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A Post-Docking Role of Synaptotagmin 1-C2B Domain
Bottom Residues R398/399 in Mouse Chromaffin Cells
X Girish H. Kedar,1 Anders S. Munch,3,4 Jan R.T. van Weering,2 Jörg Malsam,5 Andrea Scheutzow,5 Heidi de Wit,2
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Synaptotagmin-1 (Syt1) is the principal Ca 2⫹ sensor for vesicle fusion and is also essential for vesicle docking in chromaffin cells.
Docking depends on interactions of the Syt1-C2B domain with the t-SNARE SNAP25/Syntaxin1 complex and/or plasma membrane
phospholipids. Here, we investigated the role of the positively charged “bottom” region of the C2B domain, proposed to help crosslink
membranes, in vesicle docking and secretion in mouse chromaffin cells and in cell-free assays. We expressed a double mutation shown
previously to interfere with lipid mixing between proteoliposomes and with synaptic transmission, Syt1-R398/399Q (RQ), in syt1 null
mutant cells. Ultrastructural morphometry revealed that Syt1-RQ fully restored the docking defect observed previously in syt1 null
mutant cells, similar to wild type Syt1 (Syt1-wt). Small unilamellar lipid vesicles (SUVs) that contained the v-SNARE Synaptobrevin2
and Syt1-R398/399Q also docked to t-SNARE-containing giant vesicles (GUVs), similar to Syt1-wt. However, unlike Syt1-wt, Syt1-RQinduced docking was strictly PI(4,5)P2-dependent. Unlike docking, neither synchronized secretion in chromaffin cells nor Ca 2⫹triggered SUV–GUV fusion was restored by the Syt1 mutants. Finally, overexpressing the RQ-mutant in wild type cells produced no effect
on either docking or secretion. We conclude that the positively charged bottom region in the C2B domain—and, by inference, Syt1mediated membrane crosslinking—is required for triggering fusion, but not for docking. Secretory vesicles dock by multiple, PI(4,5)P2dependent and PI(4,5)P2-independent mechanisms. The R398/399 mutations selectively disrupt the latter and hereby help to
discriminate protein regions involved in different aspects of Syt1 function in docking and fusion.
Key words: mouse chromaffin cells; patch-clamp technique; synaptotagmin-1; ultrastructural analysis

Significance Statement
This study provides new insights in how the two opposite sides of the C2B domain of Synaptotagmin-1 participate in secretory
vesicle fusion, and in more upstream steps, especially vesicle docking. We show that the “bottom” surface of the C2B domain is
required for triggering fusion, but not for docking. Synaptotagmin-1 promotes docking by multiple, PI(4,5)P2-dependent and
PI(4,5)P2-independent mechanisms. Mutations in the C2B bottom surface (R398/399) selectively disrupt the latter. These mutations help to discriminate protein regions involved in different aspects of Synaptotagmin-1 function in docking and fusion.

Introduction
Fusion of secretory vesicles with the plasma membrane depends
on the assembly of v-SNARE (Synaptobrevin2) and t-SNAREs
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(SNAP25/Syntaxin1) into a SNARE-complex (for review, see
Jahn and Scheller, 2006; Südhof and Rothman, 2009). Vesicles go
through several upstream steps, referred to as docking and priming, to gain fusion competence (Verhage and Sørensen, 2008).
The vesicular protein Synaptotagmin-1 (Syt1) is the principal
Ca 2⫹ sensor for fusion in many CNS neurons and in neuroendocrine cells (Geppert et al., 1994; Fernández-Chacón et al., 2001;
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Figure 1. SFV transfection leads to overexpression of Syt1-wt and the Syt1-RQ mutant. A, B, Syt1 is located near the plasma membrane in wild type chromaffin cells (A) and is absent in syt1 null
cells (B). C–E, eGFP overexpression does not change Syt1 expression in the syt1 null cell (C), whereas Syt1-wt (D) and Syt1-RQ mutant (E) transfection result in 4 –5⫻ overexpression (OE). Scale bars:
2 m. F, Quantification of Syt1 levels by multilevel analysis. Between 3 and 14 cells were collected from two to four embryos per condition, and overall cell numbers and embryo numbers are
annotated. ***p ⱕ 0.001. Error bars indicate SEM. Flu. Int., Fluorescence intensity.

Voets et al., 2001) and is also part of the docking complex for
secretory granules (de Wit et al., 2009). Interactions between Syt1
and the t-SNAREs mediate docking in neuroendocrine cells (de
Wit et al., 2009; Mohrmann et al., 2013), consistent with previous
findings in invertebrate neurons (Jorgensen et al., 1995; Reist et
al., 1998; Loewen et al., 2006). Previously, Syt1 deficiency was
shown to also impair synaptic vesicle accumulation near the active zone in mammalian CNS neurons (Imig et al., 2014). Syt1
contains a transmembrane domain and a tandem of C2 domains,
which bind Ca 2⫹ ions and contain many positively and negatively charged amino acids for potential electrostatic interactions
with t-SNAREs, PI(4,5)P2, and other interactors (Fernandez et
al., 2001; Pang et al., 2006; Chapman, 2008; Pang and Südhof,
2010; Jahn and Fasshauer, 2012; Park et al., 2012).
The electrostatic interactions supporting the role of Syt1 in
docking are probably located in a polybasic patch, centered
around K326/327 on the Syt1-C2B domain, that interacts with
t-SNAREs (Rickman et al., 2004). The same polybasic stretch also
binds PI(4,5)P2 (Fernandez et al., 2001; Rizo et al., 2006; Chapman, 2008; Jahn and Fasshauer, 2012; Park et al., 2012), and this
interaction occurs at sites where Syntaxin1 and PI(4,5)P2 form
clusters (Honigmann et al., 2013). Syt1 might also mediate docking by simultaneous binding of two opposing membranes. This
property of Syt1 was shown in vitro and depends on the calciumbinding region on the “top” and on two arginines at the “bottom”
of the C2B domain (Araç et al., 2006; Xue et al., 2008). Indeed,
mutations in this bottom region (R398Q, R399Q, called the RQ
mutant) abolished neurotransmitter release in neurons (Xue et
al., 2008), and the single mutation (R398A) impaired Ca 2⫹G.H.K. and A.S.M. contributed equally to this work.
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dependent Syt1 function in a lipid mixing assay (Gaffaney et al.,
2008). However, it is unknown whether these mutations also
affect vesicle docking and whether potential docking defects contribute to the observed effects on release. A homologous mutation in Syt2 (R399Q, R400Q) was proposed to affect positional
priming (Young and Neher, 2009). Again, it is unknown whether
this overexpression of Syt2-RQ affects vesicle distribution.
In this study we aimed to resolve the role of the Syt1-C2B
bottom domain in docking and secretion by expressing wild type
Syt1 and the RQ mutant in syt1 null chromaffin cells and by
comparing both Syt1 variants in an in vitro liposome docking and
fusion assay (Malsam et al., 2012). We found that the bottom
residues are critical for fast Syt1-dependent fusion, but dispensable for docking. However, docking becomes critically dependent
on PI(4,5)P2. Hence, the RQ mutant helps to segregate different
aspects of Syt1 function in docking and fusion.

