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SUMMARY
Signal transmission between neurons requires exocytosis of neurotransmitters from the lumen of synaptic
vesicles into the synaptic cleft. Following an influx of Ca2+, this process is facilitated by the Ca2+ sensor
synaptotagmin-1. The underlying mechanisms involve electrostatic and hydrophobic interactions tuning
the lipid preferences of the two C2 domains of synaptotagmin-1; however, the details are still controversially
discussed. We, therefore, follow a multidisciplinary approach and characterize lipid and membrane binding
of the isolated C2A and C2B domains.We first target interactions with individual lipid species, and then study
interactions withmodel membranes of liposomes. Finally, we performmolecular dynamics simulations to un-
ravel differences in membrane binding. We found that both C2 domains, as a response to Ca2+, insert into the
lipid membrane; however, C2A adopts a more perpendicular orientation while C2B remains parallel. These
findings allow us to propose a mechanism for synaptotagmin-1 during membrane fusion.
INTRODUCTION

Signal transmission in neurons is accomplished by exocytosis of

neurotransmitters from the lumen of synaptic vesicles into the

synaptic cleft and subsequent binding of the neurotransmitters

to neurotransmitter receptors at the postsynaptic membrane.

To achieve this, a subset of synaptic vesicles docks at the pre-

synaptic plasma membrane forming a pool of vesicles ready to

fuse with the plasma membrane. Arrival of an action potential

then causes influx of Ca2+ into the cytoplasm triggering mem-

brane fusion.1,2

Docking of the vesicles and fusion of the vesicle and

plasma membranes requires formation of the SNARE (i.e., solu-

ble N-ethylmaleimide-sensitive-factor attachment receptor)

complex, the neuronal membrane fusion machinery.3 The

SNARE complex assembles from three SNARE proteins, namely

synaptobrevin-2, SNAP25, and syntaxin-1A, by formation of a

tight four-helix bundle.4–6 Zippering of the helices proceeds

from their N-termini toward their C-termini through interactions

of their SNARE motifs.7,8 As a result, the two lipid bilayers are
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pulled together resulting in fusion of the membranes. Formation

of the SNARE complex and fusion of themembranes is regulated

by various proteins including, for instance, the complexins9,10 or

synaptotagmin-1, the primaryCa2+ sensor of synaptic vesicles.11

Synaptotagmin-1 contains a short luminal domain, an a-helical

transmembrane anchor, as well as two cytosolic C2 domains

(i.e., C2A and C2B) connected through flexible linkers.12,13 The

C2A and C2B domains form b-sandwich structures accommo-

dating aspartate-containing Ca2+ binding loops that coordinate

three (C2A) and two (C2B) Ca2+ ions.14–17 C2B contains an

additional polybasic region close to the Ca2+ binding loops.14

Ca2+ binding alters the electrostatic surface potential of

synaptotagmin-1 resulting in membrane binding of the C2 do-

mains through the head groups of anionic phospholipids.18,19

Ca2+-dependent interactions with the membrane are further

mediated by penetration of the C2 domains into the hydrophobic

core of the lipid membrane20,21 as well as electrostatic interac-

tions of the polybasic stretch and two arginine residues with

multivalent phosphoinositides.22–24 Likewise, an increase in

membrane affinity upon Ca2+ binding was reported.25–27
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Recently, themembrane binding characteristics of the C2A and

C2Bdomainsweredescribedas follows:C2Adoesnotbindmem-

branes containing phosphatidylserine (PS) or phosphatidylinosi-

tide in the absence of Ca2+. In the presence of Ca2+, C2A prefer-

ably binds PS-containing membranes. C2B, on the other hand,

preferentially binds to and inserts into membranes containing

phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2).
28 Therefore, a

‘‘bridging’’ mechanism of synaptotagmin-1 implying a preference

of C2A for the cismembrane, i.e., the membrane it is anchored to,

and of C2B for the target transmembrane was reasoned.28

Even though the general function of synaptotagmin-1 is well

understood, the exact working principle is still controversially

discussed.29 This includes, among other aspects, the lipid pref-

erences of the two C2 domains that govern membrane binding.

We, therefore, follow a multidisciplinary approach and study in-

teractions of C2A and C2B with specific lipids and lipid mem-

branes of defined composition in the absence and in the pres-

ence of Ca2+. Specifically, we characterize binding of specific

lipid classes by lipid overlay assays and native mass spectrom-

etry and then explore association of the C2A and C2B domains

to lipid bilayers in liposome flotation assays. We found that both

C2 domains bind a variety of individual lipids; in solution, these

interactions were enhanced in the presence of Ca2+, while inter-

actions that were captured in the gas phase occurred indepen-

dently of Ca2+ binding. Importantly, the C2A and C2B domains

require Ca2+ to associate with a phospholipid bilayer of specific

composition. Finally, we make use of molecular dynamics sim-

ulations of C2A and C2B in the presence of model membranes

resembling the vesicle and plasma membranes to gain detailed

insight on the structural dynamics, lipid contacts, membrane

penetration and contact angles of synaptotagmin-1. Our simu-

lations unravel differences between the C2A and C2B domains

in their membrane orientation and insertion depth, allowing us

to provide a mechanistic model for membrane fusion facilitated

by synaptotagmin-1.

RESULTS

C2A and C2B preferably bind negatively charged
phospholipids
To study lipid and membrane binding of the individual C2 do-

mains of synaptotagmin-1, we chose two variants including

the sequences of the individual C2A and C2B domains, respec-

tively, as well as parts of the N-terminal (C2A) and C-terminal

(C2B) linkers (Figure 1A). Both proteins were purified through

an affinity strategy using an N-terminal His-tag (see STAR

Methods for details). Following purification, the His-tag was

cleaved with thrombin as confirmed by gel electrophoresis

showing a mass difference of approximately 1 kDa between

the tagged and the untagged protein (Figure 1B). The molecular

weight of the C2A and C2B domains was then confirmed by

native mass spectrometry revealing charge state distributions

corresponding in mass to 19.5 kDa (C2A) and 17.6 kDa (C2B),

respectively (Figure 1B).

As lipid binding depends on the correct folding of the C2 do-

mains, we analyzed their secondary structure by far-UV circular

dichroism (CD) spectroscopy and compared experimentally

observed with theoretically calculated CD spectra (STAR

Methods). The spectra of C2A andC2B both showed a local min-
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imum at 218 nm, which is characteristic for the anti-parallel

b-sheet structure of the C2A and C2B domains (Figure 1C).

