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Abstract 33 

Many biological processes rely on protein-membrane interactions in the presence of 34 

mechanical forces, yet high resolution methods to quantify such interactions are lacking. 35 

Here, we describe a single-molecule force spectroscopy approach to quantify membrane 36 

binding of C2 domains in Synaptotagmin-1 (Syt1) and Extended Synaptotagmin-2 (E-Syt2). 37 

Syts and E-Syts bind the plasma membrane via multiple C2 domains, bridging the plasma 38 

membrane with synaptic vesicles or endoplasmic reticulum to regulate membrane fusion or 39 

lipid exchange, respectively. In our approach single proteins attached to membranes 40 

supported on silica beads are pulled by optical tweezers, allowing membrane binding and 41 

unbinding transitions to be measured with unprecedented spatiotemporal resolution. C2 42 

domains from either protein resisted unbinding forces of 2-7 pN and had binding energies of 43 

4-14 kBT per C2 domain. Regulation by bilayer composition or Ca2+ recapitulated known 44 

properties of both proteins. The method can be widely applied to study protein-membrane 45 

interactions. 46 

 47 

Introduction 48 

Protein-membrane interactions play pivotal roles in numerous biological processes, including 49 

membrane protein folding (Yu et al., 2017; Popot and Engelman, 2016; Min et al., 2015), lipid 50 

metabolism and transport (Giordano et al., 2013; Reinisch and De Camilli, 2016; Hammond and 51 

Balla, 2015; Wong et al., 2017), membrane trafficking  (Zhou et al., 2015; Perez-Lara et al., 2016; 52 

Wu et al., 2017; Hurley, 2006; Shen et al., 2012; McMahon and Gallop, 2005), signal transduction 53 

(Dong et al., 2017; Aggarwal and Ha, 2016; Lemmon, 2008), and cell motility (Wang and Ha, 54 

2013; Tsujita and Itoh, 2015). Studying these interactions is often difficult, especially when they 55 
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involve multiple intermediates, multiple ligands, mechanical force, large energy changes, or 56 

protein aggregation (Dong et al., 2017; Perez-Lara et al., 2016; Arauz et al., 2016). Traditional 57 

experimental approaches based on an ensemble of protein molecules often fail to reveal the 58 

intermediates, energetics, and kinetics of protein-membrane binding, due to difficulties in 59 

synchronizing the reactions and in applying force to proteins or membranes (Zhang et al., 2013). 60 

Single-molecule methods can overcome these problems, and have been applied to study dynamics 61 

and folding of numerous soluble proteins and an increasing number of membrane proteins 62 

(Aggarwal and Ha, 2016; Erkens et al., 2013; Munro et al., 2014; Min et al., 2015; Yu et al., 2017). 63 

However, high resolution single-molecule methods to probe protein-membrane interactions in the 64 

presence of force are lacking.  65 

Here we used optical tweezers (OTs) to measure both the energy and the detailed kinetics of 66 

interactions between single proteins and lipid bilayers. OTs use tightly focused laser beams to trap 67 

silica or polystyrene beads in a harmonic potential (Zhang et al., 2013) (Figure 1A). The beads act 68 

as force and displacement sensors while applying tiny forces (0.02-250 pN) to single molecules 69 

attached to the beads. An optical interference method detects the bead positions (Gittes and 70 

Schmidt, 1998). High-resolution OTs achieve extremely high spatiotemporal resolution (~0.3 nm, 71 

~20 µs) in a range of force that can reversibly unfold a biomolecule or is generated by molecular 72 

motors (Abbondanzieri et al., 2005; Neupane et al., 2016; Moffitt et al., 2006; Zhang et al., 2013; 73 

Gao et al., 2012; Cecconi et al., 2005; Bustamante et al., 2004). Recently, OTs have been used to 74 

test membrane binding of the vesicle tethering complex EEA1 (Murray et al., 2016). However, to 75 

our knowledge, OTs have not been applied to measure both the energy and the detailed kinetics of 76 

protein-membrane interactions. A major objective of our work is to establish a general approach 77 

based on OTs to quantify membrane binding energy, kinetics, and accompanying force production, 78 
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using the C2 domains of synaptotagmin 1 (Syt1) (Brose et al., 1992; Sudhof, 2013; Chapman, 79 

2008) and extended synaptotagmin 2 (E-Syt2)  (Min et al., 2007; Giordano et al., 2013; Schauder 80 

et al., 2014) as model proteins. 81 

Synaptotagmins (Syts) and extended synaptotagmins (E-Syts) share similar modular 82 

structures (Min et al., 2007; Reinisch and De Camilli, 2016; Gustavsson and Han, 2009), including 83 

an N-terminal membrane anchor and two to five C-terminal C2 domains, with an additional 84 

synaptotagmin-like mitochondrial membrane protein (SMP) module in the case of the E-Syts 85 

(Alva and Lupas, 2016; Schauder et al., 2014) (Figure 1B). The C2 domain is one of the most 86 

abundant and highly conserved membrane binding modules, with ~200 C2 domains encoded by 87 

the human genome (Lemmon, 2008; Corbalan-Garcia and Gomez-Fernandez, 2014). Their 88 

binding to membranes is regulated by the phospholipid composition of the bilayer and in many 89 

cases is Ca2+-dependent (Sudhof, 2013; Monteiro et al., 2014). The Syt family comprises at least 90 

15 proteins and contain two cytosolic C2 domains. They are anchored to secretory organelles, 91 

including neuronal synaptic vesicles, and help mediate their interactions with the plasma 92 

membrane (Sudhof, 2013; Gustavsson and Han, 2009; Chapman, 2008; Perez-Lara et al., 2016). 93 

They act as Ca2+ sensors that cooperate with soluble N-ethylmaleimide-sensitive factor attachment 94 

receptors (SNAREs) to mediate Ca2+-triggered exocytosis, leading to release of neurotransmitters, 95 

peptide hormones and a variety of other molecules (Sudhof and Rothman, 2009; Zhou et al., 2015; 96 

Chapman, 2008). Different from Syts, E-Syts are located on the endoplasmic reticulum membrane 97 

and contain five (for E-Syt1) or three (for E-Syt2 and E-Syt3) C2 domains in addition to the SMP 98 

domain (Min et al., 2007; Giordano et al., 2013). E-Syt C2 domains regulate lipid transfer, instead 99 

of membrane fusion, between the endoplasmic reticulum and the plasma membrane mediated by 100 

the SMP domain (Giordano et al., 2013; Saheki et al., 2016; Yu et al., 2016; Schauder et al., 2014).   101 
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We have developed a single-molecule assay based on high-resolution OTs to measure the 102 

energy and kinetics of membrane binding by C2 domains of Syt1 and E-Syt2. Our method can be 103 

generally applied to study complex protein-membrane interactions with unprecedented 104 

spatiotemporal resolution. 105 

 106 

Results 107 

Experimental setup 108 

High-resolution dual-trap OTs pull a single molecule tethered between two beads, forming a 109 

dumbbell in solution suspended by optical traps (Figure 1A). To introduce membranes to the 110 

dumbbell system, we coated a silica bead with a lipid bilayer (Bayerl and Bloom, 1990; Brouwer 111 

et al., 2015; Murray et al., 2016), using a protocol outlined in Figure 1-figure supplement 1. Lipids 112 

in the supported bilayer are mobile, uniformly distributed around the bead surface, and free of 113 

visible defects, as reported previously (Baksh et al., 2004; Brouwer et al., 2015) (Figure 1A, inset, 114 

and Figure 1-figure supplement 2). Previous experiments showed that an excessive amount of 115 

membrane could be added to bead surfaces under different coating conditions, especially in high 116 

salt concentration (Murray et al., 2016; Pucadyil and Schmid, 2008). The floppy membrane would 117 

detach from silica surfaces upon pulling, complicating data analysis. To increase the mechanical 118 

stability of membranes, we coated membranes on silica beads in a solution at physiological ionic 119 

strength and 37 °C, and performed the pulling experiments at room temperature (~23 °C). The 120 

temperature decrease reduces the area per lipid in the bilayer (Petrache et al., 2000), which removes 121 

the possible excess membrane on the bead surface. 122 
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To probe C2 domain-membrane interactions, we used C2 domains from E-Syt2 and Syt1 as 123 

model domains, as previous studies are available for comparison. For E-Syt2 we separately 124 

purified and tested the C2AB domain pair and the C2C domain (Figure 1B, regions marked by 125 

dashed lines). The C2A and C2B domains of E-Syt2 strongly associate with each other to form a 126 