Materials and Methods
Cell culture and transfection of chromaffin cells
Mouse chromaffin cells were obtain by isolating adrenal glands of
wild type or synaptotagmin-1 null littermates [embryonic day 18 (E18)
pups of either sex] and cultured as described previously (Sørensen et
al., 2003; de Wit et al., 2009). Cells were infected on day in vitro 3 for
8 –12 h with Semliki Forest virus (SFV; Ehrengruber and Lundstrom,
2007) containing full-length synaptotagmin-1-IRES-eGFP or syt1
(R398,399Q)-IRES-eGFP (a gift from Dr. C. Rosenmund, Charite
Medical University, Berlin, Germany; Xue et al., 2008). In ultramorphology analysis experiments, SFV expressing IRES-eGFP was used as
a control.

Confocal microscopy
Cells were fixed using 4% paraformaldehyde (Merck) in PBS, pH 7.4, for
1 h, permeabilized with 1% Triton X-100 in PBS for 5 min, and blocked
for 30 min with solution containing PBS, 2% NGS, and 1% Triton X-100.
Cells were then incubated with primary antibody [polyclonal rabbit antisynaptotagmin 1, 1:2000 (W855; a gift from T. C. Südhof, Stanford, CA)
or polyclonal rabbit anti-chromoganinB, 1:500 (Synaptic System)] for
1 h, washed, and then incubated with secondary antibody (goat-anti-
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rabbit Alexa Fluor 546, 1:1000; Sigma) for 1 h.
Cell fixation and staining procedures were performed at room temperature. Coverslips were
mounted on glass slides using Mowiol 4 – 88
(Aldrich). A confocal laser scanning microscope (LSM 500 meta; Carl Zeiss Microimaging) was used to image stained cells. Infected
cells were identified based on eGFP fluorescence. Images were taken using a 63⫻/1.4 numerical aperture oil-immersion objective lens.
Fluorescence intensity was calculated using Fiji
(Schindelin et al., 2012).

Electrophysiological recordings
Transfected cells were identified by green fluorescent response to 475 nm illumination by a
monochromator (Polychrome IV; TILL Photonics). Amperometry measurements were
performed with 5-m-diameter polyethylene
insulated carbon fibers (Thornel P-650/42;
Cytec; Bruns, 2004). The tip of the fiber was
gently pressed against the cell while a constant
voltage of 700 mV was applied. Currents were
amplified by an EPC-7 amplifier (HEKA Elektronik), filtered at 2.9 kHz, and sampled at 11.5
kHz. Cell membrane capacitance was measured via whole-cell patch-clamp technique as
described by Lindau and Neher (1988). Pulse
software (version 8.53) and an EPC-9 amplifier
(HEKA Elektronik) were used in “sine⫹dc”
mode to record and inject currents. Currents
were filtered at 3 kHz and sampled at 11.5 kHz.
Secretion was stimulated by UV photolysis of
the Ca 2⫹ cage nitrophenyl-EGTA by using UV
light from a UV flash lamp (JML-C2; Rapp Optoelectronics) or by applying depolarizing
pulses both controlled by the Pulse software
and triggered by the EPC-9 amplifier.
Chromaffin cells were visualized using a
Zeiss Axiovert 10 with a 40⫻ Fluar objective
(Carl Zeiss). Ca 2⫹ measurements were conducted by exciting Fura dyes at 350 and 380
nm. Emitted light was detected by a photo
diode (Till Photonics) in an area around the
cell defined by a View Finder (Till Photonics). The output of the photo diode was connected to an auxilliary input channel on the
EPC-9 amplifier. The signal was filtered at 3
kHz and sampled at 11.5 kHz. The Ca 2⫹ concentration was measured with a mixture of
high- and low-affinity Fura dyes as described
previously (Voets, 2000). The free Ca 2⫹ concentrations were calculated using a customwritten macro for IGOR Pro (Wavemetrics),
assuming a KD of 0.222 M for BAPTA and of
80 M for DPTA while taking into account
the additional buffering of Ca 2⫹ by the dyes,
nitrophenyl-EGTA, and ATP. The patch
pipette solution contained the following
(in mM): 100 Cs-glutamate, 8 NaCl, 4 CaCl2,
32 HEPES, 2 Mg-ATP, 0.3 NaGTP, 5
nitrophenyl-EGTA, 1 ascorbic acid, 0.4
fura-4F (Invitrogen), and 0.4 furaptra (Invitrogen), adjusted to pH 7.2 with CsOH.

Figure 2. Syt1-RQ mutant rescues docking in syt1 null cells. A, Ultrastructural images of different noninfected and infected
conditions on the syt1 null cell background. Arrows mark docked vesicles. Scale bars: 200 nm. B, Normalized cumulative distribution of vesicles as a function of the distance from the plasma membrane. Inset, Distance in the range of 0 –100 nm from membrane.
C, D, Number of total (C) and docked (D) vesicles per section showing no difference in docking for Syt1-RQ mutant. ***p ⱕ 0.001
by multilevel analysis (between 1– 8 cells were collected from 5– 8 embryos per condition; overall cell numbers and embryo
numbers are annotated in C). Error bars indicate SEM.

