GHP::unc-41B(cDNA W), Roc:GHP;
EGA746. oxBEXI055[Punc-41A::GHP::unc-41B(CDNA KYE->AAA nmutant,
Poc:GHF; EGA75L  unc4l %268;, oxBExI059[Punc-41A: :GFP::.unc-
41 B(cDNA W), Poc::GAF]; and EGA753: unc-41(e268;), oxBx 1061 [Punc
4A:GHP::unc-41B(cDNA  KYENAAA  mutant), Poc:GHP-  EGAT774:
-1 (md290j, oxExXI071[Punc-41A::GHP::unc-41BIcDNA W), Pec:GFH,

~ For rescue experiments, 50 ng/jx Punc-122..GFP used as an injec-
tion marker Waisi rgIIXEd with 1 kb Ogadéjgr rl(}/Fa’;mIas] as carrier
DNAto give a DNA concentration of 1 jal. RM#536p -
41Ac:umg-]418(cDNN], T, or KYE>AAA mutart oojrstmds or analog[“éﬁ
GrPfusion prateins (PIVIG] 3/14: Punc41A::gfp:: unc4 I8 were injected at
1ng/ml into unc41(e268j nutart or T anirmels.

Woms were | lized with 2% phenoxyl propanol, and GP
fluorescence was imaged at room temperature on a confocal laser-
scanning microscope ; Pascal? wsing an oil-inmersion objective (plan-
Neofluar 40x 1.3 NA; Carl Zeiss, Inc)) and analyzed by confocal softwere
(Gl Zeiss, Irc).

\brmHracking assay

1% unseeded 50-mm agar plates a)ntainirg 0.004% Bronphendl blue

were prepared. Right before the assay, 200 ml 2% OP50 E coli were

spread onto the assay plates to analyze worm feeding behavior. Four to

WOITTS Were fu ona single plate. \Worm positions were recorded

2 sfor 10 min. Imeges were analyzed by worm tracker 06 (an |

gtg-in developed by J. White, University of Wah, Salt Lake Gity, U],
00 mean speed values were collected for each worm 6-10 woms were

analyzed per genotype.

Molecular modeling and rrultiple sequence alignments

Mitiple protein sequence alimnts vere wsing the Clustal W
program (available at http:/ .ebi.ac.uk/clustalw/). Tre x-ray struc-
of stonin 2-jiHD

Meof[iZ\A/aswedasasi_Iwaltegb_pIateforﬂE D -
(GB63-E875; 1GW5: chain M G165-CA35). Additional fragments with
sequence homology to other knoan Pratein Database structures [1BAU
and were used to conplete the nodel for residues 622-638 and
736-772 of stonin 2 for which corresponding loop regions in A2 were not
resolved or no homologous sequence wes available in th(EZ tenplate.
Tre xray structure of synaptotagmin 1-C2A (1IBYN E140-K267) wes
used to Create the interaction model shown in Hg. 5. Interaction models

corsidering complerentary shape, electrostatic ials, and data fram
rmtations[\)lg analysis were generated by manual docking using the bio-
module of SYBYL7.2 and minimized with an 7.0 field

within SYBYL [TRIRCS Irc).

Onlire supplemental meterial S

Fig Sl shows association of stonin 2 with synaptotagmin 1.Fig. S2 shows
that stonin 2 directly binds to synaptotagmin 1 invitro. Hg. S3 shows that
the interaction between stonin 2 and synapt ot%gmn 1 depends on residues
within the carboxy-terminal "HD of stonin 2. Ag. $4 shows that limited pro-
teolytic di of stonin 2 WI, KYE and YRmutants indicate structural
integrity of the mutated proteins. Fg b shows a hypothetical model of the
interaction between stonin 2 (gray) and the C2A domein of synaptotagmin 1
ylo@ via two parallel p strands. Online supplemental meterial is avail-

le at http:/Amamwv.jch.org/cgi/content/full/jch.200708017/DCL.
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