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N-Glycosylation Is Essential
for Vesicular Targeting of Synaptotagmin 1

Richmond and Broadie, 2002; Jahn et al., 2003). Little
is known, however, about the biogenesis of synaptic
vesicles, the sorting of their protein components, and
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the maintenance of synaptic vesicles as separate organ-1Center for Basic Neuroscience
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Synaptotagmins constitute a family of neuronal pro-Howard Hughes Medical Institute
teins that are characterized by a common domain struc-The University of Texas
ture (reviewed in Adolfsen and Littleton, 2001; Südhof,Southwestern Medical Center
2002; Tokuoka and Goda, 2003). All synaptotagminsDallas, Texas 75390
contain an N-terminal transmembrane region that is pre-2 Max-Planck-Institut für Biophysikalische Chemie
ceded by a short noncytoplasmic (i.e., extracellular37070 Göttingen
and/or intraluminal) sequence, a central linker, and twoGermany
C-terminal C2 domains. The C2 domains account for the
majority of the synaptotagmin sequences and are their
only conserved domains. Most synaptotagmins are Ca2�

binding proteins in which the C2 domains act as effectorSummary
domains (reviewed in Rizo and Südhof, 1998), although
probably not all synaptotagmins bind Ca2�. Synaptotag-Synaptotagmins 1 and 7 are candidate Ca2� sensors
min 1, the best characterized and most abundant synap-for exocytosis localized to synaptic vesicles and
totagmin, is a Ca2� sensor for the fast component ofplasma membranes, respectively. We now show that
Ca2�-triggered exocytosis in vertebrate neurons (Gep-the N-terminal intraluminal sequence of synaptotag-
pert et al., 1994), neuroendocrine cells (Voets et al.,min 1, when transplanted onto synaptotagmin 7, re-
2001), and Drosophila neurons (Yoshihara and Littleton,directs synaptotagmin 7 from the plasma membrane
2002). This function involves binding of Ca2� to the C2to secretory vesicles. Conversely, mutation of the
domains of synaptotagmins because changing the ap-N-terminal N-glycosylation site of synaptotagmin 1 re-
parent Ca2� affinity of synaptotagmin 1 causes an equiv-directs synaptotagmin 1 from vesicles to the plasma
alent change in the Ca2� affinity of release (Fernández-membrane. In cultured hippocampal neurons, the
Chacón et al., 2001).plasma membrane-localized mutant of synaptotagmin

Besides synaptotagmins 1 and 2 (which is closely1 suppressed the readily releasable pool of synaptic
related to synaptotagmin 1 and probably functions asvesicles, whereas wild-type synaptotagmin 1 did not.
a fast Ca2� sensor in synapses in caudal brain regionsIn addition to the intraluminal N-glycosylation site, the
that lack synaptotagmin 1 [Geppert et al., 1991]), othercytoplasmic C2 domains of synaptotagmin 1 were re-
synaptotagmins—in particular synaptotagmins 3, 5, 7,quired for correct targeting but could be functionally
and 9—may act as Ca2� sensors for exocytosis, possiblyreplaced by the C2 domains of synaptotagmin 7. Our
for the slow component of release (Li et al., 1995a,data suggest that the intravesicular N-glycosylation
1995b; Sugita et al., 2001; Fukuda et al., 2002; Saegusasite of synaptotagmin 1 collaborates with its cyto-
et al., 2002; Shin et al., 2002). In brain, synaptotagminsplasmic C2 domains in directing synaptotagmin 1 to
1 and 2 were only detected on synaptic vesicles andsynaptic vesicles via a novel N-glycosylation-depen-
secretory granules (Matthew et al., 1981; Perin et al.,dent mechanism.
1991; Walch-Solimena et al., 1993), but synaptotagmins
3 and 7 were localized to the synaptic plasma membrane

Introduction
(Butz et al., 1999; Sugita et al., 2001). The presence of
complementary Ca2� sensors with different Ca2� binding

Synaptic vesicles are specialized organelles whose only properties on the vesicular versus plasma membranes
known function is to mediate neurotransmitter release during exocytosis raised the possibility that synaptotag-
by Ca2�-triggered exocytosis. In order to undergo exo- mins 1 and 7, together with other synaptotagmins, con-
cytosis, synaptic vesicles must assemble in presynaptic trol exocytosis by distinct Ca2�-dependent reactions
nerve terminals, fill with neurotransmitters, and dock at centered on opposing membranes. However, the notion
the active zone (reviewed in Südhof, 1995). Furthermore, that synaptotagmins 1 and 7 may function as comple-
for sustained release during repetitive stimulation, syn- mentary Ca2� sensors has been questioned. In studies
aptic vesicles must undergo rapid endocytosis and recy- of fibroblast growth factor 1 secretion, synaptotagmin
cling after exocytosis. Thus, the biogenesis, mainte- 1 was proposed to be an essential ubiquitous plasma
nance, and recycling of synaptic vesicles are as membrane protein that mediates nonclassical secretion
important for overall synaptic transmission as exo- (LaVallee et al., 1998; Prudovsky et al., 2002). In studies
cytosis. Much progress has been made in the under- of lysosome exocytosis, synaptotagmin 7 was charac-
standing of neurotransmitter uptake and synaptic vesi- terized as a ubiquitous lysosomal protein (Martinez et
cle exo- and endocytosis (reviewed in Slepnev and De al., 2000; Reddy et al., 2001). In neurons and neuroendo-
Camilli, 2000; Fon and Edwards, 2001; Harris et al., 2001; crine cells, the detailed examination of synaptotagmins

1 and 7 using subcellular fractionation, transfections of
EYFP-tagged proteins, immunofluorescence, and im-*Correspondence: thomas.sudhof@utsouthwestern.edu
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munogold electron microscopy seems to firmly estab- To address these issues, we raised multiple antibodies
to synaptotagmins 1 and 7 and examined their tissue-lish their localizations (Matthew et al., 1981; Perin et al.,

1990, 1991; Walch-Solimena et al., 1993; Sugita et al., specific expression during development (Figure 1A). We
found that, at all developmental stages, synaptotagmin2001, 2002). In peripheral tissues, however, the expres-

sion and localization of synaptotagmins 1 and 7 have 1 is detectable in mice only in brain but not in heart,
kidney, lung, or liver. In contrast, synaptotagmin 7 wasnot been studied in detail. It is thus possible that these

synaptotagmins assume distinct localizations in neu- abundant in all embryonic tissues tested. Postnatally,
however, synaptotagmin 7 expression outside of brainronal and nonneuronal cells, especially since, in nonneu-

ronal cells, transfected synaptotagmin 1 is present on decreased to low levels but increased in brain (Figure
1A). The prenatal ubiquitous form of synaptotagmin 7the plasma membrane (Feany et al., 1993).