V-shaped structure (Figure 1A) and have not been purified separately (Schauder et al., 2014; Xu 127 

et al., 2014). For Syt1 we purified and tested both the C2AB domain pair and the individual C2A 128 

and C2B domains (Figure 1B). We attached each protein fragment to the lipids in the supported 129 

bilayer via a flexible N-terminal peptide linker of 40-81 amino acids (a.a.) through biotin-130 

streptavidin interactions (Figure 1A). This stable anchor kept the C2 domain (or C2 domain pair) 131 

near the membrane, thus facilitating its rebinding after unbinding and our measurement of protein 132 

binding energy and dynamics. The C-terminus of the protein fragment was attached via a DNA 133 

handle (Cecconi et al., 2005; Jiao et al., 2017) to a polystyrene bead that was not membrane-coated. 134 

To tether a single protein between two beads, we first bound the C2-DNA conjugate to the 135 

polystyrene bead, trapped this bead and brought it close to the trapped bilayer-coated silica bead 136 

to allow binding of the protein to the supported bilayer via both the biotinylated N-terminus (stable 137 

anchor) and the C2 domain(s). Subsequently, the C2 domain (or C2 domain pair) was pulled away 138 

from the bilayer by separating the two traps at a speed of 10 nm/s (Figure 1C) or keeping the trap 139 

separation constant (Figure 2). We detected the tension and extension of the protein-DNA tether 140 

(Figure 1A) to derive the energetics and kinetics of C2 binding and conformational changes.  141 

 142 

C2 domain-membrane binding and conformational transitions 143 

We pulled single C2 domains in the presence of membranes with various lipid compositions as 144 

indicated in the figures or figure legends. Bead pulling yielded force-extension curves (FECs) 145 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 30, 2017. ; https://doi.org/10.1101/170290doi: bioRxiv preprint 

https://doi.org/10.1101/170290
http://creativecommons.org/licenses/by/4.0/


8 

 

containing continuous regions and discrete extension flickering or jumps (Figure 1C). The former 146 

regions were caused by stretching of the DNA handle and of unfolded polypeptides (see the 147 

sequences of our protein constructs in Materials and Methods) (Bustamante et al., 1994; Zhang et 148 

al., 2013), while the latter regions were due to C2 domain binding/unbinding or to C2 domain 149 

conformational transitions.  150 

With both E-Syt2 C2AB and Syt1 C2AB in the presence of 100 µM Ca2+, at 3-5 pN we 151 

observed fast extension flickering (Figure 1C, regions in the first and third FECs marked by red 152 

dashed rectangles), which was better resolved at  constant trap separation or mean force (Figure 153 

2). The flickering required the presence of the membrane, as it disappeared in the absence of the 154 

supported bilayer (Figure 1C, blue FECs). Thus, the flickering was caused by reversible C2 domain 155 

unbinding from and rebinding to the membrane (Figure 1D, transitions between states 1 and 2 for 156 

E-Syt2 C2AB and between states 1 and 3 for Syt1 C2AB), a conclusion supported by further 157 

experiments described below. As the unbound C2AB domain fragments remained tethered to the 158 

membrane via the N-terminal linker sequence, they could rebind the bilayer for forces in this range.  159 

At higher forces 8-13 pN, a small and often reversible jump occurred with E-Syt2 C2AB 160 

(Figure 1C, region in the first FEC marked by magenta dashed rectangle, and inset). This jump 161 

likely represents dissociation of the two C2 domains in the C2AB fragment of E-Syt2 (Figure 1D,  162 

transition between states 2 and 3 for E-Syt2 C2AB), as the C2A and C2B domains are bound to 163 

each other by a stable interface  (Xu et al., 2014; Schauder et al., 2014).  164 

As the force was further increased, for both E-Syt2 C2AB and Syt1 C2AB two larger rips 165 

appeared in distinct force ranges, one at 12-22 pN (Figure 1C, green arrows), the other at 18-45 166 

pN (cyan arrows) (Figure 1-figure supplement 3 & 4). Similar rips were observed in the low and 167 

high force ranges when we pulled individual C2A and C2B domains of Syt1, respectively (Figure 168 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 30, 2017. ; https://doi.org/10.1101/170290doi: bioRxiv preprint 

https://doi.org/10.1101/170290
http://creativecommons.org/licenses/by/4.0/


9 

 

1-figure supplement 5). This comparison suggests that the low and high force rips represent 169 

irreversible unfolding of the C2A domains and the C2B domains, respectively, in both E-Syt2 and 170 

Syt1, and that no strong association exists between the C2A and the C2B domains in Syt1 (Zhou 171 

et al., 2015). Like the C2AB domains of E-Syt2 and Syt1, E-Syt2 C2C exhibited reversible 172 

membrane binding at low force and irreversible membrane-independent unfolding at high force 173 

(Figure 1C, last FEC). In this case, however, membrane binding was Ca2+-independent, consistent 174 

with previous studies (Bian et al., 2017; Fernandez-Busnadiego et al., 2015; Giordano et al., 2013; 175 

Idevall-Hagren et al., 2015). In summary, we identified up to five different C2 states in the protein 176 

fragments tested, as depicted in Figure 1D.  177 

The continuous FEC regions corresponding to the same states in the presence and absence of 178 

supported bilayers for all three C2 domains generally overlapped (Figure 1C), indicating that the 179 

membranes are firmly attached to the silica surfaces and barely contribute to the measured 180 

extensions in the force range of interest (<35 pN). However, the FECs appear thicker and are thus 181 

noisier in the presence of membranes than in their absence (Figure 1C, compare black and blue 182 

FECs), possibly due to lateral diffusion of the lipids to which the C2 domains were attached (Figure 183 

1-figure supplement 2). Such diffusion was absent when the proteins were directly attached to 184 

streptavidin-coated silica beads.  185 

 186 

Energetics and kinetics of C2 domain-membrane binding 187 

To better resolve binding of C2 domains to membranes, we held single protein fragments at various 188 

constant trap separations corresponding to different mean forces (Jiao et al., 2017; Rebane et al., 189 

2016). In the presence of 100 µM Ca2+ and 3-4 pN force, E-Syt2 C2AB reversibly bound to and 190 

unbound from membranes, as seen in the extension-time trajectories (Figure 2A). The transitions 191 
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are two-state, as revealed by the two distinct peaks in the corresponding probability density 192 

distributions of extension (Figure 2B). The width of each peak is determined mainly by Brownian 193 

motion of the beads in optical traps (Jiao et al., 2017; Rebane et al., 2016). Force tilted the 194 

equilibrium towards the unbound state, as expected. Inspection of the FEC of the E-Syt2 C2AB 195 

fragment after membrane unbinding and before C2A domain unfolding also revealed reversible 196 

jumps with an average extension change of 5.7 nm at ~11 pN (Figure 2C, see also Figure 1C). 197 

