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Phosphatidylinositol 4,5-bisphosphate clusters act as
molecular beacons for vesicle recruitment

Alf Honigmann!8, Geert van den Bogaart?38, Emilio Iraheta?, H Jelger Risselada®, Dragomir Milovanovic?,
Veronika Muellerl, Stefan Miillar®, Ulf Diederichsen®, Dirk Fasshauer?, Helmut Grubmiiller®, Stefan W Helll,

Christian Eggeling!7, Karin Kiihnel? & Reinhard Jahn?

Synaptic-vesicle exocytosis is mediated by the vesicular Ca* sensor synaptotagmin-1. Synaptotagmin-1 interacts with the SNARE
protein syntaxin-1A and acidic phospholipids such as phosphatidylinositol 4,5-bisphosphate (PIP2). However, it is unclear how
these interactions contribute to triggering membrane fusion. Using PC12 cells from Rattus norvegicus and artificial supported
bilayers, we show that synaptotagmin-1 interacts with the polybasic linker region of syntaxin-1A independent of Ca2+ through
PIP2. This interaction allows both Ca2+-binding sites of synaptotagmin-1 to bind to phosphatidylserine in the vesicle membrane
upon Ca2+ triggering. We determined the crystal structure of the C2B domain of synaptotagmin-1 bound to phosphoserine,
allowing development of a high-resolution model of synaptotagmin bridging two different membranes. Our results suggest that
PIP2 clusters organized by syntaxin-1 act as molecular beacons for vesicle docking, with the subsequent Ca2* influx bringing

the vesicle membrane close enough for membrane fusion.

Neuronal exocytosis is mediated by SNARE proteins. The vesicu-
lar SNARE synaptobrevin-2 binds to an acceptor SNARE complex
consisting of SNAP-25 and syntaxin-1A in the plasma membrane
(reviewed in refs. 1-4). During binding, a tight a-helical bundle
is formed that pulls the membranes together and overcomes the
energy barrier for membrane fusion. Syntaxin-1A and SNAP-25 are
not uniformly distributed in the plasma membrane but cluster in
~70-nm-sized membrane domains®~7. We recently showed that poly-
anionic PIP2 is the dominant inner-leaflet lipid in these membrane
domains enriched in syntaxin-1A”. Furthermore, we showed that syn-
taxin-1A clustering is driven by electrostatic interactions between
PIP2 and a juxtamembrane polybasic linker region of syntaxin-1A
that connects the SNARE domain and the transmembrane helix
(260-KARRKK-265)7. The significance of these syntaxin-PIP2 clus-
ters for fast exocytosis, however, has remained unclear.
Synaptotagmin-1 acts as a main Ca* sensor of neuronal exocytosis
(reviewed in refs. 2-4). It consists of an N-terminal unstructured
luminal domain, a single transmembrane helix and a cytoplasmic
domain that contains a 61-residue cytoplasmic linker connecting the
transmembrane domain to two calcium-binding C2 domains, called
C2A and C2B. C2A and C2B bind three and two Ca?* ions, respec-
tively, with affinities ranging from 0.1 to 2 mM?23. Despite researchers’
intense efforts, how synaptotagmin-1 triggers Ca?*-invoked exocyto-
sis is still controversial, although the mechanism of action is likely to
involve interactions of synaptotagmin-1 with both SNARE proteins

and membranes. Synaptotagmin-1 binds SNAP-25, syntaxin-1A and
the binary and ternary SNARE complexes (reviewed in refs. 2-4,8).
Synaptotagmin-1 interactions with SNAREs are observable in the
absence of Ca2* (that is, with an excess of the Ca?* chelator EGTA) and
are enhanced by Ca?*. It has long been unclear how synaptotagmin-1
precisely binds SNARE proteins (reviewed in ref. 2), especially because
regions of synaptotagmin-1 that were implicated in SNARE binding
are also involved in and compete with membrane binding®. These
discrepancies were recently resolved by a single-molecule study in
which synaptotagmin-1 was proposed to interact only loosely with
the SNARE complex through weak electrostatic interactions in a con-
figuration that left the lipid-binding domains free for interactions
with membranes®. A recent EPR study lent further support to a not-
very-structured but rather dynamic binding of synaptotagmin-1 to
the SNAREs!0. Nevertheless, there are still some unresolved questions
concerning the binding of synaptotagmin to SNAREs. For instance,
an unstructured and dynamic binding mode is difficult to reconcile
with the reported ability of synaptotagmin-1 to replace complexin-1
from the SNARE complex!112, and it does not explain the Ca%*
dependency of SNARE binding (reviewed in refs. 2-4,8). Binding of
synaptotagmin-1 to membranes containing anionic phospholipids
is better understood. In the absence of Ca?*, a conserved polybasic
lysine stretch located on the C2B domain and other surface-exposed
basic residues interact with anionic phospholipids such as monovalent
phosphatidylserine and polyvalent PIP2. In the presence of Ca?*,
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Figure 1 Synaptotagmin-1 binds syntaxin-1 = Cross-section (um)
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bars, clustered regions). (b) Representative STED image of C2AB-KK114 on an unfixed PC12 membrane sheet.

(c) Fluorescence intensity profiles through the line marked in b, showing size and density of C2AB clusters. (d) Size

distribution of the C2AB and syntaxin-1A clusters as determined from STED microscopy. Green, syntaxin-1A, diameter 80 + 23 nm (FWHM +s.d.),
similar to that reported previously®; magenta, C2AB, diameter 75 + 26 nm (FWHM + s.d.). The distribution of the FWHM of 150 domains from six sheets
and two independent preparations is shown. (e) Distribution of C2AB-KK114 without Ca2+ (left, purple), after addition of 200 uM Ca2* (middle, blue) or
after chelation of previously added Ca2* by addition of EGTA (orange, right). Plot at right shows fluorescence intensity profiles through the lines marked
in the images (in counts per pixel; yellow bars, clustered regions). (f,g) Fluorescence signal in the areas between (f) and at (g) puncta, as determined
from the images of C2AB-KK114; a.u., arbitrary units. Peak counts + range from six sheets of three independent preparations are shown; *P =6 x 10-4-
8 x 104 by two-sided t test. (Supplementary Fig. 1c shows distributions of C2AB binding to the puncta.) Scale bars throughout figure, 2 um.

both Ca?*-binding sites of the C2 domains interact with anionic
phospholipids?~410:13-27 In the Ca?*-bound state, the C2 domains
of synaptotagmin-1 are able to tether two membranes!7-20-22.24, but
how exactly the C2 domains are able to simultaneously bind two
membranes and whether such tethering is also relevant in the activa-
tion mechanism of synaptotagmin is still unclear. We performed a
series of controlled binding experiments to resolve the interactions
of synaptotagmin-1 with syntaxin-1 as well as with the vesicular and
plasma membranes.