A further critical question about synaptotagmins 1 and consisted of single, small splice variant, whereas post-
natally expressed brain synaptotagmin 7 became diver-7 regards the mechanism that mediates their differential

localizations to synaptic vesicles versus plasma mem- sified into a large number of splice variants (Figure 1A;
Sugita et al., 2001). Thus, the expression pattern ofbranes. No obvious sequence differences between

synaptotagmins 1 and 2 versus synaptotagmins 3 and synaptotagmin 7 protein is strictly dependent on the
developmental stage of the tissue, but in contrast to that7 exist that could explain these localizations. The differ-

ential targeting of synaptotagmins was reproduced in of synaptotagmin 1, synaptotagmin 7 is not restricted to
brain.transfected neuroendocrine PC12 cells (Sugita et al.,

2001, 2002) where it is caused by the selective endocyto- The expression of synaptotagmin 7 in developing,
growing tissues and in postmitotic neurons suggestssis of synaptotagmin 1 but not synaptotagmin 7 from the

plasma membrane (Dasgupta and Kelly, 2003). Based that, although synaptotagmin 7 is not neuron specific,
it is also not a universal cellular component. Do rapidlyon these results, it was proposed that internalization

signals and inhibitory sequences that are embedded in growing nonneuronal cell lines express synaptotagmin
7 similar to immature tissues? To address this question,the C2 domains determine the localizations of synapto-

tagmins 1 and 7 (Blagoveshchenskaya et al., 1999; Jar- we examined a series of tissue culture cell lines by immu-
noblotting (Figure 1B). Most cell lines (including PC12ousse and Kelly, 2001; Dasgupta and Kelly, 2003). How-

ever, the C2 domains of synaptotagmins 1 and 7 are cells that were reported to lack synaptotagmin 7; see
Zhang et al., 2002) expressed considerable amounts ofvery similar, and both bind to AP2, which may couple

synaptotagmins to endocytosis (Zhang et al., 1994; Li et the short splice variant of synaptotagmin 7 (Figure 1B),
whereas synaptotagmin 1 was detected only in PC12al., 1995a). A potentially confounding factor in previous

studies on the localization signals of synaptotagmins cells. In these experiments, we employed four indepen-
dent synaptotagmin 7 antibodies to ensure that the de-(Blagoveshchenskaya et al., 1999; Jarousse and Kelly,

2001; Dasgupta and Kelly, 2003) is that all experiments tected synaptotagmin 7 protein of 45 kDa truly corre-
sponds to synaptotagmin 7 (Figure 1B). This waswere performed with fusion proteins in which the iso-

form-specific N-terminal sequences of synaptotagmins necessary because the 45 kDa protein we detected dif-
fers from the 70 kDa band that was identified in nonneu-were removed. It is thus unclear whether the similar

C2 domains of synaptotagmins 1 and 7 are sufficiently ronal cells with an antibody that localized synaptotag-
min 7 to lysosomes (Martinez et al., 2000). All of ourdifferent to specify their distinct localizations.

In the present experiments, we have examined the antibodies to synaptotagmin 7 detected only the 45 kDa
band in nonneuronal cells (Figures 1A and 1B), exceptmolecular determinants that mediate the internalization

and targeting of synaptotagmin 1. Our data identify the for the antibody to the neuron-specific long splice vari-
ant that detects no protein in nonneuronal cells. Theseunique intraluminal N-glycosylation site of synaptotag-

min 1 as an essential determinant of its vesicular local- data suggest that the lysosomal 70 kDa protein of Marti-
nez et al. (2000) and the plasma membrane synaptotag-ization, whereas the C2 domains of synaptotagmins 1

and 7 are functionally exchangeable. Furthermore, we min 7 protein detected with our antibodies (Sugita et
al., 2001, and Figure 1B) are different.demonstrate the functional importance of synaptotag-

min 1 N-glycosylation for synaptic transmission. Our
observations are unexpected in view of the fact that Differential Targeting of Synaptotagmins in
most sorting signals are thought to be cytoplasmic and Neuroendocrine versus Nonneuronal Cells
provide a rationale for the exclusive N-glycosylation of To establish an assay for the targeting sequences for
vesicular synaptotagmins 1 and 2 in vertebrates. synaptotagmins, we expressed synaptotagmins 1 and

7 in neuroendocrine and nonneuronal cells (PC12 and
AtT-20 versus HEK293 and BHK21 cells). The two synap-Results
totagmins were produced as C-terminally tagged EYFP
fusion proteins to allow direct visualization of the re-Developmental Tissue-Specific Expression

of Synaptotagmins spective proteins. We found that, in nonneuronal cells,
synaptotagmins 1 and 7 were both localized to theThe reported brain-specific expression of synaptotag-

min 1 (Perin et al., 1990) conflicts with a suggested plasma membrane (Figure 2A). In neuroendocrine cells,
by contrast, transfected synaptotagmin 1 was presentubiquitous function in protein secretion (Prudovsky et

al., 2002). Furthermore, the presence of synaptotagmin in intracellular vesicles, whereas synaptotagmin 7 con-
tinued to be on the plasma membrane. The intracellular7 mRNA in peripheral tissues (Li et al., 1995a) and of

synaptotagmin 7 protein in nonneuronal cells (Martinez vesicles containing transfected synaptotagmin 1 corre-
sponded to secretory granules since synaptotagminet al., 2000) is apparently at odds with the enrichment

of synaptotagmin 7 in adult brain (Sugita et al., 2001). 1-EYFP precisely colocalized with cotransfected atrial
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Figure 1. Differential Expression of Synapto-
tagmins 1 and 7 during Development

(A) Immunoblot analysis of synaptotagmin 1
and 7 in mouse tissues at different stages of
development. Equal amounts of protein (80
�g/lane) from the indicated tissues from em-
bryonic day E18 or postnatal days P1 to P40
were examined with antibodies to synapto-
tagmins 1 (Syt 1) and 7 (Syt 7) and to VCP
(vasolin-containing protein, used as a loading
control). During development, expression of
synaptotagmin 7 becomes increasingly re-
stricted to brain and simultaneously diversi-
fied into alternatively spliced low- (L) and
high-molecular weight variants (H; see Sugita
et al., 2001; asterisks, nonspecific liver band
not found with other synaptotagmin 7 anti-
bodies).
(B) Expression of synaptotagmin 7 in various
cell lines. Total lysates from brain (lane 1, pos-
itive control) and the indicated cells were ana-
lyzed by immunoblotting with four indepen-
dent antibodies to synaptotagmin 7 that were
raised against three distinct epitopes. Epi-
topes are listed on the left; note that the anti-
body to recombinant His6-Syt 7L72–355 is di-
rected to a sequence that is only present in
long synaptotagmin 7 splice variants.

natriuretic factor-ECFP, a known component of secre- whether the C2 domains of synaptotagmin 1 are essential
for internalization. Consistent with previous reports (Jar-tory granules (Figure 2B; see Burke et al., 1997).

It has been suggested that the differential localization ousse and Kelly, 2001), we found that a truncated synap-
totagmin 1 that lacked either the C2B domain or bothof synaptotagmin 1 in neuroendocrine versus nonneu-

ronal cells is due to the selective internalization of sy- the C2A and the C2B domain was constitutively localized
to the plasma membrane (Figures 3A and 3B). This resultnaptotagmin 1 in neuroendocrine but not nonneuronal

cells (Jarousse and Kelly, 2001; Dasgupta and Kelly, raised the possibility that the C2B domain of synaptotag-
min 1 harbors a signal for internalization that is absent2003). To examine this possibility, we produced synap-

totagmins 1 and 7 with an N-terminal (extracellular) myc from the synaptotagmin 7 C2B domain, a hypothesis that
agrees well with the structural differences between thetag and transfected them into PC12 cells. We then incu-

bated the transfected PC12 cells with antibodies to the synaptotagmin 1 and 7 C2B domains (Fernandez et al.,
2001). To test this hypothesis, we constructed chimericmyc epitope for 1 hr at 0�C or 37�C, washed, fixed, and

permeabilized the cells, and visualized the localization synaptotagmin 1/7 proteins in which the cytoplasmic
and noncytoplasmic sequences of synaptotagmins 1of the myc-epitope antibodies by immunofluorescence.

