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The reshaping of the cell membrane is an integral part of many cellular phenomena, such as endocytosis, trafficking, the formation of filopodia,
etc. Many different proteins associate with curved membranes because of their ability to sense or induce membrane curvature. Typically, these
processes involve a multitude of proteins making them too complex to study quantitatively in the cell. We describe a protocol to reconstitute

a curved membrane in vitro, mimicking a curved cellular structure, such as the endocytic neck. A giant unilamellar vesicle (GUV) is used as

a model of a cell membrane, whose internal pressure and surface tension are controlled with micropipette aspiration. Applying a point pulling
force on the GUV using optical tweezers creates a nanotube of high curvature connected to a flat membrane. This method has traditionally been
used to measure the fundamental mechanical properties of lipid membranes, such as bending rigidity. In recent years, it has been expanded to
study how proteins interact with membrane curvature and the way they affect the shape and the mechanics of membranes. A system combining
micromanipulation, microinjection, optical tweezers, and confocal microscopy allows measurement of membrane curvature, membrane tension,
and the surface density of proteins, concurrently. From these measurements, many important mechanical and morphological properties of the
protein-membrane system can be inferred. In addition, we lay out a protocol of creating GUVs in the presence of physiological salt concentration,
and a method of quantifying the surface density of proteins on the membrane from fluorescence intensities of labeled proteins and lipids.

Video Link

The video component of this article can be found at https://www.jove.com/video/56086/

Introduction

Many cellular processes, such as endocytosis, trafficking, the formation of filopodia, infection, etc., are accompanied by a dramatic change

in the shape of cell membranes'?. In the cell, a number of proteins participate in these processes by binding to the membrane and altering
their shape. The most notable examples are members of the Bin/Amphiphysin/Rvs (BAR) protein family, containing a characteristic intrinsically
curved BAR domain®*5¢7 . Typically, they interact with the membrane by adhering the BAR domain to the surface and, in many cases, also
shallowly inserting amphipathic helices into the bilayer. The shape, size, and charge of the BAR domain together with the number of amphipathic
helices determines: (1) the direction of membrane curvature (i.e., whether they will induce invaginations or protrusions), and (2) the magnitude
of membrane curvature>®. Of note, here positive curvature is deﬁned as the convex side of the curved membrane, i.e., the bulge toward the
interacting particle, and negative otherwise. Moreover, quantitative studies of BAR proteins revealed that their effect on the membrane depends
on a set of physical parameters: surface density of proteins, membrane tension, and membrane shape (flat versus tubular versus spherical
shape)7 Dependlng70n these parameters BAR proteins can: (1) act as sensors of membrane curvature, (2) bend membranes, or (3) induce
membrane scission’.

Due to the sheer number of components involved in membrane reshaping in the cell, studying the quantitative aspects of the phenomena,

such as endocytosis, in vivo is extremely challenging. In vitro reconstitution of minimal components mimicking curved membranes in the cell
provides means to gain a mechanistic understanding of how membrane-curving proteins operate. This article describes a protocol to reconstitute
a membrane nanotube in vitro using micromanipulation, confocal microscopy, and optical tweezers. The approach can be used to study, in a
quantitative way, how proteins, lipids, or small molecules interact with curved membranes. Lipid GUVs are used as models of a cell membrane,
whose curvature is negligible compared to the size of interacting membrane-curving molecules. They are prepared using the electroformatlon
method® in which the vesicles are formed by hydrating a lipid film and swelling it into GUVs under an alternating current (AC) . Most common
substrates on which GUVs are grown are either semi-conductive plates coated with indium tin oxide (ITO) or platinum wires (Pt- W|res) In this
work, GUVs are grown on Pt-wires as this method has been shown to work much better than the alternative in making GUVs in the presence of
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salts in the buffer'? . Although the electroformation protocol is described here in sufficient detall to reproduce it, we refer the reader to previous
articles in which similar and other methods of making GUVs have been described in detail™®™. In our hands, electroformation on Pt-wires has
successfully yielded GUVs from a mix of synthetic lipids or from natural lipid extracts in a buffer containing ~100 mM NaCl. Furthermore, it was
also possible to encapsulate proteins inside GUVs during growth. An example electroformation chamber is shown in Figure 1A; it comprises two
~10-cm-long Pt-wires inserted into a holder made from polytetrafluoroethylene (PTFE) that can be sealed on both sides with glass coverslips ~1
- 2 cm apart (Figure 1A).