Most likely these jumps reflect dissociation and re-association of C2A and C2B domains of E-198 

Syt2, as predicted by the crystal structure of the C2AB domain pair (Xu et al., 2014; Schauder et 199 

al., 2014). 200 

E-Syt2 C2C also bound to membranes in a two-state manner (Figure 2D). However, in 201 

contrast to the C2AB domain pairs of E-Syt2, the C2C domain did not need Ca2+ for membrane 202 

binding and could resist higher pulling forces. This observation is consistent with studies in living 203 

cells showing that the constitutive binding of E-Syt2 to the plasma membrane at resting Ca2+ 204 

concentrations is mediated by a robust association of its C2C domain with the PI(4,5)P2-rich 205 

plasma membrane (Giordano et al., 2013; Idevall-Hagren et al., 2015).  206 

Syt1 C2AB reversibly bound to membranes in the presence of 100 µM Ca2+ similar to E-Syt2 207 

C2AB, but at higher equilibrium force and lower equilibrium rate (Figures 2E & 3). Interestingly, 208 

although Syt1 C2A and C2B domains do not associate as in E-Syt2 (Zhou et al., 2015), the two 209 

Syt1 C2 domains bound to and unbound from membranes simultaneously within our instrumental 210 

resolution, as is indicated by the two-state transition (Figure 2E). To dissect contributions of the 211 

two Syt1 C2 domains to membrane binding, we tested membrane binding of individual Syt1 C2A 212 

and C2B domains, again in the presence of 100 μM Ca2+ (Figure 1-figure supplement 5 & 6). 213 

Whereas C2A domain-membrane interaction was barely discernible under our experimental 214 
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conditions, C2B bound to membranes at a reduced force or affinity compared with the C2AB 215 

domain. Hence, the two Syt1 C2 domains bind to membranes cooperatively, but C2B dominates 216 

membrane binding, consistent with previous reports (Bai et al., 2004; Perez-Lara et al., 2016).  217 

To quantify the kinetics of C2 domain-membrane binding, we fit the extension trajectories 218 

using two-state hidden-Markov modeling (Zhang et al., 2016b) (Figure 2A, 2D, & 2E, red lines). 219 

The idealized trajectories matched the measured extension trajectories well, revealing the best-fit 220 

unbinding probabilities and binding and unbinding rates at each force (Figure 3). As force 221 

increases, unbinding probabilities increase in a sigmoidal manner, while unbinding rates increase 222 

and binding rates decrease approximately exponentially in the force range tested. All these 223 

observations are characteristic of two-state transitions (Bustamante et al., 2004; Rebane et al., 224 

2016). Interestingly, the unbinding rate is much less sensitive to force than the binding rate, as is 225 

indicated by the smaller slope of the logarithm of the unbinding rate than the slope for the binding 226 

rate. This comparison suggests that the bound C2 states are tightly confined near membrane 227 

surfaces (Bustamante et al., 2004; Rebane et al., 2016). In other words, the extensions of the 228 

transition states for unbinding are close to those of the bound states.  229 

We simultaneously fit unbinding probabilities, transition rates, and extension changes using a 230 

nonlinear model similar to the force-dependent protein folding transitions (Rebane et al., 2016) 231 

(see Methods and Materials). The model-fitting revealed the best-fit parameters at zero force, 232 

including the binding energy, the extension position and energy of the transition state for protein 233 

unbinding, and the binding and unbinding rates (Table 1). With membranes composed of 85% 234 

POPC, 10% DOPS and 5% PI(4,5)P2, we obtained binding energies of 4.6 kBT for E-Syt2 C2AB 235 

and  10.8 kBT for Syt1 C2AB  (both in the presence of 100 μM Ca2+)  and of 12 kBT for E-Syt2 236 

C2C in zero Ca2+. The corresponding equilibrium forces, i.e. the forces at which the unbinding 237 
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probability is 0.5, increase in the same order (2.9 pN, 4.7 pN, and 6.5 pN). The increase in the 238 

binding energy arises from the corresponding increase in the binding rate (kb) and decrease in the 239 

unbinding rate (kub). We estimated the distance between the transition state and the bound state 240 

(Δxǂ) to be 1.0 (±0.3, standard deviation) nm for E-Syt2 C2AB, 1.4 (±0.5) nm for Syt1 C2AB, and 241 

0.7 (±0.2) nm for E-Syt2 C2C (see Materials and Methods) (Bustamante et al., 2004; Rebane et 242 

al., 2016). Due to these short distances, the application of force (F) to the proteins only slightly 243 

reduces the energy barrier (by ~F× Δxǂ) for protein unbinding (Rebane et al., 2016). Consequently, 244 

the unbinding rates of all C2 domains at zero force (Table 1) are generally within five fold smaller 245 

than the corresponding transition rates at the equilibrium force (equilibrium rate), or 43 s-1, 3 s-1, 246 

3 s-1 for E-Syt2 C2AB, E-Syt2 C2C, and Syt1 C2AB, respectively. In contrast, the application of 247 

force reduces the binding rates of C2 domains at zero force by > 20,000 fold for E-Syt2 C2C and 248 

Syt1 C2AB and by ~70 fold for E-Syt2 C2AB under our experimental conditions.  249 

The binding energy and rates at zero force derived above depend on the membrane tether that 250 

keeps the C2 domain near the membrane after unbinding, whereas the unbinding rate is expected 251 

to be minimally affected by membrane tethering (Zhang et al., 2016a). To examine the effect of 252 

membrane tethering, we developed a theory to estimate the binding energy and rates in the absence 253 

of a tether (Materials and Methods). We found that membrane tethering underestimated the 254 

binding energy by ~2 kBT and binding rates by ~7 fold (Table 1). The binding energy, binding 255 

rate, and unbinding rate of Syt1 C2AB measured by us are consistent with the corresponding values 256 

recently reported (12.8 vs 13 kBT, 2.9×105 vs 4×105 M-1s-1, and 1 vs 1 s-1) (Perez-Lara et al., 2016).  257 

   258 

Effects of Ca2+, salt, DOPS, and PI(4,5)P2 on C2 binding  259 
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Previous experiments have shown that membrane binding of C2 domains are differentially 260 

sensitive to Ca2+ concentration, ionic strength, and lipid composition, which is pivotal for the 261 

biological functions of the proteins harboring C2 domains (Yu et al., 2016; Saheki et al., 2016; 262 

Fernandez-Busnadiego et al., 2015; Giordano et al., 2013). To characterize the Ca2+-dependence 263 

of E-Syt2 C2AB binding to membranes, we first observed its reversible membrane binding in 100 264 

μM Ca2+ at constant mean force of 3.8 pN (Figure 4A, black region). We then flowed a solution 265 

with 1 mM EGTA into the microfluidic channel where the protein was being pulled (Jiao et al., 266 

2017). In the absence of free Ca2+ in the solution, the C2AB domain stayed in the unbound state 267 

with a high extension (green region), indicating that C2AB failed to bind to the membrane. Re-268 

introducing a 100 µM Ca2+ solution restored the dynamic binding. The effect of Ca2+ on the 269 

binding dynamics of C2AB was robust and was observed over many cycles of solution changes. 270 