RESULTS

Synaptotagmin-1 binds syntaxin-1A through PIP2

Because synaptotagmin-1 binds both PIP2 and syntaxin-1A, we tested
whether synaptotagmin-1 can also bind membrane clusters that are
enriched in both syntaxin-1A and PIP2 (refs. 6,7). Indeed, a bacte-
rially expressed soluble domain of synaptotagmin-1 (called C2AB
domain; residues 97-421) bound >80% of the syntaxin-1A clusters
on inverted plasma-membrane sheets of PC12 cells (a neuroendo-
crine cell line) irrespective of Ca?* (Fig. 1a). In these experiments,
freshly prepared (nonfixed) membrane sheets were briefly (<5 min)
incubated with a monoclonal antibody to syntaxin-1, HPC-1, labeled
with Alexa Fluor 488 (anti-Sx1-AF488), and with C2AB labeled at
position $342C with the far-red fluorophore KK114. Super-resolution
stimulated emission depletion (STED) microscopy with HPC-1
and a fluorescently labeled secondary antibody on fixed membrane
sheets showed that the C2AB clusters and syntaxin-1A membrane
domains overlapped and were of similar size (~75 nm; Fig. 1b-d
and Supplementary Fig. 1a,b). Addition of Ca?* to a final concen-
tration of 200 uM increased binding of C2AB to the syntaxin-1A
clusters and strongly increased C2AB binding to the areas between
the clusters (Fig. le-g and Supplementary Fig. 1c). To probe the
mobility of membrane-bound C2AB under these conditions, we
applied fluorescence correlation spectroscopy in combination with
STED (STED-FCS)?8. STED-FCS allowed determination of the appar-
ent diffusion coefficient D for different observation areas ranging
from 50 to 250 nm (full width at half-maximum intensity (FWHM)),

revealing hindered diffusion in case of any deviation from a constant
dependence D(FWHM)?8:29. As expected?, a fluorescent lipid phos-
phatidylcholine analog (Atto647N-PC) showed free Brownian dif-
fusion with constant values D = 0.5 um? s~! (Fig. 2a). In contrast,
the dynamics of C2AB bound to the syntaxin-1A clusters were too
slow to be evaluated by point FCS measurements because the cluster-
bound population strongly photobleached during a typical excitation
period of 10 s. C2AB bound to the areas between the clusters was
mobile, but diffusion was strongly anomalous (that is, the measured
diffusion times showed a nonlinear response when the observation
area was reduced with STED), indicating hindered diffusion of the
molecule (Fig. 2a). The decrease of D for small FWHM reveals tran-
sient binding (trapping) of C2AB to slow or immobilized membrane
constituents and was observed previously for lipids with large polar
head groups?®, which indicated that we probed the diffusion of a
C2AB-PIP2 complex. Indeed, a fluorescent PIP2 analog (Top-Fluor
PIP2) partitioned to the same membrane clusters where C2AB bound
(Fig. 2b,c). Moreover, overexpression of the phosphatase domain of
synaptojanin-1 fused to a CAAX box to target it to the plasma mem-
brane3’ strongly reduced both Ca?*-independent and Ca?*-dependent
C2AB binding to PC12 membrane sheets (Supplementary Fig. 2).
Synaptojanin-1 is a polyphosphoinositide 5-phosphatase, and its
expression results in complete removal of PIP2 from the plasma mem-
brane3? and dispersion of the syntaxin-1 membrane domains’. Thus,
synaptotagmin-1 binds selectively to the PIP2-syntaxin-1 clusters at
the plasma membrane, and this raises the question of which parts of
synaptotagmin-1 (C2AB) are involved in binding these clusters.
C2AB mutants disrupted in Ca?* binding to either the C2A (D178A
D230A D232A) or C2B domain (D309A D363A D365A) were still
able to bind the syntaxin-1A clusters on PC12 membrane sheets
(Fig. 3a). However, Ca’*-dependent binding of mutant C2AB to the
areas between the domains was substantially reduced compared to
that of wild-type. These results are probably explained by reduced
Ca?*-dependent membrane binding in which the Ca?*-binding sites
of the C2A and C2B domains insert in the membrane in a cooperative
manner!32L. In sharp contrast to the Ca?*-binding mutants, C2AB
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preincubated with Top-Fluor PIP2 to localize
PIP2-clusters (green) followed by incubation with

labeled synaptotagmin-1 (100 nM C2AB-KK114; magenta), with 200 uM Ca?2* (top) or after chelation of Ca2+ with an excess of EGTA (bottom). Scale bar,
2 um. (c) Fluorescence intensity profiles through the lines marked in b (as in Fig. 1), indicating binding of C2AB to the PIP2 clusters in the absence of Ca2*.

with two lysines of the polybasic lysine stretch converted to alanines
(K326A K327A; the KAKA mutant!'®) no longer bound the syntaxin
clusters in the absence of Ca?* (Fig. 3a). However, again in contrast
to the Ca?*-binding mutants, this mutant was still capable of Ca?*-
dependent binding to the syntaxin-1A domains and the areas between
the syntaxin-1A domains. These findings clearly indicate that the
polybasic lysine stretch of synaptotagmin-1 binds the syntaxin-1A
clusters through PIP2, and syntaxin-1 and synaptotagmin-1 may
interact with one or more PIP2 molecules simultaneously (Fig. 3b),
or alternatively PIP2 may unbind from syntaxin-1 before binding the
C2B domain. Synaptotagmin-1 binding to syntaxin-1A through PIP2
is in line with competitive-inhibition experiments of SNARE binding
by inositol hexabisphosphate!®3!l. Of course, we cannot exclude other
modes of (Ca**-mediated) binding of synaptotagmin-1 to SNAREs,
such as to SNAP-25 or to the anionic surface of binary or ternary
SNARE complexes?3%10, but apparently these binding sites are not
easily accessible when the SNARESs are in a native environment.