Electron microscopy of cultured chromaffin cells
Cells were fixed using conventional aldehyde fixation protocol with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 1 h and subsequently washed with 0.1 M cacodylate buffer, pH 7.4. Postfixation was

done for 1.5 h using 1% osmium tetroxide and 1% ruthenium tetroxide
mixture in 0.1 M cacodylate buffer. Due to cell detachment in highpressure freezing/freeze substitution (HPF/FS) protocols, HPF/FS could
not be applied. Since a side-by-side comparison between aldehyde fixation and HPF/FS on large dense core vesicles docking revealed no differ-
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Figure 3. Syt1–R398/399Q- and Syt1–R398/399A-dependent vesicle docking requires the presence of PI(4,5)P2 in a reconstituted SUV–GUV docking assay. A, Scheme of vesicle docking assay.
t-SNARE-GUVs (28 nmol lipid, 28 pmol Syntaxin1/SNAP-25) lacking or containing 2% PI(4,5)P2 were mixed with 3H-labeled v-SNARE/Syt1-SUVs (5 nmol lipid, 16.6 pmol Synaptobrevin2, 6.2 pmol
Syt1), containing either Syt1-wt or Syt1–R398/399Q or Syt1-RA in the presence and absence of 6 M Complexin II (CpxII). Samples were incubated in a final volume of 100 l for 5 min on ice to allow
docking, followed by centrifugation at 5000 ⫻ g for 5 min to reisolate GUVs. B, Reconstituted SUVs, containing Synaptobrevin2 (Syb2) and either Syt1-wt or Syt1–R398/399Q or Syt1-RA, were
analyzed by SDS-PAGE and Coomassie blue staining. C, 3H-labeled SUVs bound to GUVs in the pellet were quantified and normalized to maximum binding. Error bars indicate SEM (n ⫽ 3).
ences in conclusions (de Wit et al., 2009), we relied on chemical fixation
in this study. Dehydration using a series of ethanol concentrations (30 –
100%) was performed followed by embedding in Epon and polymerization for at least 15 h at 65°C. The coverslip was removed from Epon resin
by alternatively dipping it into liquid nitrogen and hot water. Flat Epon
surface region (2 ⫻ 3 mm) with a high cell density monolayer was selected, cut, and mounted on prepolymerized Epon blocks for thin sectioning. Ultrathin sections (⬃90 nm) were collected on single-slot,
formvar-coated copper grids and stained with uranyl acetate and lead
citrate. A Jeol 1010 transmission electron microscope was used for highresolution imaging. Vesicle membrane attached to the plasma membrane was considered docked vesicles. An infected cell was identified
based on presence of SFV (droplet shape with dense core) on the plasma
membrane. Distance measurements were performed using 10,000⫻ or
30,000⫻ magnification images on iTEM software (Olympus).

Reconstituted SUV–GUV docking and fusion assays
Proteins were expressed, purified, and reconstituted into liposomes as
described previously (Weber et al., 1998; Malsam et al., 2012). The following modifications were made: The C-terminal His6-tag of full length
mouse Synaptobrevin2 was replaced by an N-terminal GST-tag, which
was removed by thrombin cleavage before reconstitution of Synaptobrevin2 into v-SNARE/Syt1 liposomes. Therefore, a cDNA encoding
mouse Synaptobrevin2 ( pTW2) was amplified by PCR and subcloned
into pGEX4T3 using BamHI and XhoI sites resulting in pSK28. To in-

troduce the R398/399Q (RQ) and R398/399A (Syt1-RA) double mutations into Syt1, the template plasmid pLM6, encoding Syt1 (Mahal et al.,
2002), was modified using the QuickChange DNA mutagenesis method
(Qiagen). The resulting constructs pJM80 and pJM45 encode His6-rat
Syt1 R398/399Q and His6-rat Syt1 R398/399A, respectively.
For the preparation of giant unilamellar t-SNARE vesicles (GUVs),
indium tin oxid (ITO)-coated glass slides were replaced by Pt-coated
glass slides (GeSIM). In addition, in the GUV preparation buffer 1 mM
HEPES-KOH, pH 7.4, was replaced by 0.5 mM EPPS-KOH [3-[4-(2hydroxyethyl)-1-piperazinyl]propanesulfonic acid hydrate], pH 8.0. In
the lipid mix used for the reconstitution of the v-SNARE/Syt1 small
unilamellar lipid vesicles (SUVs), the fluorophores rhodamine-DPPE
[N-(lissamine rhodamine B sulfonyl)1,2-dipalmitoyl phosphatidylethanolamine] and NBD-DPPE [N-(7-nitro-2,1,3-benzoxadiaziole-4-yl)1,2-dipalmitoyl phosphatidylethanolamine] were replaced by 0.5 mol%
each of Atto488-DPPE and Atto550-DPPE [Atto-dye labeled phospholipids 1,2-dipalmitol-sn-glycero-3-phosphoethanolamine] from Atto-Tec.
SUV–GUV docking and fusion reactions and data analysis were performed as described previously (Malsam et al., 2012). Briefly, incubations
occurred in an iso-osmolar buffer containing 25 mM HEPES-KOH, pH 7.4,
135 mM KCl, 0.5 mM MgCl2, 1 mM dithiothreithol, and 100 M EGTA.
Calcium was added to a free concentration of 100 M using the Maxchelator
software (http://maxchelator.stanford.edu).
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Figure 4. Syt1-RQ mutant impaired secretion in syt1 null cells. A, Mean membrane capacitance and Ca 2⫹ measurements of syt1 null (gray) with Syt1-wt overexpression (black) and Syt1-RQ
mutant (red). B, Quantification of preflash [Ca 2⫹]. C, Burst size was higher in Syt1-wt overexpression than Syt1-RQ overexpression and syt1 null (⌬Cm at 1 s; Kruskal–Wallis test, p ⬍ 0.001; result
of pairwise post-tests, syt1 null vs Syt1-wt overexpression, p ⫽ 0.016; Syt1-wt overexpression vs Syt1-RQ, p ⬍ 0.001). D, The same was true of total release size (⌬Cm at 5.5 s, Kruskal–Wallis test,
p ⫽ 0.004; result of pairwise post-tests, syt1 null vs Syt1-wt overexpression, p ⫽ 0.035; Syt1-wt overexpression vs Syt1-RQ, p ⫽ 0.005). E, For sustained release, the difference was almost, but not
quite, significant (⌬Cm at 5.5–1 s; Kruskal–Wallis test, p ⫽ 0.051). F, G, I, J, Fitting individual capacitance traces with a sum of exponentials allowed separating the amplitude and time constant
of fast burst secretion from the amplitude and time constant of slow burst secretion. Only the amplitude of the fast burst (Afast) was significantly different between groups (Kruskal–Wallis test, p ⬍
0.001; result of pairwise post-tests, syt1 null vs Syt1-wt overexpression, p ⬍ 0.001; Syt1-wt overexpression vs Syt1-RQ, p ⬍ 0.001). H, Scaled version of the mean capacitance traces in A clearly show
the fast component in the Syt1-wt overexpression, which is missing from syt1 null and Syt1-RQ overexpression. Error bars indicate SEM.