To further explore the Ca2+-dependent binding energy and kinetics, we measured the 271 

extension-time trajectories at constant mean forces in a range of Ca2+ concentrations (Figure 4B), 272 

determined their corresponding unbinding probabilities and transition rates (Figure 4-figure 273 

supplement 1,2), and derived the C2 binding energy and kinetics at zero force (Figure 4C). As the 274 

Ca2+ concentration increases, the binding energy of E-Syt2 C2AB quickly increases in 50-100 µM  275 

Ca2+, then plateaus around 100-200 µM Ca2+, and further increases in 200-500 µM  Ca2+. The 276 

logarithm of the binding rate changes in a similar manner, whereas the logarithm of the unbinding 277 

rate monotonically decreases. Syt1 C2AB exhibits similar Ca2+-dependent multi-phase binding 278 

energy change. However, Syt1 C2AB starts to bind the membrane at a lower Ca2+ concentration 279 

than E-Syt2 C2AB and with a rate that does not significantly change in 20-100 µM Ca2+ 280 

concentration (Perez-Lara et al., 2016). C2 domains are known to exhibit different binding 281 

stoichiometry and affinity for Ca2+ that are further altered by anionic lipids (Bai et al., 2004; 282 
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Monteiro et al., 2014; Perez-Lara et al., 2016). Whereas E-Syt2 C2B does not bind Ca2+, the C2A 283 

binds up to four Ca2+ with dissociation constants ranging from µM to >10 mM (Xu et al., 2014). 284 

The multiple-phase binding of C2 domains observed by us is consistent with the multi-valent Ca2+ 285 

binding by E-Syt2 C2AB and Syt1 C2AB (Xu et al., 2014; Chapman, 2008). 286 

C2 domain-membrane binding is modulated by electrostatic interactions (Corbalan-Garcia 287 

and Gomez-Fernandez, 2014; Lemmon, 2008) and is expected to be sensitive to the ionic strength 288 

of the solution. To examine the effect of ionic strength on C2 domain-membrane binding, we 289 

doubled or halved the NaCl concentration in the solution and measured the binding energy and 290 

kinetics of E-Syt2 C2AB (Figure 4D,E and Figure 4-figure supplement 3). As NaCl concentration 291 

increased, the C2 domain-membrane affinity monotonically decreased. Thus, NaCl at high 292 

concentrations shields the electrostatic attractions between C2 and anionic lipids. The affinity 293 

decrease is caused by both a decrease in the binding rate and an increase in the unbinding rate 294 

(Figure 4E). 295 

Our single-molecule assay also detected effects of lipid composition on C2 domain binding 296 

as expected. We found that anionic lipids, both DOPS and PI(4,5)P2, are important for membrane 297 

binding by the C2 domains. Reducing the DOPS concentration from 20% to 10% decreased the 298 

binding equilibrium force of E-Syt2 C2AB from 3.6 pN to 2.9 pN and the binding energy from 7 299 

kBT to 4.6 kBT (Table 1 and Figure 5A, top trace). Similarly, reducing the PI(4,5)P2 concentration 300 

from 5% to 2.5% decreased the binding energy of E-Syt2 C2C from ~12 kBT to ~10 kBT and of 301 

Syt1 C2AB from ~10.8 kBT to ~7.8 kBT (Table 1, Figure 5B, top trace, and Figure 5-figure 302 

supplement 1). Omitting PI(4,5)P2 minimized membrane binding of E-Syt2 C2AB in the presence 303 

of up to 30% DOPS (Figure 5A, middle trace) and of Syt1 C2AB in the presence of 10% DOPS 304 

(Figure 5B, middle trace). These findings are consistent with the critical importance of PI(4,5)P2 305 
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for membrane binding of both C2AB domains (Fernandez-Busnadiego et al., 2015; Giordano et 306 

al., 2013; Bai et al., 2004; Perez-Lara et al., 2016). However, increasing the DOPS concentration 307 

to 40% for E-Syt2 C2AB (Figure 5A, bottom trace) and 30% for Syt1 C2AB (Figure 5B, bottom 308 

trace) at least partially rescued their membrane binding in the absence of PI(4,5)P2. In particular, 309 

Syt1 C2AB tightly bound to the membrane containing 30% DOPS but no PI(4,5)P2 with a binding 310 

energy of  8.7 kBT (Table 1 and Figure 5-figure supplement 1). Thus, both DOPS and PI(4,5)P2 311 

modulate membrane binding of C2AB domains in E-Syt2 and Syt1. 312 

 313 

Discussion 314 

We have developed a new approach to quantify the membrane binding energy and kinetics of 315 

single proteins. In this approach, a protein of interest, in our case a C2 domain, is attached to a 316 

lipid bilayer supported by a silica bead and pulled using OTs. Reversible protein-membrane 317 

binding is detected based on the associated extension changes with high spatiotemporal resolution, 318 

thus allowing us to derive binding affinity and kinetics as a function of force, soluble factors, and 319 

lipid compositions. Applying this new approach to the C2 domains of E-Syt2 and Syt1, we have 320 

obtained new insights into mechanisms of membrane binding dynamics of these proteins. 321 

We have found that the forces generated by C2 domain binding are in the range of 2 to 7 pN, 322 

comparable to the forces generated by many motor proteins such as kinesin and myosin (Zhang et 323 

al., 2013), but are much less, for example, than the forces produced by neuronal SNARE zippering 324 

(~17 pN) (Ma et al., 2015; Gao et al., 2012). C2 domain-membrane interactions detected by our 325 

assay are generally consistent with previous reports. We have found that E-Syt2 C2C strongly 326 

binds to membranes in a PI(4,5)P2-dependent, but calcium-independent manner. This is consistent 327 

with observations in intact and semi-intact cells showing that constitutive ER-plasma membrane 328 
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contacts mediated by E-Syt2 depend upon the Ca2+-independent binding of E-Syt2 C2C to 329 

PI(4,5)P2 in the plasma membrane (Idevall-Hagren et al., 2015; Giordano et al., 2013). We have 330 

also observed that, in contrast, membrane binding by E-Syt2 C2AB depends on Ca2+, again in 331 

agreement with other reports (Min et al., 2007; Xu et al., 2014).  As suggested by results of a recent 332 

study, Ca2+-dependent interaction of E-Syt2 C2AB with the membrane may relieve an 333 

autoinhibitory intramolecular interaction that prevents E-Syt2 from transferring lipids (Bian et al. 334 

2017). Finally, we found that Syt1 C2AB binds to membranes in Ca2+-, DOPS-, and PI(4,5)P2-335 

dependent manner and measured its binding affinity, binding and unbinding rates in the presence 336 

of 100 µM Ca2+, 10% DOPS, and 5% PI(4,5)P2 with results that match previous reports under 337 

similar experimental conditions. The consistency between previous results and our findings 338 

validates our new approach to study protein-membrane interactions. However, our assay did not 339 

detect any significant interactions between Syt1 C2AB and membranes in the absence of Ca2+. The 340 

Ca2+-independent membrane binding by Syt1 C2AB has been revealed by liposome precipitation 341 

or sedimentation, but not by other bulk assays conducted by the same groups (Bai et al., 2004; 342 

