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Material and Methods 

 

Constructs and Stable Cell L ines 

To generate GPI-anchored Complexin-I, cDNA encoding full-length human Complexin-I was 

amplified by PCR using primer CpxPGI5 

(ACCTCTAGAGACACATACCGATACATAGAGTTCGTGATGAAACAAGCCCTGGGAGG

G), which contains an XbaI site and encodes for an AU1 epitope (DTYRYI), and primer 

CpxPGI3 (TGGCTCGAGCTTCTTGAACATGTCCTGCAGTGG), which contains an XhoI site. 

The PCR product and the plasmid pCDNA3.1(+)GPI-VAMP2 (2-92) (1) were digested with 

XbaI and XhoI. Both digestion products were ligated yielding the plasmid GPI-anchored 

Complexin-I. 

Flipped Synaptotagmin-I was generated by PCR amplifying full-length rat Synaptotagmin-I 

using primer Syt1HA5 

(GCTTCGAATTCTGCCACCATGTACCCATATGACGTACCGGATTACGCATCGGTGAGT

GCCAGTCATCCTGAGGCCCTGGCCGCCCCTGTCACC), which encodes an HA epitope, 

and primer Syt1HA3 (AAACCTCGAGTTACTTCTTGACAGCCAGCATGGCATCAACC). 

The PCR product was digested with EcoRI and XhoI restriction enzymes and subcloned into the 

same sites in pCMV-HA. The amino acids 55-57 and 81-83 were mutated as follow: LPP55-

57/KKR, KKC81-83/EED using the Quick Change Site Directed mutagenesis kit and the 

following primer combination: LPP55-57/KKR forward 

(AATGAGCTGCATAAAATTCCAAAGAAACGGTGGGCCTTAATAGCCATAGCC), 

LPP55-57/KKR reverse 



(GGCTATGGCTATTAAGGCCCACCGTTTCTTTGGAATTTTATGCAGCTCATT), and 

KKC81-83/EED forward 

(ACCTGCTGCTTTTGTGTCTGTGAGGAAGATTTGTTCAAAAAGAAAAACAAG) 

KKC81-83/EED reverse 

(CTTGTTTTTCTTTTTGAACAAATCTTCCTCACAGACACAAAAGCAGCAGGT). The 

cysteine 277 was point mutated to serine (C277S) using the following primer: C277/S forward 

(AAACTGGGTGACATCTCCTTCTCCCTCCGCTAC) and C277/S reverse 

(GTAGCGGAGGGAGAAGGAGATGTCACCCAGTTT).  

HeLa stable cell lines co-expressing flipped SNAREs with either a cytosolic or nuclear 

fluorescent protein marker were generated as described (1) using the Tet-Off gene expression 

system (2)(Clontech) and the bi-directional mammalian expression vector pBI plasmid. This 

plasmid allowed us to simultaneously regulate the expression of both the SNARE(s) and the 

Fluorescent Protein (FP) genes. Both genes are under the control of a single tetracycline-

responsive element, which in the presence of Doxycycline or tetracycline blocks their 

expression.  

Tet-Off HeLa cells lines stably expressing flipped-VAMP2 and DsRed2-nes (v-cells) or 

flipped Syntaxin 1, flipped SNAP-25 and CFP-nls (t-cells) were generated using pBI-GPI-

VAMP2 (2-92)-RFP-nes and pBI-flipped Syntaxin 1 (186-288)-flipped SNAP-25-IRES-CFP-nls 

constructs, respectively(1). 

 

Protein expression and pur ification 

Recombinant soluble Cpx-I was purified as follow: BL21 Codon Plus DE3 RIPL bacteria were 

transformed with pGEX-4T human Complexin-I. A 16L culture of this bacteria grown at 0.6-0.8 



OD (600nm) cell density were induced with 0.5 mM IPTG for 3 h at 37ºC. Cells were pelleted 

and resuspended in Tris/Met Buffer (50 mM Tris-Cl pH to 8.0, 500 mM NaCl, 10 % Glycerol, 

10 mM Methionine, 2 mM 2ß-mercaptoethanol), EDTA free Protease inhibitor tablets (Roche) 

and 4% (w/v) of Triton X-100 were added and the suspension was passed three times through the 

cell disruptor. The lysate was centrifuged at 40,000 RPM for 45 min and the supernatant was 

incubated with 8 ml GSH beads for 1 h. The beads were collected and then washed with five 

column volumes of Tris/Met Buffer. Beads were washed then with one column volume of same 

buffer containing 1 mM MgCl2, 7 ! l Benzonase, 10 ! g/ml DNase I and 10 ! g/ml RNase and 

incubated for 1 h at room temperature. Beads were washed with eight column volumes Tris/ Met 

Buffer, then resuspended with one column volume of Tris/Met Buffer containing 3U of 

Thrombin per ml of beads and incubated for at least 2h at room temperature. The flow-through 

was incubated with 50 ! l of (100%) Benzamidine Sepharose for 20 min at room temperature to 

bind Thrombin. Sepharose beads were collected in a spin column and the flow thru was saved. 