Statistics
Physiology data. When three groups were compared (typically WT overexpression, RQ mutant overexpression, and a control group), a nonparametric Kruskal–Wallis test for independent samples was used to compare
the distributions. If the test was significant, a post-test with significance
levels corrected for multiple comparisons was used for pairwise testing
(IBM SPSS Statistics, version 22). A significance level of 0.05 was assumed throughout.
Ultrastructural morphometry. The data obtained from individual cells
was nested within individual embryos (more than one observation
drawn from one independent sample, an embryo). To accommodate
potential dependency, we tested the effects by multilevel analysis using
SPSS (IBM) software (Aarts et al., 2014). The number obtained per embryo for each data set is noted in each figure legend; overall cell numbers
and embryo numbers are annotated in the figures.

Results
Syt1 null chromaffin cells (E18) show impaired docking and a
Ca 2⫹-dependent fast burst release component (Voets et al., 2001;
Nagy et al., 2006; Schonn et al., 2008; de Wit et al., 2009). We used
this model to analyze the role of the Syt1-C2B bottom domain in
docking and secretion by introducing exogenous Syt1-wt-IRESeGFP or Syt1-RQ-IRES-eGFP. We assessed the level and localization of the overexpressed Syt1 by confocal microscopy.
Endogenous Syt1 labeling shows a punctate pattern that is concentrated in the vicinity of the plasma membrane (Fig. 1A). This

labeling is absent in syt1 null cells, indicating that this labeling is
specific for Syt1 (Fig. 1 B, C). Syt1 null cells expressing the Syt1-wt
and Syt1-RQ constructs showed a distribution of Syt1 close to
plasma membrane (Fig. 1D,E), comparable to the endogenous Syt1
pattern. This indicates that the RQ mutation had no effect on the
subcellular distribution of Syt1. Both constructs yielded a significant
increase in Syt1 levels of a factor of four over wild type levels (multilevel test against wild type; syt1 null ⫹ eGFP, p ⫽ 0.389; syt1 null ⫹
Syt1-wt and syt1 null ⫹ Syt1-RQ, p ⱕ 0.001; Fig. 1F).
Syt1-C2B bottom region is dispensable for secretory
vesicle docking
We first assessed the secretory vesicle distribution in syt1 null cells
expressing Syt1-wt or the Syt1-RQ mutant by electron microscopy. In line with previously reported observations in syt1 null
cells (de Wit et al., 2009), we found a ⬎50% reduction in docked
vesicles in syt1 null cells compared to wild type ( p ⱕ 0.001; Fig.
2A–D). Moreover, Syt1-wt restored docking in syt1 null cells to
the wild type level, without affecting the total number of vesicles:
wild type, 29 ⫾ 2.5 ( p ⱕ 0.001 against syt1 null ⫹ eGFP); syt1 null
⫹ Syt1-wt, 26.3 ⫾ 2.9 ( p ⱕ 0.001 against syt1 null ⫹ eGFP); syt1
null, 12.4 ⫾ 1.8 ( p ⫽ 0.656 against syt1 null ⫹ eGFP); syt1 null ⫹
eGFP, 14.8 ⫾ 1.4 docked vesicles/section. Total number of vesicles ranged from 104 ⫾ 7 to 114 ⫾ 5 vesicles/section in all con-
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Figure 5. Syt1-RQ and Syt1-RA mutants fail to promote Ca 2⫹-triggered lipid mixing in a reconstituted SUV–GUV fusion assay. t-SNARE-GUVs (14 nmol lipid, 14 pmol Syntaxin1/SNAP25) were
mixed with 3H-labeled v-SNARE-SUVs (2.5 nmol lipid, 8.3 pmol Synaptobrevin2, 3.1 pmol Syt1) containing either Syt1-wt or Syt1–R398/399Q or Syt1-RA in the presence and absence of 6 M CpxII
in a final volume of 100 l. The increase of Atto488 fluorescence was monitored. After 2 min at 37°C, Ca 2⫹ was added to a final concentration of 100 M and the measurement continued for another
2 min. Values were normalized to the maximum fluorescent signal after detergent lysis. Error bars indicate SEM. n ⫽ 3.

ditions (mean ⫾ SEM; all not significantly different; Figs. 2C,D).
Syt1 null cells expressing the Syt1-RQ mutant showed a similar
number of docked vesicles as compared to wild type cells (syt1
null ⫹ Syt1-RQ, 33.9 ⫾ 2.9 docked vesicles/section, mean ⫾
SEM, p ⫽ 0.154, multilevel analysis; Fig. 2 A, C). Importantly,
expressing Syt1-RQ or Syt1-wt on the syt1 null background does
not change the total number of vesicles, but shifts the distribution
pattern of vesicles to the wild type pattern (Fig. 2B). This indicates
that the positive-charged arginines of the Syt1-C2B domain are
dispensable for Syt1 function in secretory vesicle docking.
The normal docking functions of Syt1-RQ and RA critically
depend on PI(4,5)P2 in vitro
Docking in cells might be affected by multiple proteins and protein–
protein as well as protein–lipid interactions. To investigate the role of
the Syt1-C2B bottom region in a reduced system, we recapitulated
Syt1’s role in docking in vitro in a cell-free assay by analyzing docking
of SUVs that contain the v-SNARE Synaptobrevin2 and membraneanchored Syt1 to reconstituted GUVs containing the t-SNARE
Syntaxin1/SNAP-25 (Fig. 3A; Malsam et al., 2012). Syt1-R398/399Q
was reconstituted into SUVs with similar efficiency as Syt1-wt (Fig.
3B) and SUVs containing Syt1-RQ docked equally well to GUVs as
wild type Syt1 (Fig. 3C) in the presence of 2% PI(4,5)P2. For docking
efficiency, the presence or absence of Complexin II was irrelevant. In
the absence of PI(4,5)P2, a large functional difference between
Syt1-wt and Syt1-RQ was observed. Whereas Syt1-wt showed a minor impairment in docking efficiency as observed before for synthetic vesicle-vesicle tethering (Vennekate et al., 2012, Parisotto et
al., 2012), Syt1-RQ was completely defective in docking SUVs to
GUVs lacking PI(4,5)P2 (Fig. 3C). In addition to the Syt1-R398/
399Q mutation, a previous study used a similar mutation, but converted the arginines to alanines (Syt1-R398/399A; Gaffaney et al.,
2008). We tested this mutation and found indistinguishable effects
on SUV-docking to GUVs with the A or Q mutant (Fig. 3B,C).
Hence, in this reduced system an intact Syt1-C2B bottom region is
critical to mediate Syt1-dependent liposome docking in the absence
of PI(4,5)P2.

