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ABSTRACT C2 domains are widespread motifs that often serve as Ca?*-binding modules;
some proteins have more than one copy. An open issue is whether these domains, when du-
plicated within the same parent protein, interact with one another to regulate function. In the
present study, we address the functional significance of interfacial residues between the
tandem C2 domains of synaptotagmin (syt)-1, a Ca?* sensor for neuronal exocytosis. Substitu-
tion of four residues, YHRD, at the domain interface, disrupted the interaction between the
tandem C2 domains, altered the intrinsic affinity of syt-1 for Ca?*, and shifted the Ca?* depen-
dency for binding to membranes and driving membrane fusion in vitro. When expressed in
syt-1 knockout neurons, the YHRD mutant yielded reductions in synaptic transmission, as
compared with the wild-type protein. These results indicate that physical interactions be-
tween the tandem C2 domains of syt-1 contribute to excitation—secretion coupling.
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INTRODUCTION
C2 domains are conserved protein modules of ~135 residues
(Nalefski and Falke, 1996). The term “C2 domain” arose from the
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cloning of protein kinase C (PKC) isoforms and refers to the second
of four conserved motifs (motif 2) in “classical” isoforms of PKC that
require anionic phospholipids and Ca?* for maximal activity. These
motifs are absent in “nonclassical” PKC isoforms that are not regu-
lated by Ca?* (Nishizuka, 1988; Ohno et al., 1988; Ono et al., 1988).
Since this original work, it is now apparent that C2 domains are pres-
ent in a variety of signaling and membrane-trafficking proteins, in
which they mediate interactions with other molecules, including in-
tracellular proteins and membranes, in a manner often regulated by
Ca?* (Nalefski and Falke, 1996).

The systematic cloning of synaptic vesicle (SV) proteins revealed
that the previously characterized glycoprotein pé5 (renamed synap-
totagmin [syt]-1) harbored tandem C2 domains (Matthew et al.,
1981; Perin et al., 1990), C2A and C2B, that are connected by a
short linker segment. Syt-1 spans the SV membrane once and was
the first integral membrane protein found to harbor C2 domains. In
syt-1, both C2 domains bind Ca?* via two flexible loops, 1 and 3,
that protrude from the “top” of each domain (Sutton et al., 1995);
C2A binds three Ca?* ions (Ubach et al., 1998), while C2B binds two
Ca?* ions (Fernandez et al., 2001).

Ca?* promotes the interaction of syt-1 with membranes that har-
bor anionic phospholipids (Perin et al., 1990; Brose et al., 1992).
Upon binding Ca?*, the loops of syt-1 partially insert into the target
membrane (Chapman and Davis, 1998; Bai et al., 2002; Chicka et al.,
2008). This insertion step serves to drive the close apposition of the
SV and plasma membrane (Chicka et al., 2008) and might also drive
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the localized buckling of the target membrane (Arac et al., 2006;
Martens et al., 2007; Hui et al., 2009), thereby facilitating fusion. Ca?*
also enhances the binding of syt-1 to soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptors (SNAREs), which form the
core of a conserved membrane fusion machine. Vesicular (v-) and
target (t-) membrane SNAREs assemble into four-helix bundles that
directly catalyze fusion. Syt-1 specifically binds to t-SNAREs (Bennett
et al., 1992; Schiavo et al., 1997; Davis et al., 1999) and drives their
assembly into heterodimers in vitro (Bhalla et al., 2006; Hui et al.,
2011).

While the role of sytet-SNARE interactions remains unclear in
vivo (Zhang et al., 2002, 2010), the interaction of syt-1 with mem-
branes appears to be a key step in excitation-secretion coupling
(Liu et al., 2014). In a recent study, the length and rigidity of the
linker that connects C2A and C2B was systematically varied. These
alterations resulted in a graded ability of syt-1 to penetrate mem-
branes, and these changes were well correlated with the ability of
the linker mutants to drive SV exocytosis, thus uncovering a step in
excitation—secretion coupling (Liu et al., 2014). These experiments
suggested that holding the C2 domains apart, using long polypro-
line rods, disrupted the function of syt-1, supporting a model in
which the tandem C2 domains must cooperate to drive efficient
membrane fusion. However, the notion that C2A and C2B engage
in intramolecular interactions remains controversial (Sutton et al.,
1999; Bai et al., 2002; Arag et al., 2006; Fuson et al., 2007; Fealey
et al., 2012). Hence a more subtle approach, using point mutations
of interfacial residues instead of artificial linkers to disrupt contact
between the tandem C2 domains, should help to inform studies of
interdomain interactions.

Three crystal structures of the cytoplasmic domain of syt have
been reported: one for syt-1 and two for syt-3 (Sutton et al., 1999;
Fuson et al., 2007; Vrljic et al., 2010). These structures differ in the
relative orientation of the C2 domains, which might reflect differ-
ent functional states of the protein. In the “open” conformation,
the metal/phospholipid binding loops of each C2 domain of syt
faced one another, and there were no interdomain interactions

(Sutton et al., 1999). However, in the “closed” state, an interdo-
main association was clearly apparent (Fuson et al., 2007). Be-
tween these two conformations, the interfacial residues Y180 and
H237 in C2A and R388 and D392 in C2B exhibited considerable
differences in spatial orientation and bonding interactions (Fuson
etal., 2007). In the isolated syt-1 C2A structure, loop 3 was stabi-
lized by intradomain interactions between Y180 and H237 (Fuson
et al., 2007). However, in the structure of the cytoplasmic do-
main, Fuson et al. (2007) found that the Y180/H237 interaction
was disrupted, resulting in the distortion of loop 3 and the forma-
tion of a new interdomain interaction between H237 in C2A and
T406 in C2B. This led to the idea that C2A was inactivated in the
presence of C2B (Fuson et al., 2007). Consistent with this idea, a
number of studies reported that disruption of Ca?* binding
to C2A by substituting Ca?* coordinating residues had little ef-
fect on synaptic transmission (Fernandez-Chacon et al., 2002;
Robinson et al., 2002; Stevens and Sullivan, 2003). Finally, the
structure by Fuson et al. (2007) revealed that residues R388 and
D392, present in an o-helical insertion in C2B, form salt bridges
with D178 and R199/233 of C2A, respectively.

In this study, we carried out experiments to determine whether
disruption of the putative interaction surface between C2A and C2B
by point mutations of interfacial residues, YHRD, altered the func-
tion of syt-1. As detailed below, using a combination of biophysical
and biochemical approaches, in conjunction with atomic force mi-
croscopy (AFM) and electrophysiology, we observed that intramo-
lecular interactions play an important role in syt-1 function during
excitation—secretion coupling.