At 0�C, we observed efficient cell surface labeling for and 7 were exchanged (Figure 3A, chimeras #1 and #2).
The chimeras were joined in the middle of the TMR andsynaptotagmin 7 but no surface labeling or uptake for

synaptotagmin 1 (Figure 2C). At 37�C, we still detected were examined as EYFP fusion proteins in both PC12
and AtT-20 cells to ensure that the results do not reflectonly cell surface labeling for synaptotagmin 7 without

internalization but now found intracellular labeling for a cell line-specific phenomenon (Figure 3B and Supple-
mental Figure S1 (http://www.neuron.org/cgi/content/synaptotagmin 1. Thus, synaptotagmin 7 is resistant to

endocytosis even during prolonged incubation at 37�C, full/41/1/85/DC1).
Surprisingly, we found that transplanting the shortwhile synaptotagmin 1 recycles via the plasma mem-

brane at 37�C but not at 0�C as expected for a membrane N-terminal sequence of synaptotagmin 1 onto synapto-
trafficking event. tagmin 7 was sufficient to redirect synaptotagmin 7 from

the plasma membrane to intracellular vesicles (chimera
#1, Figure 3B). Conversely, when we transferred theMapping the Vesicular Targeting Sequence
N-terminal region of synaptotagmin 7 onto the cyto-of Synaptotagmin 1
plasmic synaptotagmin 1 sequences, we observed lo-To identify the sequences that mediate the differential

localizations of synaptotagmins 1 and 7, we examined calization to the plasma membrane (chimera #2, Figure
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Figure 2. Transfected Synaptotagmin 1 but
Not Synaptotagmin 7 Is Internalized into Se-
cretory Vesicles in Neuroendocrine but Not
Nonneuronal Cells

(A) Localization of synaptotagmin 1 (Syt
1-EYFP) and 7 (Syt 7-EYFP) expressed as
EYFP fusion proteins in nonneuronal HEK293
and BHK21 and neuroendocrine PC12 and
AtT-20 cells. Panels exhibit confocal images;
arrows point to plasma membrane.
(B) Colocalization of Syt 1-EYFP with a secre-
tory vesicle marker. Pictures show a repre-
sentative confocal image of a PC12 cell that
coexpresses an ECFP fusion protein of atrial
natriuretic factor (ANF-ECFP) and Syt1-
EYFP.
(C) Internalization of transfected synaptotag-
min 1 but not synaptotagmin 7 measured by
antibody uptake. PC12 cells were transfected
with N-terminally myc-tagged synaptotagmin
1 or 7 and incubated for 60 min at 0�C or 37�C
with anti-myc antibodies. Afterward, cells
were fixed and permeabilized, and bound an-
tibodies were visualized with Alexa 488-
labeled secondary antibodies.
Scale bars in (A), (B), and (C) (equal to 2 �m)
apply to all panels.

3B). Thus, although the C2 domains of synaptotagmin 1 Intravesicular N-Glycosylation Is Essential for
Correct Targeting of Synaptotagmin 1are essential for correct targeting, they can be function-

ally replaced by the C2 domains of synaptotagmin 7 in A major difference between the N-terminal sequences
of synaptotagmins 1 and 7 is that the former but not thespite of their different localizations. These results indi-

cate that the specificity of the intracellular targeting of latter is N-glycosylated (Perin et al., 1991; Sugita et al.,
2001). The N-terminal sequence of synaptotagmin 1synaptotagmins 1 and 7 is mediated by their extracellu-

lar sequences, an unexpected result considering the contains a single consensus site for N-glycosylation and
multiple serines that could potentially be O-glycosy-fact that most targeting sequences are cytoplasmic. To

ensure that the observed localization was not caused lated. Deglycosylation experiments confirmed that brain
synaptotagmin 1 is both N- and O-glycosylated (Figureby a construct-specific artifact (e.g., the chimeric TMR)

and to narrow down the precise sequence motif that is 3C) and that the synaptotagmin 1 EYFP fusion protein
is also N-glycosylated (Figure 3D). In contrast, the sy-required for targeting, we produced additional chimeric

proteins in which smaller parts of the extracellular se- naptotagmin 7 EYFP fusion protein is not N-glycosylated
but becomes N-glycosylated after the N-terminal se-quences of synaptotagmins 1 and 7 were exchanged

(Figure 3A). These constructs confirmed that the N-ter- quence of synaptotagmin 1 is inserted (Figure 3D).
To test whether N-glycosylation of synaptotagmin 1minal sequence of synaptotagmin 1 directs localization

to intracellular vesicles, and restricted the targeting se- participates in vesicular targeting, we produced a point
mutant of synaptotagmin 1 (N24Q) that substitutes as-quence of synaptotagmin 1 down to its N-terminal 29

residues (chimeras #3–#6, Figure 3B). paragine24 for glutamine, a conservative substitution that
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Figure 3. Localization of Truncated and Chimeric Synaptotagmin 1/7 Proteins

(A) Diagram of the structures of synaptotagmins 1 (Syt 1) and 7 (Syt 7), of truncated synaptotagmin 1 variants (Syt 11-264 and Syt 11-140), and of
synaptotagmin 1/7 chimeras. The “Y” on the N-terminal side represents the N-glycosylation site of synaptotagmin 1 at position asparagine24

(N24). The synaptotagmin 1/7 breakpoints for chimeras #1, #3, and #5 were residues 62/27, 52/18, and 29/9, respectively, and the synaptotagmin
7/1 breakpoints for chimeras #2, #4, and #6 were residues 26/63, 17/53, and 8/30, respectively.
(B) Confocal images of PC12 cells expressing truncated synaptotagmin 1 variants and chimeric synaptotagmin 1/7 proteins fused to EYFP
(see panel [A]). Proteins were visualized via their EYFP fluorescence, and letters on the right assign their localizations to two distinctive
patterns: plasma membrane (P) versus vesicular (V). The scale bar on the bottom right panel (equal to 2 �m) applies to all images.
(C) N- and O-glycosylation of brain synaptotagmin 1. Proteins from rat brain homogenate were treated with Sialidase, O-Glycanase, and
PNGase F in different combinations as indicated to remove neuraminic acid (sialidase), O-linked sugars (O-glycanase), and N-linked sugars
(PNGase F). Samples were examined by immunoblotting with a monoclonal antibody to synaptotagmin 1 (Cl41.1).
(D) N-glycosylation of transfected synaptotagmins. EYFP fusion proteins of synaptotagmins 1 (Syt 1) and 7 (Syt 7) or chimera #5 (Syt 11-29

79-403) and of N24Q mutant synaptotagmin 1(Syt 1N24Q) were expressed in HEK293 cells, incubated without or with PNGase F to remove N-linked
sugars, and examined by immunoblotting with a polyclonal antibody to EYFP.

abolishes N-glycosylation (Figure 3D). We transfected verted the localization of synaptotagmin 1 to that of
synaptotagmin 7.wild-type synaptotagmins 1 and 7 and N24Q mutant

synaptotagmin 1 as EYFP fusion proteins into PC12 and The plasma membrane localization of the N24Q mu-
tant suggests that intravesicular N-glycosylation of sy-AtT-20 cells and stained the cells with fluorescent FM4-

64 dye as a plasma membrane marker. Confocal micros- naptotagmin 1 is essential for endocytosis. To examine
this hypothesis by an independent method that doescopy (Figure 4A) revealed that, in both neuroendocrine

cells, the N24Q mutation quantitatively redirected sy- not rely on an EYFP fusion protein, we employed the
endocytosis assay described in Figure 2C using N-ter-naptotagmin 1 from intracellular vesicles to the plasma

membrane. Thus, a single point mutation, N24Q, con- minally myc-tagged wild-type and N24Q mutant synap-
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Figure 4. A Point Mutation that Abolishes N-Glycosylation of Synaptotagmin 1 Redirects Synaptotagmin 1 from Secretory Vesicles to the
Plasma Membrane