Having confirmed formation of secondary structure elements

of the C2A and C2B domains comparable to existing high-res-

olution structures, we next explored their binding specificity for

the head groups of specific lipid classes. For this, membrane

lipid strips spotted with 100 pmol of different lipids were incu-

bated with C2A and C2B in the absence or in the presence

of Ca2+ and bound protein was detected using specific primary

and secondary antibodies. To mimic native conditions, we

either removed free Ca2+ ions by addition of 1 mM EGTA

providing a Ca2+-free environment similar to the pre-fusion

state or we added 500 mM CaCl2 representing a high Ca2+ con-

centration as observed during an action potential. Note that

the intracellular Ca2+ concentration increases locally approxi-

mately thousand-fold during an action potential (reaching up

to 300 mM30); we compensate for this by adding 500 mM in

these in vitro experiments. In the absence of Ca2+, C2A and

C2B specifically bound phosphatidylinositol phosphate (PI(4)

P), phosphatidic acid (PA) and, at very low intensities, sulfatides

(Figure 2A). C2B further showed weak binding to PS and strong

binding to cardiolipin. In the presence of Ca2+, binding to PI(4)P

significantly increased and binding to phosphatidylinositol bi-

sphosphate (PI(4,5)P2; C2A and C2B domains) and phosphati-

dylinositol trisphosphate (PI(3,4,5)P3; only C2B domain) was

observed in addition to the previously detected lipids (Fig-

ure 2A). These binding assays confirm that Ca2+ indeed affects

the interactions of synaptotagmin-1 with phosphatidylinositol

phosphates.

We then explored interactions of C2A and C2B with different

lipids in solution following a strategy presented recently.31 For

this, mixed detergent-lipid micelles serve as vehicles of lipids in

solution during electrospray ionization for native mass spectrom-

etry, transferring lipids onto the protein surface uponcontactswith

the micelle in the electrospray droplet.31 To achieve this, we incu-

bated the C2A and C2B domains with mixed detergent-lipid mi-

celles and subsequently analyzed the protein-lipid complexes

that formed by native mass spectrometry (Figure 2B). We first

explored lipid transfer of negatively charged dioleoyl (DO) phos-

pholipids including DOPS, DOPI, DOPI(4)P, DOPI(4,5)P2 and

DOPI(3,4,5)P3 (Figures 2B and S1). As expected, binding of all

lipids was observed, and intensities of protein-lipid complexes

increased at higher concentration of the lipids. Native mass

spectra further reveal binding of up to three lipids per C2 domain.

In agreement with the observed specificity for negatively charged

lipids (see previous text), highest intensities were observed for

DOPI(3,4,5)P3 (Figure S1). In addition to negatively charged phos-

pholipids, we also explored binding of zwitterionic DOPC. Again,

binding of up to three lipid molecules was observed at high lipid

concentration (Figure S1); we assume that electrostatic interac-

tions between the positively charged choline head group and

negatively charged Ca2+-binding loops are stabilized in the gas-

phase during native mass spectrometry experiments.32 Impor-

tantly, increasing the collisional voltage in the collision cell of the

mass spectrometer to only 30 V caused dissociation of DOPC,

while DOPI(4,5)P2 remained stably associated with C2B even at

a collisional voltage of 60 V (Figure S2). Presumably, electrostatic

interactions between the positively charged residues of theC2 do-

mains and negatively charged DOPI(4,5)P2 are stronger than



Figure 1. Purified C2A and C2B domains

(A) Schematic of full-length synaptotagmin-1 (Syt1) as well as the C2A (cyan) and C2B (purple) constructs used in this study.

(B) Native mass spectrometry of C2A (cyan) and C2B (purple). Successful cleavage of the His-tag was verified by gel electrophoresis (inserts).

(C) Far-UVCD spectroscopy of C2A (cyan) andC2B (purple) domains confirmed b-sheet formation of the purified proteins. Experimentally determined CD spectra

(cyan, purple) are compared to calculated, theoretical spectra (gray).
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those between the negatively charged Ca2+-binding loops and

zwitterionic DOPC.

As reported previously, synaptotagmin-1 binds phospholipids

in the presence and in the absence of Ca2+, and importantly,

Ca2+ and phospholipid binding modulate the strength of these

interactions cooperatively.22–24 We, therefore, compared phos-

pholipid binding to the C2A and C2B domains in the presence

and in the absence of Ca2+. For this, the proteins were pre-incu-

bated with Ca2+ or EGTA (to mimic the Ca2+-free state) and
phospholipids were transferred to the domains as described

(see previous text). The analysis of proteins by nativemass spec-

trometry in the presence of high salt concentrations is not trivial,

and instrument conditions were adjusted carefully (method de-

tails). First, Ca2+ binding was confirmed for the two domains in

the absence of phospholipids. Indeed, as reported previ-

ously,14–17 binding of three or two Ca2+ ions was observed for

the C2A and C2B domains, respectively (Figure S3). We then

compared lipid binding to the C2 domains in the presence of
Structure 32, 1691–1704, October 3, 2024 1693



Figure 2. C2A and C2B domains bind negatively charged phospholipids

(A) Lipid overlay assays. Membrane lipid strips spotted with different membrane lipids were incubated with C2A (lhs, cyan) and C2B (rhs, purple). Protein binding

was visualized using specific antibodies.

(B) Native mass spectrometry reveals binding of C2A (lhs, cyan) and C2B (rhs, purple) to up to three DOPS (red) and DOPI(4,5)P2 (yellow) molecules.

See also Figures S1 and S2.
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EGTA or Ca2+. We specifically focused on two negatively

charged phospholipids, namely DOPS and DOPI(4,5)P2, as

well as zwitterionic DOPC. Native mass spectra revealed lipid

adducts for all phospholipids in the absence and in the presence

of Ca2+ (Figure S4). As the analysis of the proteins in the pres-

ence of Ca2+ required higher collisional voltages (method de-

tails), lipid adducts partially dissociated resulting in loss of lipid

adducts from higher charge states as well as lower intensities

of the protein-lipid complexes in general. Nonetheless, interac-

tions of C2A and C2B with all phospholipids were observed, in-

dependent on the presence of Ca2+ or EGTA. Interestingly, we

again found lipid adducts of zwitterionic DOPC albeit at low in-
1694 Structure 32, 1691–1704, October 3, 2024
tensity and only with low charge states. In addition, DOPC easily

dissociates from the protein-lipid complexes (Figure S4A) con-

firming that interactions in the gas phase are weaker with

DOPC than with negatively charged lipids. We reason that both

C2 domains interact with mixed detergent-lipid micelles inde-

pendently of Ca2+ binding, and that these interactions are

captured during ionization when the proteins are transferred

into the gas phase.

Ca2+ affects membrane binding of C2A and C2B
Having explored lipid binding to the C2 domains of

synaptotagmin-1 in solution through contacts with detergent-lipid



Figure 3. Binding of C2A and C2B to phospholipid bilayers is affected by Ca2+

C2A (cyan) and C2B (purple) were incubated with liposomes resembling the synaptic vesicle membrane (SV) or the presynaptic plasmamembrane (PM). Binding

to the liposome membranes was then analyzed by liposome flotation on a sucrose gradient. Top (t) and bottom (b) fractions were collected, and protein binding

was monitored by gel electrophoresis.
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micelles and immobilized lipids, we next explored binding of C2A

and C2B to phospholipid bilayers. For this, we made use of lipo-

somes of different composition resembling the synaptic vesicle

membrane and the presynaptic plasma membrane, respec-

tively.33 Accordingly, liposomes containing DOPC:DOPS:DOPE:

cholesterol at a molar ratio of 38:12:20:20 (synaptic vesicle

membrane) or DOPC:DOPS:DOPE:PI(4,5)P2:DAG:cholesterol at

a molar ratio of 38:12:20:2:2:20 (presynaptic plasma membrane;

DAG, diacylglycerol) were prepared as described (see method

details). The C2A and C2B domains were then incubated with

the liposomes and, subsequently, overlaid with a sucrose

gradient. After centrifugation, top and bottom fractions of the

gradient were collected and analyzed by gel electrophoresis for

their protein content. Proteins that associate with the liposome

membrane will be identified in the top fractions together with

the liposomes, which float on the sucrose gradient. Proteins

that do not bind the liposome membrane (‘‘free protein’’) will be

identified in the bottom fractions.