RESULTS

C2 domain tethering affects the intrinsic affinity

of syt-1 for Ca?*

To determine whether tethering C2A and C2B together, via the
native linker, affects Ca%*-binding activity, we carried out isother-
mal titration calorimetry (ITC) experiments (Figure 1A). ITC mea-
sures the changes in heat associated with the binding of a ligand
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FIGURE 1: The Ca2?*-binding activity of syt-1 depends on tethering its tandem C2 domains together. (A) Schematic
illustrating ITC experiments in which Ca?* is injected into a sample cell containing fragments of syt-1 (structures from
Fuson et al., 2007). (B) A representative SDS-PAGE gel of the proteins (0.6 pg) used in the ITC experiments. (C) Heat of
binding was measured for equal molar amounts of isolated C2A, isolated C2B, tethered C2AB, or the severed C2
domains, denoted C2A/B. For additional comparison, the traces obtained using isolated C2A and C2B were summed
(2C2A,C2B). Shown are representative traces; n > 3. (D) Isotherms of C2A,C2B and C2A/B are significantly different
from tethered C2AB. The inset shows the first seven data points on an expanded scale; error bars indicate SEM.

Thermodynamic values are provided in Table 1.
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Kq (pM) AH (cal/mol) AS (cal/mol/K) AG (kcal/mol)
C2A Kgq1=42.8+10 AH;=813+£170 AS,=23.0£0.69 AG1 =-6.05+0.17
Ky =164 + 28 AH, = 1510 + 230 AS,=22.6+0.47 AG,=-5.21+0.12
Ky3 = 1430 + 230 AH3 = 2430 + 290 AS3=213+1.1 AG3 =-3.92+0.095
C2B Ky =191+ 35 AHy =-652 + 130 AS;=15.1+0.86 AGy=-5.16+0.17
Kyp =262+ 18 AH, =-1590 + 69 AS,=11.1+£0.35 AG, =-4.89 +0.043
C2AB Kg1=262+7.6 AH; =304 +110 AS,1=22.4+0.41 AGy =-6.37+£0.13
Ky =186 + 26 AH, =577 £ 99 AS,=19.2+0.32 AGy, =-5.21+£0.12
Kys = 300 + 64 AH3 =520+ 410 AS3=18.2+1.2 AG3=-4.89+0.12

Kga =1750 £ 330 AH4 = 2340 + 820

AS,;=20.7 £2.6 AG,=-3.83%0.11

Representative traces and isotherms are shown in Figure 1. Data are presented as mean + SEM, n > 3.

TABLE 1: ITC analysis of Ca?* binding to isolated and tandem C2 domains of syt-1.

to a macromolecule of interest. Resulting heat changes are then
analyzed to determine thermodynamic properties of the interac-
tion. We turned to ITC to study interdomain interactions of syt-1,
as other biophysical approaches yielded inconclusive results, as
detailed in the Introduction. In the current study, titrations were
performed using only Ca?* and syt-1 fragments. Therefore the in-
trinsic Ca*-binding properties of syt-1, independent of other tar-
gets or effectors (i.e., membranes and t-SNAREs), were directly
determined. Ca?* was titrated into a sample cell containing iso-
lated C2A,; isolated C2B; or the tethered, tandem C2 domains
(C2AB). We note that similar experiments were reported in a previ-
ous study (Radhakrishnan et al., 2009) using relatively high [pro-
tein] and [Ca?*]. Under these conditions, in our hands, aggregation
of C2B and C2AB occurred (unpublished data; Damer and Creutz,
1996; Hui et al., 2011), raising concerns that the heat of Ca?* bind-
ing measured in the earlier experiments might be confounded by
the self-association of these protein fragments. We addressed this
issue by conducting ITC experiments at both high (Supplemental
Figure S1 and Supplemental Table S1) and low protein concentra-
tions (Figure 1 and Table 1). In all cases, equal molar amounts of
protein were analyzed (Figure 1B and Supplemental Figure S1A).
Surprisingly, similar results were obtained under both conditions,
so aggregation does not appear to have a significant effect in
these thermodynamic experiments.

Ca?* binding to isolated C2A was endothermic, while binding of
Ca?* to C2B was exothermic (Figure 1C and Supplemental Figure
S1, B and C), so C2AB yielded a relatively small endothermic signal
due to cancellation of the heat of binding to the two C2 domains
(Figure 1C and Supplemental Figure S1D). Severed C2A/B (i.e.,
heat of binding measured from isolated C2A and C2B together in
the same sample cell) and the sum of the traces obtained from
isolated C2A and isolated C2B, measured independently (denoted
XC2A,C2B), were also analyzed for comparison; both exhibited lit-
tle to no signal (Figure 1C). When fitted with a “sequential binding-
site” model, C2A exhibited three binding sites with Ky values of
42.8 uM, 164 uM, and 1.4 mM; C2B had two binding sites, with Ky
values of 191 pM and 262 pM. Given that the two binding sites in
C2B had similar Ky values, C2AB was fitted using a four-site se-
quential binding-site model, resulting in Ky values of 26.2 uM, 186
pM, 300 uM, and 1.7 mM. These values are consistent with previ-
ously reported nuclear magnetic resonance (NMR) and ITC data
(Ubach et al., 1998; Fernandez et al., 2001; Radhakrishnan et al.,
2009); all thermodynamic data are provided in Table 1. Signals from
C2A/B and £C2A,C2B were too small to accurately fit.
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We next compared the isotherms obtained from tethered C2AB
with those for C2A/B and ZC2A,C2B (Figure 1D). If C2A and C2B do
not interact, then the sum of the isotherms obtained for these do-
mains, in isolation, should be similar to the isotherm for C2AB.
While the isotherms for C2A/B and £C2A,C2B were virtually identi-
cal to each other, the isotherm for C2AB was clearly different. So,
while Ky values for C2A/B and XC2A,C2B could not be determined,
qualitative comparisons demonstrate clear differences in the ener-
getics of Ca?*-binding activity as compared with the tethered C2AB.
To the best of our knowledge, these data provide the first indica-
tions that the intrinsic affinity of syt-1 for Ca?* is affected by the close
proximity of its tandem C2 domains.

We also made use of previously characterized Ca?* ligand mu-
tant (CLM) forms of syt-1 in which three acidic Ca?* ligands in each
C2 domain were neutralized (Supplemental Figure S2; Chapman,
2008); for completeness, three native Asp residues were substituted
with either Asn or Ala. In all cases, equal molar amounts of protein
were analyzed (Supplemental Figure S2A), facilitating direct com-
parisons between ITC traces. As expected, when both C2 domains
were mutated, no Ca?*-binding activity was detected (Supplemen-
tal Figure S2, B and C).