(A) EYFP fusion proteins of wild-type (Syt 1) and N24Q mutant synaptotagmin 1 (Syt 1N24Q) and of wild-type synaptotagmin 7 (Syt 7, used as
a control) were expressed by transfection in PC12 cells (left three panels) and AtT-20 cells (right panels). Cells were stained with FM4-64 to
label the plasma membrane, and the FM4-64 and EYFP fluorescence were imaged by confocal microscopy. For each panel, signals are
merged on the right. For the N24Q mutant of synaptotagmin 1, two separate examples are shown for PC12 and AtT-20 cells to illustrate
reproducibility. Immunoblotting of transfected cells showed that the N24Q mutation abolishes N-glycosylation of synaptotagmin 1 (Figure 3D).
(B) The N24Q mutation inhibits synaptotagmin 1 endocytosis. PC12 cells were transfected with N-terminally myc-tagged wild-type or N24Q
mutant synaptotagmin 1, incubated with anti-myc tag antibodies as described in Figure 2, and bound antibodies were visualized by indirect
immunofluorescence. For quantitations, see Supplemental Figure S2 (http://www.neuron.org/cgi/content/full/41/1/85/DC1).
(C) N24Q mutant synaptotagmin 1 or wild-type synaptotagmin 7 do not impair general endocytosis. Confocal images of PC12 cells that
express N24Q mutant synaptotagmin 1 or wild-type synaptotagmin 7 on the cell surface were incubated with Alexa 633-labeled transferrin.
The synaptotagmins and internalized transferrin were imaged by fluorescence microscopy to examine whether transferrin-uptake is inhibited
by expression of plasma membrane-localized synaptotagmins.
Scale bars in the lower right panels (equal to 2 �m) apply to all panels.

totagmin 1 (Figure 4B). When we applied the antibody synaptotagmin 1, whereas wild-type synaptotagmin 1
was transported to intracellular vesicles (Figure 4B).to the N-terminal myc tag to the medium, we detected

the N24Q mutant synaptotagmin 1 on the cell surface Quantitation of the ratio of intracellular to plasmalemmal
fluorescence values using confocal imaging revealedat both 0�C and 37�C. Even after 1 hr of incubation at

37�C, we observed no internalization of the N24Q mutant that wild-type synaptotagmin 1 but not N24Q mutant
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synaptotagmin 1 was efficiently internalized (Supple- sequence near the C terminus. It was inserted into the
same position as the synaptotagmin 1 sequence in chi-mental Figure S2 [http://www.neuron.org/cgi/content/

full/41/1/85/DC1]). To exclude the possibility that inter- mera #8. As a negative control, we substituted glutamine
for asparagine in the randomized sequence (chimeranalization or lack thereof depended on either the N-ter-

minal myc-epitope or the C-terminal EYFP fusion of #10). In transfected 293 cells, synaptotagmin 7 con-
taining the randomized N-glycosylation sequence wassynaptotagmin 1, we introduced the N24Q mutation into

unmodified synaptotagmin 1 and monitored the cycling N-glycosylated whereas the NQ mutant of this sequence
was not (Figure 5B). We then analyzed both chimerasof N24Q mutant and wild-type synaptotagmin 1 using

a monoclonal antibody to the N-terminal intravesicular for vesicular targeting and internalization. Only the
N-glycosylated but not the nonglycosylated synaptotag-sequence of synaptotagmin 1 (Matteoli et al., 1992). The

monoclonal antibody only detected surface-exposed min 7 chimera was internalized at steady state (Figure
5C) and localized to intracellular vesicles (Figure 5D).synaptotagmin 1 with N24Q mutant but not wild-type

synaptotagmin 1 (Supplemental Figure S3). Thus, three These data demonstrate that the exact sequence of the
N-terminal region of synaptotagmin 1 is not essentialtypes of experiments show that internalization of synap-

totagmin 1 in neuroendocrine cells requires intravesicu- to confer internalization and vesicular localization onto
synaptotagmin 7 but that only a functional N-glycosyla-lar N-glycosylation.

A potential concern is that N24Q mutant synaptotag- tion site is needed.
min 1 and/or wild-type synaptotagmin 7 may not nor-
mally be plasma membrane proteins but, when over- Viral Rescue of Synaptic Responses in KO
expressed, suppress endocytosis by an unknown Neurons Lacking Synaptotagmin 1
mechanism. To address this concern, we incubated Is the N-glycosylation of synaptotagmin 1 functionally
transfected cells with fluorescent transferrin and tested important for neurotransmitter release? To address this,
whether expression of N24Q mutant synaptotagmin 1 or we first tested whether N-glycosylation is essential for
wild-type synaptotagmin 7 altered uptake of transferrin the normal localization of synaptotagmin 1 in neurons.
(Figure 4C). We detected no difference in transferrin We expressed wild-type and N24Q mutant synaptotag-
uptake between transfected and adjacent nontrans- min 1 (without GFP or an epitope tag) in high-density
fected cells, suggesting that the cell-surface localization cultures of hippocampal neurons using recombinant
of the N24Q mutant synaptotagmin 1 and wild-type Semliki Forest viruses and selectively visualized synap-
synaptotagmin 7 cannot be explained by a global inhibi- totagmin 1 in the plasma membrane by staining fixed,
tion of endocytosis. nonpermeabilized neurons with the monoclonal anti-

body that is directed to the extracellular N terminus of
synaptotagmin 1 (Supplemental Figure S4 [http://www.N-Glycosylation in Combination with Cytoplasmic

C2 Domains Is Sufficient to Mediate neuron.org/cgi/content/full/41/1/85/DC1]). These experi-
ments showed that �3 times more synaptotagmin 1 wasInternalization

Is N-glycosylation the signal that mediates internaliza- present on the neuronal surface in neurons expressing
N24Q mutant synaptotagmin 1 than in neurons express-tion of synaptotagmin 1 into secretory vesicles (and of

synaptotagmin 7 when it is mutated), or do other fea- ing wild-type synaptotagmin 1. These results indicate
that, in neurons, the internalization of synaptotagmin 1tures of the intravesicular sequence of synaptotagmin

1 participate? To address this question, we first inserted from the plasma membrane also depends on N-glycos-
ylation, although the widespread overexpression of thesmaller segments of the synaptotagmin 1 intraluminal

sequence into the N-terminal region of synaptotagmin virally expressed synaptotagmins does not allow the
determination of whether some of the N24Q mutant sy-7 (chimeras #7 and #8, Figure 5A). These chimeras were

constructed as N-terminally myc-tagged proteins to naptotagmin 1 additionally “leaked” onto synaptic vesi-
cles, and some of the wild-type synaptotagmin 1 mayallow monitoring of synaptotagmin internalization (see

Figure 2C) or as C-terminal EYFP fusion proteins to have lingered on the plasma membrane.
We next investigated whether the differentially local-allow visualization of the steady-state localization of the

respective proteins. Synaptotagmin 7 chimeras con- ized synaptotagmin 1 variants have distinct effects on
Ca2�-triggered synaptic vesicle exocytosis. To examinetaining 25 and 18 residues of synaptotagmin 1 were