Perez-Lara et al., 2016). More work is required to resolve the difference. It is possible that Ca2+-343 

independent binding of Syt1 C2AB may be too weak to be detected by our assay. Alternatively, 344 

binding may require cooperation of multiple Syt1 proteins (Wang et al., 2014), while our assay 345 

assesses the properties of single molecules. 346 

Our study shows that the single or the double C2 domains bind to membranes with lifetimes 347 

shorter than three seconds at zero force and with even shorter lifetimes in the presence of external 348 

forces. These lifetimes are much shorter than the lifetimes of docked vesicles and membrane 349 

contact sites observed in cells. Nevertheless, membrane contacts observed in cells are mediated by 350 

multiple Syt1 and E-Syts, which may dimerize or oligomerize (Wang et al., 2014; Schauder et al., 351 
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2014; Giordano et al., 2013). Thus stable, long-lived docking of membranes by Syt1 or E-Syts is 352 

a consequence of cooperativity among multiple molecules. In support of this idea, an extremely 353 

high force of ~425 pN is required to pull apart a single membrane contact site between chloroplast 354 

and endoplasmic reticulum (Andersson et al., 2007).  355 

Our method is versatile and can be applied to study protein-membrane interactions that are 356 

more complex than the systems probed by our current study.     357 

 358 

Materials and Methods 359 

 360 

Dual-trap high-resolution optical tweezers 361 

The optical tweezers were home-built and assembled on an optical table in an acoustically-isolated 362 

and temperature-controlled room as previously described (Moffitt et al., 2006; Sirinakis et al., 363 

2012). Briefly, a single laser beam of 1064 nm from a solid-state laser (Spectra-Physics, J20I-BL-364 

106C) is attenuated, expanded ~5 fold in diameter, collimated, and split into two beams with 365 

orthogonal polarizations by a polarizing beam splitter. One of the beams is reflected by a mirror 366 

attached to a piezoelectrical actuator that turns the mirror along two axes with high resolution 367 

(Nano-MTA2, Mad City Labs, WI). The two beams are then combined by another polarizing beam 368 

splitter, further expanded two fold by a telescope, and focused by a water immersion 60X objective 369 

with a numerical aperture of 1.2 (Olympus, PA) to form two optical traps. The position of one trap 370 

can be shifted in the sample plane by turning the actuator-controlled mirror. The outgoing laser 371 

light of both traps is collected and collimated by a second objective of the same type, separated 372 

based on polarization, and projected to two position sensitive detectors (PSDs, Pacific Silicon 373 

Sensor, CA), which detect positions of the two beads through back-focal-plane interferometry 374 
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(Gittes and Schmidt, 1998). The voltage signals from the PSDs are recorded and linearly converted 375 

to displacements of the trapped beads and the extension and tension of the protein-DNA tether. 376 

The conversion constants, including trap stiffness, are determined by Brownian motions of the 377 

trapped beads. Data were acquired at 20 kHz, mean-filtered to 10 kHz, and stored on hard-disks 378 

for further analysis. We used a microfluidic flow cell containing three parallel channels to deliver 379 

beads through the top and bottom channels or to trap beads in the central channel (Jiao et al., 2017). 380 

The top and bottom channels are connected to the central channel through glass tubing.        381 

 382 

Single-molecule experiments 383 

Sample preparations for single molecule experiments have been detailed elsewhere (Jiao et al., 384 

2017). Briefly, the C2 constructs were reduced by tris-2-carboxyethyl phosphine (TCEP), desalted, 385 

mixed with 2,2’-dithiodipyridine-treated DNA handle at a molar ratio of 40:1, and crosslinked to 386 

DNA at 4 °C overnight by air oxidization. An aliquot of the mixture was bound to anti-digoxigenin 387 

antibody-coated polystyrene beads 2.1 µm in diameter (Spherotech, IL) and injected to the top 388 

microfluidic channel. The membrane-coated silica beads were injected to the bottom channel. The 389 

pulling experiments were performed in 25 mM HEPES, pH 7.4, 0-500 µM CaCl2, and 100-400 390 

mM NaCl, supplemented with an oxygen-scavenging system at room temperature (Jiao et al., 391 

2017).  The beads were trapped and brought close to form tethers between two bead surfaces.  392 

 393 

Sequences and preparation of protein and DNA samples 394 

Rat Syt1 and human E-Syt2 sequences were used, with intrinsic cysteine in both proteins mutated 395 

to either alanine or serine, except for a buried cysteine residue in E-Syt2 C2C (PDBID: 2DMG). 396 
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The amino acid sequences of all the C2 domain constructs are shown below. The number in 397 

parenthesis after each construct name indicate the amino acid numbering in the original protein 398 

sequence. Different sequence motifs are colored as follows: Avi-tags in red, the extra linkers in 399 

blue, the coding sequences of Syt1 or E-Syt2 in black, the C-terminal cysteine for DNA 400 

crosslinking in orange, and the extra C-terminal sequences in green. The mutated amino acids are 401 

underlined. 402 

Syt1 C2AB (96-421, C277A): 403 

GTGLNDIFEAQKIEWHELEGGKNAINMKDVKDLGKTMKDQALKDDDAETGLTDGEEK404 

EEPKEEEKLGKLQYSLDYDFQNNQLLVGIIQAAELPALDMGGTSDPYVKVFLLPDKKKK405 

FETKVHRKTLNPVFNEQFTFKVPYSELGGKTLVMAVYDFDRFSKHDIIGEFKVPMNTVD406 

FGHVTEEWRDLQSAEKEEQEKLGDIAFSLRYVPTAGKLTVVILEAKNLKKMDVGGLSD407 

PYVKIHLMQNGKRLKKKKTTIKKNTLNPYYNESFSFEVPFEQIQKVQVVVTVLDYDKIG408 

KNDAIGKVFVGYNSTGAELRHWSDMLANPRRPIAQWHTLQVEEEVDAMLAVKKCAA409 

AG 410 

 411 

Syt1 C2A (96-276) 412 

GTGLNDIFEAQKIEWHELEGGKNAINMKDVKDLGKTMKDQALKDDDAETGLTDGEEK413 

EEPKEEEKLGKLQYSLDYDFQNNQLLVGIIQAAELPALDMGGTSDPYVKVFLLPDKKKK414 

FETKVHRKTLNPVFNEQFTFKVPYSELGGKTLVMAVYDFDRFSKHDIIGEFKVPMNTVD415 

FGHVTEEWRDLQSAEKEEQEKLGELLEGGSGCAAAG 416 

 417 

Syt1 C2B (267-421, C277A) 418 

GTGLNDIFEAQKIEWHELEGGKNAINMKDVKDLGKTMKDQALKDDDAETGLTDGEEK419 

EEPKEEEEKLGDIAFSLRYVPTAGKLTVVILEAKNLKKMDVGGLSDPYVKIHLMQNGKR420 

LKKKKTTIKKNTLNPYYNESFSFEVPFEQIQKVQVVVTVLDYDKIGKNDAIGKVFVGYN421 

STGAELRHWSDMLANPRRPIAQWHTLQVEEEVDAMLAVKKELLEGGSGCAAAG 422 

 423 

E-syt2 C2AB (343-646, C611S): 424 

GLNDIFEAQKIEWHELEGGSDEGSQGDNGSGDGSKGSGNESGQGTGEGSNGSGDGSGE425 

LPWSEVQIAQLRFPVPKGVLRIHFIEAQDLQGKDTYLKGLVKGKSDPYGIIRVGNQIFQS426 

RVIKENLSPKWNEVYEALVYEHPGQELEIELFDEDPDKDDFLGSLMIDLIEVEKERLLDE427 

WFTLDEVPKGKLHLRLEWLTLMPNASNLDKVLTDIKADKDQANDGLSSALLILYLDSA428 

RNLPSGKKISSNPNPVVQMSVGHKAQESKIRYKTNEPVWEENFTFFIHNPKRQDLEVEV429 

RDEQHQSSLGNLKVPLSQLLTSEDMTVSQRFQLSNSGPNSTIKMKIALRVLHLEKRERPP430 

DHQHSAQVKRC 431 
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 432 

E-syt2 C2C (744-893): 433 

GLNDIFEAQKIEWHEGSSHHHHHHSGLVPRGSRLRQLENGTTLGQSPLGQIQLTIRHSSQ434 

RNKLIVVVHACRNLIAFSEDGSDPYVRMYLLPDKRRSGRRKTHVSKKTLNPVFDQSFDF435 

SVSLPEVQRRTLDVAVKNSGGFLSKDKGLLGKVLVALASEELAKGWTQWYDLTEDGT436 

RPQAMTC 437 

 438 

The DNA coding sequence of E-Syt2 C2C construct was cloned into a modified pETDuet-1 439 

vector which has an N-terminal Avi tag, His tag, and a thrombin site. The DNA coding sequences 440 

of other constructs were cloned into a modified pET-SUMO vector (Invitrogen, CA) in which the 441 