The Flow-through was dialyzed at 4ºC against 1 L HEPES-buffered DMEN Media with two 

changes of media. The dialyzed pool was then concentrated using a Centricon 20 (Amicon, 

Millipore) at 4,000 RPM for 10 min at 4ºC. The concentration of the soluble Complexin-I was 

then determined using the protein determination assay (BioRad) and the purity of the protein was 

analyzed by SDS-PAGE gel. 

His-Tetanus and His-BoNT/B light chains were purified as follow: Four-liter culture of BL21 

bacteria either transformed with pOG7 (Tetanus Toxin Light Chain) of pBN13 (Botulinum Toxin 

B, Light Chain) grown at 06-0.8 OD (600 nm) cell density containing 100 ! M ZnCl2 were 

induced with 0.5 mM IPTG at 37ºC for 3 h. The bacteria were pelleted and resuspended in buffer 

A (50 mM Na-Phosphate buffer, 300 mM NaCl, 100 ! M ZnCl2, pH= 8.0, EDTA free Protease 



inhibitor tablets (Roche) and 2 mM 2ß-mercaptoethanol) at a 1/4 dilution (w/v). Four percent 

Triton X-100 (w/v) was added to the suspension and then was passed three times through the cell 

disruptor to lysate bacteria. Lysate was centrifuged at 40,000 RPM for 45 min at 4ºC and the 

supernatant then incubated with 2ml, 50% slurry of Ni-NTA beads (Quiagen) for 1 h at 4ºC. Ni-

beads were collected in a column and 5 ml of buffer A was applied to the column. Elution was 

performed with Akta Prime System (GE) using as buffer A as washing buffer (no Imidazole) and 

buffer A containing 500 mM Imidazole as Elution buffer. The Ni-Beads were washed with 10 

column volumes at 2% buffer B (10mM Imidazole) at a flow rate of 0.5 ml/min until a stable flat 

line at 280nm was obtained. A manual gradient 2-100% of buffer B was set up using 10 column 

volumes at 0.5 ml/min flow rate and 0.5 ml-fractions were collected. The fractions were 

analyzed by SDS-PAGE and the peak of the eluate was pooled, aliquoted and the protein 

concentration determined using a BioRad protein determination kit. 

 

Recombinant soluble Syt-I (amino acids 96-421) was obtained as follow: 1.5 L culture of 

BL21 Codon Plus DE3 RIPL bacteria transformed with pGEX-KG-Cd-Syt-I grown at 0.6-0.8 

OD (600nm) cell density were induced with 0.5 mM IPTP for overnight at 20ºC. Cells were 

pelleted and resuspended in breaking buffer (50 mM HEPES pH=7.4, 400 mM KCl, 1 mM 

MgCl2, 0.01 mM CaCl210 % Glycerol, 5 mM 2ß-mercaptoethanol), EDTA free Protease 

inhibitor tablets (Roche) and 4% (w/v) of Triton X-100 were added and the suspension was 

passed three times through the cell disruptor. The lysate was incubated with 7 ! l Benzonase for 

1h and then centrifuged at 40,000 RPM for 45 min. The supernatant was incubated with 5 ml 

GSH beads for 1 h at 4ºC. The beads were collected and then washed with 2 column volumes of 

each of the following buffers, washing buffer 1 (50 mM HEPES pH=7.4, 1.1 NaCl, 1mM DTT), 



washing buffer 2 (50 mM HEPES pH=7.4, 100 mM NaCl, 50 mM CaCl2, 1mM DTT), washing 

buffer 3 (50 mM HEPES pH=7.4, 100 mM NaCl, 1mM DTT) and incubated for 1h at room 

temperature with washing buffer 4 (50 mM HEPES pH=7.4, 100 mM NaCl, 1 mM MgCl2, 10 

! g/ml DNase I, 10 ! g/ml RNase 1mM DTT). Beads were washed again using washing buffers 1 

to 3 and cleaved using washing buffer 2 containing 3 units of thrombin per ml of beads. The 

eluted protein was then passed through a Mono-S column using a linear gradient from 0-50% 

(Low salt buffer: 50mM HEPES pH=7.4, High salt buffer: 50mM HEPES pH=7.4 1M NaCl) in 

20 column volume and the peak collected in 0.5 ml aliquots.  