We recently demonstrated the reconstitution of PIP2-syntaxin-1A
clusters in artificial membranes’. Here we studied binding of
synaptotagmin-1 to these clusters by using supported lipid bilayers.
The main advantages of supported lipid bilayers are that they allow
precise control of the lipid composition and are easy to image by
fluorescence microscopy. We prepared stacked bilayers of two or three
membranes by spin-coating lipid mixtures in chloroform on micro-
scope cover glasses. Artifacts due to electrostatic and hydrophobic
interactions with the glass support can be circumvented by studying
lipid bilayers that are on top of the basal bilayer32. PIP2-syntaxin-1A
membrane clusters were reconstituted in membranes composed of

2+

1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), with or
without 20% phosphatidylserine, 30% cholesterol, 1-2% PIP2 and
syntaxin-1A,s;_,gg that consisted of a conserved polybasic juxtam-
embrane linker region and the C-terminal transmembrane helix of
syntaxin-1A (Fig. 4a—d and Supplementary Fig. 3a). As shown previ-
ously’, syntaxin-1A,5;_,gg clustering was dependent on the presence
of PIP2 (Supplementary Fig. 3b). Moreover, PIP2-syntaxin-1A;s;_,gg
clusters were also present when an excess of phosphatidylserine or
cholesterol was used (Supplementary Fig. 3¢), and fluorescent Top-
Fluor PIP2 was enriched at the syntaxin-1A,s;_,gg clusters (Fig. 4e,f
and Supplementary Fig. 3d). Similarly (Fig. 1), C2AB bound the
PIP2-syntaxin-1A,s;_»gg clusters in the absence of Ca?*, and the
addition of Ca2* to a final concentration of 100-200 uM increased
C2AB binding to both the puncta and the areas between the puncta
(Fig. 4a-d and Supplementary Fig. 3a). Addition of the Ca?*
chelator ethylene glycol tetraacetic acid (EGTA) to a final concen-
tration of 1 mM only slightly affected the clusters but substantially
removed C2AB that was bound to the areas between the membrane
clusters. In the absence of syntaxin-1A;s57_33, C2AB bound homo-
geneously to membranes containing 2 mol% PIP2, but only when
Ca?* was present (Fig. 5a). Apparently, this concentration of PIP2
was not high enough for substantial C2AB binding in the absence
of Ca?*, which required at least 5 mol% PIP2 (Supplementary
Fig. 3e). Control experiments without PIP2 and with Mg?* showed
that C2AB binding to supported lipid bilayers was specific for both
PIP2 and Ca?* (Supplementary Fig. 3f,g).

To test the nature of synaptotagmin-1 binding to membrane clusters
of PIP2 and syntaxin-1A, we performed experiments with short cati-
onic peptides that mimic the polybasic linker region of syntaxin-1A.

a__ +Ca Lo 1001 A peptide corresponding to the polybasic region of syntaxin-1
2 50 (260-KARRKK-265) was able to cluster C2AB in artificial membranes
= /Syb2 in the presence of PIP2 (Fig. 5a-d and Supplementary Fig. 4), but
g 0- SNAPS \ | this clustering was not specific for the sequence of this region, as it
1001 was also induced by pentalysine. Membrane clustering by syntaxin-
L~ = 50 1A60_265 Was not observed when phosphatidylserine instead of PIP2
c =1
g s was used (Fig. 5e) and was relatively insensitive to Ca?* or Mg?*
£ § )
< g 0- _—C2A
g 1004 ——C2B K ; ; ;
g — Figure 3 Synaptotagmin-1 binds the syntaxin-1 clusters through the
= Z 501 " Aﬁ conserved polybasic patch. (a) Representative confocal images of unfixed
£ s /1 PIP2 PC12 cell-membrane sheets incubated with 100 nM of different Alexa
uE: 0- v Fluor 488-labeled C2AB mutants, either in the presence of 200 pM Ca2+
1007 ) l " (blue) or after chelation of the Ca2* with an excess of EGTA (orange).
0 Right, fluorescence intensity profiles through the lines marked in the
501 images (as in Fig. 1). A mutant and B mutant indicate disrupted Ca2+-
g ol wraaman binding sites in the C2A or C2B domains, respectively. (b) Model of Ca?+-
N3 6—2':'0 independent binding of the basic stretch of synaptotagmin-1 (purple) to
Cross-section membrane domains enriched in PIP2 (blue) and syntaxin-1A (Syx1; red).
(um) Green, SNAP25; cyan, synaptobrevin-2 (Syb2). Scale bar, 5 um.
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Figure 4 Synaptotagmin-1 binding to
PIP2—syntaxin-1A clusters in artificial stacked
supported membranes generated by spin-
coating on glass surfaces. (a) Representative
confocal images of membranes (69% DOPC,
30% cholesterol and 1% PIP2) containing
syntaxin-1A,57_ogg labeled with Atto647N
(SXTMH; magenta), incubated with 100 nM
C2AB fragment labeled with Alexa Fluor 488
(C2AB-AF488; green) in the absence of Ca2*
(purple), after addition of 200 uM Ca2+ (blue)
or after chelation of previously added Ca2*
with EGTA (orange). (b) Fluorescence intensity
profiles through the lines marked in a (as in
Fig. 1). (c,d) Fluorescence (peak counts)
between (c) and at (d) puncta, as determined
from the different images of C2AB-AF488
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(Fig. 5 and Supplementary Fig. 4). PIP2 clustering by polyvalent cati-
onic peptides has also been observed previously®3. Ca?* is also known
to cluster PIP2 (ref. 34), and indeed C2AB was clustered at high Ca?+
concentrations (above 0.5 mM) in the absence of the polybasic pep-
tides (Supplementary Fig. 5). However, the clusters induced by high
Ca?* concentrations were different from the clusters induced by the
basic peptides because only in the latter was phosphatidylcholine at
least partially depleted from the clusters (Fig. 5a). Moreover, Ca?*-
induced but not ligand-induced cluster formation was reversed when
Ca?* was subsequently chelated with EGTA (Supplementary Fig. 5).
Altogether, we conclude that synaptotagmin-1 binds in a Ca?*-
independent manner to membrane domains in which PIP2 is concen-
trated around the polybasic linker of syntaxin-1A7.