A B

micropipette tip micropipette thin dispenser micropipette protein

Figure 1: Experimental setup. (A) The GUV electroformation chamber with electrical connectors attached to Pt-wires. (B) Left: the experimental
system showing the microscope, the experimental chamber above the objective and two micropipettes (left and right) attached to the
micromanipulators and inserted into the experimental chamber for tube pulling and protein injection. Right: a close-up view of the experimental
chamber mounted above the objective showing the tips of the aspiration and the injection micropipettes inserted. (C) A syringe equipped with a
thin dispenser inserted into a micropipette at its back end. The bottom is a close-up view of the dispenser inside the micropipette with the blue
dotted line outlining the micropipette. This system is used to fill the micropipette with casein to passivate the glass surface and also to back fill
with mineral oil when needed. (D) A system used to aspirate pL quantities of the protein solution. The needle is connected to a syringe and to
tubing which is connected to the injection micropipette. The micropipette tip is carefully immersed into the protein solution and aspirated so to
fill the micropipette tip. The micropipette is then back filled with mineral oil using the system shown in panel C. Please click here to view a larger
version of this figure.

A membrane nanotube, ranging in radius from 7 nm to several hundred nm, can be pulled from a GUV by an external force. This method was
initially designed to measure the elastic properties of cell membranes and vesicles, such as the bending r|g|d|ty 518 |n most recent works the
method was extended to study the interaction of proteins with curved membranes by microinjecting the proteins near the pulled nanotube”"'
Other methods have been developed for studying membrane-curving proteins. In one method, proteins are incubated with differently sized
liposomes tethered to a passivated surface. Confocal microscopy is used to measure the protein binding as a function of liposome diameter,
which can indicate curvature- mduced sortlng18 '®_In another method, proteins are injected near a micro-aspirated GUV to measure their ability
to spontaneously induce tubules®®?'. The method described in this protocol is uniquely suited to study membrane-curving proteins involved in
endocytosis, where most proteins typically encounter preformed membrane nanotubes connecting the cargo-containing membrane invagination
with the underlying flat plasma membrane. Furthermore, in this method, unlike in the assay with tethered small liposomes, the membrane
nanotube is continuously connected to the membrane; therefore, it is in mechanical equilibrium with the GUV, a situation expected in vivo.
Hence, fundamental membrane physics applies and we can infer a plethora of mechanical properties from our measurements’ 22.23.24

For a full implementation of this method, the necessary equipment includes a confocal microscope, optical tweezers, and one or two
micropipettes connected to a water tank (Figure 1B). By comblnlng all three, it is possible to simultaneously measure membrane tension,
membrane curvature, surface density of proteins, and tube force® . Micropipette aspiration is essential and it is easily constructed by inserting a
glass micropipette into a holder connected to a water tank, which, via hydrostatic pressure, controls the aspiration pressure % The micropipette
and the holder are controlled by a micromanipulator and, ideally, in one direction by a piezo-actuator for precision movement. To pull a nanotube,
the microaspirated GUV is briefly stuck to a micron-sized bead then pulled away creatlng a nanotube. In this implementation, the bead is held
by optical tweezers, which can be constructed by following a published protocol It is possible to dispense of the optical tweezers and pull
nanotubes in different ways, although at the cost of accurate force measurements. If it is too challenging to build an optical trap or if force
measurements are not essential, such as if one simply wants to check the preference of proteins for curved membranes a tube can be pulled
using a bead aspirated at the tip of a second mlcroplpette It is also possible to pull tubes using gravitational force® or rong 31 . Furthermore,
confocal microscopy is not essential either; however, it is preferred so to measure the surface density of proteins. It also allows measuring the
nanotube radius from fluorescence intensity of lipids in the tube, thus independently of membrane force and tension. Inferring tube radius from
fluorescence is particularly important if the relationship between these quantities deviates from well-established equations due to the presence
of membrane-adhered proteins%. Importantly, one cannot dispense of both the optical trap and confocal microscopy, as it will not be possible to
measure the tube curvature.
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The method as described in this protocol has been used to study the curvature-induced sorting of various peripheral membrane proteins on
nanotubes, mostly those from the BAR family25’32'33’34. It was also shown that the conically shaped transmembrane potassium channel KvAP
is enriched on curved nanotubes in the same way as BAR proteinsas. By optimizing the method to encapsulate proteins inside GUVs, the
interaction of proteins with negative curvature has been recently investigated as well*®. Furthermore, this method has been used to elucidate
the formation of protein scaffolds®>*" and to study the mechanism of membrane scission by either line tension’®, protein dynaminsg, or by BAR
proteins‘w’“. In addition to proteins, small molecules or ions can also induce curvature. Using this method, calcium ions were shown to induce
positive curvature under salt-free conditions*?. Interestingly, it has also been shown that lipids can undergo curvature sorting, although only for
compositions that are near a demixing point43’44. In sum, the method can be used by researchers interested in investigating how either integral
membrane components (e.g., lipids or transmembrane proteins) or peripherally binding molecules (either inside or outside GUVs) interact