We compared binding of the C2A and C2B domains to lipo-

somes resembling the synaptic vesicle and the presynaptic

plasma membranes in the absence and in the presence of

Ca2+ at two protein:lipid ratios (1:250 and 1:1,000). In the

absence of Ca2+, C2A and C2B were mostly identified in the bot-

tom fractions and only a small proportion of both domains was

observed in the top fractions when using liposomes that were

composed of the presynaptic plasma membrane lipid mixture

(Figure 3). However, when performing these experiments in the

presence of Ca2+, the majority of both proteins were identified

in the top fractions, i.e., both domains associated with the lipo-

some membranes in the presence of Ca2+. These effects were

most prevalent for the C2B domain, binding liposomes that

resemble the presynaptic plasma membrane. In addition, bind-

ing of C2A to synaptic vesicle and plasma membrane liposomes

as well as binding of C2B to synaptic vesicle liposomes was also

observed, albeit at lower intensity. When comparing the two pro-

tein:lipid ratios, we did not observe major differences; however,
the results were more distinct when using a higher protein:lipid

ratio (i.e., 1:1,000).

In summary, we found that Ca2+ affects the binding of the C2A

and C2B domains to phospholipid membranes. While both do-

mains appear to associate in the presence of Ca2+ with the

two membrane compositions employed here, C2B appears to

be particularly selective to the presynaptic plasma membrane

mimetic.

Molecular dynamics simulations assess structural
flexibility of C2A and C2B
To advance our in vitro findings and develop a model elucidating

the molecular details of C2 lipid-preferences, we simulated the

interactions of C2A and C2B with model membranes corre-

sponding to the synaptic vesicle and the plasma membrane in

the presence and in the absence of Ca2+. Briefly, we extracted

the structures of Ca2+-bound C2A and C2B from an available

high-resolution structure of Synaptotagmin-1 C2AB (PDB:

5KJ7 34) and removed the Ca2+ ions to generate Ca2+-free struc-

tures (see STAR Methods for details). The initial lipid membrane

model was generated in silico using the CHARMM-GUI mem-

brane-builder.35 After relaxation of the proteins and the mem-

brane models, we assembled protein-membrane models. For

this, we placed each C2 model in three different initial orienta-

tions above the lipid membrane (Figure S5) to minimize influence

by the starting orientation as reported previously.36 Performing

simulations of C2A and C2B with model membranes mimicking

the synaptic vesicle and plasma membrane in the presence

and absence of Ca2+, and with three starting orientations, we

composed a total of 24 arrangements. Each arrangement was

then simulated for 1.5 ms (see STAR Methods for details).

Obtained trajectories confirm that the C2A and C2B domains

retain a stable tertiary structure (average Ca root-mean-square

deviation <2 Å for all simulations, Figures S6A and S6B). More-

over, inspecting the local flexibility of C2A and C2B, we identified

a Ca2+-dependent difference of root-mean-square fluctuation in
Structure 32, 1691–1704, October 3, 2024 1695



Figure 4. Studying the flexibility of the C2A and C2B domains

(A) Root-mean-square fluctuation (RMSF) of the C2A (top) and C2B (bottom) domains of simulations involving the synaptic vesicle membrane (SV, green, red) and

the plasma membrane (PM, blue, orange) in the absence (green, blue) and in the presence (red, orange) of Ca2+. Loop II (residues 169–176 in C2A and residues

300–308 in C2B) and loop III (residues 187–192 in C2A and residues 317–324 in C2B) as well as residues 365–370 in C2B (*) are highlighted. The secondary

structure annotation is shown on top of each plot.

(B) RMSF mapped on the structures of the C2 domains of synaptotagmin-1 for selected examples. Higher diameters and warmer colors indicate higher RMSF

(see legend).

(C) Structural alignment of the C2A and C2B domains. Regions of flexibility (i.e., loops II, III and * (C2B)) are indicated.
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loops II and III of both, C2A and C2B (Figures 4A and 4B). Loop II

(residues 169–176 in C2A and residues 300–308 in C2B) repre-

sents the calcium-binding region of the C2 domain and a

reduced flexibility is in line with binding of Ca2+ to this loop.

Loop III (residues 187–192 in C2A and residues 317–324 in

C2B) showed an increase in root-mean-square fluctuation in

the presence of Ca2+; this loop is located on the opposite side

of the domain suggesting that Ca2+ influences its dynamics indi-

rectly (Figure 4C).

C2A and C2B specifically interact with negatively
charged lipids in silico
Having described the structural flexibility of the C2 domains in the

absence and presence of Ca2+, we explored their specific interac-

tions with lipids in the simulation. For this, we identified lipid mole-

cules within 2.6 Å (i.e., the distance of a hydrogen bond) of each

amino acid residue for each time frame of the simulation and

counted thenumberof residue-lipidcontacts throughout thesimu-

lation. To eliminate transient, unspecific interactions, we retained

only protein-lipid interactions that were observed continuously

for at least 10ns.Contact countswere thennormalizedby the rela-

tive number of lipids in themodel membrane excluding stochastic

matches and by the total number of lipid contacts in a simulation

accounting for varying contact times in different simulations.

Normalized lipid contacts confirm a lipid preference for nega-

tively charged lipids as observed previously in vitro (Figure 5A,

lhs). Notably, preferential binding was observed to PI(4,5)P2, fol-

lowed by contacts with PS. Intriguingly, close contacts with PE

lipids were also identified, which were not anticipated based

on our in vitro results. This difference may be attributed to inter-

actions that form in a mixed model membrane, in contrast to the
1696 Structure 32, 1691–1704, October 3, 2024
pure lipid compositions as used in native mass spectrometry or

lipid overlay experiments, thereby allowing close contacts of the

C2 domains with neighboring lipids. Our simulations did not

reveal different lipid preferences of the C2A and C2B domains

as observed during liposome flotation; however, these differ-

ences might originate from binding and unbinding events on a

timescale inaccessible to the present simulation. To exploit the

atomistic resolution of the simulations, we mapped the residues

involved in lipid-contacts on the structural models of C2A and

C2B. Binding of PI(4,5)P2 and PS to C2A and C2B predominantly

occurred through the calcium-binding loops and the polybasic

region for both model membranes in the presence and in the

absence of Ca2+ (Figure 5A, rhs; Figure 6).

C2A and C2B insert into model membranes
We next examined the insertion of C2A and C2B into the mem-

brane, a phenomenon previously described.37–39 For this, the

closest distance between the C2 domains and the phosphorous

atoms of the proximal membrane leaflet was calculated over

the last 800 ns of the 1.5 ms simulation time (Figure 5B).

