Supported bilayers with excess membrane reservoir: Templates to study membrane remodeling and fission
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Short abstract (50 words)

We describe the use of supported bilayers with excess membrane reservoir, referred to as SUPER templates, to study membrane remodeling. These templates enable rapid quantitative measurement of vesicle formation using a simple sedimentation assay and real-time observation of membrane remodeling and vesicle formation by membrane active proteins using epi-fluorescence.

Long abstract (150-400 words)

Vesicular transport is initiated by a myriad of proteins that actively remodel membranes to generate curvature, recruit and concentrate cargo proteins, assemble into coats and mediate membrane fission. These proteins have been identified through overexpression or knockdown/knockout strategies; however, in many cases their direct function and spatio-temporal requirement remain unclear. The faithful reconstitution of vesicle formation and membrane fission is a prerequisite to defining the role of each component of the complex machinery1. While approaches using purified biological membranes or artificial membranes have contributed significantly to our understanding of vesicle formation, these assays often require electron microscopy and are therefore neither rapid nor quantitative. 
Conventional supported bilayers have been used in studies of membrane fusion, but have not been suitable for membrane remodeling or fission as they lack a membrane reservoir. To overcome this deficit, our lab developed a novel membrane template: supported bilayers with excess membrane reservoir (SUPER templates)2,3. For this assay a membrane bilayer of defined composition is deposited on a 5 µm silica bead in such way as to incorporate excess membrane available for budding events. The deposition of excess membrane is dependent on the presence of negatively charged membrane lipids and high ionic strength during the formation of SUPER templates2. By incorporating fluorescent lipids and/or with the use of fluorescently labeled proteins, SUPER templates can be used as substrates to observe protein mediated membrane remodeling and vesicle formation by fluorescence microscopy. Furthermore, facile sedimentation-based assays allow the rapid quantification of vesicle formation.
	Here we describe the formation of SUPER templates and demonstrate their general utility by analyzing membrane remodeling, fission and vesicle release mediated by the large GTPase, dynamin. Dynamin-1 is best understood for its role during clathrin-mediated endocytosis (CME)4. CME is the major route for entry of cell surface molecules into the cell5. CME is initiated by adaptor proteins that capture cargo molecules at the plasma membrane and trigger clathrin assembly. The subsequent recruitment of endocytic accessory proteins drives clathrin coated pit (CCP) maturation. At late stages of CCP formation, dynamin-1 self-assembles into collar-like structures at the constricted neck of a pit and severs the membrane upon GTP hydrolysis, which in turn leads to its disassembly6.
	
Protocol Text

Table 1: Table of specific reagents
	Name of the reagent/equipment
	Company
	Catalogue number
	Comments (optional)

	Disposable culture tubes/ Borosilica glass tube
	Fisherbrand
	14-961-26

	

	DNA Speed Vac 110
	Savant
	
	

	Avanti Mini Extruder
	Avanti Polar Lipids
	610000
	For instructions see: www.avantilipids.com

	Nuclepore Track Etched Polycarbonate Membranes, 100 nm
	Avanti Polar Lipids
	610005
	

	Filter supports
	Avanti Polar Lipids
	610014
	

	Low adhesion Polycarbonate microcentrifuge tubes
	USA Scientific
	1405-2600 (0.5 ml)
1415-2600 (1.5 ml)
	

	Silicon Oxide Microspheres (silica beads)
	Corpuscular
	140226-10 (4.97 µm)
140248 (22 µm)

	Order at www.microspheres-nanospheres.com

	Neubauer Counting Chamber, Hausser Scientific
	VWR
	15170-208
	

	Allegra 6R Centrifuge
	Beckman Coulter
	
	

	96 well plate
	Costar
	3925
	black, flat bottom

	Synergy MX, 
Fluorescent Plate Reader
	BioTek
	

	

	Inverted Fluorescent Microscope

	Olympus IX 71,

	
	UPlanSApo, 100x, 1.40 NA Oil Objective

	Hamamatsu Orca-ER,
Camera
	Hamamatsu
	Model: 04741-12AG
	

	Lab-Tek chamber, 8 well
	NUNC
	N155411	
(Thermo-Fisher Cat#: 12565470)
	

	Glucose Oxidase
	USB
	1614650
	

	Catalase
	Calbiochem 
	219261
	250 KU/ml is a 500x stock

	BSA: Albumin standard, 2mg/ml
	ThermoScientific
	23209
	

	GTP
	Axxora
	JBS NU-1012
	We found this to be the most reliable source of GTP




1) Preparation of liposomes (This part of the protocol does not have to be filmed)

1.1) Lipids are typically purchased as 10 mg/ml chloroform stocks from Avanti and stored at -20 C.