Vesicle recruitment to PIP2—syntaxin-1A membrane clusters
It is well established!7-20-2224 that the C2AB fragment can cross-link
two membranes in the presence of Ca?*. Therefore, we tested whether
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C2AB can recruit vesicles to the PIP2-syntaxin-1A clusters. Indeed,
in the presence of C2AB we observed binding of 35-nm-sized!”
artificial liposomes (composed of a 5:2:1:1 molar ratio of DOPC/1,
2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/1,2-dioleoyl-
sn-glycero-3-phosphatidylserine (DOPS)/cholesterol with 1% of the
fluorescent lipid analog BODIPY-FL PC) to PC12 membrane sheets
(Fig. 6a). Binding was Ca?* dependent but was only partially reversed
by EGTA, and we attribute this partial reversal by EGTA to short-
range (hydrophobic) interactions that occur after membrane binding.
Liposome tethering was observed only when the liposomes contained
>5% of the anionic phospholipid DOPS (Fig. 6b). Tethering clearly
overlapped with the sites where C2AB was bound (Fig. 6a). However,
some tethering (albeit weaker) was also observed in the absence of C2AB
(Fig. 6¢). This was probably caused by endogenous synaptotagmin-1,
because liposome tethering was substantially reduced by preincu-
bation with antibodies specific for synaptotagmin-1 (Fig. 6d). To
exclude interference by endogenous synaptotagmin-1, we performed
experiments with supported lipid bilayers of precisely controlled com-
position (Fig. 7a,b and Supplementary Fig. 6). Liposome recruitment
to reconstituted PIP2-syntaxin-1 clusters in artificial membranes
was clearly dependent on the presence of the C2AB fragment or of
full-length synaptotagmin-1 incorporated in the liposomes, and it
occurred irrespective of the presence of phosphatidylserine in the
supported bilayer.

We used artificial supported lipid membranes and different syn-
aptotagmin-1 mutants to determine which of the binding sites of
synaptotagmin-1 are involved in liposome recruitment (Fig. 7b and

Figure 5 Synaptotagmin-1 binds PIP2 clusters induced by the polybasic
linker region of syntaxin-1 in artificial membranes. (a) Representative
confocal images of supported lipid bilayers (DOPC and 2% PIP2)
prelabeled with 0.1 mol% of the fluorescent lipid analog BODIPY-FL PC
(lipid; green) and then incubated with 100 nM C2AB labeled with KK114
(C2AB-KK114; magenta) in the presence of 200 uM Ca2* (control;
purple, left), after addition of 20 uM of the soluble syntaxin-1Az60-265
linker peptide (KARRKK; blue, middle) and after addition of EGTA (with
the peptide still present; orange, right). (b) Fluorescence intensity profiles
through the lines marked in a (as in Fig. 1). (¢,d) Fluorescence peak
counts between (c) and at (d) puncta, as determined from the confocal
images of C2AB-KK114 + range for six positions and three independent
bilayers; *P =2 x 10-3 by two-sided t test. (Supplementary Fig. 4a shows
distributions of C2AB binding to the puncta.) (e) Control experiments as
in a but using membranes containing phosphatidylserine instead of PIP2
(80% DOPC and 20% DOPS). Scale bars, 5 um.
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Figure 6 Ca2+-dependent recruitment of liposomes to
the plasma membrane by synaptotagmin-1.

(a) Representative confocal images of unfixed PC12
membrane sheets incubated with BODIPY-labeled
liposomes containing 11% phosphatidylserine

(PS; green; ~5 nM final liposome concentration7)
and 100 nM C2AB labeled with KK114 (C2AB;
magenta) in the absence of Ca2* (no Ca2*; top) or
after addition of 200 uM Ca?* (+ Ca2+; bottom).

Right, fluorescence intensity profiles (in counts per l?
pixel; yellow bars, clustered regions) through the lines NS
marked in the images (as in Fig. 1). (b) Same as a s
in the presence of Ca2* but with liposomes lacking <
phosphatidylserine (no PS). (c) Same as a in the =
C Liposome

presence of Ca2* but in the absence of C2AB. The
membrane sheet was visualized with Atto647N-PE
(lipid; magenta). (d) Same as a but with endogenous
synaptotagmin-1 blocked with an Atto647N-labeled
antibody (Anti-Syt1-A647N). Scale bars, 5 um.

No C2AB

Supplementary Fig. 6). Notably, liposome binding to the membrane
was prevented when a mutant disrupted in Ca?* binding to both C2A
and C2B (AB mutant, D178 A D230A D232A D309A D363A D365A)
was used (Fig. 7b). In contrast, mutating only one of the Ca?*-binding
sites (A mutant, D178 A D230A D232A; or B mutant, D309A D363A
D365A) or only the polybasic patch (KAKA mutant, K326A K327A)
did not suffice to markedly reduce liposome tethering. The C2B
domain (residues 271-421), but not the C2A domain (residues
96-263), was able to tether liposomes, in agreement with some earlier
observations!'® but not others?®?2. Finally, liposome tethering was
still observed with C2AB with two conserved arginines mutated that
are located opposite the Ca?*-binding loop (RQRQ mutant, R398Q
R399Q). This mutant displays severely disrupted Ca?*-stimulated
synchronous release in neurons!2. Arg398 and Arg399 potentially
interact in trans with anionic membranes!®-24, although this is con-
troversial, and no or only minor interactions with membranes have
been reported?%?’. In fact, Arg398 and Arg399 have recently been
proposed to cross-link membranes through oligomerization of the
C2AB fragment, although this oligomerization required higher con-
centrations of C2AB than the 100 nM used in our experiments?’.
Accordingly, we found no indication for such oligomerization of
C2AB under our experimental conditions because (i) liposomes
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could still be tethered when C2AB was prebound to the supported
lipid bilayers and unbound C2AB was removed before addition of the
liposomes (Supplementary Fig. 7a), (ii) we did not find evidence for
oligomerization by fluorescence cross-correlation spectroscopy when
using a mixture of C2AB labeled with different dyes, regardless of
the presence of Ca?* or membranes (Supplementary Fig. 7b), and
(iii) the RQRQ mutant (with impaired oligomerization??) was still
capable of liposome tethering (Fig. 7b).