Interestingly, we also confirmed that when Ca?* binding in each
C2 domain was disrupted, the ITC traces resulting from the remain-
ing active domain were identical to those obtained using the same
domain in isolation (Supplemental Figure S2, B and C, and Supple-
mental Table S2; Radhakrishnan et al., 2009). Hence studies of sev-
ered C2 domains indicate cooperation between them in terms of
sensing Ca?*, while experiments using CLMs failed to reveal coop-
eration, a point we return to in the Discussion. To gain further insight
into this issue, we mutated residues in the interfacial region between
C2A and C2B to determine their impact on the Ca?*-binding activity
and function of syt-1.

Disruption of inter-C2-domain surface alters Ca?* binding

It has been proposed that four residues, Y180, H237, R388, and
D392, contribute to interfacial contacts between the tandem C2 do-
mains of syt-1 (Figure 2A, residues are labeled and interdomain in-
teractions are shown as dotted lines; Fuson et al., 2007). These four
residues (denoted YHRD) were mutated in wild-type (WT) C2AB;
Y180 was substituted with a Phe, and the other residues (H237/
R388/D392) were changed to Ala. In parallel, we also mutated these
residues in a mutant form of C2AB in which the native linker that
connects the tandem C2 domains was tripled (designated 3xC2AB)
to facilitate analysis by AFM experiments, as detailed below; the
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FIGURE 2: Mutations that disrupt putative inter—-C2-domain interactions alter Ca* binding.
(A) Structural model depicting four residues (Y180, H237, R388, and D392; interdomain
interactions are shown as dotted lines) proposed to mediate interactions between the tandem
C2 domains of syt-1 (C2A, green; C2B, yellow; from Figure 1A). These four residues, denoted
YHRD, were mutated in a WT C2AB and a 3xC2AB mutant background. In the 3xC2AB
construct, the native linker sequence between the C2A and C2B was tripled (Liu et al., 2014).
(B) Representative SDS-PAGE gel of the proteins (0.6 pg) used in the ITC experiments.

(C) Representative traces of the heat of Ca?* binding to the indicated tandem C2 domain
constructs; n> 4. (D) Binding isotherms for WT C2AB (from Figure 1D), 3xC2AB, and YHRD
mutant forms of each are shown for comparison; error bars represent SEM. Thermodynamic

parameters are provided in Table 2.

3x-linker construct was previously described (Liu et al., 2014). These
mutations did not appear to disrupt the folding of any of these con-
structs, as evidenced by circular dichroism spectroscopy (Supple-
mental Figure S3).

ITC was performed on each of these constructs; Figure 2B shows
a representative gel documenting that equal amounts of protein
were analyzed. C2AB-YHRD, as compared with WT C2AB, exhibited
a shift in endothermic peaks to higher molar ratios (Figure 2, C and
D), indicating that a greater concentration of Ca?* was required to
reach saturation. The 3xC2AB gave rise to a small endothermic sig-
nal that became apparent only late in the titration, while 3xC2AB-
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YHRD. However, the potential change in
length was not detected by this method, as
the native linker is short (~2.6 nm), so the C2
domains are always in close proximity. How-
ever, in 3xC2AB, the linker is long enough
to see increases in the maximal length of the
protein by AFM, provided that C2A and
C2B do not interact with one another (Figure
3; Liu et al., 2014). As shown in Figure 3A,
both 3xC2AB and 3xC2AB-YHRD formed
both globular and dumbbell structures;
each lobe of the dumbbell corresponds to a
single C2 domain. However, dumbbells oc-
curred more frequently for 3xC2AB-YHRD
as compared with 3xC2AB (2.5-fold in-
crease), suggesting that the YHRD mutations disrupt physical inter-
actions between C2A and C2B. To quantitatively address this, we
measured the maximum distances for each set of particles and ob-
served a significant increase in the length of 3xC2AB-YHRD as com-
pared with 3xC2AB (Figure 3B; p < 0.001). Apparently, the YHRD
mutations disrupt interactions between C2A and C2B, allowing the
domains to become more readily separated in space.

15

YHRD mutations impair syt-1 function in vitro
Syt-1 interacts with membranes (Perin et al., 1990, Brose
etal., 1992) and t-SNAREs (Bennett et al., 1992; Schiavo et al., 1997;
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Ky (M) AH (cal/mol) AS (cal/mol/K) AG (kcal/mol)
C2AB Ky =262+7.6 AH; =304 £ 110 AS;=22.4+0.41 AGy=-6.37£0.13
Kgo =186 £ 26 AH, =577 £ 99 AS, =19.2+0.32 AG,=-5.21+0.12
Kys = 300 + 64 AH3 =520+ 410 AS3;=182+1.2 AG3=-4.89+0.12
Kyq = 1750 % 330 AHg = 2340 + 820 AS, =207 +2.6 AG,=-3.83%0.11
C2AB-YHRD Kg1 =173+ 41 AH,; =576 £140 AS1=19.3+0.52 AGy=-5.17£0.13
Kyp = 499 + 150 AH, = 1480 + 510 AS, =205+ 1.7 AG,=-4.62+0.23
Ky3 = 828 + 160 AHs = 2410 + 740 AS3=222+17 AG3 = -4.23 +0.007
Ky = 2920 + 690 AH, =-816+ 630 AS,=9.08+2.2 AG,=-3.51%0.14
3xC2AB-YHRD Ka1 =274 + 58 AH; =-239 + 89 AS;=153+0.72 AGy =-4.78+0.13
Kqp = 533 % 80 AH, = 1340 + 340 AS;=18.9 1.1 AGy=-4.31%0.12
Kys = 1099 + 75 AHs3 = 1190 + 340 AS3=173+1.2 AG3 =-3.89 +0.042
K44 = 1680 + 240 AHy =461 £ 690 AS4=15.0+£2.9 AG4=-4.01£0.20

Representative traces and isotherms are shown in Figure 2. Data are presented as mean + SEM, n > 4.

TABLE 2: Thermodynamic parameters of Ca?* binding to C2AB domains of WT and YHRD mutant forms of syt-1.

Davis et al., 1999), in a Ca?*-promoted manner. We next determined
whether the YHRD mutations altered these interactions. A cosedi-
mentation assay was used to monitor the ability of syt-1 to bind to
liposomes bearing phosphatidylserine (PS); depletion of the super-
natant was monitored as a function of [Ca?*]. In the presence of
Ca?*, all constructs were able to bind to membranes, but the YHRD
mutant versions of C2AB and 3xC2AB were less sensitive to Ca?*
(Figure 4A); these were relatively small, but significant, reductions in
the apparent affinity for Ca?*.

Next coflotation assays were performed using PS-free proteoli-
posomes containing preformed t-SNARE (syntaxin-1A [syx] and
SNAP-25B) heterodimers. The omission of PS allows direct binding
of syt-1 to t-SNAREs to be measured, rather than sytemembrane
interactions. All constructs exhibited some degree of binding in
EGTA, but binding was significantly enhanced upon the addition of
Ca?* (Figure 4B). Under these conditions, no significant differences
were observed between C2AB/C2AB-YHRD and 3xC2AB/3xC2AB-
YHRD. Ca?* titrations cannot be readily carried out in the assay sys-
tem, so we varied the Ca?* in the following experiments, using a
version of the lipid-mixing assay in which syt-1 must bind to t-
SNAREs in order to accelerate fusion.