1.2) Typically we prepare 200 µl of liposomes with a final concentration of 1 mM total lipid. For dynamin-catalyzed fission we use a lipid composition of PC:PS:PI(4,5)P2:RhPE 79:15:5:1 mol%, although other liposome compositions also work2. For the efficient formation of excess membrane reservoir the liposome mixture should contain  9 mol% PS2. The conditions for SUPER template formation may have to be optimized for other lipid compositions. RhPE (Rhodamine-PE) can be substituted by other fluorescent lipid probes. 

1.3) Aliquot the appropriate amount of lipids from a chloroform stock into a disposable 12x75 mm borosilica glass tube using a 10 µl or 25 µl Hamilton syringe. The syringe is washed with chloroform between uses.

1.4) Dry lipids by placing the tube in a 40C water bath under a gentle stream of nitrogen so that a dried lipid film is formed at the bottom of the tube.

1.5) Dry lipids further under vacuum in a speed vac for 30 min at high heat setting.

1.6) Add Milli-Q water to the lipid film to a final concentration of 1 mM lipids. Swell dried lipids for 30 min at 37C.

1.7) Transfer the liposome solution into a 15 ml Falcon tube. Freeze the liposome solution in liquid nitrogen and thaw it subsequently in a 37C water bath. Repeat two more times.

1.8) Prepare 100 nm extruded liposomes using an Avanti Mini Extruder. Pass the liposome solution 20 times through a 100 nm Nuclepore Polycarbonate membrane. Instructions for the use of a mini extruder can be found at the Avanti website: (http://www.avantilipids.com/index.php?option=com_content&view=article&id=185&Itemid=193)

1.9) Transfer liposomes to a low adhesion polypropylene microcentrifuge tube.

1.10) This is a 5x stock of liposomes used to prepare SUPER templates. Liposomes stored at 4C can be used up to two weeks. Typically we do not store liposomes under nitrogen for this purpose.

2) Preparation of SUPER templates

2.1) Note: Buffers and Milli-Q water should be passed through a 0.2 µm filter prior to use when working with SUPER templates.

2.2) Note: SUPER templates are prepared in 100 µl samples. If larger volumes of SUPER templates are needed, prepare n x 100 µl samples to ensure sufficient washing.

2.3) Note: SUPER templates should be prepared freshly before each experiment and used directly after their preparation. However, for microscopy-based assays we use templates between 2-4 hours after preparation. SUPER templates cannot be stored at 4°C. 

2.4) Silica beads are usually purchased at a concentration of 5×108 beads/ml. However, it is important to determine the exact density of the 5 μm plain silica bead suspension using a Neubauer counting chamber. Prepare a 1:50 dilution of the bead solution and apply ~15 µl on a Neubauer counting chamber. Count the number of beads in 16 squares of the counting chamber. The total concentration of beads can be calculated as: 

c (beads/ml) = # counted beads x 104  x 50 (dilution factor)

2.5) Mix beads thoroughly by vortexing at maximum speed. Add 5×106 beads to a solution containing 200 μM liposomes (20 µl of 1 mM stock), 1 M NaCl (20 µl of 5 M stock) and Mili-Q water up to a total volume of 100 μl in low adhesion polypropylene tubes. Mix the solution by flicking the tube gently. 

2.6) Incubate for 30 min at room temperature with intermittent mixing. (This can be done by flicking the tube gently, but avoid generating bubbles.)

2.7) To wash off excess unbound liposomes, add 1 ml of filtered Milli-Q water, gently vortex the tube at low speed (just enough to dislodge the beads, we use setting 4 on a scale from 1-8) and spin in a swinging bucket rotor at 260xg for 2 min at room temperature in a benchtop top low speed centrifuge (Beckman Allegra 6R).

2.8) Remove 1 ml of supernatant and repeat the washing step 3 more times.

2.9) Remove 1 ml of supernatant. Do not resuspend templates in the remaining 100 µl until they are used.

2.10) This is the 10x stock of templates to be used in the sedimentation assay.

3) Sedimentation Assay to measure membrane fission

3.1) Aliquot 50 µl of 2x assay buffer (40 mM HEPES-KOH buffer pH 7.5, 300 mM KCl, 2 mM MgCl2) into 0.5 ml low adhesion polypropylene microcentrifuge tubes. 

