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Short abstract (50 words maximum)

Yeast vacuoles undergo homotypic fusion in vivo and in cell-free reactions, making the vacuole a premier system for understanding membrane docking and fusion.  This protocol demonstrates how to isolate intact vacuoles from Saccharomyces cerevisiae and how to quantitatively assay two stages of fusion: lipid bilayer continuity and  mixing of lumenal aqueous contents.
Abstract (150-400 words)

Functional membrane traffic in eukaryotic cells requires that vesicles bind to and fuse with target membranes.  The vacuole is the terminal compartment in the yeast endocytic pathway, serving as a target for vesicles from the Golgi and endosomal compartments.  The vacuole is equivalent to the mammalian lysosome; as such it is the site of degradation and turnover of macromolecules captured via endocytosis and autophagy.  It also has critical roles in controlling iron homeostasis and is a hub of multiple intracellular signaling pathways.  As a dynamic organelle, the yeast vacuole undergoes fission and homotypic fusion in vivo, with a highly-conserved system of Rabs, tethering factors and SNARE proteins conferring specificity and efficiency 1 2.   Vacuoles can also be highly purified and can undergo efficient SNARE-mediated fusion in vitro.  Fusion occurs in two kinetically distinct steps. First, the outer leaflets of the lipid bilayers fuse, allowing lipid mixing without lumenal content mixing. Second, the inner leaflets fuse, allowing mixing of the lumenal contents (Figure 1).  The protocol described here outlines assays of both outer-leaflet lipid and content mixing that quantitatively monitor these kinetically distinct, but functionally linked, steps of the overall fusion pathway. 
The content mixing assay quantifies the pathway's end point, when the lumenal contents of two distinct vacuoles intermix (Figure 2).  The establishment and refinement of this assay provided the foundation for over a decade of vacuole fusion studies 3 4 5 6.  The assay readout is alkaline phosphatase (ALP) activity, as quantified by the yellow reaction product generated by dephosphorylation of para-nitro-phenylphosphate (PNPP).  The design of the assay takes advantage of the fact that ALP matures and becomesis activated only after exposure to proteases in the vacuolar lumen.  To link ALP activation to vacuolar fusion, vacuoles from two strains of yeast are purified separately and then mixed in vitro: phosphatase-deficient vacuoles (derived from BY4742-pho8∆ in this example) lackis a yeast strain lacking ALP, while protease-deficient vacuoles (derived from BY4742-pep4∆ in this example) has an intact ALP gene but lacks the protease that cleaves and activates the pro-form of the phosphatase.  When fusion occurs between the two vesicle vacuoles types of opposite type, the protease from the pho8∆phosphatase-deficient strain cleaves and activates pro-ALP in the vacuoles from the pep4∆ strain from the protease-deficient strain.  Fusion can be quantified by measuring ALP activity in post-reaction detergent lysates, using the dephosphorylation of exogenously supplied, and PNPP, which  de-phosphorylation yields the spectrophotometrically quantifiable reaction product.  Vacuole fusion is initiated by the addition of either ATP or by recombinant Vam7 SNARE protein.  The result is the reconstitution of quantifiable vacuole fusion in vitro (Figure 1).

Lipid mixing of the outer bilayer leaflets occurs as a consequence of trans-SNARE assembly prior to content mixing 789.  To quantify this transient state the outer-leaflet lipid mixing assay relies on the ability of a fluorescent dye to quench its own signal at high concentration.  One population of vacuoles is marked by incorporation of the dye, rhodamine-PE, into the outer leaflet at a sufficiently high concentration that its fluorescence self-quenches.  When the rhodamine-labeled vacuoles are mixed with unlabeled vacuoles, heterologous fusion allows the rhodamine-PE label to diffuse across the surface area of two vacuoles, thus reducing density-dependent quenching and permitting fluorescent emission (Figure 4).  A normalized read-out of fluorescence intensity therefore correlates to the amount of outer-leaflet lipid mixing in the population of vacuoles undergoing fusion.
Strains