 

 

Cell-cell fusion assay 

2x106 HeLa v-cells grown for at least 3 days in complete medium in the absence of Doxycycline 

(to initiate flipped VAMP2 and dsRed expression) were seeded in a 10 cm dish. The next day the 

cells were used for transient transfection to express Complexin, Synaptotagmin and YFP-nls 

marker (15! g Cpx-I-GPI plasmid, 15! g Flipped-Syt-I plasmid, 15! g YFP-nls plasmid and 120 

! l Lipofectamine (Invitrogen)), Complexin and the YFP-nls marker (Cpx-I-GPI plasmid, 15! g 

YFP-nls plasmid and 80 ! l Lipofectamine (Invitrogen) or YFP-nls marker alone for control 

experiments (15! g YFP-nls plasmid and 40 ! l Lipofectamine). The same day of the transfection, 

3.5x104 HeLa t-cells previously grown for at least five days in complete medium in the absence 

of Doxycycline (to initiate expression of the flipped-t-SNARE subunits and CFP-nes) were 

seeded on sterile 12 mm glass coverslips contained in 24-well plates. The following day, 

transfected HeLa-v cells were detached from the dishes with Sodium Citrate cell detaching 

solution (11 g/l KCl, 4.4 g/l Na Citrate). The detached cells were centrifuged at 200 g, and 



resuspended in HEPES-buffered DMEM supplemented with 10% FCS and counted in a 

hemacytometer.  

The assay was initiated by adding 4x104 v-cells to each coverslip already containing t-cells. 

After overnight incubation at 37˚C in 5% CO2, the coverslips were gently washed once with 

HEPES-buffered DMEM supplemented with 1% BSA and 1mM DTT (recovery solution).  

The recovery from the Cpx-I-GPI block (figures 2-5) was performed by adding pre-warmed 

recovery solution containing 1 U/ml Phosphatidylinositol Specific Phospholipase-C (PI-PLC, 

Molecular Probes), and 20! g/ml laminin, in the presence or absence of 1.8 mM EGTA (as 

indicated). The addition of PI-PLC is defined as t=0.  Cells were incubated for the indicated 

period of time at 37˚C in the water bath, then the medium was aspirated, the cells were fixed 

with 4% paraformaldehyde for 10 min. Cells were washed three times with PBS supplemented 

with 0.1 g/l CaCl2 and 0.1 g/l MgCl2 (PBS++) and mounted with Prolong Antifade Gold 

mounting medium (Molecular Probes). Confocal images were collected as indicated in the Image 

Acquisition section.  

 

Data analysis: At each time point the percentage of transfected cells (red cytoplasm expressing 

the YFP-nls construct in the nucleus) containing blue nuclei (appearing either as a separate blue 

nucleus, or as “white”  nuclei expressing both YFP and CFP) was determined.  Each data point in 

the manuscript represents two independent coverslips from which 40-60 separate fields were 

randomly chosen and imaged.  The total number of cells counted per coverslip was 2000-3000.  

Each experiment is representative of at least two independent experiments, though most 

experiments were repeated in total four times or more.  The total number of cells and fields 

contributing to each experiment in the text are summarized in Table S1. 



 

In previous studies using this assay, we recorded fusion as “contacting v- and t-cells that fused” 

(1, 3).  This metric limits the data to cells which have the opportunity to fuse with a cognate-

SNARE expressing cell.  Unfortunately, this requires an additional color marker to define the 

plasma membrane of the t-cells (or to fill the cytosol of the t-SNARE such that the shape of the 

cell is obvious).  In the experiments presented in this manuscript, no additional color was 

available in the t-cell, and as such the total efficiency should be considered an underestimate of 

the actual cell-cell fusion efficiency.  In experiments following just the stable cells and utilizing a 

content marker to discern t-cell shape, the actual efficiency of contacting cells fusing was 

comparable to previous measures.  

 

 

Determination of free calcium: The free Ca2+ concentrations shown in different experiments 

were calculated using the software Webmaxclite v1.15. 

 

Addition of soluble factors to the cell-cell assay: PIP2 and PIP3 were purchased from Matreya. 