3.2) Include 'blank' (no beads), 'control' (no protein), and 'total' (beads in 0.1 % TX-100 in 20 mM Hepes, 150 mM KCl, 1 mM MgCl2) samples.

3.3) Dynamin-1 is stored at -80 C in 20 mM Hepes, 150 mM KCl, 1 mM EGTA, 1 mM DTT and 10 % glycerol. Detailed protocols for transient dynamin-1 expression in insect cells7 and purification8 have been published elsewhere. Add dynamin-1 +/- nucleotides. Typically we use increasing concentrations of dynamin-1 up to 0.5 µM and a final concentration of 1 mM GTP. 

3.4) Adjust final volume to 90 µl with water. Mix the solution by pipetting up and down three times with a 100 µl pipette. 

3.5) Resuspend templates by gently flicking the tube. Gently add 10 µl of templates to the top of the solution. There is no mixing involved.  

3.6) Templates will slowly settle to the bottom of the tube during the course of the experiment. 

3.7) Incubate at room temperature for 30 min (or appropriate time) without shaking. For a time course the reaction can be terminated by the addition of EDTA to a final concentration of 10 mM.

3.8) Spin tubes in a swinging bucket rotor as above at 260xg for 2 min.

3.9) Fluorescence in the supernatant is measured using a 96 well plate. Add 25 µl of 0.4% TX-100 (except to 'total' where 25 µl of 0.1% TX-100 is added) to each well (number of wells depends on the number of samples). Remove 75 µl of supernatant and add it to the 25 µl of 0.4% TX-100. Mix by pipetting up and down once. Avoid the formation of bubbles.

3.10) Measure fluorescence in a plate reader (for RhPE Ex = 530/25 nm bandwidth and Em = 580/25 nm bandwidth).

3.11) To visualize the released vesicles, carefully transfer 10 µl of the supernatant onto a borosilica coverslide. The vesicles will attach to the glass surface and can then be imaged by fluorescence microscopy (Figure 2B).   

4.) Real-time visualization of membrane fission

4.1) Prepare 5 ml of “microscopy assay buffer” (20 mM HEPES pH 7.5, 150 mM KCl, 1 mM MgCl2 and an oxygen scavenger system containing 50 μg/ml glucose oxidase, 10 μg/ml catalase and 1 mM DTT). Glucose at a final concentration of 20 mM is added freshly before each experiment to each sample (2 µl of a 2 M Glucose stock in water for a 200 µl sample). 

4.2) Add 200 μl of a 2mg/ml BSA solution to a well of an 8-chambered Lab-Tek slide and incubate for 10 min to coat the glass surface.

4.3) Wash off excess BSA by rinsing the well twice with 200 μl of microscopy assay buffer.

4.4) Add 200 µl microscopy assay buffer containing 1 mM GTP and 20 mM Glucose to the well. (Alternatively, a volume of 100 µl can be used, however, we found it easier to add proteins on the microscope stage using a larger volume).

4.5) Add 10 μl of a stock of SUPER templates. When performing this step, add the templates gradually throughout entire well.

4.6) Wait for templates to settle (5 min).

4.7) Put the Lab-Tek chamber onto the stage of an inverted fluorescent microscope. Use a 100x oil objective to image SUPER templates. Reduce the intensity of the lamp (we use a setting of 50 on a scale up to 150). Focus on the templates and begin recording a movie at 100 ms exposure, binning factor 2x2 and 1 frame/sec. Because of the brightness of the templates, the contrast has to be adjusted in order to see released vesicles. 

4.8) Carefully add an aliquot of dynamin-1 with a 20 µl pipette (typically to a final concentration of 0.5 µM) without disturbing the microscope’s focus, ideally at a distance from the field of view.

4.9) The appearance of small vesicles released from the SUPER templates can be observed after the protein diffuses into the field of view.

4.10) This assay can also be used to monitor the generation of membrane tubules driven by the cooperative self-assembly of dynamin-1 in the absence of nucleotides (see 3,9).

5.) Real-time visualization of tether fission

5.1) Prepare 5 ml of “microscopy assay buffer” (20 mM HEPES pH 7.5, 150 mM KCl, 1 mM MgCl2 and an oxygen scavenger system containing 50 μg/ml glucose oxidase, 10 μg/ml catalase and 1 mM DTT). Glucose at a final concentration of 20 mM is added freshly before each experiment to each sample (2 µl of a 2 M Glucose stock in water for a 200 µl sample). 