Avi tag was inserted just after the SUMO tag. The plasmids were transformed into E. coli 442 

BL21(DE3) cells. The cells were grown at 37 °C to an OD600 of ∼0.6–0.8, induced to express the 443 

recombinant proteins with 0.5 mM IPTG at 22 °C for 18 hours, and harvested. The proteins were 444 

purified first by His60 Nickel Resin (Clontech) and then by gel filtration on a Superdex200 column 445 

(GE Healthcare). The purified proteins were biotinylated using biotin ligase (BirA) as described 446 

and further purified (Jiao et al., 2017). Finally, the proteins were cleaved by the SUMO protease 447 

to remove the His-SUMO tags and further cleaned up using Ni-NTA columns.  448 

 449 

Membrane coating on silica beads 450 

The supported lipid bilayers contained different mole percentages of DOPE, DOPS, PI(4,5)P2, and 451 

DSPE-PEG(2000)-Biotin as indicated in the text, figures or figure legends. The major steps of 452 

bead coating are depicted and described in Figure 1-figure supplement 1.  453 

 454 

 455 
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Hidden-Markov modeling (HMM) and derivations of the energy and kinetics at zero force 456 

Methods and algorithms of HMM and energy and structural modeling are detailed elsewhere  457 

(Zhang et al., 2016b; Jiao et al., 2017; Rebane et al., 2016). The MATLAB codes used for these 458 

calculations can be found in Ref. (Gao et al., 2012) and MATLAB Central 459 

(http://www.mathworks.com/matlabcentral/fileexchange/60264-hidden-markov-modeling-with-460 

detailed-balance/content/HMM_BJ). Briefly, extension-time trajectories at constant trap 461 

separations were mean-filtered using a time window of 1-3 ms and then analyzed by HMM. This 462 

analysis revealed unbinding probabilities, binding rates, unbinding rates, and extension changes 463 

associated with the binding and unbinding transitions at different trap separations. The 464 

corresponding idealized state transitions were calculated using the Viterbi algorithm. The average 465 

forces for the bound and the unbound states at each trap separation were determined based on the 466 

idealized states, whose mean gives the mean force shown in all unfolding probability and rate plots 467 

as a function of force  (Rebane et al., 2016).  We determined the binding energy and binding and 468 

unbinding rates at zero force by simultaneously fitting the measured unbinding probabilities, 469 

transition rates, and extension changes using a nonlinear model  (Rebane et al., 2016). In this 470 

model, we chose free energies of the bound protein state and the unbinding transition state, the 471 

distance of latter state to the membrane at zero force as fitting parameters. Then the free energies 472 

of the three states (the bound state, the unbound state, and the transition state) in the presence of 473 

force were calculated. These energies represent the total energy of the whole dumbbell system in 474 

a given protein binding state, and additionally include entropic energies of the unfolded 475 

polypeptide and the DNA handle due to stretching and potential energy of both trapped beads. The 476 

contour length of the stretched polypeptide was state-dependent and chosen as a reaction 477 

coordinate. In particular, the linker sequence was counted as part of the reaction coordinate because 478 
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it was stretched, but not in the bound state because it was no longer stretched. Subsequently, we 479 

calculated the unbinding probability based on a Boltzmann distribution and the binding and 480 

unbinding rates according to Kramers’ theory. Finally, we fit the calculated quantities against their 481 

experimental measurements by a nonlinear least-squares method to determine the best-fit 482 

parameters. Optical tweezers measure the relative force on the same single molecules with high 483 

precision (~0.02 pN) and the absolute force on different molecules with modest accuracy, typically 484 

~10% of the measured force value (Moffitt et al., 2006). To improve the accuracy to derive the 485 

energy and kinetics of protein binding at zero force, we first determined the average equilibrium 486 

force from measurements on 10-130 single molecules, which gives the equilibrium force value 487 

shown in Table 1. Then the curves of force-dependent unbinding probability and transition rates 488 

measured on each molecule were slightly shifted along x-axis so that its equilibrium force matched 489 

the average equilibrium force. Subsequently, the nonlinear model fitting was performed to 490 

determine the binding energy and rates at zero force. Typically, fitting results from three to eight 491 

independent data sets were averaged and reported (Table 1).    492 

 493 

Effect of membrane tethering on protein binding energy and kinetics 494 

Having derived the protein-membrane binding affinity and kinetics at zero force when the protein 495 

was tethered to the membrane, we further calculated the corresponding quantities in the absence 496 

of the tether. We assumed that the linker polypeptide is anchored on one end at a point on 497 

streptavidin with a distance 0h away from the membrane while the other end is free. We chose a 498 

coordinate such that the anchoring point and the outer surface of the supported membrane are 499 

located at  00 0,0,hr  and 0z  , respectively. We treated the polypeptide tether using a Gaussian 500 
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model for the polymer chain (Dill and Bromberg, 2010). Accordingly, the effective concentration 501 

c  of the free end of the chain at a position  , ,x y zr =  in the Cartesian coordinate or  , , z   in 502 

the cylindrical coordinate is (Zhang et al., 2016a) 503 

 

3
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2
031 3
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4 4A

c
N PL PL

  
        

r r
  (1) 504 

where AN  is Avogadro’s number,  L  is the contour length of the polypeptide linker, and P  is its 505 

persistence length. Suppose that the free end of the linker is attached to a protein and located at a 506 

distance 1h away from the membrane as the protein binds to the membrane, the effective 507 

concentration of the free end at the binding site could be expressed as   508 
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where 1 0.h h h   Assuming the protein binds to membranes with an intrinsic bimolecular rate 510 

constant onk , the rate constant that the tethered protein binds to the membrane surface at  ,   511 

can be calculated as 512 

    , ,bp onk k c      (3) 513 

The total protein binding rate of the tethered protein bk  is the sum of the binding rate to all 514 

available binding site on the membrane. Assuming each lipid acts as an independent binding site 515 

for proteins as in most protein-membrane binding assays, we could calculate the total binding rate 516 

by integrating Eq. (3) over the whole membrane surface, i.e., 517 
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where s  is the area per lipid. Substituting Eqs. (2) and (3) into Eq. (4) and performing the 519 

integration, we have 520 

 ,b onk k c   (5) 521 

where 522 
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  (6) 523 

is the average effective concentration of the tethered protein on the membrane. Therefore, the 524 

protein binding rate in the absence of the membrane tether can be calculated from our measured 525 

binding rate in the presence of the membrane tether as 526 

 .b
on

k
k

c
   (7) 527 

The rate of the protein dissociating from the membrane ( ubk ) is not affected by the membrane 528 

tether. Thus, the protein binding constant in the absence of the tether ( on on ubK k k ) is related to 529 

the measured binding constant ( b b ubK k k ) by the following formula 530 

 .b
on

K
K

c
   (8) 531 

Similarly, the protein binding energy in the absence of the tether ( onE ) can be calculated from the 532 

binding energy in the presence of the tether ( bE ) as 533 

 on b cE E E     (9) 534 

where 535 

  ln .c BE k T c     (10) 536 
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The lengths of the linkers used in our study were 81 a.a. for E-Syt2 C2AB, 73 a.a. for Syt1 537 