Syt1-C2B bottom region is crucial for secretion
Syt1 null cells lack the Ca 2⫹-dependent fast burst phase of release
in chromaffin cells (Voets et al., 2001), which can be reestablished
by overexpression of Syt1-wt (Nagy et al., 2006). We tested
whether the Syt1-RQ mutant has the same capacity. We analyzed
vesicle release using membrane capacitance measurements upon
flash photolysis of caged calcium. As anticipated, in Syt1overexpressing (i.e., rescued) syt1 null cells, the burst phase (i.e.,
release within the first second) was reestablished compared to
syt1 null cells (Fig. 4A–J ). In contrast, the Syt1-RQ mutant
showed a strong reduction of burst release as compared to
Syt1-wt (syt1 null, mean ⌬Cm ⫽ 87 ⫾ 17 fF, n ⫽ 28; syt1 null ⫹
Syt1-wt, mean ⌬Cm ⫽ 147 ⫾ 19 fF, n ⫽ 23; syt1 null ⫹ Syt1-RQ,
mean ⌬Cm ⫽ 58 ⫾ 10 fF; n ⫽ 23; mean ⫾ SEM; Kruskal–Wallis
test, p ⬍ 0.001; Fig. 4 A, C). We observed a similar pattern for the
total release (syt1 null, mean ⌬Cm ⫽ 165 ⫾ 28 fF; syt1 null ⫹
Syt1-wt, mean ⌬Cm ⫽ 249 ⫾ 26 fF; syt1 null ⫹ Syt1-RQ, mean
⌬Cm ⫽ 119 ⫾ 13 fF; mean ⫾ SEM; Kruskal–Wallis test, p ⬍ 0.01;
Fig. 4 A, D). For the sustained release, a strong tendency to a difference between groups was noted (not significantly different; syt1 null,
mean ⌬Cm ⫽ 78 ⫾ 12 fF; syt1 null ⫹ Syt1-wt, mean ⌬Cm ⫽ 99 ⫾ 13
fF; syt1 null ⫹ Syt1-RQ, mean ⌬Cm ⫽ 58 ⫾ 7 fF; mean ⫾ SEM;
Kruskal–Wallis test, p ⫽ 0.051; Fig. 4A,E). Indeed, in a pairwise test,
the sustained release in Syt1-RQ-expressing cells was significantly
smaller than in WT-rescued cells (Mann–Whitney U test, p ⫽
0.007), confirming lack of rescue also for this parameter.
The kinetic properties of release were analyzed by fitting capacitance changes with a sum of exponentials. We found that fast burst
phase secretion was significantly increased in Syt1-wtoverexpressing syt1 null cells compared to control syt1 null or Syt1RQ-overexpressing syt1 null cells (syt1 null, mean Afast ⫽ 16 ⫾ 4 fF;
syt1 null ⫹ Syt1-wt, mean Afast ⫽ 67 ⫾ 12 fF; syt1 null ⫹ Syt1-RQ,
Afast ⫽ 14 ⫾ 4 fF; mean ⫾ SEM; Kruskal–Wallis test, p ⬍ 0.001; Fig.
4I). Furthermore, the Syt1-RQ mutant showed a reduced slow burst
phase compared to the other groups, but this was not significant
(syt1 null, mean Aslow ⫽ 85 ⫾ 21 fF; syt1 null ⫹ Syt1-wt, mean Aslow
⫽ 48 ⫾ 11 fF; syt1 null ⫹ Syt1-RQ, mean Aslow ⫽ 34 ⫾ 7 fF; mean ⫾
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SEM; Kruskal–Wallis test, p ⫽ 0.116; Fig.
4J). The time constants of the fast and slow
release components were unaffected in all
the tested conditions (syt1 null, fast ⫽
22.3 ⫾ 3.7 ms, slow ⫽ 0.375 ⫾ 0.080s; syt1
null ⫹ Syt1-wt, fast ⫽ 18.8 ⫾ 2.7 ms, slow ⫽
0.203 ⫾ 0.048 s; syt1 null ⫹ Syt1-RQ,
fast ⫽ 24.3 ⫾ 4.8 ms, slow ⫽ 0.282 ⫾ 0.056
s; mean ⫾ SEM; Fig. 4F,G). The fast burst of
release is assumed to originate from the
readily releasable pool (RRP) of vesicles
(Voets, 2000), whereas the slow burst is due
to an upstream pool, which is probably not
available for immediate release (Walter et
al., 2013). Our data indicate that the Syt1C2B bottom arginines, although being dispensable for docking, are crucial for the role
of Syt1 in enabling fast burst secretion.
These data suggest that the generation or release of the RRP is impaired by the Syt1-RQ
mutation in a post-docking step.
Syt1-RQ and Syt1-RA support Ca 2ⴙindependent, but abolish Ca 2ⴙdependent, fusion in a cell-free assay
To analyze whether the essential role of the
Syt1 bottom arginine residues in synchronous release can be reproduced in the cellfree system, we tested the Syt1-RQ and
Syt1-RA mutants in Ca 2⫹-synchronized
lipid mixing in an in vitro liposome fusion
assay. We found that SUVs containing Synaptobrevin2 and Syt1-RQ or Syt1-RA fused
readily with GUVs in a Ca 2⫹-independent
manner, albeit with ⬃30% lower efficiency
(Fig. 5), in line with previous observations
for the single mutations (R398A or R399A;
Gaffaney et al., 2008). Since it was shown
previously that fusion in this v/t-SNARE
SUV/GUV assay depends on the presence of
Syt1, a minus Syt1 control was omitted
(Malsam et al., 2012; Parisotto et al., 2012).
Addition of 6 M Complexin II effectively
suppressed (clamped) fusion for SUVs containing wild-type Syt1, but less so in SUVs
containing Syt1-RQ and Syt1-RA. Moreover, consistent with our observations in intact cells (Fig. 4) and again in line with
previous observations for the single mutations (R398A or R399A; Gaffaney et al.,
2008), SUVs containing Syt1-RQ and Syt1RA, in contrast to SUVs containing Syt1-wt, Figure 6. Syt1-wt overexpression in wild type chromaffin cells reduces docking. A, Ultrastructural images of different noninshowed little increase in lipid mixing upon fected and infected conditions on the wild-type cell background. Scale bars: 200 nm. Arrows mark docked vesicles. B, Normalized
addition of 100 M Ca 2⫹ (Fig. 5). Hence, cumulative distribution of vesicles as a function of the distance from the plasma membrane. Inset, The distance range of 0 –100 nm
although the Syt1-RQ and Syt1-RA muta- from the membrane. C, D, Numbers of total (C) and docked (D) vesicles per section showing a significant reduction in docking in
Syt1-wt-overexpressing wild-type cells. Error bars indicate SEM.
tions support to a significant degree Ca 2⫹independent fusion, the Syt1 bottom
negative effects on secretion when expressed on a wild type backarginine residues are critical for the Ca 2⫹-dependent reaction.
ground (Young and Neher, 2009). We tested whether this was
also the case in our system by overexpressing the Syt1-RQ mutant
No dominant effects of Syt1-RQ when overexpressed in wild
or Syt1-wt on wild type chromaffin cells. Before analyzing its
type chromaffin cells
effect on secretion, we investigated the potential effects on the
It was reported previously that the overexpression of the Syt2-RQ
(R399, 400Q) mutation in the calyx of Held produces dominantdocked pool of vesicles under these conditions. The morphology
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Figure 7. Overexpression of the Syt1-RQ mutant does not alter secretion in wild type chromaffin cells. A, Mean membrane capacitance, Ca 2⫹, and amperometry measurements of wild-type
(blue), with Syt1-wt overexpression (black) and Syt1-RQ mutant (red). B, Quantification of preflash [Ca 2⫹]. C, The burst size was slightly higher in Syt1-wt overexpression than in Syt1-RQ
overexpression and syt1 null, but this was not significant (Kruskal–Wallis, p ⫽ 0.149). D, The total release (⌬Cm at 5.5 s) was unchanged between conditions. E, No difference was detected for
sustained release (⌬Cm at 5.5–1 s). F, G, I, J, Fitting individual capacitance traces with a sum of exponentials allowed separating the amplitude and time constant of fast burst secretion from the
amplitude and time constant of slow burst secretion. None of the parameters were significantly different between groups. H, Scaled version of the mean capacitance traces in A clearly show similar
kinetics in the three groups. Overexpression levels of Syt1 constructs were similar (see Fig. 1). Error bars indicate SEM.