To determine whether the YHRD mutations had an effect on the
ability of syt-1 to stimulate fusion, we used a well-characterized in

3xC2AB-
YHRD

B
2nm
IO nm 0-
5

vitro lipid-mixing assay that mimics SV fusion with the plasma mem-
brane in neurons (Tucker et al., 2004; Bhalla et al., 2006). In the
“standard” assay, using preassembled t-SNARE heterodimers
(Figure 4C), 3xC2AB-YHRD was less sensitive to Ca?* as compared
with 3xC2AB; no differences were observed between WT C2AB and
C2AB-YHRD (Figure 4D). In the “split” t-SNARE version of the assay,
only syx is reconstituted and soluble SNAP-25B is added in a soluble
form; for fusion to occur Ca?*esyt-1 must first bind and fold SNAP-
25B onto syx (Figure 4E). In this experimental setup, the Ca?* sensi-
tivity of C2AB and C2AB-YHRD were again similar, and differences
were uncovered using the 3XxC2AB background, as 3xC2AB-YHRD
clearly required higher [Ca2*] than did 3xC2AB (Figure 4F). These in
vitro assays are relatively insensitive to manipulations known to
strongly affect SV exocytosis in neurons, so it is not surprising that
the 3xC2AB background revealed differences resulting from addi-
tional mutations, as the 3xC2AB construct has partially impaired
function (Liu et al., 2014).

The syt-1 constructs were also analyzed in a content-mixing as-
say. Sulforhodamine B was encapsulated in v-SNARE liposomes and
incubated with syx-only t-SNARE liposomes plus soluble SNAP-25B.
As a result of sulforhodamine B self-quenching at high concentra-
tions, content mixing is monitored as an increase in the fluorescence
signal due to vesicle fusion (Supplemental Figure S5A). Analogous
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18.9+0.1 nm

3xC2AB-YHRD
21.1+0.1 nm

Frequency
8

10 15 20 25 30 35
Max. distance (nm)

FIGURE 3: YHRD mutations increase the distance between the C2 domains of syt-1. (A) AFM images of 3xC2AB and
3xC2AB-YHRD; dumbbell-like structures (doublets) were more common in the 3xC2AB-YHRD than 3xC2AB.

(B) Gaussian fits of frequency distributions of maximum linear dimensions of 3xC2AB and 3xC2AB-YHRD. The 3x mutant
was used to uncover length differences resulting from substitution of YHRD, as changes in the length of WT C2AB
background could not be detected by AFM (unpublished data). The peaks of the distributions + SEM are indicated;

p < 0.001. n =248 for both samples. Scale bar: 50 nm; color-height scale: 0-2 nm.
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mutant forms of syt-1 were analyzed. Coim-

o — o .
o DS SOLSS < 150 munostaining with an SV marker, synapto-
C2AB | e e e — — 2 o The2a8 T 120 physin, confirmed that each construct was
C2AB-YHRD | e e e e — 2 — ok expressed and correctly targeted to syn-
e % Suppl | Figure S6, A and B
IC2AE [ R 2 [ § “ apses (Supplementa Figure 56, Aan ).
3 C2ABYHRD [ ., 3XC2AB-YHRD A secondary function of syt-1 is to serve
0 l== . . 0 i _cata-
= 4 i} ° T o as a fuspn clamp that arre§ts SNARE catzza
Log [Ca?'] % o"'\gpﬁ’ -S;I'Q_O lyzed fusion before the arrival of the Ca?*
o o Q?S) IREHIREINNS trigger (Chicka et al., 2008; Liu et al., 2014).
B Q\Q.Q &£ & RS VQ’A T We first determined whether the YHRD mu-
?g,?g%}%)@’é}qu’ &vg’ n;g"’ {99"” @ o tations altered clamping activity by monitor-
o Y . .« e . .
SYPFSL E6 ¢ E ¢ E ing miniature excitatory postsynaptic cur-
%0.2 rents (MEPSC) in WT or KO neurons
..--T—-—..' etk <2 2 . expressing each of the constructs listed
Syx-1A — : —— = |+| |+| I_I_l |+| above (Figure 5A). The mEPSC amplitudes
SNAP-25B — .....-..l ood LI LI I':I = were the same in all conditions (Figure 5B).
- _ R o @ ® o Moreover, all of the mutant constructs were
& quq_o & S
O o R able to clamp the elevated mEPSC fre-
Cc D N quency characteristic of syt-1 KO neurons
407 500 1 * (Figure 5C). Thus the YHRD mutations do
Syx-1A/ S’;Ei’:fézE 20 S 4001 not appear to affect the function of syt-1
g Syb-2 SNAP-25B g ', 300 during spontaneous release.
g H :gzﬁB u; 201 T 2004 Next we carried out whole-cell voltage-
= + > .
2 _— 10 S 100 clamp experiments to measure evoked ex-
V-SNARE ~ t-SNARE of o citatory postsynaptic currents (EPSCs) regu-
-8 lated by each of the mutant forms of syt-1.
E F o 200 The amplitude and total charge of KO neu-
SyLSNARE C2AB-YHRD s —e—s—sy — rons expressing YHRD were significantly re-
o complex L 30 = 1501 duced as compared with neurons express-
< Syb-2 Syx-1A + C2AB g C2AB N . . . o
z + DSNAP.25B L 90 S 4004 ing the WT protein (Figure 6, .A C). The
< . . +Cat < C2ABYHRD ?zg same trend was also observed in neurons
s 10 Q. 504 expressing 3x and 3x-YHRD (Figure 6, A-C).
V-SNARE  -SNARE ok od Analysis of the total charge transfer, fitted
-8 5 4 -3 D D & : . :
Log [Ca®] 0{1"?0'1’2@9.\9{)’?0{”?0 with a double exponentlal. function, re-
AN fb*_‘&% vealed that neurons expressing the YHRD