Together, these data suggest that the C2AB fragment can tether
liposomes in at least two possible conformations. In the first confor-
mation, the C2B domain is oriented parallel to the membrane, with
both the polybasic lysine stretch and the Ca?*-binding site of the
C2B domain interacting with the plasma membrane, leaving Arg398,
Arg399 (refs. 19,24) and the C2A domain free to interact in trans with
the vesicle membrane (Fig. 7c). This first configuration would explain
the capability of the KAKA mutant to tether liposomes (Fig. 7b).
In the second conformation, the C2B domain is oriented perpendicu-
larly to the plasma membrane, and the polybasic patch interacts with
the plasma membrane, whereas both Caz*-binding sites interact with
the vesicular membrane (Fig. 7d). This second configuration would
explain the capability of the mutants with the Ca?*-binding sites of
either (but not both) the C2A or C2B domains disrupted to tether

Figure 7 Two membrane binding modes of synaptotagmin-1.

(a) Representative confocal images of supported lipid bilayers (lipid
composition as in Fig. 5) containing unlabeled syntaxin-1A,57_ogg and
incubated with BODIPY-labeled liposomes (liposome; green; ~5 nM liposome
concentration!”) and 100 nM C2AB-KK114 (C2AB; magenta) in the

presence of 200 uM Ca?*. (b) Representative confocal images of BODIPY-
labeled liposomes bound to supported lipid bilayers with a more physiological
composition (52% DOPC, 15% DOPS, 3% PIP2 and 30% cholesterol) and for
different unlabeled C2AB mutants. C2AB, wild-type C2AB; FL Sytl, 1:1,000
protein/lipid ratio of full-length synaptotagmin-1 incorporated in the liposomes;
no C2AB, absence of C2AB; A mut., C2A mutant; B mut., C2B mutant; AB
mut., double mutant; KAKA, KAKA mutant; RQRQ, RQRQ mutant; C2A,

C2A domain; C2B, C2B domain. The bar graphs indicate the liposome binding
efficiency and show the membrane-bound liposome densities determined for
eight different regions from at least two independent experiments (+ range).
(Supplementary Fig. 6 shows distributions of liposome binding to the

puncta.) As shown, no binding was detected in the absence of C2AB, with the
double mutant or with the C2A domain. (c) Model of vesicle recruitment by
synaptotagmin-1 in the presence of Ca2* (orange) in which the C2B domain is
oriented in a parallel orientation, with the Ca2*-binding site interacting with the
plasma membrane. Color coding is as in Figure 3b. (d) Same as ¢ but with the
C2B domain in a perpendicular orientation, with the Ca2+-binding site of C2B
interacting with the vesicular membrane. Scale bars, 5 um.
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Figure 8 Lipid binding modes of the C2B domain. (a) Stereo view showing a close-up of the phosphoserine-bound Ca2*-binding site of the C2B domain
from synaptotagmin-1. Coordination of calcium 1 is shown with red dashed lines, and the interactions of phosphoserine with the protein are marked
with black dashed lines. Calcium ions are drawn as yellow spheres. Distances are given in angstroms. (b) Overall structure of the C2B fragment with
the four bound Ca2* ions and phosphoserine (PS). We modeled the head group of PIP2 into the polybasic stretch on the basis of PDB 3GPE39.

(c) Snapshot from a coarse-grained molecular dynamics simulation run of the parallel membrane-binding conformation of the C2B domain. Here,

both the phosphatidylserine-interacting Ca2+-binding site and the PIP2-interacting polybasic stretch interact with the same membrane, as shown

by EPR24, Arg398 and Arg399 are shown in green. Scale bar, 2 nm. (d) Snapshot of membrane cross-linking by the C2B domain (in perpendicular
conformation), showing perturbation of the C2B fragment in the lower membrane (Supplementary Fig. 9). The membranes were composed of

80% DOPC and 20% DOPS. Scale bars, 5 nm.

liposomes (Fig. 7b). The second conformation seems unexpected,
given the close proximity of the polybasic patch and the Ca?*-binding
site on the C2B domain. Indeed, it was concluded from EPR mea-
surements that the C2B domain bound in a parallel orientation, and
the presence of PIP2 resulted only in the tilting of the C2B domain
toward the membrane?*. However, the membrane-bound orientation
of the structurally similar C2 domain of protein kinase Co. (PKCa) is
still under debate, and both parallel3>3¢ and perpendicular?” binding
have been reported. Accordingly, although it is generally agreed that
PIP2 changes the membrane orientation of C2-PKCo relative to the
membrane, it is debated whether C2-PKCa tilts toward the mem-
brane3® (similarly to C2B?4) or away from the membrane3®. Our data
now indicate that the C2B membrane can tether liposomes in both
parallel and perpendicular conformations.