of chromaffin cells was similar in all conditions, and the distribution of secretory vesicles was also similar in all conditions except
wild type ⫹ Syt1-wt (Fig. 6 A, B). Surprisingly, wild type cells overexpressing wild type Syt1, but not cells overexpressing Syt1-RQ,
showed a significant decrease in docked vesicles [wild type, 26 ⫾
2.0 docked vesicles/section; wild type ⫹ eGFP, 31 ⫾ 3.5 docked
vesicles/section; wild type ⫹ Syt1-wt ⫽ 16 ⫾ 2.7 docked vesicles/
section (Student’s t test against wild type ⫹ eGFP, p ⱕ 0.001,
against wild type and wild type ⫹Syt1-RQ, p ⱕ 0.01); wild type ⫹
Syt1-RQ, 26 ⫾ 2.6 docked vesicles/section; mean ⫾ SEM; oneway ANOVA, p ⫽ 0.002; Fig. 6A–D]. This unexpected reduction
of docking in cells overexpressing wild type Syt1 but not Syt1-RQ
may relate to the observation in our cell-free system (Fig. 3) that
the docking mechanisms differ between wild type Syt1 and Syt1RA: Whereas Syt1-RA critically depends on PI(4,5)P2, Syt1 wild type
can also dock vesicles in the absence of PI(4,5)P2, probably via interaction with t-SNAREs. Hence, overexpression of Syt1-wt may compete with these PI(4,5)P2-independent interactions in wild-type
cells, whereas overexpression of Syt1-RQ cannot. In any case, no
evidence was observed for a dominant-negative effect of the Syt1-RQ
mutant on the total vesicle pool or vesicle docking.
Vesicle secretion evoked by calcium uncaging was unaffected by overexpression of Syt1-wt or Syt1-RQ in wild type