N-glycosylated in transfected 293 cells (Figure 5B) and this question, we employed two control mutants in addi-
tion to the N24Q mutant synaptotagmin 1 describedefficiently internalized in transfected PC12 cells at 37�C

but not 0�C (Figure 5C). Furthermore, these chimeras above: R233Q mutant synaptotagmin 1 that exhibits a
decrease in apparent Ca2� affinity and was character-expressed as EYFP fusion proteins were localized to

vesicles at steady state (Figure 5D). ized in knockin experiments (Fernández-Chacón et al.,
2001); and the so-called 6DA mutant synaptotagmin 1We next constructed a chimeric synaptotagmin 7 con-

taining a random 18 residue sequence that contains a in which Ca2� binding to both C2 domains is abolished
because three critical aspartate residues in the C2A andsimilar amino acid composition to the 18 residue synap-

totagmin 1 insertion sequence of chimera #8 but shares the C2B domain are replaced by alanine residues (hence
“6DA”). The R233Q was used as a positive control tono sequence homology with synaptotagmin 1 except

for the presence of an N-glycosylation site (chimera #9, validate the rescue system because its phenotype can
be predicted from the results of the knockin experi-Figure 5A). The random sequence (SAPSSLAQPAIQ

NATDAS) exhibits no sequence homology to a known ments, and the 6DA mutant was used as a negative
control because its inability to bind Ca2� should abolishprotein and was solely designed to be rich in short-chain

amino acids and include an N-glycosylation consensus its function.
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Figure 5. N-Terminal N-Glycosylation Is Sufficient to Redirect Synaptotagmin 7 from the Plasma Membrane into Intracellular Vesicles

(A) Structures of synaptotagmins 1 (Syt 1) and 7 (Syt 7) and of chimeric synaptotagmin 7 proteins. Chimeras #7 and #8 include insertions of
25 and 18 residues from the N-terminal sequence of synaptotagmin 1, while chimeras #9 and #10 include 18 residue insertions in which the
synaptotagmin 1 sequence was randomized with (#9) or without retention of the N-glycosylation site (#10). Inserted sequences are shown
below the protein diagrams; N-glycosylation consensus sequences are underlined. All proteins were produced and analyzed with either an
N-terminal myc epitope tag or a C-terminal EYFP fusion.
(B) N-glycosylation of chimeric synaptotagmin 7 proteins containing 25 and 18 residue insertions.
(C) Confocal images of synaptotagmin internalization experiments. PC12 cells expressing myc-tagged synaptotagmin chimeras #7–#10 were
incubated with anti-my antibodies at 0�C or 37�C for 1 hr, fixed, and examined by indirect immunofluorescence for antibody uptake.
(D) Confocal images of PC12 cells expressing various EYFP-tagged chimeric proteins. To clearly identify the plasma membrane in the images
(arrows), cells were labeled with FM4-46.
N, nucleus. Scale bars in (C) and (D) (equal to 2 �m) apply to all panels.

We cultured hippocampal neurons from synaptotag- neurons restored peak EPSC amplitudes (3.1 � 0.4 nA,
n � 57; Figure 6A) and recovered the rapid kinetics ofmin 1 knockout (KO) mice on isolated microislands of

glia cells where neurons form autapses (Geppert et al., wild-type release (Figure 6B). In contrast, viral expres-
sion of the 6DA mutant of synaptotagmin 1 did not res-1994), infected the neurons with the recombinant vi-

ruses, and recorded evoked synaptic responses in the cue either the peak amplitude or the delayed release
kinetics (data not shown). Expression of the R233Q mu-neurons 15–22 hr after infection (Figure 6A). KO neurons

displayed �15-fold smaller peak EPSC amplitudes than tant, in contrast, fully restored the release kinetics (Fig-
ure 6B) but not the amplitude of release (see Figure 7wild-type neurons (KO neurons � 0.29 � 0.08 nA, n �

38; wild-type neurons � 4.5 � 1 nA, n � 17), and the below), identical to what was described for knockin mice
(Fernández-Chacón et al., 2001). In knockin mice, thetime course of release was greatly delayed (Figure 6B).

Viral expression of wild-type synaptotagmin 1 in KO R233Q mutation decreased the probability of release
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Figure 7. Evoked Responses, Vesicle Pool Sizes, and Vesicular Re-
lease Probabilities in Synaptotagmin 1 KO Neurons Expressing Wild-
Type, R233Q Mutant, or N24Q Mutant Synaptotagmin 1

(A) Representative evoked EPSCs (left) and sucrose responses
(right) from synaptotagmin 1 KO neurons rescued with wild-type
synaptotagmin 1 (top, WT), mutant synaptotagmin 1N24Q (middle,
N24Q), and mutant synaptotagmin 1R233Q (bottom, R233Q). Rescues
were performed by expression with recombinant Semliki Forest vi-
ruses.
(B, C, and D) Mean EPSC amplitudes (B), readily releasable vesicle
pool size (C), and vesicular release probability (D) from the indicated
rescue experiments (wild-type, n � 31; N24Q, n � 36; and R233Q,
n � 25). Data shown are means � SEMs; statistical significance
levels are indicated.

which causes facilitation of synaptic responses during
repetitive stimulation. This phenotype is also repro-
duced with virally expressed R233Q mutant synaptotag-
min 1 which caused synaptic facilitation during repeti-
tive stimulation at 10 Hz and 50 Hz (Figures 6C and 6D).
Together these results validate the rescue approach in
spite of the protein overexpression induced by the vi-
ral infections.

Figure 6. Rescue of the Synaptotagmin 1 KO Phenotype by Viral
Expression of Wild-Type and Mutant Synaptotagmin 1

N24Q Mutant Synaptotagmin 1 Rescues Synaptic(A) Superimposed representative AMPA receptor-mediated EPSCs
Responses but Impairs the Productionfrom cultured hippocampal wild-type (WT) and synaptotagmin 1 KO

(KO) neurons. of Fusion-Competent Vesicles
(B) Averaged time courses of the normalized integrated charge of We next examined whether N24Q mutant synaptotag-
EPSCs in response to action potentials. Data are from wild-type min 1 rescues the synaptotagmin 1 KO phenotype (Fig-
(WT, n � 28) and synaptotagmin 1 KO neurons (KO, n � 38) and ures 6 and 7). Similar to the R233Q mutant, the N24Q
from synaptotagmin 1 KO neurons infected with Semliki Forest vi-

mutant reversed the delayed release kinetics of the KOruses that overexpress wild-type synaptotagmin 1 (WT, n � 35),
phenotype (Figure 6B), but repetitive stimulation elicitedN24Q mutant synaptotagmin 1 (N24Q, n � 40), and R233Q mutant

synaptotagmin 1 (R233Q, n � 23). Time courses were normalized to no difference in the relative responses of KO neurons
the total charge integral for 1 s after initiation of the action potential. expressing either wild-type or N24Q mutant synaptotag-
(C) Representative traces (left) and summary graphs (right) of synap- min 1 (Figures 6C and 6D). To test whether the N24Q
tic responses recorded in excitatory neurons from synaptotagmin mutant synaptotagmin 1 was fully functional, we quanti-
1 KO mice in response to 10 Hz stimulation. Neurons were infected

fied the average size of synaptic responses evoked bywith recombinant Semliki Forest Virus encoding wild-type synapto-
action potentials (as a measure of Ca2�-triggered re-tagmin 1 (black trace), synaptotagmin 1N24Q (blue trace), and synapto-

tagmin 1R233Q (red trace). lease) and hypertonic sucrose (as a measure of the
(D) Same as in (C), except that neurons were stimulated at 50 Hz. readily releasable pool). The ratio of these two parame-
In the summary graphs, synaptic responses were normalized to the ters provides the vesicular release probability (Pvr), a
first response. sensitive measure of the efficacy of Ca2�-triggered re-
Data in (C) and (D) are means � SEMs.