In this example the protease-deficient reporter strain was BY4742-pep4∆ (MATalpha his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 pep4∆::KanMx4), and the phosphatase-deficient effector strain was BY4742-pho8∆ (pho8∆::KanMx4). If purifying vacuoles from a wild-type strain (neither protease- nor posphatse- deficient), use the dosage recommendations for phosphatase-deficient strains as a starting point.
Vacuole Isolation

1 Generating spheroplasts
1.1     Grow a 1 L culture of each strain to a density of ~2.6 x 107 cells / mL in YPD. On our laboratory’s spectrophotometer this correlates to an OD600 = 1.3.  Note that the OD600 of a cell culture is determined mainly by scattering rather than absorbance; consequently, different spectrophotometers can yield different OD600 values for the same cell density.  Vacuole yield and quality is strongly dependent upon proper growth state and cell density at harvest. 
1.2     Harvest the cells by sedimentation in a preparative centrifuge for 20 minutes at 4500 × g, at room temperature.

1.3     Decant the YPD. Resuspend each cell pellet in 50 mL alkaline wash buffer and transfer to a 50 mL conical tube. 

1.4     Incubate cells at 30(C for 10 minutes.

1.5     Recover cells by sedimentation for 5 minutes at 3200 x g at room temperature.

1.6     Decant alkaline wash buffer and resuspend each cell pellet in 15 mL spheroplasting buffer by vigorous shaking or by repeated aspiration with a 25 ml glass pipet.

1.7     Add lyticase enzyme and incubate cells at 30(C for 25 minutes with periodic gentle agitation. Use 1 U of lyticase for phosphatase-deficient strains and 2.3 U of lyticase for protease-deficient strains. 

1.8     Recover spheroplasted cells by centrifugation at 3200 x g for 3 minutes at 4(C. Place pellets on ice. Spheroplast pellets are delicate, with a gelatinous consistency. The supernatant can be cloudy. Handle the spheroplast pellet very gently. 


*** Except as indicated, spheroplasts and lysates should be held on ice, and all buffers should be ice-cold from this point on.

1.9     Remove supernatant by aspiration. Take care to remove as much of the supernatant as possible

1.10   Add 2 mL PS-15% Ficoll to each spheroplast pellet and resuspend with gentle agitation (swirl tube). Generally, a small portion of the pellet will not resuspend. Allow this fraction to remain pelleted and continue with the procedure. 
1.11
   Add DEAE-dextran solution to the spheroplast suspension. Mix gently on ice. Use 20 µL DEAE-dextran solution for phosphatase-deficient strains and 36 µL for protease-deficient strains. 

1.12  To lyse the cells, transfer cells to 30(C for 3 minutes with occasional gentle agitation. After this heat shock step, return the lysates to ice.

2 Purifying vacuoles by equilibrium flotation 
2.1  Transfer up to 4 mL of each lysate to the bottom of a Beckman Ultra-Clear SW-40 or SW-41 centrifuge tube on ice. 

2.2  Overlay each lysate with ~3 mL of PS-8% Ficoll. Add or withdraw small volumes of PS-8% Ficoll from individual tubes to ensure that paired tubes hold equivalent volumes at this point, as gauged by eye.

2.3  Overlay each sample with 3 mL of PS-4% Ficoll.

2.4  Overlay each sample to within 3mm of the top of the tube with PS buffer (0% Ficoll).

2.5  Balance paired tubes by adding or withdrawing small volumes of PS buffer.

2.6  Centrifuge samples at 30,000 rpm for 90 minutes at 4(C in SW40Ti or SW41Ti rotor. 

2.7  Harvest vacuoles from the 4%-0% Ficoll interface with a wide-bore p200 pipet tip. Pull from the top of the interface to minimize recovery of the 4% Ficoll solution. Volumetric yield is generally 400 – 600 µL.

2.8  Quantify vacuole yield by Bradford protein assay using bovine serum albumin to generate a standard curve. Typically, concentrations of 0.8 – 1.2 mg/mL are obtained, and the typical total yield is 400 – 800 µg of vacuoles per L of liquid cell culture. 