chromaffin cells (total release, wild type, mean ⌬Cm ⫽ 319 ⫾
31 fF, n ⫽ 20; wild type ⫹ Syt1-wt, mean ⌬Cm ⫽ 447 ⫾ 43 fF,
n ⫽ 17; wild type ⫹ Syt1-RQ, mean ⌬Cm ⫽ 374 ⫾ 68 fF, n ⫽
20; mean ⫾ SEM; Kruskal–Wallis, n.s.; Fig. 7A–J ), although a
nonsignificant increase in burst secretion upon Syt1-wt overexpression (within 1 s of the flash) was observed (burst release,
wild type, mean ⌬Cm ⫽ 125 ⫾ 17 fF, n ⫽ 20; wild type ⫹
Syt1-wt, mean ⌬Cm ⫽ 176 ⫾ 20 fF, n ⫽ 17; wild type ⫹
Syt1-RQ, mean ⌬Cm ⫽ 144 ⫾ 29 fF, n ⫽ 20; mean ⫾ SEM;
Kruskal–Wallis, p ⫽ 0.149; Fig. 7C). Consistently, both fast
and slow bursts were unchanged between the three groups
(fast burst, wild type, Afast ⫽ 62 ⫾ 10 fF; wild type ⫹ Syt1-wt,
Afast ⫽ 85 ⫾ 16 fF; wild type ⫹ Syt1-RQ, Afast ⫽ 53 ⫾ 9 fF;
mean ⫾ SEM, Kruskal–Wallis, n.s., Fig. 7I; slow burst, wild
type, mean Aslow ⫽ 55 ⫾ 11 fF; wild type ⫹ Syt1-wt, mean
Aslow ⫽ 81 ⫾ 12 fF; wild type ⫹ Syt1-RQ, mean Aslow ⫽ 56 ⫾
9 fF; Kruskal–Wallis, n.s.; Fig. 7J ). No differences in time
constants for any conditions were observed (wild type, mean
fast ⫽ 18 ⫾ 3 ms, mean slow ⫽ 0.46 ⫾ 0.20 s; wild type ⫹
Syt1-wt, mean fast ⫽ 15 ⫾ 4 ms, mean slow ⫽ 0.23 ⫾ 0.06 s;
wild type ⫹ Syt1-RQ, mean fast ⫽ 18 ⫾ 4 ms, mean slow ⫽
0.24 ⫾ 0.04 ms; Kruskal–Wallis, n.s. for both parameters; Fig.
7 F, G).
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A subpopulation of the RRP, called the
immediately releasable pool (IRP), comprises vesicles in close vicinity of voltagesensitive calcium channels (Alvarez and
Marengo, 2011) that fuse first upon
depolarization-induced Ca 2⫹ influx. A
similar pool was shown to be affected by
overexpression of Syt2-RQ in the calyx of
Held synapse (Young and Neher, 2009);
hence, we investigated the effects of
Syt1-RQ overexpression on the IRP in
chromaffin cells. The IRP can be distinguished from the RRP by trains of depolarizations of different duration, either 10
ms (for the IRP) or 100 ms (RRP) (Voets
et al., 1999). We found no significant differences in vesicle secretion upon depolarization in wild-type cells expressing
Syt1-WT or Syt1-RQ (IRP, i.e., capacitance change elicited by five consecutive
10 ms depolarizations; wild type, ⌬Cm ⫽
29 ⫾ 5 fF, n ⫽ 14; wild type ⫹ Syt1-wt,
⌬Cm ⫽ 31 ⫾ 4 fF, n ⫽ 28; wild type ⫹
Syt1-RQ, ⌬Cm ⫽ 25 ⫾ 4 fF, n ⫽ 26;
Kruskal–Wallis n.s.; Fig. 8 A, B). Moreover, the RRP (detected as the capacitance
increase until the end of the fourth 100 ms
depolarization) and total membrane capacitance after a UV flash had photoreleased Ca 2⫹ to release any remaining Figure 8. Syt1-RQ mutant overexpression in wild type chromaffin cells does not affect the IRP size. A, Mean membrane capac2⫹
vesicles (end of trace) were not signifi- itance, Ca , and amperometry measurements of wild-type cells (blue), Syt1-wt overexpression (black), and Syt1-RQ mutant
cantly different in any condition (Fig. (red) overexpression in wild-type cells. B, There was no difference in IRP size (capacitance increase elicited by the first 6 brief 10 ms
increase elicited by the 6 10 ms depolarizations, and the 4 100 ms
8C,D). These data indicate that Syt1-RQ depolarizations) between conditions. C, D, RRP (capacitance2⫹
depolarizations) and total membrane capacitance after a Ca uncaging flash were not significantly different in any condition.
overexpression does not result in a
Error bars indicate SEM.
dominant-negative phenotype on vesicle
fusion, and that the IRP remains unafin a cell-free assay. This indicates that the molecular properties of
fected under these conditions. Thus, overall, the Syt1-RQ mutant
Syt1 relevant for vesicle docking and for fusion are different.
2⫹
does not participate in Ca -triggered secretion in chromaffin cells
Mutation of the C2B bottom surface of Syt1 does not affect the
and also does not interfere with it.
extent of docking, but does eliminate Ca 2⫹-dependent membrane
fusion. An important indication for the underlying differences beDiscussion
tween docking and fusion came from the cell-free docking assay.
In the current study, we investigated the role of the Syt1-C2B
This assay revealed that mutations in the C2B bottom surface make
domain bottom residues in secretory granule docking and secredocking critically dependent on PI(4,5)P2. This observation suggests
tion, using the Syt1 R398Q/399Q mutant. This mutant severely
that wild-type Syt1 can use PI(4,5)P2-dependent and PI(4,5)P2disrupted synaptic transmission in hippocampal neurons (Xue et
independent principles to dock vesicles, and the mutations
al., 2008), and, using a similar mutation in Syt2 (R399Q/400Q,
disrupt the PI(4,5)P2-independent principle. Hence, the C2B
homologous positions to R398, R399 in Syt1), it was concluded
bottom surface appears to be involved in a PI(4,5)P2that C2B domain bottom residues affect positional priming in the
independent docking principle. Furthermore, since Syt1-RQ
calyx of Held (Young and Neher, 2009). Applying ultrastructural
rescues docking in syt1 null cells, docking in living chromaffin
analysis, patch-clamp, and cell-free assays, we found that this
cells is probably PI(4,5)P2-dependent.
mutation fully restored docking, but made docking in vitro
Given the fact that this PI(4,5)P2-independent docking prinstrictly PI(4,5)P2 dependent and failed to restore secretion of fast
ciple was observed in a highly reduced cell-free system, the numburst release in syt1 null chromaffin cells and in a cell-free fusion
ber of possible mechanisms is limited: interactions with the
assay. These impairments of secretion were not the result of a
t-SNAREs and/or with other phospholipids. Under resting condominant-negative effect of the Syt1-RQ mutant, as docking and
ditions (low Ca 2⫹), Syt1 is reported to bind to (monomeric)
secretion in wild-type cells overexpressing this mutant remained
SNAP-25 and Syntaxin1A and to the binary and the ternary
unaffected.
SNARE complex (Rizo et al., 2006; Chapman, 2008; Jahn and
Fasshauer, 2012; Kim et al., 2012; Südhof, 2012). The polybasic
The role of Syt1 in vesicle docking
region on the side of Syt1-C2B domain, around K325, K326,
The Syt1-RQ mutant restored docking in syt1 null cells (Fig. 2)
K327, and K331, is a prominent interaction surface (Rickman et
and supported docking in a cell-free assay (Fig. 3), but did not
al., 2004; Martens et al., 2007; Lai et al., 2011; Wang et al., 2011;
restore secretion in syt1 null cells (Fig. 4), and the Syt1-RQ and
Zhou et al., 2013). Additional contact sites have been proposed,
Syt1-RA mutants did not support Ca 2⫹-dependent lipid mixing
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including the C2A domain and the bottom surface of the C2B
domain, where R398 and R399 are located (Lai et al., 2011; Zhou
et al., 2013). A previous study concluded that this bottom surface
is close to the SNARE interface, but still sufficiently exposed to
allow other interactions (Choi et al., 2010). Mutations of negative
charges in the middle region of SNAP-25, which interact with the
Syt1 polybasic region, are sufficient to produce a docking defect
in chromaffin cells (Mohrmann et al., 2013), while Syt1-RQexpressing cells show no docking defect (Fig. 2). Hence, docking
tolerates mutations in the C2B domain bottom region, but not
the disruption of Syt1–tSNARE interaction. This suggests that the
Syt1–tSNARE interaction is probably preserved in Syt1-RQ and
Syt1-RA, and the interaction with other phospholipids (Martens
et al., 2007; Gaffaney et al., 2008; Kuo et al., 2009; Wang et al.,
2011; Park et al., 2012; Vennekate et al., 2012) might be disrupted
and exposed upon removal of PI(4,5)P2 in the SUV/GUV docking assay. Indeed, R398A impaired Syt1 binding to SNARE liposomes without PI(4,5)P2 (Gaffaney et al., 2008), and two studies
that measured Ca 2⫹-dependent liposome aggregation observed
that R398/399Q abolished liposome aggregation (Araç et al.,
2006; Xue et al., 2008). In our GUV/SUV assay, docking was
preserved with the R398/399Q and RA mutations as long as
PI(4,5)P2 was present (Fig. 3). Finally, separate interactions with
the tSNAREs might also account for the role of the C2B bottom
surface in PI(4,5)P2-dependent docking. Probably the most likely
scenario is that docking is effectuated via multiple interactions,
which are not necessarily of high affinity, but due to their avidity
and a potential involvement of multiple Syt1 molecules on the
vesicle (cooperativity), can effectively dock vesicles to the target
membrane. It remains to be determined to what extent the strict
PI(4,5)P2 dependence of docking by Syt1-RQ- and Syt1-RAcontaining vesicles recapitulates the situation in living cells
(something that cannot be easily tested), but in any case, our data
show that in intact chromaffin cells, docking is probably driven
by redundant electrostatic interactions in any of a number of
different alternative configurations.