with cylindrically curved membranes, from mechanical and quantitative points of view. It is also intended for those interested in measuring the
mechanical properties of the membrane itself?2234°

1. Preparation of GUVs by Electroformation on Pt-wires

1. Clean the electroformation chamber (see Introduction and Figure 1A) and the Pt-wires with an organic solvent such as ethanol or acetone
to wash away the lipids and with water to wash away the salts.

NOTE: We suggest thoroughly wiping away the residue with ethanol-soaked tissue then sonicating in acetone, ethanol, then water, each for 5
min.

2. Prepare a lipid mix of a desired lipid composition at 1 mg/mL in chloroform. The mix should contain ~ 0.05% molar fraction of a lipid
conjugated with biotin (e.g., 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-2000]) and ~ 0.5% molar
fraction of a lipid conjugated with a fluorophore (e.g., BODIPY-TR-C5-ceramide).

NOTE: In our experience, it was difficult to produce GUVs at a high yield containing more than 30% charged lipids.
CAUTION: Chloroform should be handled inside a chemical hood wearing appropriate gloves.

3. Insert a pair of Pt-wires into the electroformation chamber. Deposit the lipid mix onto the Pt-wires in drops separated by ~ 2-3 mm (total ~ 4
pL of the mix).

4. Dry the wires under vacuum for 30—60 min at room temperature.

5. Seal the bottom of the chamber by adhering the coverslip over the chamber using silicon grease. Fill the chamber with a buffered solution
containing NaCl, sucrose, and a buffering agent (e.g., 70 mM NaCl, 100 mM sucrose, and 10 mM Tris, at pH 7.4). This medium will be inside
the GUVs in the experiment. It is essential that the osmolarity of this medium match the osmolarity of the experimental medium within ~ 10%.
Use sucrose to adjust the osmolarity. Add proteins to the solution at a desired concentration if the goal is to encapsulate them in the GUVs.
CAUTION: Various salts and sugars in the buffer can affect the bending rigidity and the spontaneous curvature of membranes?*424647,

6. Seal the top of the chamber by adhering a coverslip with silicon grease ensuring minimum air inside the chamber. Apply a sine AC current
through the Pt-wires at 500 Hz and 280 mV.

NOTE: The growth time and temperature must be optimized depending on the lipid composition and the sensitivity of the protein. When using
natural lipid extracts, and also when encapsulating proteins in GUVs, the best yield was achieved by growing GUVs at 4 °C overnight. In the
absence of proteins, and for synthetic lipid compositions, growth at room temperature for ~ 2 h was sufficient.

2. Preparation of the Experimental Chamber and the Micropipettes

1. To prepare micropipettes, pull a glass capillary using a pipette puller. It is suggested to use a glass capillary with internal and external radii of,
respectively, 0.7 mm and 1 mm. Then, refine the tip of the micropipette so that its inner diameter is 5-7 pm, by using a microforge. If proteins
or other molecules will be injected in the experiment, pull another micropipette and refine its tip to a inner diameter of 8—15 pym.

2. Construct an experimental chamber by placing two rectangular microscopy coverslips onto a metallic base as shown in Figure 1. The
coverslips should be separated by ~ 1 mm. The chamber should have openings along the long edges (see Figure 1). The open sides should
fit the tip of the micropipette where the tip should reach at least the center of the chamber.

3. Prepare the experimental buffer whose osmolarity should not differ by more than 10% from the buffer used to grow GUVs. Adjust the
osmolarity with glucose. An example of an experimental buffer that was used in studying the interaction of endophilin with nanotubes is
100 mM NaCl, 40 mM glucose, buffered with Tris to pH 7.4. A combination of sucrose inside/glucose outside ensures: (a) sufficient phase
contrast to observe GUVs with bright field microscopy, and (b) higher density inside the GUVs which causes them to settle on the bottom of
the chamber. Adjust salt concentration based on experimental requirement.