C2AB, and 40 a.a. for E-Syt2 C2C. To estimate the effective concentrations c  corresponding to 538 

these proteins, we chose the contour length per amino acid as 0.365 nm, the peptide persistence 539 

length P 0.6 nm, and the area per lipid s  0.7 nm2 (Kucerka et al., 2005). The distances of the 540 

linker ends to the membrane was estimated to be 0h 6 nm and 1h =2 nm based on the sizes of 541 

streptavidin and C2 constructs, as well as the structure of biotin-PEG-DSPE. Our calculations 542 

revealed that the effective concentrations of the three constructs were 0.14 M, 0.14 M, and 0.10 543 

M, respectively. Corresponding, tethering the proteins to membranes in our assays underestimated 544 

the binding energy of the three proteins by 2.0 kBT, 2.0 kBT, and 2.3 kBT, respectively. Therefore, 545 

the membrane binding energy of E-Syt2 C2AB, Syt1 C2AB, and E-Syt2 C2C were 6.6 (±0.1, S.D.) 546 

kBT, 12.8 (±0.8) kBT, and 14 (±2) kBT, respectively, with their corresponding binding rates as 547 

0.2×105 M-1s-1, 2.9×105 M-1s-1, and 6.9×105 M-1s-1, under the condition of 10% DOPS and 5% 548 

PI(4,5)P2 (Table 1). 549 

In our derivation above, for simplicity we have assumed that the membrane does not 550 

significantly disturb the Gaussian distribution of the free end shown in Eq. (1). To investigate the 551 

effect of the membrane boundary on our derivations, we repeated our calculations using a more 552 

accurate, as well as more complex, distribution that takes into account the presence of membranes 553 

(Dill, 1990). We found that the improved distribution did not significantly change our above 554 

derivations. The observation is justified by the fact that the membrane attachment point of the 555 

linker polypeptide is far away from the membrane surface (6 nm), compared to the fluctuation of 556 

the free end around the attachment point, i.e., 
2

3

PL
   3.4 nm.  557 

 558 
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 571 

Figure Legends 572 

Figure 1. Experimental setup to study membrane binding and unfolding of C2 domains and 573 

interactions between C2 domains.  (A) Schematic diagram of the experimental setup to pull a 574 

single C2 domain (E-Syt2 C2AB shown) anchored on a lipid bilayer supported on a silica bead. 575 

The inset shows the fluorescence image of the bilayer on a silica bead of 5 µm in diameter.  (B) 576 

Domain diagrams of Syt1 and E-Syt2. The dashed lines mark the truncated domains used in this 577 

study.  (C) Force-extension curves (FECs) obtained by pulling C2 domains in the presence of 578 

supported bilayers (black) or in its absence (blue). Red dashed rectangles mark reversible 579 

membrane binding and unbinding, while the cyan dashed rectangle indicates reversible C2AB 580 

association and dissociation. Green and cyan arrows mark unfolding of C2A and C2B domains, 581 
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respectively. The insets show the transient state 3. Throughout the text, the FECs were mean-582 

filtered to 100 Hz and shown. The E-Syt2 C2AB was pulled in the presence of membranes 583 

composed of 75% POPC, 20% DOPS, 5% PI(4,5)P2, and 0.03% biotin-PEG-DSPE. E-Syt2 C2C 584 

and Syt1 C2AB were tested on membranes with a similar composition, except for a decrease in 585 

DOPS to 10% and a corresponding increase in POPC to 85%.  The solution contained 25 mM 586 

HEPES (pH 7.4), 200 mM NaCl, and 100 µM Ca2+ for E-Syt2 C2AB and Syt1 C2AB or no Ca2+ 587 

for E-Syt2 C2C.  (D) Diagram of different C2 domain states derived from the FECs: 1, membrane-588 

bound state; 2, unbound state with two associated C2 domains; 3, unbound state with two 589 

dissociated C2 domains; 4, state with a single folded C2 domain; 5, fully unfolded state.  590 

Figure 2.  Force-dependent reversible membrane binding and unbinding of C2 domains.  (A) 591 

Extension-time trajectories (black) of E-Syt2 C2AB at three indicated constant mean forces (F) 592 

and their idealized transitions (red) derived from hidden-Markov modeling (HMM). Positions of 593 

different states are marked by their corresponding state numbers as in Figure 1D. Throughout the 594 

text, the extension-time traces were mean-filtered to 200 Hz and shown. (B)  Probability density 595 

distributions of the extensions (symbols) shown in A and their best-fits by a sum of two Gaussian 596 

functions (curves).  (C) Extension-time trajectory at 11 pN force revealing reversible E-Syt2 C2AB 597 

domain dissociation and association before C2A unfolding (red arrow). Different states are marked 598 

by green dashed lines and depicted as insets. (D-E) Extension-time trajectories (black) of E-Syt2 599 

C2C (D) and Syt1 (E) at constant forces.  Note that the trajectories in C-E share the same extension 600 

and time scales.  601 

Figure 3.  Force-dependent unbinding probabilities (top) and transition rates (bottom) and their 602 

best model fits (solid and dashed curves) reveal the energy and kinetics of C2 binding at zero force 603 
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(Table 1). Unbinding probabilities and rates are indicated by solid symbols, while binding rates 604 

are shown by hollow symbols. 605 

Figure 4.  Membrane binding of E-Syt2 C2AB and Syt1 C2AB are sensitive to Ca2+ and ionic 606 

strength.  (A) Extension-time trajectories of a single E-Syt2 C2AB domain in the presence of flows 607 

of solutions containing either 100 µM Ca2+ (black) or 1 mM EGTA (green).  (B, D) Extension-608 

time trajectories (black) in different concentrations of Ca2+ (B) or NaCl (D) in the solution. 609 

Idealized transitions are shown in red lines. Same scales are used in both B and D.  (C, E) Ca2+-610 

dependent (C) or NaCl-dependent (E) Esyt2-C2AB (black) or Syt1 (blue) binding energy (top) and 611 

binding and unbinding rates (bottom).   612 

Figure 5.  Membrane binding of E-Syt2 C2AB and Syt1 C2AB depend on DOPS and PI(4,5)P2. 613 

(A-B) Extension-time trajectories of E-Syt2 C2AB (A) or Syt1 C2AB (B) with different 614 

concentrations of DOPS or PI(4,5)P2 in the membrane.  Idealized transitions are shown in red lines. 615 

Same scales are used in both A and B. 616 

 617 

 618 

Table 1. Binding energies, binding rates, and unbinding rates of C2 domains at zero force. The 619 

bimolecular binding energies (Eon) and rates (kon) in the absence of membrane tethers were derived 620 

from the corresponding energies (Eb) and rates (kb) measured by our assay in the presence of 621 

membrane tethers by Equations (9) and (7), respectively, whereas the unbinding rates (kub) are 622 

independent of membrane tethers (see Materials and Methods). Also shown are the equilibrium 623 

forces under which the C2 domains bind to membranes with a probability of 0.5.  624 

  625 
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 [Ca2+] 

(µM) 

PI(4,5)