FIGURE 4: YHRD mutations increase the Ca%* requirements for effector binding and membrane
fusion in vitro. (A) Binding of syt-1 to PS-bearing liposomes was monitored via a
cosedimentation assay. Representative SDS-PAGE gels showing protein depletion of the
supernatant in the presence of increasing free [Ca?*] are shown (left). The percentage of bound
protein was calculated (middle) and used to determine the [Ca?*]y; (right); n=4. (B) A
coflotation assay was used to measure binding of syt-1 to t-SNAREs in the presence (1 mM free
Ca?*; C) and absence (0.2 mM EGTA; E) of Ca?*; a representative SDS-PAGE gel is shown (left).
Bound protein was quantified and normalized to syx (right); n = 3. (C) Schematic illustration of
the standard in vitro lipid-mixing assay in which preassembled t-SNARE heterodimer vesicles are
incubated with v-SNARE vesicles. (D) The extent of fusion (80 min) was plotted as a function of
free [Ca?*] (left) and used to calculate the [Ca?*]y/; values (right); n = 4. (E) “Split” t-SNARE
lipid-mixing assay in which syx was reconstituted and SNAP-25B was added in a soluble form;
CaZ*esyt-1 must fold SNAP-25B onto syx to facilitate lipid mixing. (F) As in D, data were

plotted (left) and used to determine the [Ca?*]y, values (right); n > 3. Error bars indicate SEM;

* p < 0.05; **, p<0.01.

to the results obtained using the lipid-mixing assay, 3xC2AB-YHRD
was not as efficient at driving content mixing as 3xC2AB, and differ-
ences between C2AB and C2AB-YHRD could not be detected (Sup-
plemental Figure S5, B and C).

The YHRD mutations reduce evoked but not spontaneous
neurotransmission

In the final series of experiments, we determined whether the YHRD
mutations affected SV exocytosis in cultured neurons. Hippocampal
neurons from WT or syt-1 knockout (KO) mice expressing full-length
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and 3x mutant form of syt-1 had kinetics
that were virtually identical to WT (Figure
6D). Strikingly, we observed that 3x-YHRD
was virtually devoid of function during
evoked transmission (Figure 6, A-D), while
the 3x mutant supported a limited amount
of SV release (Figure 6, A-D; Liu et al.,
2014). The addition of the YHRD mutations
abolished the residual function of this con-
struct, potentially because the latter muta-
tions disrupt the ability of C2A and C2B to
interact. EPSCs of syt-1 KO neurons ex-
pressing WT or YHRD were also analyzed at
increasing extracellular [Ca?*]. Again, a sig-
nificant decrease in amplitude was observed
for neurons expressing YHRD as compared
with those expressing WT (Figure 6E).

It should be noted that the inefficient rescue by the YHRD mu-
tants could result from reductions in the size of the readily releasable
pool (RRP) of SVs (Rosenmund and Stevens, 1996). To address this,
we measured the RRP by applying hypertonic sucrose. All of the
constructs were able to completely rescue the size of the RRP
caused by loss of syt-1 (Supplemental Figure S6, C and D). Hence
the loss of function reported here is due to reductions in the ability
of syt-1 to drive exocytosis and is not secondary to upstream effects
on vesicle availability or priming.
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length of the protein (Figure 3; Liu et al.,
2014), presumably because C2A and C2B
physically interact. Therefore the observed
changes in length are due to loss of interfa-
cial interactions. This effect was associated
with a reduction in the intrinsic affinity of
syt-1 for Ca?* (Figure 2), a rightward shift in
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mEPSC freq. (Hz)
ERE

the Ca?* requirements for binding to mem-
branes, and in the ability of syt-1 to drive
lipid mixing in vitro (Figure 4). Finally, the
YHRD mutant had a diminished ability to
drive exocytosis when expressed in syt-1
KO neurons (Figure 6). Moreover, the 3x-
YHRD mutant completely failed to trigger
SV exocytosis (Figure 6). We conclude that
these residues—YHRD—participate in the

o
«

KO+3x-YHRD
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FIGURE 5: Spontaneous release is unaffected by the YHRD mutations. (A) Representative
mEPSC traces recorded from WT, syt-1 KO, and KO neurons expressing WT, YHRD, 3x, and
3x-YHRD mutant forms of syt-1. (B and C) Bar graphs showing mEPSC amplitude (pA; B) and
frequency (Hz; C). The number of neurons in each group are indicated; plotted values represent

the mean + SEM. ***, p < 0.001.

DISCUSSION

X-ray crystallographic studies of the cytoplasmic domains of syt-1
and syt-3 revealed different apparent states of these proteins
(Sutton et al., 1999; Fuson et al., 2007; Vrljic et al., 2010); the main
differences concerned the relative configuration of the tandem C2
domains. In one structure, C2A and C2B were in an “open” state, in
which only the metal/phospholipid-binding loops were adjacent to
one another, with no indication of inter-C2-domain interactions
(Sutton et al., 1999). In contrast, in another C2AB structure, C2A and
C2B were in a “closed” conformation, in which a clear physical as-
sociation between the tandem C2 domains was apparent (Fuson
et al., 2007). The major differences observed between the “open”
and “closed” states of C2AB were the lack of coupling between
Y180 and H237, and the formation of tight salt bridges between
C2A residues D178 in loop 1, R199 in loop 2, R233 in loop 3 and
two exposed residues (R388 and D392) on the outward facing hy-
drophilic side of the a-helical insertion in C2B.

NMR has been used to gain a more dynamic view of the struc-
ture of syt-1 in solution, but this approach is limited by the relatively
large size of the cytoplasmic domain. In one study, it was concluded
that C2A and C2B do not interact (Arag et al., 2006), whereas an-
other NMR study supported the idea that the tandem C2 domains
likely conform to a small number of favored states (Seven et al.,
2013), implying the occurrence of interdomain contacts. Thermody-
namic and modeling studies also indicated that syt-1 occupies an
ensemble of conformational states (Gauer et al., 2012; Bykhovskaia,
2015). Additionally, it was proposed that interdomain interactions
between the Ca?*-binding loops in C2A and the helical insertion in
C2B stabilized the structure (Bykhovskaia, 2015). So, the structure
by Fuson et al. (2007) most likely corresponds to one of these fa-
vored states.

Here we show that substitution of the YHRD residues (with a Phe
and three Ala), in a 3x-linker background, increased the length of
the cytoplasmic domain of syt-1. It should be noted that increasing
the linker region alone (i.e., 3xC2AB) did not change the overall
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intramolecular interactions within syt-1 and

& O o O

N *Qg"o O"(b _(zg" that these interactions contribute to
o ® function.