2.9   These vacuoles can be used directly in lipid and content mixing assays as described below. Alternatively, after adjusting the vacuole suspension to 125 mM KCl with a concentrated KCl addition, vacuoles can then be pelleted by centrifugation at 5000 x g for 5 minutes at 4(C. Pelleted vacuoles can be resuspended in SDS loading buffer or immunoprecipitation buffer for downstream analysis of protein content and protein-protein interactions.

3. Content Mixing Assay

   ***Standard fusion reactions have a total volume of 30 µL and contain 6 µg of vacuoles (generally 3 µg protease-deficient vacuoles and 3 µg phosphatase-deficient vacuoles). Each standard reaction contains: 20 mM piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES)-KOH pH 6.8; 125 mM KCl; 5 mM MgCl2;  200 mM sorbitol; 10 µM Coenzyme A; 3.2 µg/mL IB2; 1× ATP regenerating system (1 mM ATP, 1 mg/mL creatine kinase, 9.5 mg/mL creatine phosphate). Alternatively, fusion can be driven in the absence of ATP by adding recombinant Vam7 and 10 mg/mL BSA and omitting the ATP regenerating system (Figure 3). In general, all reaction components are prepared and stored in PS buffer. Reaction components such as salts, exogenous proteins, and small molecules are prepared as concentrated stocks in PS buffer and combined in appropriate proportions immediately prior to the assay. 
3.1     One ice, prepare a concentrated “master mix” containing all of the common reaction components. The volume of the master mix is dictated by the volumes of the vacuole suspension and of any additional components that will be added to each reaction individually.  Generally, a volume of 10 – 20 uL of master mix per reaction is advisable.  Prepare master mix from stock solutions of 10X Salts/PS, 10X ATP regenerating system, CoA/PS, IB2/PS, 30X BSA/PS and PS buffer. 

3.2     Add the master mix to each reaction tube and place on ice.  From this point forward, it is important to be consistent in the order of addition of reaction components to minimize variation due to the effect of incubation time and temperature.

3.3     Add any non-common reaction components, such as recombinant Vam7 or fusion inhibitors, to individual reaction tubes. Care should be taken so that added components do not significantly alter the buffer, salt, and sorbitol concentrations. If substantial changes to the reaction conditions cannot be avoided (for example, if adding a protein that can only be stably stored in a substantially different buffer),  it is essential to include buffer-only controls to measure the effects of the buffer changes on fusion. 
3.4     On ice, pre-mix vacuoles from each strain and PS buffer. This vacuole suspension will be added to each reaction to bring the final volume to 30 µL and the vacuole concentration to 0.2 µg/µL (6 µg/reaction). 

3.5     On ice, add the vacuole suspension to each reaction.

3.6     Briefly and gently vortex the reaction tubes, then place them in a 27(C circulating water bath.

3.7 
   Standard end-point fusion reactions are incubated at 27(C for 90 minutes. For reactions driven by recombinant Vam7, this incubation can be shortened to 70 minutes.

3.8     At the end of the 27(C incubation, raise the temperature of the water bath to 30(C.

3.9     Add 500 µL of Developer Solution to each tube in succession at regular, timed intervals.

3.10   Develop each reaction for exactly 5 minutes at 30(C. In tubes where fusion has occurred, the solution will turn visibly yellow in color. 

3.11   After 5 minutes, add 500 µL of Stop Solution to each tube in succession at the same regular, timed intervals.

3.12   Measure the absorbance of each reaction at 400 nm. A sample with only Developer Solution and Stop Solution but no fusion reaction should always be used to blank the spectrophotometer. A complete fusion reaction held on ice during the 70 or 90-minute incubation provides a no-fusion background signal. Very efficient fusion can result in OD400 values of 1.5 or even higher. If the optical density of the sample exceeds the linear range of the spectrophotometer (typically, greater than OD400≥ 0.8), dilute the sample 1:2, using a mixture of equal parts Developer and Stop Solution; measure the OD400, noting the sample dilution. 