P2% 

DOPS

% 

Equilibrium 

force (pN) 

Binding 

energy with 

tether (Eb) 

(kBT) 

Binding 

energy 

without tether 

(Eon) (kBT) 

Log10[kb 

(s-1)]  

Log10[kon 

(M-1s-1)]  

Log10[kub  

(s-1)] 

E-Syt2 

C2AB 

 

100 5 10 2.9 (0.1) 4.6 (0.1) 6.6 (0.1) 3.5 (0.1) 2.6 (0.1) 1.5 (0.1) 

100 5 20 3.6 (0.4) 7 (1) 9 (1) 4.1 (0.3) 3.2 (0.3) 1.1 (0.2) 

E-Syt2 C2C 

 

0 5 10 6.5 (0.6) 12 (1) 14 (1) 5.2 (0.9) 4.2 (0.9) -0.2 (0.2) 

0 2.5 10 5.7 (0.3) 10.2 (0.6) 12.5 (0.6) 4.3 (0.2) 3.3 (0.2) -0.1 (0.1) 

Syt1 C2AB 

 

100 5 10 4.7 (0.2) 10.8 (0.8) 12.8 (0.8) 4.6 (0.4) 3.7 (0.4) 0 (0.2) 

100 2.5 10 3.5 (0.1) 7.8 (0.2) 9.8 (0.2) 4.1 (0.3) 3.2 (0.3) 0.7 (0.3) 

100 0 30 3.8 (0.2) 8.7 (0.3) 10.7 (0.3) 4.2 (0.3) 3.3 (0.3) 0.4 (0.3) 

 626 

 627 

SUPPLEMENTAL INFORMATION 628 

 629 

Figure 1-figure supplement 1.  Procedures to make membrane-coated silica beads.  (A) Mix a 630 

total of 250 nmol lipids in 45 μL chloroform in a 15-mL glass tube.  (B) Dry lipids under a nitrogen 631 

flow followed by lyophilization for 1 h.  (C) Hydrate dried lipids by adding 500 μL suspension 632 

buffer containing 25 mM HEPES, pH7.4, 200 mM NaCl.  (D) Re-suspended lipids by pipetting up 633 

and down the solution.  (E) Transfer the vesicle solution to an Eppendorf tube and sonicate the 634 

vesicle solution until the solution became clear. This step generates small unilamellar vesicles.  (F) 635 

Centrifuge the vesicle solution at 15,000 g for 5 minutes to precipitate any large vesicles or lipid 636 

aggregates. Collect the small vesicles in the supernatant. (G) Add 70 μL silica beads with a 637 

diameter of 2.06 µm (Part number: SS04N, Bangs Laboratories, Inc, IN) into the vesicle solution. 638 
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Vesicles spontaneously collapse on silica surfaces to form supported bilayers.  (H) Vortex the 639 

beads at 1500 rpm in 37 °C for 45 minutes to strip away excessive membranes from bead surfaces 640 

using Thermal Mixer C (Eppendorf).  (I)  Centrifuge the bead solution at 500 g and at room 641 

temperature for 1 minute to precipitate the beads and then remove the excessive membranes in the 642 

supernatant. The membranes that cover the beads slightly shrank upon the temperature decrease 643 

(Petrache et al., 2000), which increased the tension of the membranes and their mechanical strength 644 

against the pulling force perpendicular to the membranes.  (J) Add 1 mL suspension buffer and re-645 

suspend the beads by pipetting the bead solution. Repeat the steps I and J twice to remove residual 646 

vesicles in the bead solution. All lipids were obtained from Avanti Polar Lipids (POPC: 850457P; 647 

DOPS: 840035P; Brain PI(4,5)P2: 840046X; DSPE-PEG(2000) Biotin: 880129P). 648 

 649 

Figure 1-figure supplement 2.  Lipid bilayers supported on silica beads are uniform and mobile.  650 

(A) Confocal fluorescence images of bilayers containing 1% NBD-labeled PE lipids.  (B-E) 651 

Fluorescence images of the same bilayer taken before photobleaching (B) and at the indicated time 652 

after photobleaching (C-E).  653 

 654 

Figure 1-figure supplement 3.  Histogram distributions of the unfolding forces (top panel) and 655 

extension increases (bottom panel) associated with E-Syt2 C2A and C2B unfolding. The average 656 

unfolding force (F) and extension increase (dx) and the total number unfolding events measured 657 

(N) are indicated. The numbers in parenthesis represents the standard deviation.  658 

 659 

Figure 1-figure supplement 4.  Histogram distributions of the unfolding forces (top panel) and 660 

extension increases (bottom panel) associated with Syt1 C2A and C2B unfolding. The average 661 
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unfolding force (F) and extension increase (dx) and the total number of unfolding events measured 662 

(N) are indicated. The numbers in parenthesis represents the standard deviation.  663 

 664 

Figure 1-figure supplement 5.  Force-extension curves (FECs) obtained by pulling Syt1 C2AB, 665 

C2A or C2B domain anchored on the supported bilayers (black) or on the streptavidin-coated 666 

beads without membranes (blue) in the presence (“+”) or absence of (“-”) of 100 µM Ca2+ in the 667 

solution. While the C2A alone did not bind to membranes in our assay, the C2B alone bound to 668 

membranes in a Ca2+- and PI(4,5)P2-dependent manner (Figure 1-figgure supplement 6).  669 

 670 

Figure 1-figure supplement 6.  Extension-time trajectories (black) of Syt1 C2AB domain pair or 671 

individual C2A and C2B domains at the indicated constant mean forces and calcium 672 

concentrations and their idealized transition (red) derived from hidden-Markov modeling.  673 

 674 

Figure 4-figure supplement 1.  Force-dependent unbinding probabilities (top) and transition rates 675 

(bottom) of E-Syt2 C2AB measured at 65 µM (blue), 200 µM (black), and 500 µM (purple) Ca2+ 676 

concentrations. Unbinding probabilities and rates are indicated by solid symbols, while binding 677 

rates are shown by hollow symbols. Model fits (solid and dashed curves) of these measurements 678 

revealed Ca2+-dependent E-Syt2 C2AB binding energy and kinetics (Figure 4C).  679 

 680 

Figure 4-figure supplement 2.  Force-dependent unbinding probabilities (top) and transition rates 681 

(bottom) of Syt1 measured at different Ca2+ concentrations. Unbinding probabilities and rates are 682 

indicated by solid symbols, while binding rates are shown by hollow symbols. Model fits (solid 683 
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and dashed curves) of these measurements revealed Ca2+-dependent E-Syt2 C2AB binding energy 684 

and kinetics (Figure 4C).  685 

 686 

Figure 4-figure supplement 3.  Force-dependent unbinding probabilities (top) and transition rates 687 

(bottom) of E-Syt2 C2AB measured at 100 mM and 400 mM NaCl concentrations. Unbinding 688 

probabilities and rates are indicated by solid symbols, while binding rates are shown by hollow 689 

symbols. Model fits (solid and dashed curves) of these measurements revealed NaCl-dependent E-690 

Syt2 C2AB binding energy and kinetics (see also Figure 4E). 691 

 692 

Figure 5-figure supplement 1.  Force-dependent unbinding probabilities (top) and transition rates 693 

(bottom) of Syt1 C2AB measured at different lipid compositions as indicated. Unbinding 694 

probabilities and rates are indicated by solid symbols, while binding rates are shown by hollow 695 

symbols. Model fits (solid and dashed curves) of these measurements revealed lipid-dependent 696 

Syt1 C2AB binding energy and kinetics (Table 1).  697 

 698 
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