Membrane tethering of the C2AB domain in a perpendicular
conformation would imply that C2B interacts with both the plasma
membrane and the vesicular membrane simultaneously. It seems
logical that the polybasic patch of synaptotagmin-1 would interact
with the plasma membrane because PIP2 is the dominant inner-
leaflet lipid in the plasma membrane at the sites of docked vesi-
cles?, whereas it is believed to be absent from synaptic vesicles.
The polybasic stretch is a conserved PIP2-binding motif, as shown
previously for the C2 domains of rabphilin-3A and PKCo*%3° and
in the recent NMR structure of synaptotagmin-1 with inositol
6-phosphate?®. Our findings indicate that the Ca?*-binding site
on the C2B domain can interact with the vesicular membrane

because a C2AB mutant disrupted in Ca?* binding still binds the
PIP2-syntaxin-1A membrane clusters but no longer can tether
liposomes. These interactions of the Ca?*-binding pocket may
occur through phosphatidylserine or PIP2, which can complete the
Ca?*-coordination site and increase the Ca?*-binding affinity of
synaptotagmin-1, as is well described in the literature!3:18:27:40,

Simultaneous interactions of C2B with phosphatidylserine and PIP2
To shed more light on how binding of the two adjacent sites to two
opposing membranes can be accommodated, we crystallized the
C2B fragment in the presence of phosphoserine as an analog for
phosphatidylserine and determined the structure at 1.5-A resolution
(Fig. 8a,b, Supplementary Fig. 8a and Table 1). Crystals had two
molecules in the asymmetric unit, and both contained phosphoser-
ine. The carboxyl group of phosphoserine is bound to a Ca?* atom
(calcium 1), which explains the Ca?* dependency of phosphatidyl-
serine binding. Binding of the phosphoserine carboxyl group com-
pletes the (pentagonal bipyramidal) coordination site of calcium 1
(Fig. 8a). In the apo structure (PDB 1UQV), this site is occupied
by a water molecule*!. Phosphoserine is further stabilized by exten-
sive interactions with the protein, involving all of its functional
groups. The amine group of phosphoserine forms a hydrogen bond
with the carboxyl group of Asp309, and the phosphoserine carboxyl
group forms a hydrogen bond with the amide nitrogen of Lys366
(Fig. 8a). Lys366 also participates in a salt bridge with the phos-
phoserine phosphate group, which is surface exposed. In the crystal
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Table 1 Data collection and refinement statistics

C2B with PS
Data collection?
Space group PA2,2
Cell dimensions
a, b, c(A) 97.0, 97.0, 89.0
Resolution (A) 50-1.50 (1.54-1.50)P
Reym (%) 3.5(25.9)
I/cl 43.9(7.9)
Completeness (%) 97.7 (81.7)
Redundancy 12.2(7.4)
Wilson B factor (A2) 13.7
Refinement
Resolution (A) 50-1.50
No. reflections 66,840
Ruork ! Riree 18.3/20.4
No. atoms
Protein 2,413
Ligand (2 PS)/ions (7 Ca2+, 5 SCN-) 22122
Water 256
B factors (A2)
Overall 13.5
Protein 12.6
Ligand (2 PS)/ions (Ca2+, SCN-) PS, 14.6/Ca2*, 11.8/SCN-, 14.4
Water 21.6
r.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 1.23

PS, phosphoserine.
aData were collected from a single crystal. PValues in parentheses are for highest-resolution shell.

structure, Lys332 is involved in crystal-packing contacts by forming
a salt bridge with Glu350 from a symmetry-related molecule and is
too far away to form a salt bridge with the phosphate group (6.5 A)
but might otherwise swing in and interact with the phosphate group.
Both Lys332 and Lys366 are structurally conserved and correspond
to Argl98 and Arg233 in the C2A domain. Of note, the interaction
between phosphoserine and the C2B fragment is completely different
from the interaction described previously between phosphatidylserine
and the C2 domain of PKCo. (Supplementary Fig. 8b)*C. In the PKCa.
structure, the phosphate group of phosphatidylserine interacts with
calcium 1, and the phosphatidylserine carboxyl group forms a hydro-
gen bond to the amide nitrogen of Asn189 instead. In contrast to the
sparse interactions of the phosphatidylserine head group observed
in the PKCa structure, phosphoserine interacts extensively with C2B
in our structure. We observed three and four calcium atoms bound
in the two molecules of the asymmetric unit, whereas typically two
bound calcium ions are reported for C2B2%4! (further discussed in
Supplementary Fig. 8¢).

To better understand how the C2B domain can bind simultaneously
to the PIP2-containing plasma membrane and the phosphatidylserine-
containing vesicle membrane, we used the crystal structure of the
C2 domain of PKCo. with the head group of PIP2 (ref. 39) to model
PIP2 to the polybasic patch in our new Ca®*- and phosphatidylserine-
bound C2B-domain structure (Fig. 8b). We then used this structure
as a starting point for carrying out molecular dynamics simulations.
In these coarse-grained simulations, several atoms were represented
by one simulation bead!”*2, which allowed for simulations of rela-
tively large systems of >5,000 lipids. For the parallel binding mode
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(Fig. 8c), we incorporated both lipids into a membrane composed
of 80% DOPC and 20% DOPS. For the perpendicular binding mode
(Fig. 8d), we incorporated PIP2 in a planar membrane (that is, mim-
icking the plasma membrane) and the phosphatidylserine in a vesicle
of 40-nm size (that is, mimicking a synaptic vesicle). Both systems
were stable over simulation times of 500 ns-1 Us, which supports our
conclusion that both conformations of interaction of the C2B domain
with membranes are sterically feasible. Owing to the proximity of the
binding sites for Ca?*-phosphatidylserine and PIP2, perpendicular
binding by C2B brings the membranes very close (less than 2 nm,
from molecular dynamics simulations). Phosphatidylserine binding
by the Ca?*-bound C2A domain and electrostatic membrane interac-
tions with other surface-exposed cationic residues of synaptotagmin-1
such as Arg398 and Arg399, which face toward the vesicular
membrane in the parallel orientation (Fig. 8¢), may act synergistically
in the cross-linking of the membranes!®?4. Finally, in the perpen-
dicular binding mode, several conserved loops perturb the plasma
membrane (further discussed in Supplementary Fig. 9), and it is
conceivable that under these conditions some stress is exerted on the
plasma membrane, which may contribute to a lowering of the energy
barrier in the fusion process!4.