lease (Figure 7).
Unexpectedly, we found that N24Q mutant synapto-

tagmin 1 suppressed the size of both action potential-
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induced EPSCs and of sucrose-induced EPSCs by ap-
proximately 50% compared to wild-type synaptotagmin
1 (Figures 7B and 7C). In contrast, synapses expressing
R233Q mutant synaptotagmin 1 exhibited a selective
decrease in Ca2�-evoked release and vesicular release
probability but displayed no change in sucrose-induced
responses as observed in knockin mice (Fernández-
Chacón et al., 2001). Since the vesicular release proba-
bility Pvr is derived from the ratio of action potential- to
sucrose-induced EPSCs, it was decreased in R233Q
mutant synapses but normal in synapses expressing
N24Q mutant synaptotagmin 1 (Figure 7D), consistent
with the unchanged short-term plasticity of these syn-
apses (Figure 6). These results suggest that even though
N24Q mutant synaptotagmin 1 can partially rescue the
KO phenotype, mislocalization of synaptotagmin 1 due
to deficient N-glycosylation in the N24Q mutant has a
severe effect on synaptic responses. The synaptic phe-
notype of the N24Q mutant is surprising because dele-
tion of synaptotagmin 1 itself has no effect on the
readily-releasable pool (Geppert et al., 1994, 1997), indi-
cating that mislocalization of synaptotagmin 1 acts as a
dominant negative that alters the availability of synaptic
vesicles for release.

Effect of Overexpressed Wild-Type and Mutant
Synaptotagmin 1 on Neurotransmitter
Release in Wild-Type Neurons

Figure 8. Synaptic Responses in Wild-Type Neurons ExpressingIf the N24Q mutant synaptotagmin 1 acts as a dominant
Wild-Type, N24Q Mutant, or 6DA Mutant Synaptotagmin 1

negative to decrease the size of the readily releasable
(A) Representative EPSC responses from wild-type neurons ex-

pool in synaptotagmin KO neurons, it may also alter pressing wild-type (left) or N24Q mutant synaptotagmin 1 (right).
release in wild-type neurons. However, overexpression (B, C, and D) Mean EPSC amplitudes (B), readily releasable vesicle
experiments of a protein on a wild-type background are pool size (C), and vesicular release probability (D) recorded in naive

wild-type neurons (n � 15) or wild-type neurons expressing wild-difficult to interpret because, for many proteins (e.g.,
type synaptotagmin 1 (WT, n � 71), 6DA mutant synaptotagmin 1rab3, syntaxin, and synaptophysin), simple overexpres-
(n � 52), or N24Q mutant synaptotagmin 1 (n � 64). Data shownsion of the wild-type protein on a wild-type background
are means � SEMs; statistical significance levels are indicated.

alters synaptic function. Therefore, we compared in (E and F) Normalized synaptic responses in naive wild-type neurons
wild-type neurons the synaptic effects of three overex- or wild-type neurons expressing wild-type or mutant synaptotagmin
pressed proteins: wild-type synaptotagmin 1 to test for 1. Responses were recorded during repetitive stimulation at 10 Hz

(E) or 50 Hz (F) (noninfected, n � 15–17; WT overexpression, n �a possible synaptotagmin overactivity, N24Q mutant
54–77; 6DA, n � 44–48; and N24Q, n � 46–72).synaptotagmin 1 to probe for a potential dominant-neg-

ative role, and 6DA mutant synaptotagmin 1 as an inac-
tive negative control that provides another point of com-

synaptotagmins (Figure 8D). This increase was con-parison for overexpressed wild-type and N24Q mutant
firmed in repetitive stimulation experiments which re-synaptotagmin 1 (Figure 8). As above, all proteins were
vealed that overexpression of wild-type synaptotagminexpressed without a myc or EYFP tag by infecting neu-
1 induced increased depression, consistent with arons with recombinant Semliki Forest viruses.
higher release probability (Figures 8E and 8F). ViewedWe found that, compared to noninfected neurons,
together, these experiments establish that mislocaliza-viral expression of the 6DA mutant did not produce sig-
tion of synaptotagmin 1 caused by the N24Q mutationnificant changes in EPSC amplitude, sucrose response,
results in a change in neurotransmitter release.or vesicular release probability, suggesting that the 6DA

mutant is a good control (Figure 8). Overexpression of
N24Q mutant synaptotagmin 1 in wild-type neurons Discussion
caused a substantial decrease in the size of both action
potential-induced EPSCs (Figure 8B) and of sucrose- Synaptotagmins constitute a family of Ca2� binding pro-

teins that are candidate Ca2� sensors in exocytosis.triggered EPSCs (Figure 8C) without a significant change
in the release probability (Figure 8C). Thus, N24Q mutant Synaptotagmins share a common domain structure, but

at least those synaptotagmins whose localization hassynaptotagmin 1 suppresses synaptic responses in both
wild-type and synaptotagmin 1 KO neurons in a similar been examined in detail (e.g., synaptotagmins 1, 2, 3,

and 7; see Perin et al., 1990, 1991; Geppert et al., 1991;pattern. Overexpression of wild-type synaptotagmin 1
also caused a synaptic phenotype that, surprisingly, Sugita et al., 2001, 2002) are differentially localized.

Synaptotagmin 1, a synaptic vesicle protein that regu-consisted of a large increase (�70%) in release probabil-
ity and was not observed for the N24Q and 6DA mutant lates the fast component of release (Geppert et al., 1994;
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Yoshihara and Littleton, 2002), is arguably the best-stud- plasmic sequences (Figure 3). Insertion of only 18 N-ter-
minal residues from synaptotagmin 1—consisting of theied isoform. The structures of the C2 domains from sy-
N-terminal part of the intraluminal sequence of synapto-naptotagmin 1 were determined at atomic resolution
tagmin 1 without the TMR—into the N terminus of synap-(Ubach et al., 1998; Fernandez et al., 2001), and Ca2�

totagmin 7 was sufficient to redirect synaptotagmin 7binding to these C2 domains was shown to dictate the
from the plasma membrane to intracellular vesicles (chi-apparent Ca2� affinity of fast release (Fernández-Cha-
mera #8, Figure 5).cón et al., 2001). Nevertheless, the mechanisms that

(2) Conversely, abolishing N-glycosylation of synapto-target synaptotagmin 1 to synaptic vesicles and segre-
tagmin 1 via a single amino acid substitution convertedgate it from synaptotagmin 7 (which is also expressed
synaptotagmin 1 into a plasma membrane protein in thein synapses but present on the plasma membrane) are
context of an EYFP fusion protein (Figure 4A), a myc-unclear. On a more fundamental level, even the expres-
tagged protein (Figure 4B), and an unmodified proteinsion and localizations of synaptotagmins 1 and 7 are
(Supplemental Figures S3 and S4 [http://www.neuron.not uniformly agreed upon. In addressing these issues,
org/cgi/content/full/41/1/85/DC1]) in neuroendocrinewe have made three principal observations: synaptotag-
cells and in neurons. While wild-type synaptotagmin 1mins 1 and 7 exhibit distinct patterns of expression and
was efficiently endocytosed in transfected PC12 cells,localization, the N-terminal N-glycosylation site of syn-
mutant synaptotagmin 1 with a substitution in theaptotagmin 1 is essential for its targeting to synaptic
N-glycosylation site (N24Q) was retained on the plasmavesicles, and synaptotagmin 1 N-glycosylation is re-
membrane (Figure 4B).quired for its function in exocytosis. These findings un-