Lipid mixing assay

4. Labeling Vacuoles with Rhodamine-PE
4.1     Thaw one 80 µL aliquot of rhodamine-PE per labeling reaction. Tubes containing rhodamine solutions should be dark amber plastic, and solutions should be handled in subdued light. 

4.2     Bath sonicate rhodamine-PE for 5 to 10 min. at room temperature and vortex vigorously to fully resuspend. 

4.3     Pellet unsolubilized rhodamine-PE at 20,000 x g for 15 minutes at room temperature. 

4.4     Place 560 µg of freshly isolated vacuoles in 800 µL PS buffer (0.7 mg / mL) on ice. 

4.5.     Warm vacuoles to 27(C for 1 – 2 minutes.

4.6     Add 60 µL of clarified rhodamine-PE suspension to vacuoles. Mix by swirling pipet tip and by inverting tube.

4.7     Incubate vacuoles with rhodamine-PE for 30 seconds at 27(C, then return to ice.

4.8     Using a wide-bore p1000 tip, transfer the vacuole suspension to the bottom of a Beckman Ultra-Clear thin-walled SW-50.1 centrifuge tube on ice.

4.9     Add 1140 µL of PS-15% Ficoll to the vacuole suspension and mix by gentle pipetting with a wide-bore p1000 tip.

4.10  Overlay the vacuole suspension with 2 mL of PS-8% Ficoll.

4.11  Overlay the 8% layer to the top of the tube with PS buffer (0% Ficoll).

4.12  Centrifuge the gradient in an SW-50.1 rotor at 30,000 rpm for 45 minutes at 4(C. 

4.13  Harvest labeled vacuoles as before from the 8%-0% interface.

4.14  Quantify vacuole yield by Bradford protein assay, using bovine serum albumin (BSA) to generate a standard curve. 

5. Lipid mixing 
  ***Lipid mixing reactions differ from content mixing assays in the following ways. Lipid mixing reactions are conducted on a larger scale, typically 6X the scale of standard content mixing assays (180 µL and 36 µg vacuoles). Lipid mixing assays are set up in a 96-well black-bottom conical micro-plate. The vacuole mixture is 4 µg rhodamine-PE-labeled protease-deficient vacuoles and 32 µg unlabeled phosphatase-deficient vacuoles per reaction. For Vam7 driven reactions, 1 mg/mL creatine kinase is used as a carrier protein in place of the 10 mg/mL BSA, which has the potential to extract lipids and interfere with the fluorescence assay.

5.1.
Set up lipid mixing reactions on ice in a micro-plate in the same manner as for the content mixing assays but with the modifications listed above.

5.2     Include a background sample that contains no fusion stimulus (e.g., with neither ATP nor Vam7 added) or contains a fusion reaction that is fully inhibited, for example by the presence of an anti-Vam3 antibody or GDI. 

5.3     Also include a reaction that includes 0.33% Triton X-100 to measure total fluorescence (Fttx100).

5.4     Incubate the microplate in a fluorometer at 27( C for 90 min., measuring rhodamine fluorescence (Ex, Em) at 1 to 5 min. intervals. Prior to the assay, the dynamic range of the fluorimeter can be set by comparing 4µg of rhodamine-PE labeled vacuoles to 4 µg of rhodamine-PE labeled vacuoles diluted into 200 µL of a 0.33% Triton-X solution.  This corresponds to complete probe de-quenching and should yield maximum fluorescence.

5.5     After the normal 90 minute incubation at 27(C, the microplate can be transferred to ice, and 30 µL aliquots can be removed from each well, placed into microcentrifuge tubes, and assayed for content mixing as described above. 

Note: In each assay, the vacuoles that harbor the signal-generating molecule are referred to as “reporter” vacuoles, and the vacuoles that allow the reporter to generate signal are referred to as “effector” vacuoles. If the reporter:effector ratios of fluorescent:unlabeled and protease-deficient:phosphatase-deficient vacuoles are not identical (e.g., Pieren et al., NSMB 2010), then lipid mixing and content mixing results cannot not be usefully compared.
Reagents

Vacuole Isolation
1.     Alkaline wash buffer [0.1 M Tris-HCl pH 9.4, 10 mM DTT].  Add DTT immediately prior to use.