NOTE: In addition to affecting the membrane's mechanical properties, in our experience, high glucose concentration (> 300 mM) negatively
affects the establishment of streptavidin-biotin bonds, required to pull a nanotube. Furthermore, too little salt inhibits streptavidin-biotin bonds,
while too high of a concentration screens protein-membrane interactions. In case of protein encapsulation, using very high salt concentration
in the external buffer (e.g., >200 mM NaCl) can be used as a trick to detach the proteins from the outer leaflet®®. It is necessary to experiment
with a range of salt concentration to find the optimal binding conditions of the molecule of interest.

4. 30-60 min before collecting GUVs for the experiment, passivate the glass surfaces by filling both the experimental chamber
and the aspiration micropipette with a 5 mg/mL solution of a highly pure B-casein (e.g., dissolved in the experimental buffer). 3-
casein creates a protective layer on the glass surfaces, preventing GUVs to adhere too strongly, which would cause them to burst.
Incubate with B-casein for 30—-60 min.

NOTE: There should be no bubbles inside the micropipette that would interfere with controling membrane tension.
1. To build a dispenser for filling micropipettes, break a syringe needle close to the plastic connector and glue into it a thin silica capillary
(such as those used for liquid chromatography) (Figure 1C).

5. During incubation with B-casein, mount the chamber on the microscope and center it above the objective. Insert the tip of the aspiration
micropipette through the opening along the long edge and bring the tip above the microscope objective. Adjust the water tank level so that the
aspiration pressure is near zero (there should be no heavy flow in or out of the pipette, which can be seen under the microscope).
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6.

In case the proteins or other molecules will be injected during the experiment, fill the injection micropipette with the desired
molecule dissolved in the experimental buffer at a concentration of choice, mount the micropipette inside a micromanipulator, and
insert through the opposite side of the experimental chamber.

1. To use a minimum amount of proteins, fill only the micropipette tip with the protein by aspiration. To do that, wrap the end of a needle
attached to a syringe with plastic tubing. Insert the tubing into the back of the injection micropipette.

2. Very carefully immerse the tip of the micropipette into the protein solution and aspirate it to fill the tip of the micropipette.

NOTE: This simple setup is shown in Figure 1D and, in our experience, it allows aspirating from as little as a few pL of the protein
solution.

3. Backfill the rest of the injection micropipette with mineral oil to prevent mixing of the protein solution and the water from the water tank
(using the setup in Figure 1C).

4. Take care not to introduce air bubbles into the injection pipette, as it will induce unstable injection pressure. Alternatively, if the protein
quantity is sufficient, fill the micropipette with the proteins the same way as filling with B-casein as described in step 2.4. Adjust the
water tank level to minimize the aspiration pressure in the injection pipette.

NOTE: The concentration of the injected molecule or ion near the nanotube is going to be lower due to dilution and it can be estimated
by measuring the fluorescence intensity decrease as a function of the distance from the pipette exit*?. It is however more important to
know the bilayer-bound density of the injected molecule, which can be precisely measured (see Section 4).

After incubation with B-casein, remove the solution from the chamber, and rinse with the experimental buffer several times. Fill with the
experimental buffer.

Stop electroformation of GUVs and collect them directly from the Pt-wires. Add a few pL of the GUV solution to the experimental chamber.
Use only freshly prepared GUVs.

Add a few pL of streptavidin-coated beads to the experimental chamber to a final concentration of beads in the chamber at around 0.1 x 107
% (w/v) or less. Polystyrene beads ~3 pm in diameter are recommended (polystyrene beads in water have a near-optimal refractive index
contrast with regards to maximizing the gradient force with respect to the scattering force in the optical trap). The bead concentration can be
adjusted based on the experiment: a very low concentration makes it difficult to find them in the chamber, and a too high concentration runs
the risk of multiple beads falling into the optical tweezers.

3. Pulling a Membrane Nanotube from a GUV

© x

10.

1.

12.

13.

14.

Let the GUVs and the beads settle to the bottom of the chamber. Deflate the GUVs by letting a little of the experimental buffer evaporate,

for approximately ~ 15 min. Deflating the GUVs is essential to produce some excess area that can be aspirated with the micropipette. GUVs
should visibly undulate (i.e., appear floppy) under the light microscope. If they appear tense, allow for more evaporation time.