Throughout this period, the distances between the C2 domains

and the model membrane remained constant, suggesting that

the considered time frame represents a (local) energy minimum.

Distances >0 Å (see STAR Methods for details on computing

the distance) indicate that the protein is located below the phos-

phate headgroups, i.e., integrates into the membrane, whereas

distances <0 Å refer to proteins that do not insert. The histogram

of these distances reveals that the insertion depth of C2A shifts

from2.8 to 4.4 Å whenCa2+ is included in the simulation, suggest-

ing a tight insertion of C2A into the membrane when Ca2+ is pre-

sent. Importantly, a significant difference in insertion depth of C2A



Figure 5. Lipid specificity and membrane insertion of C2A and C2B as identified by molecular dynamics simulations

(A) Normalized lipid contacts of C2A (top) and C2B (bottom) interacting with the synaptic vesicle membrane (SV, green and red) and plasmamembrane (PM, blue

and orange) in the absence (green and blue) and in the presence (red and orange) of Ca2+. The bar plots (lhs) show the median normalized lipid contacts for C2A

(top) and C2B (bottom). Data points indicate summed contacts for each starting condition. Interactions with PS and PIP2 lipids were mapped on the structural

models of C2A (top) and C2B (bottom) domains revealing their contact surfaces. Higher number of lipid contacts is indicated by warmer colors and a larger

diameter of the protein backbone representation.

(B) Maximum insertion of the C2 domains during the last 800 ns of the molecular dynamics simulations involving the SV (green and red) and plasma (blue and

orange) model membranes in the absence (green and blue) and in the presence (red and orange) of Ca2+ (lhs). The corresponding histograms of C2A (top) and

C2B (bottom) are shown (rhs). The insertion depth with the highest count is indicated for each condition (dashed lines). The position of the lipid membrane is

indicated (blue shaded area).
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when interacting with the synaptic vesicle or plasma membrane

was not observed.C2B, on the other hand, showeda bimodal dis-

tance distribution. Considering only simulation frames in which

C2B inserted into the membrane, an increase in insertion depth,

similar to C2A, was observed in the presence of Ca2+. Consid-

ering the observed counts, a clear trend toward membrane inser-

tion is observed upon Ca2+ binding; more precisely, the counts of

the bimodal distribution were higher for distances <0 Å in the

absence of Ca2+ (green and blue simulations in Figure 5B) and

higher for distances >0 Å for simulations in the presence of

Ca2+ (red and orange simulations in Figure 5B). Notably, the inser-

tion depth of C2B into the plasma membrane, when compared

with the insertion into the synaptic vesicle membrane, in the

absence of Ca2+ was comparably high (approximately 3.2 Å)

and a stable association with the plasma membrane even in the

absence of Ca2+ might explain these differences.

Ca2+ binding modulates the orientation of C2A and C2B
interacting with model membranes
Our analyses showed that the presence of Ca2+ leads to a slightly

deeper insertion of the C2 domains into both the synaptic vesicle
and plasmamembranes. We, therefore, further investigated how

Ca2+ influences the relative orientation of the C2 domains with

respect to the membrane. To address this question, we calcu-

lated the angle between a vector along the main axis of the C2

domains (Figure 7A; see method details). To exclude the initial

annealing phase, we only analyzed the last 800 ns of the simula-

tion time.

This analysis revealed a distinct trend for C2A: in the presence

of Ca2+, simulations with either the synaptic vesicle or plasma

membrane showed lower contact angles of approximately 45�,
corresponding to a more perpendicular orientation on the mem-

brane, while Ca2+-free simulations exhibited average angles of

60�–70�. This finding was consistent across all simulations.

Membrane interaction angles observed for C2B, on the other

hand, were consistently higher for all membrane systems. A me-

dian value of approximately 90� indicates parallel orientation of

the C2B main axis to the membrane. Furthermore, in contrast

to C2A, distributions of interaction angles were observed for

different initial orientations of C2B. For instance, C2B interacting

with the plasma membrane in the absence of Ca2+ showed an

average interaction angle of approximately 95� in simulations
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Figure 6. Residues involved in protein-lipid contacts of C2A (cyan, lhs) and C2B (purple, rhs)

The structures of C2A and C2B are shown. Lipid contacts observed in simulations including two model membranes mimicking the synaptic vesicle membrane

(SV, green and red) or the plasma membrane (PM, blue and orange) in the absence of Ca2+ (Ctrl, green and blue) or in the presence of Ca2+ (red and orange). The

sum of lipid contacts of three simulations starting with different initial orientations is shown as sausage representation. Warmer colors indicate a higher number of

lipid contacts.

(A) Contacts of C2A with DOPS.

(B) Contacts of C2B with DOPS.

(C) Contacts of C2A with PIP2. Note that PIP2 is not present in the SV model membrane.

(D) Contacts of C2B with PIP2. Note that PIP2 is not present in the SV model membrane.
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with 0� or 60� initial orientation, while simulations starting at a

30� angle showed an average final angle of approximately 75�

suggesting that C2B interactions with the membrane are more

dynamic and at least two membrane orientations, both charac-

terized by higher contact angles than that of C2A, are adopted.

To further investigate the effect of Ca2+ binding to the C2 do-

mains on the membrane plane, we analyzed the positions of the

membrane phosphorus atoms after binding of C2A or C2B (Fig-

ure 7B). For this, we oriented the membrane on the xy-plane and

centered the C2 domain on the membrane. We then calculated

the difference between the z-coordinates of the lowest mem-

brane phosphor atom and all other phosphor atoms (see STAR

Methods for details). Low distances indicate a planar membrane

system, while higher distances suggest local invagination of the

membrane. Interestingly, in simulations of C2A, we observed an

increase in distance around a central indentation for the proximal

leaflet; this effect was pronounced in simulations including Ca2+.

Analyzing simulations of C2B revealed a less pronounced effect,

even though the indentation for C2B was generally higher in the

presence of Ca2+. As a control, we analyzed the phosphorus
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atoms of the distal leaflet and detected a planar membrane in

all simulations (Figure 7B). As expected, the C2 domains appear

to affect only one of the two leaflets. These findings agree well

with the perpendicular orientation of C2A on the two membrane

systems in the presence of Ca2+.

DISCUSSION

In this study, we characterized lipid and membrane binding of the

C2A and C2B domains of synaptotagmin-1 in the presence and in

the absence of Ca2+. For this, we followed a multidisciplinary

approach including lipid overlay assays, native mass spectrom-

etry and liposome flotation assays as well as extensive molecular

dynamics simulations. Lipid overlay assays and native mass

spectrometry revealed a clear preference for negatively charged

phospholipids; of particular interest are PIP2s, which were

previously described to drive Ca2+-dependent interactions of

synaptotagmin-1 with the vesicular and the plasma mem-

branes.28 Employing liposomes as model membranes for synap-

tic vesicles and the plasma membrane revealed preferences of



Figure 7. Orientation of C2A and C2B on the SV and plasma model membranes

(A) Median contact angles of C2A (top) and C2B (bottom) with the synaptic vesicle (red and green) and plasma (blue and orange) model membranes (lhs). Angles

were averaged over the last 800 ns of the simulation (data points correspond to individual averages for the three initial starting orientations). Violin plots detailing

the distributions of contact angles for 0� (violet), 30� (green) and 60� (blue) initial starting orientation (middle panel, data points correspond to individual frames of

the simulations). Models representing the orientation of the C2 domains on the SV membrane in the absence (green) and in the presence (red) of Ca2+ are

shown (rhs).