The lipids were dissolved in water and applied directly to the cell media at a final concentration 

of 80 µM. Soluble recombinant synaptotagmin was added in 100 µl to a volume of 100 µl media 

at a final concentration of 15-20 µM.  CD-VAMP2 was added at 20 µM final concentration. 

Complexin was dialyzed into media before being added at the indicated concentrations.  The PI-

PLC inhibitor, U73122 (Sigma), was added in DMSO to a final concentration of 25 µM, and a 

final volume of less than 0.4% total volume. 

 



Neurotoxin treatment: Toxin treatments were performed by incubating the cells with 300!g/ml 

BotNT/B or 240 ! g/ml Tetanus in recovery solution for 3h.  Cells were then washed once with 

recovery solution and the experiment continued as indicated. 

 

Image Acquisition 

Images were acquired on a Leica TCS SP2 AOBS confocal microscope, equipped with Leica 

LCS software typically using a HC PL APO 20X, 0.70 NA oil immersion objective. For higher 

magnification images a HCX PL APO 63X, 1.4 NA oil immersion objective was used. The 

images were processed with Adobe Photoshop software. 

 

Immunocytochemistry 

After completion of the cell fusion assay cells were fixed with 4% paraformaldehyde in PBS++ 

and blocked with 3% BSA in PBS ++. Primary antibodies: anti-AU1 monoclonal antibody 

(Covance), 1:300; anti-Syt-I monoclonal antibody (Clone 41.1 Synaptic System, 1:100), anti 

PIP2 (4,5) and anti PIP3 (3,4,5) monoclonal antibodies (Molecular Probes), 1:100. Fluorophore 

conjugated secondary antibodies (Jackson Immunoresearch Laboratories) were used at dilutions 

of 1:500-1:1,000. 



Supplemental Figure Legends 

 

Supplemental Figure S1: C2 domains are sur face accessible in flipped synaptotagmin. v-

cells (A) and t-cells (B) were transiently transfected with flipped synaptotagmin, fixed, and 

stained with anti-Syt-1 (synaptic systems) antibody directed against the normally cytosolic C2 

domains.  Surface expression is confirmed by labeling under non-permeabilization conditions 

(A, top, and all of B).  Significant amounts of flipped synaptotagmin remain in the secretory 

pathway (A, bottom), similar to other flipped proteins (3). Most of the t-cells (which are stably 

expressing syntaxin) were transfected and expressed synaptotagmin (B). Bars, 20! M. 

 

Supplemental Figure S2: PI-PLC cleavage liberates Cpx-I-GPI.  v-cells transiently 

transfected with cpx-I-GPI or mock transfected were incubated with 500 mU/ml PI-PLC for 30 

minutes, washed, fixed, and stained with anti-AU antibody.  Total intensity (A) from individual 

cells in images (B) was determined. Bar, 20! M.  C) Recovery of fusion from cpx-I-GPI block 

was dependent upon PI-PLC concentration. v-cells transiently transfected with cpx-I-GPI were 

incubated with the indicated concentrations of PI-PLC. Concentrations higher than 500 mU/ml 

provided no additional benefit. Experiments in the main text were all performed at 1000 mU/ml.  

Recovery of fusion inhibited by complexin is plotted as normalized % of maximum recovery 

possible (total fusion in no complexin experiment). D) Recovery of fusion from cpx-I-GPI block 

in the presence of synaptotagmin. 

 

Supplemental Figure S3: Exper iments at lower free calcium dur ing the 

complexin/synaptotagmin block. A) Addition of EGTA to 1.8 mM reduces the total free 



calcium in the cell media to approximately 10 µM.  At this level of calcium, there is no recovery 

of fusion upon addition of PI-PLC (red " /#, and Fig 3A).  However, in some systems 

synaptotagmin is sensitive to calcium in the 1-10 micromolar range.  Therefore we further 

reduced the total free calcium by increasing the concentration of EGTA, such that 2.5 mM 

EGTA = 500 nM free calcium (green $/%) and 3 mM EGTA = 100 nM free calcium (blue &/' ). 

At t = 5 min., free calcium was raised to 200 µM (filled symbols).  B) The starting level of free 

calcium does not influence the calcium sensitivity of the recovery from the clamped state.  

Experiments are the same as in S3A, except at t=5 min. the free calcium was raised to the 

indicated levels. 

 

Supplemental Figure S4: Effect of PIP2 or PIP3 incorporation into flipped SNARE cells.  