NOTE: The osmolarity change rate depends on the evaporating surface area, the temperature, etc., and should be closely monitored. In
principle, the osmolarity difference could be set from start by adjusting the sucrose/glucose concentration, however, care should be taken not
to induce an osmotic shock.

Find a floppy GUV and aspirate it into the pipette. The length of the aspiration tongue (theé)art of the membrane inside the pipette) should

be equal to or larger than the pipette radius for the theoretical analysis to be applicable15’1 22,23 (Figure 2). Try several GUVs. If none of the
GUVs can be aspirated to produce a long enough tongue, wait a few more minutes. If GUVs are floppy enough, proceed to the next step.
Seal the chamber with mineral oil, to prevent further evaporation of the buffer. Do so by carefully pipetting the oil along the open edges of the
experimental chamber.

To set the zero position of the aspiration pressure, first, look for a bead in the chamber and position the aspiration pipette exit near the bead.
Adjust the height of the water tank so that the bead is neither sucked in nor blown away by the aspiration pipette. Although the mineral oil
prevents evaporation and therefore further pressure changes inside the chamber, zero the aspiration pressure before measuring each GUV.
Find a GUV and aspirate it. Move the micropipette up and out of focus (to keep the GUV away from the surface where it might be pulled out
of the pipette by shear stress when the chamber is moved).

Look for a bead by carefully moving around the chamber. Sudden moves can eject the GUV. Trap it with optical tweezers at a distance ~ 20
um away from the chamber bottom. Ensure that the region of interest is clean with no other beads or membranes in sight. Anything falling in
the optical tweezers other than the bead will disrupt the measurement.

Bring the GUV back into focus, and away from the bead with the micropipette aligned with the optical trap (Figure 2).

Record the movement of the bead for 1-2 min to measure the equilibrium position (required for force measurements).

Reduce the pressure inside the micropipette as much as possible without losing the GUV so to decrease the membrane tension. Carefully
bring the GUV in contact with the bead for around a second, establishing streptavidin-biotin bonds, then gently pull back creating a nanotube.
The motion of the GUV toward or away from the bead should ideally be done with a piezo-actuator to minimally disrupt the bead in the optical
tweezers.

NOTE: If the nanotube does not form, it could be due to poor streptavidin coating of the bead, insufficient amount of biotinylated lipids in the
GUv, insuif{iicient concentration of salt or excessive concentration of glucose in the experimental buffer, or the membrane tension in the GUV
is too high™.

Increase the aspiration pressure so to recreate the aspiration tongue. Align the tube to lie in the axis of the aspiration pipette and maximally
focus on the tube (Figure 2).

Ensure that the GUV equator and the tube are in focus. Record the movement of the bead with bright field microscopy for a few min (here,
the camera acquisition speed is 30 Hz). Record the height, h, of the water tank with respect to the zero position. Take a few confocal images
of the system (Figure 2).

Repeat the previous step at different aspiration pressures, implicitly membrane tensions.Typical tension range is 0.015-0.2 mN/m, with a step
size of around 0.02 mN/m.

If injecting proteins or molecules near the system, bring the injection micropipette near the nanotube, making sure that the bead in the optical
trap is not perturbed. Gently inject at a pressure of around 1-2 Pa.

After the protein binding has equilibrated (the fluorescence intensity of the injected protein on the membrane remains constant on
the GUV), repeat the step-wise measurements as with the bare membrane (steps 3.11 and 3.12).
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NOTE: Since the measurements are performed while injecting proteins near the GUV at constant pressure, the bulk concentration of the
protein remains roughly unchanged near the GUV; thus, protein desorption should be negligible during the measurement.
1. Alternatively, it is possible to incubate the GUVs together with the proteins before performing tube-pulling experiments to ensure a
constant protein bulk concentration. Given that the relative membrane fraction of proteins on the tube and on the GUV is measured, the
way proteins are delivered does not influence the curvature-sorting calculation (see Section 4).

; 1I:l Lo 2R F
pip L
i ! d__..l
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Figure 2: Tube-pulling experiment. (A) Schematics of the experiment. (B) A confocal image of a pulled tube as described in this Protocol.
Scale bar = 2 ym. Please click here to view a larger version of this figure.