) {_Ox The findings reported here are consis-

tent with a recent study that made use of
long polyproline rods that precluded inter-
actions between C2A and C2B, resulting in
a loss of function (Liu et al., 2014). Here we
made similar observations by mutating resi-
dues to disrupt contact between these C2
domains. These results may potentially help
to explain a number of conundrums concerning the biochemical
and functional properties of syt-1. For example, mutations that dis-
rupt Ca?* binding to C2A have little effect on the function of syt
(Fernandez-Chacon et al., 2002; Robinson et al., 2002; Stevens and
Sullivan, 2003), but a mutation in C2A (R233Q) that shifted only the
Ca?* dose response for lipid binding, resulted in a marked loss of
function during synaptic transmission (Fernandez-Chacon et al.,
2001) and reduced catecholamine release from PC12 cells (Wang
et al., 2003). We speculate that the former mutations do not affect
the synergy between the tandem C2 domains (Supplemental Figure
S2; Radhakrishnan et al., 2009), but perhaps the latter mutation has
a profound effect on communication between the domains, be-
cause R233 is known to form a salt bridge with D392 of C2B (Fuson
et al., 2007). In this view, mutations in C2A affect the function of
syt-1 by interfering with the function of the adjacent domain. In the
case of syt-1, the C2B domain is the crucial Ca?*-sensing element
(Mackler et al., 2002; Nishiki and Augustine, 2004), so R233 is likely
to inhibit the function of the latter C2 domain. In addition, a previ-
ous study reported that isolated C2B has relatively poor membrane
penetration activity, unless tethered to C2A (Bai et al., 2002). Sur-
prisingly, even a “dead” C2A domain (D230,232N), which does not
bind Ca?*, was able to facilitate the membrane-penetration activity
of the C2B domain. Again, the physical interaction with C2A might
serve to confer functionality to the C2B domain; indeed, interfacial
contacts were not altered by these two specific mutations.

Roughly a third of proteins that harbor a C2 domain contain
more than one, depending on the species, suggesting frequent du-
plications of this motif. After duplication, the findings reported here
suggest that the C2 domains subsequently evolved to interact and
function in tandem. Alternatively, another interpretation is conceiv-
able: C2 domains might have first evolved the ability to interact with
one another via intermolecular interactions. Then, upon duplication
within a parent protein, these motifs engaged in intramolecular in-
teractions (Tucker and Chapman, 2002). In any case, the presence of
more than one C2 domain endows proteins with the potential ability
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MATERIALS AND METHODS
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diazol-4-yl) (NBD-PE), and N-(lissamine
rhodamine B sulfonyl)-1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine  (Rho-PE)
were purchased from Avanti Polar Lipids
(Alabaster, AL).
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Recombinant proteins and protein
purification
Rat syt-1 cDNA encoding the cytoplasmic

D E domain (denoted C2AB, residues 96-421;
g Perin et al., 1990) was provided by T. C. Stid-
® 10 o hof (Stanford University, Stanford, CA); the
2 08 Lee="" E D374 mutation was repaired by substitution
S 06 / s with a glycine residue. The 3xC2AB linker
§ 0'4 o —WT — KO+3x E mutant form of WT syt-1 C2AB was previ-
— ".’ --KO -=- KO+3x-YHRD 8 200 4 — KO+WT ously described (Liu et al., 2014).
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z 1y — . . . 0 : — R388A, and D392A), and Ca?* ligand point
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FIGURE 6: The YHRD mutations decrease evoked neurotransmission in cultured hippocampal
neurons. (A) Representative evoked EPSC traces recorded from WT, syt-1 KO, and KO neurons
expressing WT, YHRD, 3x, and 3x-YHRD constructs. (B and C) Bar graphs of evoked EPSC
amplitude (pA; B) and total charge (pC; C). The number of neurons in each group are indicated
inside the bars. (D) Normalized cumulative total charge transfer, averaged for each group; a
double exponential function was used to fit the data. (E) Representative evoked EPSCs recorded
from KO neurons expressing WT or YHRD in the presence of the indicated extracellular Ca?*
concentration, [Ca?*]e,. There were 10-20 neurons analyzed per condition. All data represent

mean + SEM; *, p < 0.05; **, p < 0.01.

to conform to an ensemble of states, determined by the relative
orientation of two or more C2 domains, allowing them to bind and
interact with effectors in ways not possible with a single C2 domain.
This results in a richer, more complex repertoire of biochemical
properties. In the case of syt-1, the tandem C2 domains synergisti-
cally interact with each other to facilitate membrane fusion. Indeed,
the residues YHRD are conserved among a number of syt isoforms
and likely mediate interactions between their C2 domains.

While the current study focuses on the C2 domains of syt-1, it
still remains to be determined whether the C2 domains in other
proteins engage in intramolecular interactions or whether such
putative interactions contribute to function. For example, the fer-
lin family contains five to seven C2 domains, the most of any pro-
tein family (Lek et al., 2012). Otoferlin, a ferlin expressed in co-
chlear hair cells, has six C2 domains; five of the six can stimulate
membrane fusion, in vitro, in a Ca?*-dependent manner (Johnson
and Chapman, 2010). It is plausible that otoferlin and other large
multi C2-domain proteins engage in complex intramolecular in-
teractions that contribute to function. Future studies are needed
to examine the synergy between these domains and to establish
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substituted to Ala or Asn), were generated
using a QuikChange Site-Directed Muta-
genesis Kit (Agilent Technologies, Santa
Clara, CA). C2AB and mutant forms of syt-
1, isolated C2A (residues 96-265), and iso-
lated C2B (residues 248-421) were sub-
cloned into pPGEX-4T vectors and
expressed as glutathione S-transferase
(GST)-tagged fusion proteins, purified
utilizing glutathione-Sepharose beads (GE
Healthcare, Little Chalfont, United King-
dom), and cleaved with thrombin to remove the GST-tag, as previ-
ously described (Gaffaney et al., 2008). cDNA encoding synapto-
brevin-2 (syb) and syx was provided by J. E. Rothman (Yale
University, New Haven, CT), and SNAP-25B was provided by M. C.
Wilson (University of New Mexico Health Sciences Center, Albu-
querque, NM). All three full-length SNARE proteins were individu-
ally subcloned into a pTrcHis vector, and the cytoplasmic domain
of syb (cd-Syb; residues 1-94) was subcloned into a pET vector.
SNAP-25B and syx were also subcloned into a pRSFDuet vector.
All of these SNARE proteins were expressed as Hisg-tagged fusion
proteins and purified using Ni-Sepharose beads (GE Healthcare),
as previously described (Gaffaney et al., 2008).

Circular dichroism

WT and mutant forms of syt-1 C2AB were buffer exchanged into
40 mM Tris (pH 7.4) and 100 mM NaCl. For each sample, the protein
concentration was 0.2 mg/ml, and spectra were obtained in 0.2 mM
EGTA or 1 mM Ca?* (free), using a 1 mm path-length cuvette, at
room temperature (RT). Baseline corrections were made by sub-
tracting the buffer spectrum. Data were obtained and analyzed
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using a Model 420 circular dichroism spectrophotometer and soft-
ware package (Aviv Biomedical, Lakewood, NY).