2.     Spheroplasting buffer [50 mM potassium phosphate pH 7.8, 8% YPD (v/v), 600 mM sorbitol]. Prepare fresh each time or prepare as a 1 x stock solution, filter with a 0.2 µm filter, and handle aseptically to avoid growth of contaminating microbes.

3.     Lyticase – We purchase commercial enzyme and then further purify it by cation exchange chromatography. Dissolve Zymolyase-20T into 50 mM potassium phosphate pH 7.5 at a rate of 1 g / 25 mL. Exchange the sample into 50 mM sodium acetate pH 5.0 by dialysis (3500 mwco). Clarify the dialysate at 5000 x g for 20 minutes at 4(C. Pass the clarified dialysate over a column of CM-Sepharose Fast Flow pre-equilibrated in 50 mM sodium acetate pH 5.0. Wash the column with several volumes of 50 mM sodium acetate pH 5.0, and then elute bound lyticase with 50 mM sodium acetate pH 5.0 + 150 mM NaCl. This eluate is used directly for the spheroplasting step, and can be frozen in aliquots and stored indefinitely at -80(C.  Alternatively, recombinant enzyme can be prepared.

4.     DEAE-dextran solution [10 mg / mL DEAE-dextran in 15% Ficoll / PS.

5.     PS buffer [20 mM PIPES-KOH pH 6.8, 200 mM sorbitol] (store at 4(C)
6.     PS-15% Ficoll [15% Ficoll (w/v) in PS buffer] (store at 4(C)
7.     PS-8% and PS-4% Ficoll – mix appropriate volumes of PS-15% Ficoll and PS buffer to make these solutions.

Content Mixing Assay

1.     10× Salts / PS [1.25 M KCl, 50 mM MgCl2, 20 mM piperazine-N,N′-bis(2-ethanesulfonic acid)(PIPES)-KOH pH 6.8, 200 mM sorbitol] (store at 4(C)

2.     10× ATP regenerating system [10 mM ATP, 10 mg/mL creatine kinase, 95 mg/mL creatine phosphate, 10 mM MgCl2, 20 mM PIPES-KOH pH 6.8, 200 mM sorbitol]



-Separately dissolve 100 µmol ATP in 1 mL dH2O, 100 mg creatine kinase in 2 mL dH2O and 950 mg creatine phosphate in 3 mL dH2O. In order, mix 2 mL dH2O, 200 µL 1 M PIPES-KOH pH 6.8, 100 µL 1 M MgCl2, creatine kinase solution, creatine phosphate solution, ATP solution, and 0.5 mL 4 M sorbitol. Bring to pH 6.8 with 1 M KOH. Add dH2O to bring volume to 10 mL. Aliquot and snap freeze over liquid N2. Store at -80(C.

3.     30× BSA / PS [300 mg/mL BSA, PIPES-KOH pH 6.8, 200 mM sorbitol] (store at 4(C)

4.     CoA / PS [1.2 mM coenzyme-A, 20 mM PIPES-KOH pH 6.8, 200 mM sorbitol] (store at -80(C)

5.     IB2 / PS [purified IB2 protein, 20 mM PIPES-KOH pH 6.8, 200 mM sorbitol] (store at -80(C) IB2 is a membrane impermeable protease inhibitor that prevents signal derived from vacuole lysis.
6.     Developer Solution [250 mM tris-HCl pH 8.5, 10 mM MgCl2, 0.4% Triton X-100 (v/v), 1 mM para-nitro-phenylphosphate (PNPP; added just before use)]

7.     Stop Solution [1 M glycine-KOH pH 11.5]

Labeling Vacuoles with Rhodamine-PE

1.     Rhodamine-PE – Resuspend rhodamine-PE to 3 mM in DMSO. Overlay with argon. Incubate for 1 hour at 37(C, vortexing every 5 – 10 minutes. Divide into 80 µL aliquots, overlay with argon and store at -80(C.