4. Measurements and Data Analysis

1. Measuring membrane tension
1. Calculate the hydrostatic pressure for each step at constant aspiration pressure:
AP = pgh
where p is the water density, g gravitational acceleration, and h the height of the water tank from step 3.11.
2. From confocal images, measure the radius of the GUV, rgyy, and the radius of the aspiration pipette, r,, (Figure 2).
3. Calculate the membrane tension, g, using Laplace's equation49:

o=AP—2
2{1—Tpip/TGUV}

2. Measuring membrane force
1. Determine the stiffness of the optical tweezers, k, by using one of several calibration methods?’. In this setup, measure k using the
viscous drag method?’.
2. Calculate the equilibrium position of the bead, ap, as an average from a measurement before pulling the tube (step 3.8).
3. For each constant tension measurement, calculate the equilibrium membrane force, F, from Hooke's law:
F = k(a - ag)
where a is the average position of the bead during that measurement.

3. Measuring tube radius
1. In the case of a bare membrane (no added membrane-curving molecules), calculate the tube radius, R, from the force as:
R = Fl(4T1o)
(references”™“7).
2. To measure the tube radius in the presence of membrane-curving molecules and independently of step 4.3.1, first, record the lipid
fluorescence intensity along the tube length, /,, and along the GUV contour, Igyy. Measure the average fluorescence intensity of
a fluorophore in or bound to the membrane as an average intensity along the brightest line of a tube or a GUV contour. Select a
rectangular box containing a horizontal section of the GUV contour or the tube and calculate the sum of the fluorescence intensities of
each horizontal line in the box.
1. Divide each sum by the number of pixels of the horizontal line (i.e., the box width). Note that in the selected box, there should be
no other membranes present. The fluorescence intensity profile along the length of the selected box is obtained.
2. After subtracting the background intensity, take the average pixel fluorescence intensity from the brightest line. The tube radius is
linearly related to the ratio of fluorescence along the contour of the tube and of the GUV as:
R = Kubhub/luv
where Ky, is a calibration factor®®.
NOTE: This method can be used to measure the tube radius in the 10—-80 nm range (when the tube is narrow enough to lie
within one confocal voxel width) and with a somewhat greater uncertainty in the 80 nm and higher range. The sensitivity of the
measurement depends on the setup.

3. Determine Ky, by performing independent radius measurements in steps 4.3.1 and 4.3.2 on a simple membrane composition using
uncharged lipids. Such simple membrane composition ensures that the radius and the force have the simple relationship given in step
4.3.1. Repeat the experiment several times and plot R, deduced from the force (step 4.3.1) versus ly/lguv (step 4.3.2). Calculate Ky
from the fit. In this setup, Ki,, = 200 + 50 nm by using egg L-a-phosphatidylcholine (egg-PC) membrane and a fluorescent lipid whose
fluorescence minimally depends on polarizationzS.

NOTE: Ky, must be measured for different objectives, due to their different confocal voxel volumes. The lipid fluorophore should not
interact with the injected proteins/molecules. The fluorescent lipid recommended here, BODIPY TR ceramide, is not expected to have
any interactions with the proteins. This assumption was confirmed with previous studies of BAR and I-BAR domains®>® '37, which have
shown that at high protein surface coverage, the tube radius is fixed by the proteins, regardless of the tension in the GUV. If proteins
interact with the lipid fluorophore, a depletion or enrichment of the fluorophore will be observed in the tube at varied high protein
surface fractions.
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4. Measuring the surface density of proteins

1. Prepare lipid mixes using a simple uncharged lipid (e.g., egg-PC) supplemented with about five different mole fractions of a fluorescent
lipid (of the same wavelength as the dye used to label the protein, e.g., BODIPY-FLC5-hexadecanoyl-phosphatidylcholine (HPC*) for
e.g., the Alexa488-labeled protein) in the range: Xypc+ = 0.01—1%. Prepare GUVs in 100 mM sucrose by electroformation on ITO plates
(follow step 1 of a previous publication13).

2. Collect GUVs and transfer to an experimental chamber passivated with B-casein. Use e.g., 100 mM glucose for the experimental
solution. Wait a few minutes for the GUVs to settle.

3. Take confocal fluorescence images of GUVs and record the average fluorescence intensity along the GUV contours as a function of the
mole fraction of the fluorescent lipid (see Step 4.3.2). For each composition, calculate the area density of the fluorescent lipid, @ypc+.
For example, by assuming that the area per lipid is 0.7 nm2, Qppcr= 1.43 x 10° Xupc+ per leaflet. Plot HPC* fluorescence intensity in the
GUV, lupc+ cuv, versus @upc-. Fit gives the calibration constant, A, given by @ppc+ = Alypc+ cuv- A depends on the microscopy settings,
such as the laser power and the detector sensitivity (i.e., gain), therefore record A for various commonly used microscopy settings (see
example in Figure 3).