(B) z-positions of the phosphor atoms of the membrane lipid headgroups in the proximal and distal membrane leaflet of the SV (green and red) and plasma (blue

and orange) model membranes when binding C2A (cyan, top) and C2B (purple, bottom) in the absence (green and blue) and in the presence (red and orange)

of Ca2+.
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C2A and C2B for specific membrane compositions. As described

previously, this preference was strongly affected by the presence

or absence of Ca2+.39 Finally, molecular dynamics simulations

provided detailed insight into the dynamics of the proteins, the

protein-lipid contacts, membrane insertion and local changes in

the membrane environment after membrane penetration. While

both C2 domains showed very similar lipid contacts and mem-

brane binding behavior during the simulations, differences were

mostly observed in the orientation of the domains on the model

membranes aswell as the effects on the local membrane environ-

ment when intruding into the membrane.

Lipid binding to synaptotagmin-1 was assessed in many previ-

ous studies, mostly using the cytosolic C2AB construct. To

deduce lipid and membrane contacts to the individual C2 do-

mains, we preformed all experiments with isolated C2A and

C2B domains. As reported previously, we observed a clear pref-

erence for negatively charged phospholipids for both, the C2A

and C2B domains, in lipid overlay assays and by native mass

spectrometry (Figures 2, 3, andS1).While previous studiesmostly

targeted PS and PIP2s, we also observed binding of the C2 do-

mains to additional negatively chargedphospholipids such as sul-

fatides or cardiolipin in lipid overlay assays (Figure 2) or DOPI,

DOPI(4)P or DOPI(3,4,5)P3 (Figure S1) in native mass spectrom-

etry measurements. As most of these lipids are physiologically

not relevant for synaptotagmin-1,we assume that theC2domains

electrostatically interact with negative charges. Accordingly, us-

ing native mass spectrometry, binding of PI(3,4,5)P3 was most

pronounced, presumably due to the high negative charges.

Importantly, after addition of Ca2+, the preference for negatively

charged lipids, in particular for PI(4)P and PI(4,5)P2s, increased

in lipid overlay assays; this effect was pronounced for C2B.

Nativemass spectrometry, on the other hand, revealed binding

of C2A and C2B to all lipids employed here, including zwitterionic
DOPC (Figures S1). This interaction was unexpected and might

be the result of the experimental approach followed: as the C2A

and C2B domains are soluble variants of synaptotagmin-1, we

transferred lipids from mixed detergent-lipid micelles onto the

proteins during ionization for mass spectrometry experiments.31

Recently, we characterized protein-lipid interactions that form in

solution and are stabilized in the gas-phase and found that pro-

tein-lipid interactions in the gas-phase are predominantly stabi-

lized through electrostatic interactions40; we therefore assume

that interactionswith DOPC form through negatively charged res-

idues, e.g., of the Ca2+ binding loops, in the presence and in the

absence of Ca2+ and are, therefore, not relevant for stable pro-

tein-lipid contacts. Accordingly, the complexes that formed be-

tween the C2 domains and DOPC readily dissociated at low colli-

sional energies in contrast to the complexes that formed with

negatively charged phospholipids (Figures S2 and S4A).

Surprisingly, in contrast to a recent study,41 pre-incubation of

the C2 domains with Ca2+ or EGTA (to mimic a ‘‘real’’ Ca2+-free

state) did not affect the degree of phospholipid binding (Fig-

ure S4). Methodological limitations might be the reason for this

discrepancy: (1) solvent molecules evaporate during electrospray

ionization, and non-covalent interactions in the gas phase are sta-

bilized through electrostatic interactions,40 i.e., even transient in-

teractions might be captured and stabilized; (2) unspecific inter-

actions between proteins and detergent-lipid micelles might be

induced due to shrinking of the electrospray droplet during the

ionization process; and (3) instrument parameters had to be

adjusted for the analysis in the presence of Ca2+ (or EGTA). These

analyses required a high collisional voltage at which protein-lipid

complexes (at least partially) dissociate; consequently, phospho-

lipid binding is not quantitative under these conditions. The appli-

cability of native mass spectrometry to study Ca2+-dependent

phospholipid binding remains to be evaluated in future studies.
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Nonetheless, interactions of synaptotagmin-1 with phospholipids

are mainly based on electrostatic interaction (e.g., studies

by Striegel et al.,18 Bai et al.,25 and Brose et al.42) and, therefore,

nativemass spectrometry appears to bewell-suited to assess the

stability of phospholipid binding. Our findings are in accordance

with the commonly accepted hypothesis that synaptotagmin-1

stably binds PS and PIPs/PIP2s.

Using native mass spectrometry, we further observed binding

of up to three lipid molecules per C2 domain (Figures 2 and S1).

Assuming membrane binding through the Ca2+-binding loops

and the polybasic lysine patches, this binding stoichiometry

agrees well with few lipid contacts per domain. In addition to

the number of available contact sites on the protein surface,

the number of lipid adducts increased with lipid concentration

(Figure S1) suggesting a concentration-dependent association.

Having characterized binding of specific lipid molecules, we

further assessed binding of the C2 domains to phospholipid bi-

layers of liposomes mimicking the synaptic vesicle or plasma

membrane. While both, C2A and C2B, showed only minimal

binding to the liposomes in the absence of Ca2+, clear differ-

ences in the preferences for the lipid composition were observed

when Ca2+ was added. Accordingly, C2Awas not selective in the

membrane composition, however, C2B showed enhanced bind-

ing to the PI(4,5)P2-containing plasma membrane and only min-

imal interactions with the synaptic vesicle membrane (Figure 3).

This observation agrees well with previous studies suggesting

preferred binding of C2B to PI(4,5)P2 through the polybasic

lysine patch.22,25,39,43–48 Importantly, a different Ca2+-depen-

dent lipid binding behavior was described for the C2A/C2B do-

mains of Rab3A and synaptotagmin-148 suggesting that different

C2 domains are fine-tuned for their environment (i.e., the lipid

composition of the membranes) and for their function (slow

versus fast Ca2+ sensors). Accordingly, Rab3A is a slow Ca2+

sensor (low Ca2+ affinity), located at the fusion site, which does

not compete with synaptotagmin-1. The different lipid binding

properties of the C2 domains are adjusted to their function,

i.e., to their target membranes.48 Our results further support a

bridgingmodel, in which C2A interacts with the synaptic vesicles

membrane and C2B contacts the plasma membrane.22,28 While

the interface between C2B and the plasma membrane requires

specific interactions, C2A is anchored to the vesicle membrane

and, therefore, spatially oriented toward the vesicle membrane.