Calcium-binding to synaptotagmin alters the electrostatic profile of the protein (4, 5) resulting in 

an increased affinity for acidic lipids (6).   In the case of the phosphoinositides, synaptotagmin 

binding shifts in a calcium-dependent manner from phosphatidylinositol 3,4,5 trisphosphate 

(PIP3) to phosphatidylinositol 4,5 bisphosphate (PIP2) (7), possibly contributing to the general 

requirement of PIP2 in regulated exocytosis (8, 9). As plasma membrane outer leaflets contain 

relatively few acidic lipids, we could explore the relative contributions of PIP2 and PIP3, by 

adding them to “ flipped”-SNARE expressing cells exogenously. A) Incorporation of PIP2 and 

PIP3 into the plasma membrane of the cells. PIP2 and PIP3 (Matreya) were introduced as 80 µM 

final concentration in water, directly into the cell media.  After 30 minutes the cells were 

washed, fixed and stained with anti-PIP2 or anti-PIP3. Bar, 20! M.  B) FRAP measurements 

confirm plasma membrane localization of the phosphoinositides. Cells treated as in A), washed 

to remove free phosphoinositides and then stained with either His-PLCδ1-PH-GFP, for PIP2, or 



His-EYFP-GRP1-PH, for PIP3 (10). Cells were washed and used for Fluorescent Recovery After 

Photobleaching (FRAP) experiments. These experiments were performed using the FRAP 

function of the Leica TCS SP2 AOBS confocal microscope. Briefly a region of the plasma 

membrane of the cell was selected and irreversible photobleached at 100% of the laser power by 

successive scanning. The fluorescence recovery in the area of interest was then monitored every 

second for 5 minuntes.  In all cases, the phosphoinositides (either PIP2 or PIP3) recovered to at 

least 50% within 1 min, indicating significant incorporation into the plasma membrane. Bar, 

10! M.  C) PIP2 but not PIP3 enhances the calcium-dependence of synaptotagmin-1 mediated 

recovery. Cell fusion reaction was performed as in Fig. 3A. Before starting the recovery, the 

cells were incubated for 3 h in the presence of either buffer (), 80 ! M PIP2 (! ," ) or 80 ! M 

PIP3 (# ,$ ). Open symbols = no synaptotagmin. Cells were washed, then incubated with EGTA 

and PI-PLC (at t=0). At t=5 min, Ca++ (200 ! M free final) was added to reaction.  

 

Supplemental Figure S5: The clamped intermediate is resistant to subsequent challenge by 

the cytosolic domain of VAMP2.  v-cells expressing Cpx-I-GPI were mixed with t-cells 

overnight as in figure 1.  At t=0, 1.8 mM EGTA was added to reduce the free calcium to 10 µM.  

Also at t=0, PI-PLC (1000 U/ml) and the soluble synaptotagmin fragment comprising C2A and 

C2B (20 µM) were added.  Free (uncomplexed or reversibly complexed) t-SNAREs were titrated 

out by addition of the cytosolic domain of VAMP2 (20 µM).  After 5 minutes, free calcium was 

raised to 200 µM. 

 

Supplemental Figure S6: Complexin clamps the fusion complex before lipid mixing begins.  

A fraction of v-/t-cell fusion events culminate in hemifusion rather than full fusion (1).  



Hemifusion is indicated by the mixing of lipid but not soluble content.  We identified cells that 

had undergone lipid mixing by looking for the transfer of the GM1 ganglioside from GM1 

positive cells (CHO) to GM1 negative cells (3T3) as described earlier (1).  In these experiments, 

v-cells are indicated by a red cytoplasm, t-cells by a cyan nucleus and lipid-mixing by a FITC 

cholera toxin that binds to GM1 specifically (added after the experiment is complete).  Due to 

the three colors involved we did not include a transfection marker for transient transfection of 

complexin.  The residual 20% of fusion in the CPX-I-GPI sample is exactly inline with the total 

fusion observed in non-transfected cells when transfection markers were used.  Thus, there is 

little or no fusion in the CPX-I-GPI sample that originates from CPX-I-GPI expressing cells.  

The total extent of hemifusion is reduced to exactly the same degree, suggesting that all of the 

hemifusion is also derived from non-transfected cells.  In any event, CPX-I-GPI significantly 

inhibits the development of the hemifused (full lipid-mixing) state in our cell-cell system.   

v-cells (control) or v-cells expressing Cpx-I-GPI (CPX-I-GPI) were mixed with t-cells overnight 

as in figure 1. Total fusion and hemifusion were assessed the next day. 
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