4. Prepare several solutions of HPC* dissolved in detergent, e.g., sodium dodecyl-sulfate (SDS), at different concentrations in the range
from ~ 1 to 10-50 yM. Record fluorescence intensity of each solution in bulk and calculate the slope of intensity versus concentration
(Figure 3). Repeat the measurement with the fluorophore that will be conjugated to the protein in a similar concentration range (see
the example with Alexa488 in Figure 3). This measurement is required to relate the fluorescence intensities of the protein label and the
lipid label, Ias88 bulk / Inpc buik. @S they may not necessarily emit in the same way at the same bulk concentration.

5. Measure the number of fluorophores per protein molecule using a fluorospectrometer. For example, for the case of Alexa488, the
number of Alexa488 molecules per protein, nasgg, can be calculated using the following relation:

Nasge = (Azoal€aags)/((A2go - 0.11A404) / Eprot)
where A4g4 and Apg are the absorbance values per unit length at 494 nm and 280 nm, respectively, and €a4gs and €t are the
molecular absorption coefficients of Alexa488 and the protein, respectively.

6. Calculate the surface density of the protein on the GUV, @0t cuv, according to the following formula:

Alpags.GUv

Pprot.guv =
p Tassalasss, bulk/ THPC* bulk

Keep in mind the polymerization state of the protein. For example, BAR proteins dimerize, therefore the calculated density will be that
of the BAR monomer per area if using the extinction coefficient of the monomeric form.
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.
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Figure 3: An example of protein surface density calibration. Measured are the HPC* lipid fluorescence intensity in bulk (left) and in GUVs
(center). Also, measured are the bulk fluorescence intensity of Alexa488 (bound to a BAR domain) (right). Fluorescence intensity linearly
scales with concentration. Measurements shown are for specific detection gain and laser power output. Plots generated based on data from
reference”. Please click here to view a larger version of this figure.

Representative Results

The tube-pulling experiment can give vital mechanical information about the membrane. In the absence of proteins or other molecules that
couple with membrane curvature, the membrane force and tube radius can be related with membrane tension by applying the Canham-Helfrich
Hamiltonian equation to a tube pulled from a GUV™

X 2
F== G—Rio) A+ gA — fL (Equation 1)

where F is the membrane free energy of the tube, K membrane bending rigidity, r and R, are, respectively, the mean and the spontaneous radii

of curvature, 0 membrane tension, A the area of the tube, L the length of the tube, and f the point force exerted by the tube on the bead. At
equilibrium, ris the tube radius, denoted as R, and f becomes the tube-retraction force, F, i.e., the equilibrium force by which the tube is pulling

the bead in the optical trap. To compute F and R, we minimize F with respectto L and r, yieldingzz’23

2 .
F=2n JZO’K-F x—z — 21k~ (Equation 2)
Ry R,

1 20, 1
— = — + — (Equation 3)
Ry

RZ K
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Ry is neglected if both leaflets of the membrane have the same composition, although it is speculated that other factors, such as charge
repulsions can induce some spontaneous curvature*?. Force and radius measurements on tubes pulled from 100% DOPC GUVs are in excellent
agreement with theoretical predictions in Equation 2 and Equation 3 (Figure 4). The two measurements are independent as the force is
measured from the displacement of the bead in the optical trap and the radius from fluorescence intensity, therefore providing two ways of
calculating the membrane bending rigidity. Fitting Equation 2 and Equation 3 to the shown data yields: K= (25.1 + 1.4) (mean + SD) kgT and
(22.1 £ 1.5) kgT, respectively, as previously measured

If experimenting with curvature-coupling proteins, it is suggested to use the more sophisticated Hamiltonian's equation than the one in Equation
1, as Equation 1 only accounts for an effective spontaneous curvature and does not account for the effect of proteins on the membrane's
mechanical properties or possible protein-protein interactions. See, e.g., 25,35,36,52,53 . Although advanced theoretical models are essential for an
in-depth understanding of a specific protein-membrane system, without resorting to them, it is still possible to obtain very useful information from
the tube-pulling method.