“top” of the C2B domain in fusion (Rizo et al., 2006; Chapman,
2008; Jahn and Fasshauer, 2012; Kim et al., 2012; Südhof, 2012),
the clear role for the arginines in the bottom domain suggests that
these two opposite sides of the C2B domain participate in the
final Ca 2⫹-dependent triggering of fusion, as proposed previously (Araç et al., 2006; Xue et al., 2008).
Expression of Syt2 R399Q/400Q in wild type calyx of Held
resulted in dominant-negative effects on neurotransmitter release when stimulated by depolarization, but not upon Ca 2⫹ uncaging (Young and Neher, 2009). It was concluded that Syt2 RQ
is defective in positional priming, such that vesicles are mislocalized with respect to Ca 2⫹ channels. Isolated chromaffin cells have
no active zones as neuronal synapses do, and positional priming
is not a major phenomenon. However, a small vesicle pool (IRP)
has been identified that can be triggered to fuse with short (10 ms)
depolarizations, expected to produce discrete, local increases in
intracellular Ca 2⫹ (Voets et al., 1999). These vesicles are colocalized with Ca 2⫹ channels, but it is not clear whether they are
molecularly different from other RRP vesicles. IRP vesicles might
be drawn from a homogeneous RRP during short depolarizations
by chance. In any case, the IRP is not reduced upon expression of
the Syt1-RQ mutant in wild-type cells, and Ca 2⫹ uncaging did
not result in enhanced secretion of potentially mislocalized vesicles when expressing the Syt1-RQ mutation in syt1 null or wildtype cells. Hence, we conclude that the Syt1-RQ mutation does
not affect positional priming in chromaffin cells. Instead, our
data support the idea that the Syt1 bottom domain physically and
locally couples SNARE or lipid interactions to the Ca 2⫹dependent reactions mediated by the top domain (Araç et al.,
2006; Xue et al., 2008). We conclude that Syt1-C2B bottom
domain is dispensable for docking due to the existence of
multiple alternative docking mechanisms, but plays a crucial
role in vesicle secretion, indicating that the C2B domain bottom residues are required specifically for a post-docking step
to achieve calcium-dependent vesicle secretion.

The role of Syt1 in vesicle priming and fusion
In line with previous results, wild-type cells and syt1 null cells
expressing Syt1 showed similar secretion levels (Nagy et al.,
2006). Syt1-RQ failed to restore the RRP and even tended to
reduce remaining release further (although not significantly; Fig.
4), and Syt1-RQ and Syt1-RA mutants did not show Ca 2⫹induced SUV–GUV lipid mixing (Fig. 5). Hence, our data confirm the importance of the C2B domain bottom residues of Syt1
for calcium-triggered synchronous release, as observed before in
neurons (Xue et al., 2008). Similar to this study, none of our
experiments in chromaffin cells expressing the Syt1-RQ mutant
produced evidence that this mutant retains any fusion activity.
However, the SUV–GUV lipid mixing assay revealed that
Syt1-RQ and Syt1-RA show substantial Ca 2⫹-independent lipid
mixing (but not Ca 2⫹ dependent), consistent with their unaltered vesicle docking properties in the presence of PI(4,5)P2. Although Ca 2⫹-independent lipid mixing is a well known property
of Syt1 in cell-free systems (Gaffaney et al., 2008; Malsam et al.,
2012), is not known to what extent this activity relates to aspects
of Syt1 function in living cells, for instance, to spontaneous synaptic vesicle fusion in synapses [not reported by Xue et al.
(2008)]. Chromaffin cells hardly show spontaneous events. In
fact, we detected not a single amperometric spike during 180 s
recordings of six chromaffin cells expressing either Syt1-wt and
Syt1-RQ (data not shown). Together with the overwhelming evidence for the involvement of the Ca 2⫹-binding loops at the
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