To gain detailed insight into these interactions, molecular dy-

namics simulations were widely used in the last two decades.

However, a direct comparison of the results obtained from these

studies is difficult as they differ, for instance, in lipid composition

of themodel membranes, protein variants (most studies used the

C2AB fragment), additional binding partners such as SNARE

proteins and, importantly, the simulation time.37,49,50 In this

work, we simulated isolated C2 domains with and without Ca2+

to characterize their binding to a complex membrane, designed

tomimic the lipid composition employed in membrane fusion ex-

periments.33 To obtain robust statistics, we simulated each

model system in 1.5 ms-long triplicates, initializing the C2 do-

mains at different angles with respect to the membranes (Fig-

ure S5). Our resulting description of C2A and C2B interactions

with themembrane agrees well with a recent study also including

the isolated C2A and C2B domains.37 Notably, our observation

that the C2A domain is not selective in the membrane composi-
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tion and rather responds to Ca2+ binding, while the C2B domain

stably associates with the PI(4,5)P2-containing plasma mem-

brane even in the absence of Ca2+ (Figure 5) was previously

described experimentally24,44,45 confirming a good agreement

between our simulations and experimental studies.

While the binding behavior of C2A andC2Bwas comparable in

terms of lipid contacts, differences were observed in the orienta-

tion of the two domains on the membrane. As suggested previ-

ously,37 C2B adopted a rather flat orientation allowing contacts

with lipids through the Ca2+-binding loops and the polybasic

patch (Figure 7A). This orientation agrees well with a previous

study reporting an orientation parallel to the membrane for C2

domains with type II topology.51 Notably, a bimodal distribution

was observed for the orientation of C2B suggesting a more tran-

sient association with the membrane. C2A, on the other hand,

adopted a more upright orientation perpendicular to the mem-

brane plane in the presence of Ca2+ (Figure 7A). In addition,

this upright position induced deeper insertion into themembrane

causing local rearrangements of the membrane in the direct

neighborhood of the protein (Figure 7B). C2A, therefore, appears

to adopt the typical orientation of type I C2 domains in the

absence of Ca2+, while the upright orientation in the presence

of Ca2+ resembles the orientation of type II C2 domains.51 The

change in orientation in the presence of Ca2+ suggests a role

during membrane fusion by stretching the linker connecting

the C2A and C2B domains and, as a consequence, pulling the

vesicular and the plasma membranes together. Considering

that synaptotagmin-1 contains two C2 domains, while one C2

domain would be sufficient to bridge the two membranes, we

propose that this structural change represents an additional reg-

ulatory element during membrane fusion.

Finally, our results allow us to propose a mechanistic model

showing how membrane interactions of C2A and C2B

contribute to membrane fusion (Figure 8). In this model, C2A

is binding the synaptic vesicle membrane, while C2B, which

is connected through a flexible linker, is moving toward the

PI(4,5)P2-containing plasma membrane. The flexible linker

further allows membrane contacts prior to Ca2+ binding. Flexi-

bility of C2B allows additional contacts with the SNARE com-

plex as proposed previously.52,53 Upon Ca2+ binding, the C2B

domain stably associates with the plasma membrane and

C2A adopts an upright orientation at the vesicle membrane.

These binding effects cause tension at the connecting

flexible linker, thereby pulling the two membranes together

(Figure 8). All in all, our model agrees well with previously pub-

lished models: It includes a bridging mechanism of full-length

synaptotagmin-1,22,28 it allows for contacts with the SNARE

complex,54,55 it involves contacts of C2Bwith the plasmamem-

brane in the absence of Ca2+,24,44,45 it requires both C2A and

C2B domains for membrane fusion56 and it allows regulation

by additional factors such as complexin-1 that interact with

the SNARE complex or synaptotagmin-1.57–59
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Figure 8. Model summarizing the effects of Ca2+ binding on the interactions between C2A and C2B with the membranes

In the absence of Ca2+, C2A interacts with the synaptic vesicle (SV) membrane, while C2B is flexible making contacts with the SNARE complex as well as the

plasma membrane (PM). Binding of Ca2+ then leads to a perpendicular orientation of C2A and partial penetration into the membrane leaflet, as well as enhanced

interactions of C2Bwith the PM. These structural rearrangements of the C2 domains induce tension on the linker connectingC2A andC2B, thereby, pulling the SV

membrane and the PM together.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carla

Schmidt (carla.schmidt@uni-mainz.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All MD trajectories have been deposited at Zenodo and are publicly available as of the date of publication (see key resources

table for details).

d The Python scripts are available at GitHub and are publicly available as of the date of publication (see key resources table for

details).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Escherichia coliBL21 (DE3) cells were obtained fromNew England Biolabs (cat: # C2527I). Cells were first grown in LBmedia at 37�C
and, for expression of the proteins, grown in TBmedium (12 g/L tryptone, 24 g/L yeast extract, 0.4%(v/v) glycerol, 2.31 g/L KH2PO4,

12.54 g/L K2HPO4).

METHOD DETAILS

Purification of Synaptotagmin-1 C2A and C2B domains
His-tagged C2A and C2B domains of Synaptotagmin-1 from Rattus norvegicus were expressed in E. coli and purified as previously

described.39,68 Briefly, C2A and C2B expressing E. coli BL21 pET28a cells were disrupted by high pressure and the proteins were

purified through the His-tags using a HisTrap HP 5 mL column (GE Healthcare) equilibrated in 20 mMHEPES, 300 mMNaCl, 0.1 mM

TCEP, pH 7.4. Bound C2A or C2B domains were eluted with increasing amounts of imidazole. The His-tag was cleaved by thrombin

and imidazole was removed during dialysis over night against 20 mM HEPES, 300 mM NaCl, 0.1 mM TCEP, pH 7.4. Cleavage of the

His-tag was verified by gel electrophoresis. The His-tag and uncleaved protein were then removed by reversed affinity purification

collecting the flow-through. Bound Ni2+ ions were removed during dialysis against 20 mM HEPES, 300 mM NaCl, 1 mM EDTA,

0.1 mM TCEP, pH 7.4.

Contaminants such as nucleic acids were removed by ion exchange chromatography using a HiTrap QHP column (GE Healthcare)

equilibrated in 20 mM HEPES, 0.1 mM TCEP, pH 7.4. The protein was eluted with increasing concentrations of NaCl. Protein purity

was verified by gel electrophoresis. Peak fractions were concentrated to >1.5 mg/mL using 10 kDa MWCO filtration devices

(Amicon).

Gel electrophoresis
Gel electrophoresis was performed using the NuPAGE system according to manufacturer’s protocols (Thermo Fisher). The proteins

were stained with colloidal Coomassie using InstantBlue Protein stain (Expedeon).