(3) Insertion of a random 18 residue sequence intocover an unexpected role for extracellular N-glycosyla-
the N terminus of synaptotagmin 7 induced its internal-tion in the recycling of synaptic vesicles.
ization and its localization to intracellular vesicles only
when this 18 residue sequence was N-glycosylated (Fig-Distinct Expression Patterns
ure 5), demonstrating that the signal for the correct tar-of Synaptotagmins 1 and 7
geting is mediated by the N-glycosylation of the extra-Consistent with previous results, we detected significant
cellular sequence of synaptotagmin 1 and not by anotherlevels of synaptotagmin 1 only in brain and neuroendo-
sequence element.crine tissues at all developmental stages examined. In

This evidence was obtained, at least for some of thecontrast, we found that synaptotagmin 7 is abundantly
constructs, in two neuroendocrine cells (PC12 and AtT-expressed in embryonic mice in all tissues examined
20 cells) and in hippocampal neurons, with N-terminal(Figure 1A). This pattern changes during postnatal devel-
myc-tagged or C-terminal EYFP fusion proteins andopment when the expression of synaptotagmin 7 de-
without any modification of synaptotagmins. The N-ter-creases outside of brain to very low levels but increases
minal intravesicular sequence of synaptotagmin 1 is notin brain. In addition, we observed that synaptotagmin 7
simply a “sorting signal,” as the cytoplasmic C2 domainsis present in all rapidly proliferating cell lines tested
of synaptotagmin 1 were also required for endocytosis(Figure 1B). Ubiquitously expressed synaptotagmin 7
(Figure 3). The fact that the C2 domains from synaptotag-is synthesized in a single splice variant of 45 kDa in
min 7 could substitute for those of synaptotagmin 1embryonic mice, whereas neuronal synaptotagmin 7 is
means that the C2 domains do not contain an autono-amplified into a large number of splice variants in adult
mous internalization signal but that an activity of the C2mice. These results support the notion that synaptotag-
domains—possibly the binding of the C2B domain to

min 1 performs a specialized function in neurosecretion,
AP2 and stonins (Zhang et al., 1994; Martina et al., 2001;

whereas synaptotagmin 7 may have a dual role: a univer-
Walther et al., 2001)—is essential. This agrees well with

sal function in proliferating cells and a restricted synap- previous data suggesting that the C2B domain of synap-
tic function in postmitotic neurons. It is possible that totagmin 1 includes an internalization motif (Jarousse
both of these functions involve Ca2�-regulated exo- and Kelly, 2001; Dasgupta and Kelly, 2003), although
cytosis, which is also observed in proliferating nonneu- our data argue against the conclusion that this internal-
ronal cells (Coorssen et al., 1996; Ninomiya et al., 1996). ization motif functions as an autonomous sorting signal.

This difference between our and previous results may
N-Glycosylation of Synaptotagmin 1 Is Required be due to the fact that previous experiments utilized
for Its Localization to Secretory Vesicles fusion proteins in which the N-terminal sequences of
Our major finding is that an essential determinant for synaptotagmins were replaced by the extracellular do-
the endocytosis and vesicular localization of synapto- mains of CD4. Thus, important sequences involved in
tagmin 1 is its intravesicular N-glycosylation site. The the localization of synaptotagmins were not included
requirement of a noncytoplasmic sequence, embodied in these studies. The notion that binding of endocytic
in a single amino acid (N24) that is N-glycosylated, for proteins (stonins and AP2) plays a central role in the
localization of a protein is surprising. Three lines of evi- requirement for the C2 domains in synaptotagmin 1 sort-
dence support the identification of the intravesicular ing is also supported by the fact that the C2 domains of
N-glycosylated sequence of synaptotagmin 1 as an es- synaptotagmin 7 bind to AP2 (Li et al., 1995a), but the
sential determinant of synaptotagmin 1 localization: role of this binding has not yet been examined.

(1) In transfected neuroendocrine cells (where trans-
fected synaptotagmins 1 and 7 faithfully reproduce the Synaptotagmin 1 N-Glycosylation Is Functionally
localization of native synaptotagmins [Figure 2]), the Important for Exocytosis
localization of chimeric synaptotagmin 1/7 EYFP fusion Finally, we found that the N24Q mutant of synaptotag-

min 1, when expressed in hippocampal neurons fromproteins was dictated by their N-terminal noncyto-
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synaptotagmin 1 KO mice, rescued the phenotype of The mechanistic basis for this requirement may be a
neuron-specific factor that couples the N-glycosylatedthese mice but decreased the size of the readily releas-

able pool by �50% (Figures 6 and 7). Furthermore, ex- N terminus to other vesicle components. The depen-
dence of the localization of synaptotagmin 1 on its in-pression of N24Q mutant synaptotagmin 1 in wild-type

neurons containing endogenous synaptotagmin 1 also travesicular N-glycosylation is an unexpected result,
since protein targeting normally involves cytoplasmicdepressed the readily releasable pool by �40% (Figure

8). The rescue approach was validated by demonstra- sequences (see for example Emanuelsson and von
Heijne, 2001) and since protein glycosylation generallyting that viral expression of wild-type synaptotagmin 1

efficiently reversed the mutant phenotype, whereas viral mediates protein folding or protein-protein interactions
(reviewed in Helenius and Aebi, 2001). However, at leastexpression of 6DA mutant synaptotagmin 1 that con-

tains no functional Ca2� binding sites failed to do so. in polarized epithelia, N-glycosylation was previously
associated with targeting reactions. Apical sorting ofFurthermore, viral expression of R233Q mutant synapto-

tagmin 1 that we have previously characterized in some membrane proteins in polarized epithelial cells
appears to be mediated by N-glycosylation (Ihrke etknockin mice (Fernández-Chacón et al., 2001) produced

a precise phenocopy of the R233Q knockin phenotype. al., 2001; Martinez-Maza et al., 2001), whereas other
membrane proteins are targeted to apical membranesTherefore, the N24Q mutant of synaptotagmin 1 appears

to act as a dominant-negative protein which alters a independent of N-glycosylation (Bravo-Zehnder et al.,
2000; Marmorstein et al., 2000). N-glycosylation is prob-function that does not normally require synaptotagmin 1.

These results establish that N24Q mutant and wild- ably also not generally responsible for the localization
of synaptic vesicle proteins, since many synaptic vesicletype synaptotagmin 1 are not only targeted to different

cellular localizations in neuronal and neuroendocrine proteins are not N-glycosylated, and some vesicle pro-
teins do not even have an intravesicular sequence, sug-cells but also act differently in release. Thus, the intra-

luminal N-glycosylation site of synaptotagmin 1 is re- gesting that diverse mechanisms are involved in building
a synaptic vesicle.quired for its normal function. The correlation between

mislocalization and the decrease in the readily releas-
Experimental Proceduresable pool indicates that the former may cause the latter,

especially since all known functions of synaptotagmin
Vector Construction1 depend on its cytoplasmic C2 domains which are iden-
A total of 37 expression vectors for transfection or viral expression

tical between wild-type and N24Q mutant synaptotag- of various synaptotagmin 1 and 7 proteins were constructed for the
min 1. A plausible interpretation of our results is that present study as described in the Supplemental Data [http://www.
synaptotagmin 1, when mislocalized to the plasma neuron.org/cgi/content/full/41/1/85/DC1]. All vectors are based on

the rat cDNAs (Perin et al., 1990; Li et al., 1995a).membrane, suppresses the readily releasable pool. A
possible mechanism for this dominant-negative effect