5.2) Add 200 μl of a 2 mg/ml BSA solution to each well of an 8-chambered Lab-Tek slide and incubate for 10 min to coat the glass surface.

5.3) Wash off excess BSA by rinsing the well twice with 200 μl of microscopy assay buffer. 

5.4) To generate tethers, add 10 μl of a stock of SUPER templates. When performing this step, add the templates gradually throughout entire well.

5.5) Wait for templates to settle (5 min).

5.6) Add larger untreated silica beads (d=22 µm). To perform this step, load 10 µl of bead solution (as purchased) using a 20 µl pipette. Hold the pipette upright and wait for the beads to settle within the pipette tip. Add only the volume containing the beads (~1-2 µl) into the solution at one corner of the well. 
 
5.7) Wait another few minutes until the beads settle.

5.8) To create tethers, tilt and rock the chamber while gently tapping the side causing the untreated silica beads to roll over the SUPER templates (see Movie), capture their membrane and pull out tethers. After tilting the chamber 3-5 times, you should see the larger beads forming an aggregate, which then is rolled over the layer of SUPER templates another 2-3 times. The formation of tethers can be checked at the microscope. Tilting the chamber too often can disrupt tethers that have been formed already. 

5.9) After the tethers have been created, put the Lab-Tek chamber onto a microscope stage and focus on free-standing tethers not attached to the glass surface. Reduce the intensity of the lamp (we use a setting of 50 on a scale up to 150). Because of the brightness of the templates, the contrast has to be adjusted in order to see the tethers. 
Begin recording a movie at 100 ms exposure, binning factor 2x2 and 1 frame/sec. 

5.10) Carefully add an aliquot of dynamin-1 with a 20 µl pipette (typically to a final concentration of 0.5 µM) without disturbing the microscope’s focus, ideally at a distance to the field of view.

5.11) Fission of membrane tethers can be observed after protein diffuses into the field of view.

Representative Results

An example of a sedimentation fission assay is shown in Figure 2A. Fission is dependent on the presence of GTP and on the concentration of dynamin. Figure 2B shows a fluorescent micrograph of released vesicles. Fission can also be visualized by fluorescence microscopy following the fluorescence of RhPE. Figure 2C shows the release of vesicles over time from SUPER templates monitored by fluorescent microscopy (Movie 2). 
	SUPER templates also provide sufficient reservoir to pull out membrane tethers. Membrane tethers are formed by larger, plain silica beads, which bind membrane and pull out tethers when they are added and gently rolled over a layer of SUPER templates. Figure 3 shows the fission of preformed membrane tethers by dynamin-1 (Movie 3).

Figures:

Figure 1: Overview of SUPER templates and sedimentation assay: A) To generate SUPER templates, fluorescently labeled liposomes are deposited onto 5 µm silica beads in such way as to incorporate excess membrane reservoir. The formation of SUPER templates is dependent on high ionic strength and the presence of negatively charged lipids. B) To quantify vesicle release, SUPER templates are incubated with dynamin-1 in the presence of nucleotides. Templates can then be easily pelleted at low speed due to their size and any released vesicles will remain in the supernatant. The amount of fluorescence found in the supernatant relative to the total incorporation of membrane is a measure of fission efficiency. 

Figure 2: Results from sedimentation assay and real-time imaging: A) Representative results from a fission assay. SUPER templates were incubated with increasing amounts of dynamin-1, 1 mM GTP in 20 mM Hepes, 150 mM KCl and 1 mM MgCl2 for 30 min. Vesicle release is dependent on dynamin-1 and GTP. B) Micrograph of released vesicles. C) SUPER templates were spread and allowed to settle in assay buffer containing an oxygen scavenger system and 1 mM GTP. After imaging was started, dynamin-1 was added to the solution with a pipette to a final concentration of 0.5 µM. The Figure shows the field of view before (left panel) and after (right panel) addition of dynamin-1.

Figure 3: Fission of tethers: SUPER templates were spread and allowed to settle in assay buffer containing an oxygen scavenger system and 1 mM GTP. Plain silica beads (d=22 µm) were added to the solution onto one side of the chamber and allowed to settle. Tethers were pulled by tilting the chamber and rolling the plain beads over the layer of SUPER templates. After imaging was started, dynamin-1 was added to the solution with a pipette to a final concentration of 0.5 µM. 