Discussion

Vacuole preparation: The quality of the vacuole preparation generally correlates with the protein concentration, as measured by the Bradford assay.  A relatively high-quality preparation should yield concentrations of approximately 1 mg/mL. To improve yield the starting OD of the culture can be modified, though cultures grown to OD600 > 1.6 absorbance units tend to not yield high-quality vacuole preparations.  Also, it is generally inadvisable to back-dilute cultures that have overgrown to more than double the intended harvest OD. A second common cause of low-quality vacuole preparations is proteolysis. Proteolysis can result from rupture of protease-replete vacuoles purified from wild type or phosphatase-deficient yeast strains, or from contaminating proteases that are present in commercial Zymolyase preparations. Vacuole rupture is minimized by gentle handling of spheroplasts, cell lysates, and purified vacuoles. Contaminating proteases are removed by re-purification of commercial Zymolyase, and by removal of all excess Zymolyase via thorough removal of all spheroplast buffer when spheroplasts are harvested at the end of the Zymolyase digestion step. 
Every content mixing fusion assay should include at least two standard conditions for normalization: 1) an uninhibited, ATP-driven reaction incubated at 27˚C and 2) an "ice control" which is held in ice water at 0 to 4°˚C while all other reactions are incubated at 27˚C. The ice control is warmed to 30˚C immediately prior to the alkaline phosphatase activity assay. To compare data from multiple separate assays, recorded absorbances can be normalized to the standard condition according to the equation: Fn = (Asample – AIce)/(AATP – AIce) where Fn = Normalized fusion signal; Asample = absorbance for sample; AIce = absorbance of the ice control; AATP = absorbance of the uninhibited ATP-driven reaction.

As a general quality control, the signal from fusion should be well above the background signal for the assay.  Optimized experiments can typically have have AIce = 0.03 OD400 units, and a value of AATP of ~1.0 OD400 units, giving a signal-to-background ratio >30. Experiments with AATP ≤0.5 absorbance units should be optimized. Variables that can negatively affect the assay include the quality of the vacuole preparation, pipetting technique, the temperature at which reactions are held during preparation, and the quality of the reagents.   
Every lipid mixing assay should include three standard conditions for normalization: 1) a reaction that is unstimulated (lacking both Vam7 and ATP) or fully-inhibited (using, for example, an anti-Vam3 andibody) to measure the fusion-independent background dequenching, 2) an uninhibited fusion reaction (in which efficient fusion is permitted through, for example, the presence of ATP) and 3) a reaction containing vacuoles 0.33% Triton X-100 to measure the total fluorescence of the rhodamine when fully dequenched. For the Triton-containing reaction, measure Fttx100 as the mean of the final 10 measurements. For each reaction, record F0, the fluorescence at time = 0. For each fluorescence measurement at t > 0 (Ft), calculate the relative fluorescence change ∆F = (Ft - F0)/Fttx100. For each time-point, calculate the change in fluorescence due to fusion by subtracting the ∆F from the unstimulated or fully-inhibited reaction from the sample’s ∆F. To calculate total lipid mixing, each data series can be modeled by non-linear curve fitting using the Gompertz equation, which is well suited for modeling time-dependent, irreversible processes. End-point lipid mixing values extracted from the curve-fitting analysis can then be normalized to a standard condition for comparison amongst multiple independent assays.