In Vitro Transcription and Viral Preparationis provided by the constitutive, Ca2�-independent inter-
Linearized SFV plasmids were transcribed in vitro, and the resultingaction of synaptotagmin 1 with the SNARE complex
RNA was transfected into BHK21 cells by electroporation (Ashery

(Bennett et al., 1992; Rickman and Davletov, 2003; Shin et al., 1999). One day after transfection, cell culture media containing
et al., 2003) that may sequester the SNARE complex inactive virus were collected and frozen in aliquots. On the day of
and cause a decrease in the readily releasable pool. infection, one frozen aliquot was thawed and activated by

�-chymotrypsin for 30 min. After addition of Aprotinin to inactivateThe electrophysiological results raise a number of
�-chymotrypsin, the viral preparation was used for infection.questions that we currently cannot answer. Key among

these is how N24Q mutant synaptotagmin 1 partially
Cell Culture and Transfectionrescues synaptic responses in KO neurons. It is possible
PC12 cells were maintained in RPMI medium (Invitrogen) supple-that the misdirected N24Q mutant synaptotagmin 1 on
mented with 5% horse serum and 10% fetal bovine serum (In-

the plasma membrane is partially active, i.e., mediates vitrogen) in a 37�C incubator with 5% CO2, while AtT-20 cells and
Ca2�-triggered exocytosis but at the same time inhibits HEK293 cells were kept in DMEM supplemented with 10% fetal

bovine serum in a 37�C incubator with 15% CO2 and 5% CO2, respec-the readily releasable pool. Alternatively, the overex-
tively. BHK21 cells were maintained in MEM (Invitrogen) supple-pressed N24Q mutant synaptotagmin 1 may “leak” onto
mented with 10% fetal bovine serum, nonessential amino acids andsynaptic vesicles during endocytosis. Once on the vesi-
sodium pyruvate in 37�C incubator with 5% CO2. For imaging, PC12,cles, the N24Q mutant would act like a normal synapto-
AtT-20, HEK293, and BHK21 cells were plated on poly-Lysine

tagmin 1 since its cytoplasmic sequences are identical (Sigma, 1 mg/ml in 0.1 M borate buffer) coated cover glass (18 mm
to those of wild-type synaptotagmin 1. Another question No. 1.5, VWR). One day after plating, cells were transfected with

DNA plasmids using Tfx-50 (Promega). For immunoblots, HEK293emerging from the physiological experiments is the
cells were plated in 6-well plates and transfected using FuGENE 6mechanism that causes an increase in release probabil-
(Roche) one day later. Two days after transfection, cells were col-ity when wild-type synaptotagmin 1 is overexpressed
lected and lysed in 200 �l of PBS. For immunocytochemistry, AtT-in wild-type neurons (Figure 8). More synaptotagmin 1
20 cells were plated on poly-Lysine-coated cover glasses. One day

appears to “improve” the synapses, suggesting that the after plating, cells were transfected with either pCMV-Syt1 or pCMV-
number of synaptotagmin 1 molecules on vesicles con- Syt7 using FuGene 6 (Roche). Two days after transfection, cover

glasses with cells were washed in PBS and fixed in 4% paraformal-tributes to regulating the release probability of a ter-
dehyde.minal.

Hippocampal CA3-dentate gyrus region was collected from neo-
natal mice, and dissociated neuronal cultures were prepared as

Perspectives described (Kavalali et al., 1999). Ten days after plating, 10–30 �l of
Why is intravesicular N-glycosylation required for the viral preparation of either pSFV-Syt1 or pSFV-Syt1N24Q were added

to each well. Six to eight hours later, cells were washed in PBS andcorrect localization and function of synaptotagmin 1?
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fixed in 4% paraformaldehyde for subsequent immunocytochemis- 0.5 M sucrose in addition to the regular external solution. Patch
pipette solutions included (in mM) KCl, 125; NaCl, 10; MgCl2, 4.6,try procedure as described below.
ATP-Na2, 4; creatine phosphate, 15; phosphocreatine kinase (20
U/ml), EGTA, 1; buffer pH 7.3; 300 mOsm. Chemicals were pur-Immunocytochemistry
chased from Sigma.Fixed AtT-20 cells and hippocampal neurons were blocked in PBS

containing 3% goat serum and 3% dry milk for 1 hr at room tempera-
Miscellaneous Proceduresture. Cells were first labeled with a monoclonal antibody against
Polyclonal antibodies to GFP (T3743) were raised against His-Syt1’s N terminus (Cl604.4, 1:500) and Alexa 568-conjugated goat-
tagged recombinant GFP subcloned into BamHI/HindIII site of theanti-mouse IgG (1:1000, Molecular Probes). These cover glasses
pQE9 vector (Qiagen), expressed in BL21(DE3) E. coli strain (Stra-were then blocked again in PBS containing 3% goat serum, 3% dry
tagene). The recombinant protein was purified on Ni-NTA agarosemilk, and 0.1% Tx-100 for 30 min to permeabilize cell membrane.
(Qiagen) according to the manufacturer’s protocol and used forAfter blocking and permeabilization, cells were probed with a poly-
immunizations as described (Johnston et al., 1989). For SDS-PAGEclonal antibody against Syt1 C2A (V761, 1:500) and then Alexa 488-
and immunoblotting, transfected HEK293 cells were collected andconjugated goat-anti-rabbit IgG (1:1000, Molecular Probes). Cover
divided into two groups: with one group receiving PNGase F (NEB)glasses were then mounted on slides and sealed for observation.
treatment and one group receiving mock treatment. Samples were
then mixed with SDS sample buffer and boiled. After the samplesTransferrin Uptake
were resolved by SDS-PAGE, they were electroblotted to NylonTwo days after transfection with pCMV5-Syt1N24Q-EYFP or pCMV5-
membrane (Amersham). The membrane was probed using poly-Syt7-EYFP, PC12 cells on coverslips were first washed twice in
clonal antibody against GFP (T3743) and horseradish peroxidase-modified PBS (PBS� � PBS plus 1 mM MgCl2, 1 mM CaCl2, 0.2%
conjugated secondary antibody.BSA, and 5 mM glucose) and incubated in serum-free MEM (GIBCO)

for 60 min at 37�C. MEM was then removed, and PBS� containing
Acknowledgments100 �g/ml Alexa Fluor 633-conjugated transferrin (Molecular

Probes) was added to cells. After incubation at 37�C for 60 min,
We would like to thank Ms. I. Leznicki, A. Roth, D. Reuter, and E.the cells were washed quickly with ice-cold PBS�, fixed in PBS
Borowicz for technical assistance; and Drs. J. Rettig (Universitätcontaining 4% paraformaldehyde, and mounted onto slides for mi-
Saarland, Germany) and M.G. Roth (UT Southwestern, Dallas, TX)croscopy.
for advice and reagents.

Antibody Uptake
Received: March 25, 2003Two days after transfection with various Myc-tagged expression
Revised: November 5, 2003vectors, PC12 cells on coverslips were first washed in saline (120
Accepted: December 5, 2003mM NaCl, 2.5 mM MgCl2, 2 mM CaCl2, 25 mM HEPES, 30 mM
Published: January 7, 2004Glucose, pH 7.4) plus 3% BSA on ice, then incubated with 2 �g/ml

polyclonal anti-Myc (Upstate Biotechnology, NY) at 37�C or on ice.
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MDCK cells. EMBO J. 20, 6256–6264. of a universal Ca2�-binding domain. J. Biol. Chem. 273, 15879–
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