Movie 1: Overview formation of SUPER templates: Liposomes attach to silica surfaces, rupture and fuse leading to the formation of supported bilayers. To generate SUPER templates, liposomes of specific composition are incubated with 5 µm silica beads under high salt  (1M NaCl) conditions. The liposomes will adsorb to the surface and burst, similar to the formation of supported bilayers on planar surfaces. However, under these conditions, the rates of adsorption and liposome bursting are accelerated resulting in the incorporation of excess membrane reservoir. SUPER templates can be used to monitor fission events as they occur in membrane trafficking. Generation and release of vesicles can be observed upon addition of dynamin-1 and GTP.

Movie 2: Real-time imaging of fission: SUPER templates are amenable to fluorescence microscopy due to their size. Therefore they allow monitoring of protein-mediated membrane remodeling in real time. SUPER templates were spread and allowed to settle in assay buffer containing an oxygen scavenger system and 1 mM GTP. After imaging was started, dynamin-1 was added to the solution with a pipette to a final concentration of 0.5 µM. 

Movie 3: Fission of tethers: SUPER templates were spread and allowed to settle in assay buffer containing an oxygen scavenger system and 1 mM GTP. Plain silica beads (d=22 µm) were added to the solution onto one side of the chamber and allowed to settle. Tethers were pulled by tilting the chamber and rolling the large beads over the layer of SUPER templates. After imaging was started, dynamin-1 was added to the solution with a pipette to a final concentration of 0.5 µM. 

Discussion
Reconstitution of cellular processes under biochemically-defined conditions is an important step towards the understanding of complex biological mechanisms. Vesicle formation is a pivotal process in all eukaryotic cells that requires not only the concerted action of a large number of proteins but also the ability to remodel and shape biological membranes. 
In contrast to membrane fusion, the reconstitution of vesicle formation and membrane fission has been especially challenging in the past, due to the lack of suitable synthetic membrane templates that possess a membrane reservoir required for vesiculation. Here, we describe the generation and application of a membrane template, referred to as SUPER templates, suited for the facile quantification and real-time visualization of membrane fission.  
In addition to the presence of a membrane reservoir, the advantages of using SUPER templates compared to traditional liposome based assays are their rapid and simple preparation. Furthermore, their use does not rely on elaborate and minimally quantitative procedures like electron microscopy and they can be used for real-time imaging. SUPER templates can be generated with a variety of lipid compositions2, however the incorporation of membrane reservoir under high salt conditions was dependent on the presence of negatively charged lipids. For other lipid compositions, it will be critical to test conditions of deposition to ensure generation of an excess membrane reservoir2. 
SUPER templates contain a low-tension, membrane reservoir, which is subject to shedding under high mechanical stress. Therefore it is critical to handle the templates gently and minimize mixing. Due to this limitation the number of samples that can be handled at a time, for example during sedimentation assays, is limited. The fidelity of the membrane is dependent on temperature and we found that SUPER templates are not stable at 4C. Therefore, the templates have a limited storage time and will have to be prepared before each experiment. This might result in a larger experimental variation in addition to variations resulting from different protein preps and liposome preps. 
Initially, SUPER templates have been utilized to uncover the mechanism of dynamin-catalyzed fission3,7. However, these templates allow the analysis of vesicle formation and release in general, an important step in all cellular membrane trafficking events. Additionally, they are an ideal platform to study how proteins interact in a concerted fashion to remodel membranes for vesicle formation as described by others for the ATPase EHD and dynamin-110. 
Future challenges will involve the incorporation of membrane proteins into these templates in order to achieve a more physiologically relevant composition of the membrane substrate for vesicle formation. We attempted to reconstitute clathrin-mediated endocytosis using rat brain cytosol, however, we found it not to be a suitable approach, due to protein-mediated extraction of lipids from the templates that was not dependent on the addition of nucleotides or Mg2+ and occurred independently of dynamin-1 (unpublished observations). Furthermore the extracted lipids did not appear to be present in small vesicles as determined by fluorescent microscopy. Future approaches should use purified components or other sources of complex protein mixtures. Indeed, lipids were not extracted by purified coat proteins, nor did these preparations stimulate dynamin-1 dependent vesicle release (SN, unpublished results). Importantly, these observations reflect the importance of proper controls when measuring the fluorescence in the supernatant as a reflection of vesicle release. We suggest imaging the released vesicles by fluorescence microscopy as shown in Figure 2B to confirm the validity of the results.
In summary, SUPER templates are a versatile tool to qualitatively and quantitatively study protein-membrane interactions, which will help us to better understand fundamental cellular processes. 
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