DISCUSSION

In this study, we found that the polybasic lysine stretch of
synaptotagmin-1 interacts independently of Ca?* with polyanionic
PIP2 that is clustered in the membrane by electrostatic interactions
with the polybasic juxtamembrane linker region of syntaxin-1A. This
interaction can leave the Ca?*-binding sites of synaptotagmin-1 free
to bind phosphatidylserine in the vesicle membrane, thus bringing
the vesicle membrane very close to the PIP2-syntaxin-1A membrane
clusters upon Ca?" influx. These findings shed new light on previ-
ous observations that have been difficult to integrate into a coherent
picture. First, Ca?*-independent binding of synaptotagmin-1 to PIP2
positions synaptic vesicles in the vicinity of the acceptor SNAREs
before membrane fusion, in agreement with previously reported
roles of both synaptotagmin-1 (ref. 43) and PIP2 (reviewed in ref. 44)
in docking of synaptic vesicles. Second, because PIP2 binding
increases the Ca?* affinity of the C2B domain more than 40-fold!$,
prebinding of synaptotagmin-1 to the PIP2 clusters might explain
why the Ca?* sensitivity of exocytosis, for instance in the calyx of
Held (10-25 uM)*>, is well below the Ky of synaptotagmin-1 (ref. 13).
Indeed, the impaired binding of the KAKA mutant of synaptotagmin-1
to PIP2-enriched syntaxin-1 membrane domains may well explain
this mutant’s reduced vesicular release probability from hippocam-
pal neurons!. Third, our finding sheds new light on the interaction
between syntaxin-1A and synaptotagmin-1 that has been a matter
of debate (as described in introduction). Our data show that in an
intact membrane this interaction is indirect, as it is mediated by
syntaxin-bound PIP2. Finally, our results lend further support to
the view that synaptotagmin-1 exerts its function in the synapse by
regulating the distance between the membranes: upon Ca?* influx,
predocked vesicles are pulled very close to the plasma membrane
(~4-9 nm by cryo-EM)!%?2, thus promoting SNARE assembly
and triggering fusion. Because cross-linking of the membranes by
the C2B domain in the perpendicular orientation would result in an
~5-nm-shorter membrane tethering distance than that of the par-
allel orientation (from structural considerations)!”, such a model
might explain why disruption of Ca?* binding to the C2A domain
(which does not affect perpendicular binding) has only minor effects
on release, whereas disruption of the C2B domain has much more
severe effects on release (reviewed in refs. 2,3). Although our model
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is still speculative, it agrees well with recent in vitro studies by us!”
and others?? showing that membrane fusion is enhanced by orders
of magnitude, owing to distance regulation by synaptotagmin-1.
Furthermore, it provides a structural explanation for the ability of
synaptotagmin to pull plasma and vesicle membranes close together
in a Ca?*-dependent manner.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession code. Coordinates and structure factors have been
deposited in the PDB under accession code 2YOA.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Synaptotagmin purification. DNA constructs of full-length synaptotagmin-1
and mutant C2AB fragments (rat synaptotagmin-1g;_s;) were as described!>17,
except for the R398Q R399Q (RQRQ) mutant, for which we ordered a syn-
thetic gene (Genscript) in the Ndel-EcoRI site of pET28a(+) (sequence in
Supplementary Note). Proteins were expressed in Escherichia coli strain BL21-
CodonPlus (DE3)-RIPL (Stratagene) and purified with Ni?*-affinity chroma-
tography followed by ion-exchange chromatography as described!>!7:18. The
single-cysteine mutant of C2AB (C278S $342C) was labeled by 20-min incubation
with a 2- to 10-fold molar excess of Alexa Fluor 488 Cs-maleimide (Invitrogen)
or KK114-maleimide®® in 50 mM HEPES, pH 7.4, 500 mM NaCl and 100 pM
Tris(2-carboxyethyl)phosphine. The labeled protein was separated from the free
dye by size-exclusion chromatography (Sephadex G50, Sigma).

Antibody labeling. We labeled 250 pl of a 0.2 mg/ml concentration of the anti-
body HPC-1 (to syntaxin-1; Sigma-Aldrich, S0664)*” with ~250 nmol Alexa Fluor
488 Cs-maleimide (Invitrogen) and 100 pl of 1 mg/ml antibody 41.1 (to synapto-
tagmin-1; Synaptic Systems, 105011) with 5 pl of ~10 mM Atto647N NHS-ester
(Atto-tec) by 20-min incubation in 10 mM Na phosphate, pH 7.6, with 250 mM
NaCl followed by size-exclusion chromatography (Sephadex G50) for removal
of unreacted dye. The size-exclusion chromatography step resulted in an ~5-fold
dilution of the antibody concentration.

Peptide synthesis. Synthesis of Atto647N (Atto-tec)-labeled syntaxin-1A,s;_»gg
was as described’, and syntaxin-1A,¢_65 (KARRKK) was synthesized by
solid-phase peptide synthesis on Fmoc-Lys(Boc)-rink amide resin following
standard Fmoc strategies. Purification was performed by HPLC on C18 mate-
rial, using water and acetonitrile as mobile phases. The peptide identity was
confirmed by MS.

Cell culture and immunofluorescence. PC12 cells (clone 251)%% were main-
tained and propagated as described®. Transfection was with Lipofectamine-LTX,
as described’. Membrane sheets were generated as described™”, except that the
PC12 buffer contained no EDTA (20 mM K HEPES, pH 7.4, 120 mM K gluco-
nate, 20 mM K acetate, 2 mM ATP and 0.5 mM DTT). All experiments with
PC12 cells were carried out in this buffer. Immunostaining of unfixed mem-
brane sheets was performed by blocking for 5 min with 3% (w/v) BSA in PC12
buffer and incubation with 2 pg/ml Alexa Fluor 488-labeled HPC-1 antibody for
<5 min followed by brief washing. For blocking endogenous synaptotagmin-1,
the PC12 membrane sheets were incubated with 4 j1g/ml Atto647N-labeled 41.1
antibody for 30 min. PC12 membranes were labeled with Atto647N PE, Atto647N
PC?829, BODIPY-FL PC or Top-Fluor PIP2 (Avanti) by 5-min incubation with
1 UM of BSA-complexed lipid analog as described?®2°. C2AB was used at a final
concentration of 100 nM for the incubation of membrane sheets or of artificial
membranes. Liposomes were used at a final lipid concentration of ~50 M (about
5-nM liposome concentration!7:4%).