ITC

WT and mutant forms of syt-1 were dialyzed overnight against
50 mM HEPES-NaOH (pH 7.4), 200 mM NaCl, and 10% glycerol;
the buffer was previously treated with Chelex-100 resin (Bio-Rad,
Hercules, CA) to remove divalent cations. After this, the dialysis buf-
fer was filtered and used to make all protein and Ca?* dilutions.
Samples were degassed before each experiment. Heat of binding
was measured by 20 consecutive injections of Ca?* into a sample cell
containing the protein of interest. Protein concentrations were 75 uM
and 200-500 pM for the specified “low-" and "high-" concentration
experiments, respectively. Corrections for heat of dilution were done
by subtracting the signal of Ca?* into buffer. Experiments were per-
formed using a MicroCal iTCyoo (Malvern Instruments, Malvern,
United Kingdom), and data were analyzed using a Sequential Bind-
ing Site model in the software package.

AFM

The 3xC2AB and 3xC2AB-YHRD were diluted in HEPES-buffered
saline (HBS) to 0.4 nM, and 45 pl of each sample was deposited
onto freshly cleaved mica (10-mm-diameter disks). After a 5-min
adsorption period, the samples were rinsed with Biotechnology
Performance Certified water (Sigma-Aldrich, St. Louis, MO) to re-
move unabsorbed protein and dried under a stream of nitrogen gas.
AFM imaging was carried out using a Multimode AFM equipped
with a J-scanner and a Nanoscope llla controller (Bruker Digital
Instruments, Billerica, MA). All samples were imaged in tapping
mode in air, using silicon nitride probes (OTESPA; Bruker AFM
Probes). These cantilevers had a spring constant of ~40 N/m and a
drive frequency of ~300 kHz (10-20% below the resonance fre-
quency). The applied imaging force was kept as low as possible
(As/Ag ~ 0.85). Images were captured at a scan rate of 4 Hz, with 512
scan lines per area. Data analysis was performed using Nanoscope
version 5.31r1 software (Bruker Digital Instruments). Protein length
was determined by drawing a cross-section along the imaged pro-
tein structures.

Liposome and vesicle preparation

Protein-free liposomes were prepared by mixing lipids (15% PS,
30% PE, 55% PC) in chloroform and drying the mixture under nitro-
gen. The dried film was resuspended in 50 mM HEPES-NaOH
(pH 7.4), 100 mM NaCl. Liposomes were generated by extrusion
through a 100-nm polycarbonate membrane (Whatman, GE Health-
care, Little Chalfont, United Kingdom).

For SNARE-bearing vesicles used in reconstituted in vitro lipid-
mixing assays, the lipid compositions were 15% PS, 27% PE, 55%
PC, 1.5% NBD-PE, and 1.5% Rho-PE for v-SNARE vesicles and 15%
PS, 30% PE, and 55% PC for t-SNARE heterodimer or syx-only vesi-
cles. For coflotation assays, the lipid composition was 30% PE and
70% PC. SNARE-bearing vesicles were prepared as previously de-
scribed (Tucker et al., 2004).

Cosedimentation assays

WT or mutant forms of syt-1 C2AB (4 uM) were mixed with PS-
bearing liposomes (15% PS, 30% PE, 55% PC) in HEPES buffer
(25 mM HEPES-NaOH, pH 7.4, 100 mM KCI), in the presence of
the indicated free [Ca?*] and centrifuged at 170,000 x g at 4°C for
45 min in a Optima MAX-E tabletop ultracentrifuge (Beckman
Coulter, Brea, CA). The supernatant from each sample was col-
lected, and depletion was analyzed by SDS-PAGE and Coomassie
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blue staining. Bands were quantified by densitometry to deter-
mine the amount of unbound protein; these data were used to
calculate the percentage of bound protein, which was then plotted
versus the free [Ca?*]; [Ca?*]y/, values were determined by fitting
the data using Prism 6 software (GraphPad, La Jolla, CA). A paired
two-tailed Student's t test was used to determine whether the
[Ca?*]y, values were significantly different.

Coflotation assays

The ability of syt-1 to bind to t-SNAREs was determined using a
coflotation assay, as previously described (Tucker et al., 2004). WT
or mutant forms of syt-1 C2AB (10 uM) were incubated with 45
t-SNARE-bearing vesicles (PS-free) in the presence or absence of
1 mM Ca?*. After 60 min, samples were loaded onto the bottom of
a four-step Accudenz (Accurate Chemical & Scientific Corporation,
Westbury, NY) gradient and centrifuged at 287,000 x g at 4°C for
2 h. Samples were collected and subjected to SDS-PAGE and
Coomassie blue staining. Bands were quantified using densitometry
and normalized to the syx band in each lane; 0.6 pg protein was
loaded in control lanes.

In vitro lipid-mixing assays

Lipid-mixing assays were carried out as described previously (Tucker
et al, 2004; Bhalla et al, 2006). Briefly, lipid mixing between
v-SNARE vesicles (Vr; “r" refers to reconstituted) and t-SNARE het-
erodimer vesicles (Tr) or syx-only vesicles (Syxr) was monitored via
dequenching of the NBD donor using a Synergy HT multidetection
microplate reader (Bio-Tek, Winooski, VT). In reactions, 1 pM of WT
or mutant forms of syt-1 C2AB, 0.2 mM EGTA, Vr, and Tr (for stan-
dard assays) or Syxr plus 5 pM soluble SNAP-25B (for split t-SNARE
assays) were incubated at 37°C for 20 min. The indicated free [Ca®*]
was then added, and the reaction was monitored for an additional
60 min. At the conclusion of the experiment, 2.5% n-dodecyl-B-b-
maltoside was added to yield the maximum fluorescence signal,
which was then used for normalization. The extent of fusion at t =
80 min was plotted as a function of free [Ca?*]. Prism 6 software
(GraphPad) was used to determine the [Ca?*];/, values. An unpaired
Student’s t test was used to determine the significance of the
[Ca?*]y, differences resulting from the YHRD mutations.

In vitro content-mixing assay

Proteoliposomes for the content-mixing assay, using sulforhoda-
mine B, were prepared as reported previously, with modifications
(Lai et al., 2015; Lou et al., 2015). The lipid composition for both Vr
and Syxr were 15% PS, 30% PE, and 55% PC. Dried lipid films were
suspended in dialysis buffer (25 mM HEPES-NaOH, pH 7.4, 100 mM
KCI); to make Vr, the buffer also contained 20 mM sulforhodamine
B. After five freeze-thaw cycles, protein-free large unilamellar vesi-
cles (~100 nm in diameter) were prepared by extrusion through a
100-nm polycarbonate filter (Whatman). For Syxr, syx was mixed
with protein-free liposomes in dialysis buffer plus 0.8% octylgluco-
side at 4°C for 15 min. The liposome/protein mixture was diluted
twofold with dialysis buffer and dialyzed overnight at 4°C. Prepara-
tion of Vr was the same as above, except that 20 mM sulforhoda-
mine B was present in the dialysis buffer for dilution; after dialysis,
free sulforhodamine B was removed using the PD-10 desalting col-
umn (GE Healthcare).