For example, to test if proteins sense curvature, the relative intensity of proteins on the tube is measured compared to the GUV, whlch is
considered flat. The interaction with positive curvature is studied by injecting the proteins near the tube with the second mlcroplpette . The
interaction with negative curvature or the behavior of transmembrane proteins is studied by encapsulating or reconstituting proteins during GUV
formation®>%. The relative enrichment of BAR and KvAP proteins on membrane tubes over the underlying GUVs indicates that they prefer
curved membranes (Figure 5). To be more quantitative, this enrichment may be calculated as a sorting coefficient, S, according to:

fErot.tuh/"Erot.GUV (Equatlon 4)
Rip rub/ Aip.Guv

where Iyt b @nd Iyt cuv are the fluorescence intensities of proteins on the tube and on the GUV, respectively, and fp 1, and lp guv are the
fluorescence intensities of lipids on the tube and on the GUV, respectively.

Another example is measuring the tube force as the protein binds to the membrane. Figure 5B,C shows that an N-BAR protein endophilin A2
gradually reduces the tube force, decreasing it to zero, indicating that it has formed a three-dimensional structure that keeps the tube stable,
which is termed a scaffold. Such structures play important roles in endocytosis, by fixing the tube radius but also in enabling scission””
Measurement of S, as well as the mechanical and morphological effects that proteins impose on membranes provides important |nS|ghts into
how they operate in the membrane-bending phenomena in the cell.
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Figure 4: Representative results of mechanical measurements in the absence of proteins. Shown are linearized force and tube radius
dependence on membrane tension for a 100% DOPC membrane, from three independent measurements, published preV|oust Please click
here to view a larger version of this figure.

30
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40 50

Figure 5: Representative results of curvature sensing and scaffold formation by BAR proteins. (A) Curvature sensing by the I-BAR protein
IRSp53. The protein senses negative membrane curvature and is bound on the inside of the GUV, with negligible amount of protein present on
outer membrane leaflet. Scale bar = 5 um. Reprinted from®, under the Creative Commons CC-BY license, Copyright 2015, Nature Publishing
Group. (B) Forming a protein scaffold by the N-BAR protein endophllln Proteins are injected near the tube and are therefore bound on the outer
membrane leaflet. As described in® endophllln binds to the tube's base and forms a scaffold that continuously grows along the tube from the
GUV toward the optical trap (OT, whlte circle). (C) A kymogram of endophilin scaffold growth from the GUV to the bead, with the lipid and protein
channels overlaid. The plot shows tube force, F, as a function of time, t. The tlmescales in the kymogram and the plot are the same (x-axis is
shared). In B and C, Scale bar = 2 ym. Reprinted with permission from reference® , Copyright (2016) National Academy of Sciences. Please click
here to view a larger version of this figure.
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The method of pulling tubes from GUVs gives rich information on the membrane-protein system, as it is not only the means to measure the
fundamental mechanical properties of the membrane, but it helps to shed light on the coupling between proteins and membrane curvature. As
discussed in the Introduction, other techniques exist to measure the effects of membrane-curving proteins, either by incubating the proteins with
sub-micron liposomes tethered to a passivated surface'®" or by observing the spontaneous formation of tubules in micropipette-aspirated GUVs
upon the injection of a protein2°'21. The method described here provides direct geometric connection to endocytosis and is unique in providing
the important physical measurements of the system at the same time, such as protein density, membrane tension, and membrane force.

An important limitation of the method is that it is not trivial to construct and calibrate all the components involved in the assay. However, while

a combination of confocal microscopy, optical tweezers, and micromanipulation provides maximal information, some components can be
substituted as discussed in the Introduction, depending on the information that needs to be learned about the system. The minimal components
required to successfully probe the curvature coupling of a protein, or any other potential curvature-coupled molecule, are a micropipette aspirator
and a confocal microscope, with the optical tweezers being dispensable. Importantly, many of the calibrations (such as the calibration for
membrane tube radius and for determining protein surface density) are typically only needed to be performed once. Another limitation of the
method is that it can measure only one GUV at a time, amounting to two to three GUVs per hour (with practice); however each measurement
provides a wealth of data.

For higher throughput measurements or if it is essential to study the interaction of proteins with spherical and not tubular geometries, other
assays will need to be explored or developed. Future efforts will be devoted to: (1) designing a higher-throughput system in which multiple tubes
(from multiple GUVs) could be pulled and measured at the same time, and (2) integrating super-resolution microscopy so to study the details of
the protein scaffold that forms on the nanotubes.
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