Far-UV CD spectroscopy
The protein concentration was adjusted to < 1 mg/ml with 20 mM HEPES, 300 mM NaCl, 0.1 mM TCEP, pH 7.4. 50 ml of protein so-

lution were transferred into a 0.1 mm quartz cuvette. The ellipticity was recorded at 8�C from 250 to198 nm in continuous scanning

mode with a sensitivity of 100 mdeg and a data pitch of 1 nm using a J-810 spectropolarimeter (JASCO). 64 scans, recorded at a

scanning speed of 50 nm/min, were accumulated for each spectrum. A reference spectrum of the buffer was subtracted from the

recorded spectrum and single binominal smoothing was applied using the SpectraManager software (JASCO). CD spectra were re-

corded at photomultiplier amplification voltages < 600 V to remove high noise regions. Raw ellipticity was converted to mean residue

weighted ellipticity as described.69 Theoretical reference spectra were calculated from PDB files of the respective domains obtained

from full-length Synaptotagmin-1 (PDB: 5KJ7)34 using SESCA65 applying standard settings.

Lipid overlay assay
Membrane lipid strips (Echelon Biosciences) were first blocked with 2 mg/ml bovine serum albumin in 50mM Tris-HCL, 150 mMNaCl,

0.1 % (v/v) Tween 20 for 1 h. Approx. 100 nM C2A or C2B-His in the same buffer containing 1 mM EGTA or 500 mM CaCl2 were then

added to the strips followed by incubation at 4�C overnight. The lipid strips were washed at least three times with 50 mM Tris-HCL,

150mMNaCl, 0.1% (v/v) Tween 20 and subsequently incubatedwith 1:1.000 anti-Synaptotagmin-1 cytoplasmic tail (C2A;monoclonal

IgG2amouse antibody, epitope: AA150-240 rat Synaptotagtmin-1, cat. no. 105011, SynapticSystems, Göttingen, Germany) or 1:1.000
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anti-6xHis (C2B;monoclonal IgG2bmouse antibody, cat. no. ab18184, abcam, Cambridge, UK) antibodies overnight at 4�C. Again, the
lipid strips were washed at least three times using 50mMTris-HCL, 150mMNaCl, 0.1% (v/v) Tween 20. Subsequently, 1:7.000 perox-

idase-coupled anti-mouse IgG secondary antibody (polyclonal IgG2 rabbit antibody, cat. no. A9044, Sigma-Aldrich, St. Louis, U.S.A.)

was added and incubated at 4�C overnight. Lipid strips were washed several times with 50 mM Tris-HCL, 150 mM NaCl, 0.1 % (v/v)

Tween 20 before a final washing step with water was performed. Binding of the secondary antibody was visualised by chemilumines-

cence using the ECL detection kit according to manufacturer’s protocols (Thermo Fisher Scientific).

Native mass spectrometry
Preparation of detergent-lipid micelles

Mixed detergent-lipid micelles were prepared by sonicating a 1 mM or 300 mM lipid stock solution in 200 mM ammonium acetate

solution containing 2 3 cmc C8E4 for 30 min.

Lipid binding to C2A and C2B

The purification buffer of the C2A or C2B domain was exchanged against 200 mM ammonium acetate solution containing 2 3 cmc

C8E4 using 10 kDa MWCO Amicon Ultra Centrifugal Filter according to manufacturer’s protocols (Merck Millipore). 10 mM C2A or

C2B were mixed with varying lipid-detergent concentrations. Protein-lipid complexes were subsequently analysed on a Synapt

G1 HDMS quadrupole time-of-flight mass spectrometer modified for transmission of high-mass complexes.70 For this, the samples

were loaded into in-house prepared gold-coated emitters71 and the source pressure was adjusted to 5 mbar. Typical instrument pa-

rameters were: capillary voltage, 1.7 kV; sampling cone voltage, 30 V; extraction cone voltage, 0.3 V; collision voltage, 10 V; nanoflow

pressure, 0.0-0.5 bar; trap cell pressure, 3.5-4 bar. Mass spectra were smoothed twice with MassLynx v4.1 (Waters) applying the

Savitzky–Golay filter and a smooth window of 25. Mass spectra were analysed with UniDec software66 applying the following param-

eters: m/z range, 1800 to 5000; Charge range 2+ to 10+; Mass range 17000 to 22000 Da.

Lipid binding to C2A and C2B in the absence/presence of Ca2+

60 mMC2A or C2B were pre-incubated for 30 mins with 1mM EGTA in 200 mM ammonium acetate, pH 7.4 (Ca2+-free conditions) or

500 mM CaCl2 in 200 mM AmAc, pH 7.4 (presence of Ca2+) followed by dilution to 10 mM during buffer exchange against 200 mM

ammonium acetate using 10 kDa MWCO Amicon Ultra Centrifugal Filter according to manufacturer’s protocols (Merck Millipore).

DOPC, DOPS or DOPI(4,5)P2 were dissolved in 0.5% (w/v) C8E4 and added at a protein:lipid ratio of 1:2.5. The samples were loaded

into in-house prepared gold-coated emitters71 and protein-lipid complexes were analysed on a Waters Micromass QToF Ultima

mass spectrometer modified for native mass spectrometry70 employing the following instrument parameters: capillary voltage,

1.5 kV; cone voltage, 80 V; collision voltage, 60 V.Mass spectra were smoothed twice applying the Savitzky-Golay filter and a smooth

window of 10. Mass spectra were analysed with MassLynx v4.1 (Waters).

Liposome preparation and protein binding
Liposomes resembling the synaptic vesiclemembrane contained DOPC:DOPS:DOPE:Cholesterol at amolar ratio of 38:12:20:20 and

liposomes resembling the presynaptic plasma membrane contained DOPC:DOPS:DOPE:PI(4,5)P2:DAG:Cholesterol at a molar ratio

of 38:12:20:2:2:20.33 For liposome preparation, lipid mixtures were dissolved in methanol/chloroform (2:1, vol/vol) to a final concen-

tration of 4 mM lipids. Subsequently, the solvent was evaporated and the dry lipid film was hydrated at room temperature for 1 h to a

final concentration of 2 mM lipids in 20 mM HEPES, 150 mM KCl, 0.1 mM TCEP, pH 7.4 containing 1 mM EGTA or 100 mM CaCl2.

Liposomes of a homogeneous size distribution were obtained by extrusion through a 100 nm polycarbonate membrane for

21 strokes. To study binding of C2A and C2B to the liposome membrane, proteins and liposomes were mixed at 1:250 and

1:1000 protein:lipid ratios followed by incubation for 1h.

Dynamic light scattering
Size distributions of the liposomes were evaluated by dynamic light scattering using a Litesizer 500 (Anton Paar) particle size analyzer

equipped with a 633-nm helium-neon laser at a detection angle of 90�. For this, samples were heated for 2 min at 25�C and subse-

quently analysed 5 times for 15 seconds at 22�C in aqueous buffer. Autocorrelation functions were fitted by applying the Kalliope

software (Anton Paar).

Liposome flotation analysis
Binding of C2A or C2B to the liposome membrane was investigated by flotation of the liposomes on a sucrose gradient. For this,

liposomes pre-incubated with C2A or C2B, respectively, were mixed with sucrose in 20 mM HEPES, 150 mM KCl, 0.1 mM TCEP,

pH 7.4 containing 1 mM EGTA or 100 mM CaCl2 at a final concentration of 1 M. 3/4 volumes of 0.75 M sucrose in the same buffer

and 0.175 volumes of buffer were layered on top followed by centrifugation at 268,000 3 g for >2 h. Liposomes and bound C2A

or C2B migrate to lower sucrose concentrations, while free protein remains in the bottom fraction of the gradient. Top, middle

and bottom fractions were collected and top and bottom fractions were inspected by gel electrophoresis.