The content-mixing assay was carried out in the same manner as
the lipid-mixing assay, except the sulforhodmine B fluorescence sig-
nal was monitored. Briefly, 2 uM of WT or mutant forms of syt-1
C2AB, 5 uM SNAP-25B, Syxr and Vr (at a 9:1 ratio), and 0.2 mM
EGTA were mixed and incubated at 37°C for 20 min. Ca?* (500 uM
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free concentration) was added, and the reaction was monitored for
an additional 60 min. For control experiments, 10 pM of the cd-Syb
was used. An increase in fluorescence intensity, due to fluorescence
dequenching of sulforhodamine B, reports content mixing. The
highest fluorescence intensity was obtained by adding 2.5% n-
dodecyl-B-p-maltoside, which was used for normalization. An un-
paired Student’s t test was used to determine the significance of the
differences in fusion activity resulting from the YHRD mutations.

Cell culture and viral infection

Hippocampal cultures were prepared from syt-1 KO mice (Jackson
Laboratory, Bar Harbor, ME) in accordance with the guidelines of the
National Institutes of Health (NIH), as approved by the Animal Care
and Use Committee at the University of Wisconsin—-Madison (proto-
col number M01221-0-06-14). Hippocampal neurons were dis-
sected from newborn mice and incubated in a digestion solution
that contained 0.25% trypsin-EDTA (Corning, Corning, NY), 20 mM
glucose, and 25 U/ml DNase. The tissue was washed using Hank’s
buffered salt solution plus 5 mM HEPES (Corning), 20 mM pb-glu-
cose, and 10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Waltham, MA), mechanically dissociated in culture medium, and
plated on poly-p-lysine (Life Technologies, Thermo Fisher Scientific,
Waltham, MA)—coated glass coverslips. Cells were grown in Neuro-
basal-A culture medium (Gibco) supplemented with 2% B27 (Gibco)
and 2 mM Glutamax (Invitrogen, Thermo Fisher Scientific, Waltham,
MA). Cultures were maintained at 37°C in a 5% COy-humidified
incubator.

For electrophysiological recordings, cDNA encoding full-length
versions of WT and 3x and YHRD mutant forms were subcloned
into a modified pLOX vector (Addgene, Cambridge, MA). Lentivi-
ral particles were generated by cotransfecting pLOX vectors with
two other packaging vectors (vesicular stomatitis virus G glycopro-
tein and Delta 8.9) into HEK293T cells. The supernatant was col-
lected after 48-72 h, purified by filtration through a 0.45-pm filter,
and centrifuged at 25,000 rpm for 2 h to concentrate virus. Viral
particles were resuspended in phosphate-buffered saline (PBS)
and used to infect syt-1 KO neurons at 5 DIV (days in vitro).

Immunocytochemistry

At 14-15 DIV, hippocampal neurons were fixed for 10 min with 4%
paraformaldehyde (wt/vol) in PBS, permeabilized for 10 min in 0.1%
Triton X-100 (vol/vol), and blocked for 60 min with 10% bovine se-
rum albumin (wt/vol) plus 0.1% Triton X-100 (vol/vol). Coverslips
were then incubated with primary antibodies at RT for 2 h. A mono-
clonal mouse antibody that recognizes the luminal domain of syt-1
(41.1; SYnaptic SYstems, Géttingen, Germany; 1:1000 dilution), was
used to determine syt-1 localization. Nerve terminals were identi-
fied using a polyclonal guinea pig anti-synaptophysin antibody
(SYnaptic SYstems; 1:1000 dilution). Samples were washed with PBS
three times, and then stained with Alexa Fluor 488-tagged anti-
mouse (1:1000 dilution), and Alexa Fluor 594-tagged anti-guinea
pig (1:1000 dilution) secondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA) for 1 h. Coverslips were
washed three times with PBS and mounted in Fluoromount mount-
ing medium (Southern Biotechnology Associates, Birmingham, AL).
Images were collected from a FV1000 upright laser-scanning confo-
cal microscope with FV10-ASW 3.1 acquisition software (Olympus,
Center Valley, PA), using a 60x/1.40 NA oil objective at RT, under
identical laser and gain settings. To quantify the colocalization of
syt-1 or mutants with synaptophysin, we calculated the Mander’s
coefficient of each image using ImageJ software (NIH, Bethesda,
MD) with the JACoP plug-in.
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Electrophysiology

Whole-cell patch-clamp recordings of mEPSCs, evoked EPSCs, and
hypertonic sucrose responses from neurons at 14-15 DIV, were per-
formed in voltage-clamp mode using an EPC-10/2 amplifier (HEKA,
Holliston, MA). The recording pipettes were pulled from borosilicate
glass capillary tubes (Warner Instruments, Hamden, CT) and had re-
sistances of 3-5 MQ. Only whole-cell patches with series resistances
<15 MQ were used for recording, and the membrane potential was
held at =70 mV. The pipette solution consisted of 130 mM K-gluco-
nate, 1 mM EGTA, 5 mM Na-phosphocreatine, 2 mM Mg-ATP, 0.3
mM Na-GTP, 5 mM QX-314, and 10 mM HEPES (pH 7.3). The bath
solution consisted of 128 mM NaCl, 30 mM glucose, 5 mM KCI, 5
mM CaCl,, 1 mM MgCl,, 50 mM b-AP5, 20 mM bicuculline, and 25
mM HEPES (pH 7.3). p-AP5, bicuculline, and QX-314 were obtained
from TOCRIS Bioscience (Bristol, United Kingdom).

For mEPSC recordings, 1 uM tetrodotoxin (TOCRIS Bioscience)
was added to the bath solution. For evoked EPSC recordings, pre-
synaptic inputs were stimulated with a bipolar electrode (FHC,
CBAEC75-Concentric Bipolar Electrode) that was placed 100-120
pm from the recording neuron. For hypertonic sucrose experiments,
sucrose (500 mM) was puffed over the entire area that included all
the presynaptic boutons contacting the recording neuron, using an
air pressure system (PicoSpritzer Ill; Parker Hannifin, Cleveland, OH).
Al of the recordings were performed at RT and 2 mM, or the indi-
cated Ca?* concentration, in the bath solution.

Al recordings were made from two to three coverslips, from two
to three independent litters of animals. The numbers of cells are in-
dicated in the figures or figure legends. Data were acquired using
PATCHMASTER software (HEKA) and analyzed using MiniAnalysis
software (Synaptosoft, Fort Lee, NJ), Clampfit (Molecular Devices,
Sunnyvale, CA), and Igor (Wavemetrics, Portland, OR). Statistical
significance was evaluated using the Kruskal-Wallis test for multiple
comparisons of groups with nonnormal distributions. For groups
with a normal distribution, statistical significance was determined
using either the Student’s test or by one-way analysis of variance.
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