The protocols outlined here are the result of years of optimization by workers  in several laboratories and allow the isolation and study of crucial reactions occurring at the vacuolar membrane.  Due to the high degree of conservation of membrane fusion proteins, results from experiments in this system are often broadly applicable to fusion occurring in mammalian cells.  An important advantage of this in vitro system is that fusion conditions can be controlled to an extent impossible within intact cells.       
Representative Results

To generate the example data series, lipid-mixing assays were conducted with variable concentrations of recombinant Vam7 in the absence of ATP to drive variable amounts of fusion. After completion of the lipid mixing data collection, single reaction aliquots were transferred to Eppendorf tubes and assayed for content mixing. Lipid mixing data sets were plotted without background subtraction (Fig. 5A) to illustrate the appearance of the raw data sets due to the fusion-independent dequenching. After subtracting the fusion-independent dequenching signal from each data-series, the fusion-dependent dequenching is observed to plateau within the normal 70 minute incubation period typically used to allow full content mixing fusion (Fig. 5B). A comparison of the normalized, averaged end-point values for each condition in both the outer-leaflet lipid mixing and content mixing assays reveals a tight correlation between the values measured by each assay (Fig. 5C). A scatter-plot of the normalized end-point values for the two assays for individual reactions further illustrates the tight correlation between total outer-leaflet lipid mixing and content mixing measurements (Fig. 5D). (n = 3 for this dataset). 
Tables and Figures
Figure 1. Diagram of lipid and content mixing.

Figure 2. Diagram of content mixing assay. 

Figure 3. The role of Vam7 in catalyzing fusion reactions.

Figure 4. Diagram of lipid mixing assay
Figure 5. Representative results for content and lipid mixing assays of fusion.
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Reagents and equipment

	Reagent 
	Company
	Catalogue number
	Comments

	PIPES buffer
	Sigma-Aldrich
	P1851
	

	Sorbitol
	Sigma-Aldrich
	S1876
	

	Ficoll
	GE Healthcare
	17-0300-10
	

	Coenzyme A
	Sigma-Aldrich
	C3019
	

	ATP
	Roche Applied Science
	10519987001
	

	DEAE-dextran
	Amersham
	17-0350-01
	

	Creatine phosphate
	Roche Applied Science
	10621714001


	

	Creatine kinase
	Roche Aplied Science
	10746988001
	

	Rhodamine-PE
	Molecular Probes
	L-1392
	

	Zymolase-20T
	Seikagaku Corporation/Amsbio
	120491-1
	See preparation under “Reagents”

	SW 40 Ti rotor centrifuge tube
	Beckman Coulter
	344060


	14x95 mm, 14 mL volume

	SW 41 Ti rotor centrifuge tube
	Beckman Coulter
	344059

	14 x 89 mm, 13.2 mL


References
1.
Wickner, W. & Schekman, R. Membrane fusion. Nat Struct Mol Biol 15, 658-664 (2008).

2.
Grosshans, B. L., Ortiz, D. & Novick, P. Rabs and their effectors: achieving specificity in membrane traffic. Proc Natl Acad Sci U S A 103, 11821-11827 (2006).

3.
Merz, A. J. & Wickner, W. T. Resolution of organelle docking and fusion kinetics in a cell-free assay. Proc Natl Acad Sci U S A 101, 11548-11553 (2004).

4.
Wickner, W. & Haas, A. Yeast homotypic vacuole fusion: a window on organelle trafficking mechanisms. Annu Rev Biochem 69, 247-275 (2000).

5.
Haas, A., Conradt, B. & Wickner, W. G-protein ligands inhibit in vitro reactions of vacuole inheritance. J Cell Biol 126, 87-97 (1994).

6.
Ungermann, C., Sato, K. & Wickner, W. Defining the functions of trans-SNARE pairs. Nature 396, 543-548 (1998).

7.
Weber, T. et al. SNAREpins: minimal machinery for membrane fusion. Cell 92, 759-772 (1998).

8.
Reese, C. & Mayer, A. Transition from hemifusion to pore opening is rate limiting for vacuole membrane fusion. J Cell Biol 171, 981-990 (2005).

9.
Jun, Y. & Wickner, W. Assays of vacuole fusion resolve the stages of docking, lipid mixing, and content mixing. Proc Natl Acad Sci U S A 104, 13010-13015 (2007).

10.
Pieren, M., Schmidt, A. & Mayer, A. The SM protein Vps33 and the t-SNARE H(abc) domain promote fusion pore opening. Nat Struct Mol Biol 17, 710-717 (2010).