Molecular dynamics simulations
Equilibration of individual C2 domains

Starting coordinates of C2A (residues 141-263) and C2B (residues 272-418) in the presence of Ca2+ were obtained from PDB: 5KJ7

chain K.34 For simulations in the absence of Ca2+, Ca2+ atoms were removed from the structures. Structural models were placed in a
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box of TIP3Pwater with 150mMK+ and Cl- ions at a ratio neutralising the net charge. Structures were relaxed by energyminimization

at a maximum force < 1,000 kJ mol�1 nm�1 followed by 500 ps equilibration in the NVT ensemble (i.e. at a constant number of par-

ticles (N), volume (V) and temperature (T)) at 300 K, 500 ps in the NPT ensemble (i.e. at a constant number of particles (N), pressure

(P) and temperature (T)) at 1 bar pressure restraining all heavy atoms and 10 ns in the NPT ensemble removing all restraints. Simu-

lations were performed using GROMACS version 2020.461 and the CHARMM36m force field.72 The particle mesh Ewaldmethodwas

used employing a 10 Å cut-off for calculating long-range electrostatics in the absence of lipids and a 12 Å cut-off in the presence of

lipids. The V-rescale modified Berendsen thermostat with separate coupling groups for protein and solvent, and the Berendsen baro-

stat were employed. H-Bonds were constrained using the LINCS algorithm enabling a time step of 2 fs. The final frame of the simu-

lation was used for setting up the protein/membrane simulations.

Equilibration of isolated synaptic vesicle and plasma membrane bilayers

Lipid bilayer structures were obtained fromCHARMM-GUI62,63 specifying a box size of 76 Å edge length, 22.5 Å water layer thickness

and a concentration of 150 mM K+ and Cl- ions. Membranes were composed of POPC:DOPS:POPE:Cholesterol:PIP2:DAG

(CHARMM-GUI identifiers for PIP2 and DAG were POPI25 and POGL, respectively) at a ratio of 38:18:20:20:0:0 per leaflet for the

synaptic vesicle membrane model and a ratio of 38:18:20:20:2:2 per leaflet for the plasma membrane model. This corresponds to

38 POPC, 18 DOPS, 20 POPE and 20 cholesterol molecules per leaflet for the synaptic vesicle membrane, and 38 POPC,

18 DOPS, 20 POPE, 20 cholesterol, 2 PI(4,5)P2 (POPI25) and 2 diacylglycerol (POGL) molecules per leaflet for the plasmamembrane.

Relaxation and equilibration at 300 K were performed following the protocol supplied by CHARMM-GUI.62,63 Briefly, the protocol

consisted of six equilibration simulations, namely 2 x 125 ps NVT, 1 x 125 ps NPT and 3 x 500 ps NPT, gradually releasing the re-

straints on the lipids. Finally, a 10 ns unrestrained simulation in the NPT ensemble using the Nosé-Hoover thermostat and the

Parrinello-Rahman barostat was performed. The last frame of this simulation was used for assembling the protein-lipid system.

Simulation of C2A and C2B membrane interactions

Equilibrated membrane structures were centred in the xy-plane and the equilibrated protein was placed at a 4 Å distance above the

plane using VMD.64 For each protein-membrane combination, three input structures with the C2 domains oriented at an angle of 0�,
30� and 60� between the z-axis and a vector through the main axis of the C2 domain (from the centre of mass of the protein to the

centre ofmass of residue 172 of C2A and residue 305 of C2B, respectively) with the Ca2+ binding loops facing towards themembrane

were generated. Subsequently, energy minimization and a six-step equilibration protocol as described for initial equilibration of the

membranes (see above) were performed. For production in the NPT ensemble the Nosé-Hoover thermostat (300K; 1 ps coupling

constant for water and ions; 2.5 ps for protein and lipids) and the Parinello-Rahman barostat (semi-isotropic; 5 ps time constant).

Simulations were computed until >1500 ns simulation time were accumulated.

Analysis of structural dynamics
Calculation of root-mean-square deviation and fluctuation

Root-mean-square deviation with respect to the first frame of the simulation and root-mean-square fluctuation with respect to an

average structure of the last 800 ns of each simulation were calculated using functions provided by MDAnalysis.67

Contact angles

Trajectories of 1 ns time step per frame were generated with GROMACS and loaded into MDAnalysis.67 The membrane interaction

angle of the C2 domains was calculated between the z-axis and a vector through the main axis of the C2 domains (C2A: Tyr151 to

Pro179, and C2B: Tyr282 to Pro 310). Median contact angles during the last 800 ns of the simulation were calculated for each simu-

lation. Mean and standard deviation were reported.

Protein-lipid contacts

The most proximal lipid molecules for every amino acid residue were determined for every frame of each simulation using a k-dimen-

sional tree73 initialized with the centre-of-mass positions of the lipid atoms and queried with the centre-of-mass positions of the pro-

tein atoms. The resulting list was filtered and only nearest neighbours with a distance <2.6 Å were retained. Duplicate contacts (i.e.

the same combination of amino acid residue number and lipid molecule) were removed. Contacts that were not observed continu-

ously for a time span of at least 10 ns were not considered. Contact counts were summed for every simulation and averaged across

the three simulations. For comparison between simulations, counts for each lipid were divided by the sum of counts of all lipids in a

simulation and by the relative percentage of this lipid in the membrane lipid composition. Structural representations of lipid contacts

were generated using the raw lipid contacts by mapping these values to the B-factor column of a PDB file. Visualization was per-

formed in open source PyMol (https://github.com/schrodinger/pymol-open-source).

Local membrane reorganisation

To determine effects on local membrane organisation, all atoms were translated for each frame of the last 800 ns simulation time so

that (i) the C2 domains were centred laterally and (ii) themembrane leaflets were located entirely within the simulation box. For control

simulations without the proteins, only membrane leaflets were translated inside the box. Lipid atomswere wrapped inside the box for

both sets of simulations. Surface positions of the phosphor atoms of the phospholipids were calculated using the membrane curva-

ture tool of MDAnalysis (https://github.com/MDAnalysis/membrane-curvature) specifying binning into 8 x 8 bins (approx. 9 x 9 Å

per bin).

Visualisation of domain insertion

Atoms for every frame of all simulations were translated so that (i) the C2 domains were centred laterally and (ii) themembrane leaflets

were located completely within the simulation box. Positions of phosphor atoms of the phospholipids were calculated and visualized
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using the Membrane Curvature tool implemented in MDAnalysis specifying binning into 8 x 8 bins. For comparison between simu-

lations, surface positions were reported relative to the lowest phosphor atom coordinate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Native MSmeasurements in the absence/presence of Ca2+ were performed in duplicates. All other measurements and experiments

were performed at least three times. Representative results are shown. MD simulations were performed three times with different

starting orientation. Relevant statistical information is provided in the figure legends and in the corresponding method details.
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