Liposome preparation. Liposomes were prepared with a 5:2:1:1 molar ratio of
DOPC/DOPE/DOPS/cholesterol with 1% BODIPY-FL PC as described!”. Briefly,
the lipid mixture was dried in a rotary evaporator and resuspended to a total
lipid concentration of 30 mM in 20 mM HEPES, pH 7.4, 150 mM KCI with
1.5% Na* cholate. Liposomes were then formed by size-exclusion chromatogra-
phy (Sephadex G50) in the same buffer without Na* cholate. Full-length synap-
totagmin-1 was reconstituted in the liposomes at a protein/lipid molar ratio of
1:1,000 as described!”.

Supported lipid bilayers. Supported lipid bilayers were generated by spin-coating
(at 2,000 r.p.m.) a 3 mg/ml solution in chloroform of the required cholesterol,
DOPC, DOPS and brain PIP2 (all from Avanti) mixture with 0.1 mol% Atto647N
phosphatidylethanolamine or BODIPY-FL PC on glass®. In case syntaxin-
1A;57_ 583 Was present, the lipids were dissolved to 1 mg/ml in methanol and
mixed to a final protein/lipid ratio of approximately 1:100 of unlabeled pep-
tide and 1:1,000 of Atto647N-labeled peptide in 2,2,2-trifluoroethanol (TFE),
followed by spin-coating. This procedure gives 1-3 stacked supported lipid
bilayers>?. Microscopy experiments were performed in 20 mM HEPES, pH 7.4,
with 150 mM KCIL. C2AB and liposome binding assays were performed identically
to the experiments with PC12 membrane sheets.

Confocal and STED microscopy. Confocal and STED imaging and STED-FCS
were performed on a home-built confocal STED microscope that was described
previously in detail?®® except that the setup was expanded with a fast beam scanner
(Yanus, Till-Photonics) and a blue excitation (~80 ps pulse width, LDH-P-485B,
PicoQuant) and STED laser (577 nm OPSL CW, Coherent) for fast STED imag-
ing and STED-FCS of red-emitting (KK114 and Atto647N) and blue-emitting
(Alexa Fluor 488) dyes. The excitation intensity was in the range of 5-8 uW at
a diffraction-limited focal diameter of approximately 250 nm (640 nm) and
190 nm (485 nm). The average STED power was 180 mW (770 nm) or 120 mW
(577 nm), measured in the back aperture of the objective. A software-gated detec-
tion scheme was used in the STED recordings using the blue continuous-wave
STED laser°!. For imaging, the resolution was approximately 50 nm (for both the
770-nm and 577-nm STED channels), as measured independently by imaging
20-nm-sized fluorescent beads.

Details of the STED-FCS analysis are as described?$2°. Briefly, we first recorded
FCS data for different STED intensities, that is, for observation areas of different
diameters. Fitting the FCS data as described?®?’ resulted in the dependence of
the average apparent diffusion coefficient D on the size of the observation area d.
The diameter d of the observation area for each STED intensity was calibrated by
STED-FCS measurements of a KK114-labeled phosphatidylethanolamine freely
diffusing in a DOPC supported lipid bilayer.

Purification and crystallization of the C2B fragment. For expression of the C2B
fragment, we ordered a synthetic gene (Genscript) in the NdeI-XhoI restriction
sites of pET-28a(+). This gene encodes residues 271-421 of rat synaptotagmin-1
(Swiss-Prot P21707). The codon usage was optimized for expression in Escherichia
coli (strain K12) (sequence in Supplementary Note). E. coli strain BL21(DE3)
expressing C2B was grown in Luria Broth at 37 °C to an optical density of 0.6 at
600 nm, induced with I mM IPTG and incubated at 30 °C for 4 h. The cells were
harvested and resuspended in buffer A (25 mM HEPES, pH 7.4, 100 mM NaCl).
Bacteria were lysed by sonication. Cell debris was removed by centrifugation
(5,000¢ for 20 min), and the supernatant was incubated with Ni-NTA beads for
1 hat4°C. The beads were washed with buffer A containing 30 mM imidazole, and
the protein was eluted with buffer A containing 300 mM imidazole. The protein
was then diluted in a 1:1 ratio with buffer A supplemented with 5 mM CaCl,.
Precipitant was removed by centrifugation. The protein was then concentrated and
applied onto a Superdex-75 16/60 (GE Healthcare) column. Running buffer was
buffer A with 5 mM CaCl,. The protein was concentrated to 30 mg/ml, aliquoted
and then frozen in liquid nitrogen and stored at —80 °C. A 100-mM phosphoser-
ine (TCI Europe) stock solution was prepared with water and adjusted to pH 6
with NaOH. Crystals were grown at 20 °C with the hanging-drop vapor-diffusion
method. Two microliters of 16 mg/ml C2B in 0.1 M NaCl, 25 mM HEPES, pH 7 4,
5 mM CaCl, and 20 mM phosphoserine were mixed with 2 pl of the precipitant
containing 0.2 M KSCN and 20% PEG 600. Crystals were transferred into a cryo-
protectant consisting of 10% ethylene glycol, 26% PEG 600, 0.1 M KSCN, 5 mM
CaCl, and 20 mM phosphoserine and then flash cooled in liquid nitrogen.

X-ray data collection and structure determination. Diffraction data were col-
lected at a wavelength of 1.0 A at 100 K on beamline X10SA at the Swiss Light
Source (Paul Scherrer Institute, Villigen, Switzerland). Data were processed with
XDS2 Crystals diffracted to 1.5-A resolution and belonged to the tetragonal
space group P42;2. There were two molecules in the asymmetric unit, which were
related by pseudotranslational noncrystallographic symmetry (pseudotranslation
vector: u=0,v=0,z=0.5). The structure was determined by molecular replace-
ment by using BALBES®3 with PDB 1UOV*! as a search model. The structure was
refined with REFMACS5 (ref. 54), and model building was done with COOT>>.
The final model comprises residues 271-418 for molecule A and residues 271-419
for molecule B. The structure was analyzed with PROCHECK?®, and 90.9% of
residues were located in the core region of the Ramachandran plot and 9.1% in the
allowed region. Figures were prepared with PyMol (http://www.pymol.org/).

Molecular dynamics. The molecular dynamics simulations were performed
with the GROMACS simulation package®’ and are described in the
Supplementary Note.
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