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ABSTRACT Despite their wide applications in soluble macromolecules, optical tweezers have rarely been used to characterize
the dynamics of membrane proteins, mainly due to the lack of model membranes compatible with optical trapping. Here, we
examined optical trapping and mechanical properties of two potential model membranes, giant and small unilamellar vesicles
(GUVs and SUVs, respectively) for studies of membrane protein dynamics. We found that optical tweezers can stably trap
GUVs containing iodixanol with controlled membrane tension. The trapped GUVs with high membrane tension can serve as
a force sensor to accurately detect reversible folding of a DNA hairpin or membrane binding of synaptotagmin-1 C2AB domain
attached to the GUV. We also observed that SUVs are rigid enough to resist large pulling forces and are suitable for detecting
protein conformational changes induced by force. Our methodologies may facilitate single-molecule manipulation studies of
membrane proteins using optical tweezers.

SIGNIFICANCE Numerous biological processes on membranes involve complex protein-protein and protein-membrane

optical tweezers.

interactions that are further regulated by mechanical forces. These interactions are difficult to study using traditional
experimental approaches due to ensemble averaging or lack of mechanical force. As a step to manipulate single
membrane proteins using optical tweezers, we tested the optical trapping of GUVs and SUVs and examined their
mechanical properties. We found that both could serve as potential model membranes to study dynamics of membranes,
membrane proteins, or protein-membrane interactions in the presence of force with high spatiotemporal resolution by

INTRODUCTION

Numerous biological processes occurring on membranes
involve complex protein-protein and protein-membrane in-
teractions that are further regulated by mechanical forces.
These processes include membrane protein folding (1-3),
membrane fusion or lipid exchange (4-6), immune re-
sponses (7), mechanosensation or mechanotransduction
(8-10), and cell growth, migration, and differentiation
(11,12). The molecular interactions involved in these
processes are difficult to study using traditional experi-
mental approaches based on a large number of molecules
due to ensemble averaging or lack of mechanical
force (5,6,9,10,13). Single-molecule force spectroscopy,
including atomic force microscopy (AFM), optical twee-
zers, and magnetic tweezers, has widely been applied to
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study the dynamics of soluble proteins (14-19). However,
applications of the methodology into membrane proteins
are very limited. AFM can image membranes, apply force
to membrane proteins, and probe protein dynamics (20).
Consequently, AFM has long been used to study membrane
protein folding by pulling single proteins out of surface-sup-
ported lipid bilayers (3,21). AFM generally uses large and
stiff fabricated cantilevers as force probes, which lead to
high spatial resolution but low force resolution compared
with magnetic or optical tweezers (15,22). In addition, the
underlying surfaces may perturb the structure and dynamics
of membranes or embedded membrane proteins, leading to
reduced lateral diffusion of lipids or proteins (23-26). Mag-
netic tweezers have been successfully applied to detect step-
wise association and dissociation of transmembrane helices
of rhomboid protease GlpG or B2-adrenergic receptor in bi-
celles, and, recently, unfolding of GlpG in small unilamellar
vesicles (SUVs) (2,27). So far, reversible protein folding has
not been observed in an authentic membrane environment
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under an equilibrium condition, except for small regions of
transmembrane helices, which prevents measurements of
folding energy for larger domains of membrane proteins,
including the insertion energy of a single transmembrane
helix. This calls for improved single-molecule manipulation
approaches for studying membrane protein dynamics.
Compared with AFM and magnetic tweezers, optical twee-
zers are more widely used to study dynamics of soluble pro-
teins, including the unidirectional movement of molecular
motors and folding dynamics of proteins or protein com-
plexes (14,19,28), partly due to the extremely high precision
of optical tweezers for measurements of distance (~0.2 nm)
and force (~0.01 pN) with high temporal resolution
(~10 ps) (29). In contrast, optical tweezers are also least
used to investigate membrane proteins, especially their
folding dynamics, partly due to lack of proper model mem-
branes for suspension in optical traps to pull membrane
proteins.

Giant unilamellar vesicles (GUVs) and SUV's are common
model membranes to study membrane proteins in bulk (30). In-
tegral proteins in both GUVand SUV membranes are fully mo-
bile (31). Aspirated on the tips of micropipettes, GUVs have
been utilized as membrane reservoirs to pull long membrane
tethers or tubules with controllable diameters or curvatures
with optical tweezers (32-34). These membrane tethers not
only are used to measure membrane tension and bending stiff-
nesses (34,35) but also serve as substrates to test many proteins
that bind to membranes in a curvature-dependent manner or
deform the membranes upon their binding (36). Optical twee-
zers have been applied to trap micron-sized GUVs in many ap-
plications. They were used to probe the mechanical properties
of lipid bilayers (37), sort GUVs with different properties, fuse
GUVs, or assemble GUVs into artificial cell networks (38).
However, the optical trapping was weak (39) due to the small
difference in the refractive indices (RI) of GUVs and water,
making it unlikely to directly pull membrane proteins reconsti-
tuted onto the trapped GUVs. Furthermore, reconstitution of
integral membrane proteins into GUV membranes is generally
challenging, as there have been no general methods for reliable
protein reconstitution (40). SUVs are popular model mem-
branes for membrane protein studies, partly because reconsti-
tution of membrane proteins onto SUVs is generally easier.
However, with a diameter ranging from 20 to 100 nm, SUVs
are invisible by conventional optical microscopy and cannot
be directly trapped to withstand high pulling force (39). Taking
this evidence together, it remains challenging to pull single
macromolecules on membranes using optical tweezers.

As a step to study membrane protein dynamics using opti-
cal tweezers, we developed methods to pull macromolecules
attached to the membranes of GUVs and SUVs to measure the
dynamics of proteins and/or membranes with high resolution.
We validated our methods using well-studied DNA hairpins
and synaptotagmin-1. Our work may facilitate potential ap-
plications of both model membranes to studies of integral
or peripheral membrane proteins using optical tweezers.

Pull membrane proteins with OT

MATERIALS AND METHODS

Lipids

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA),
including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-di-
oleoyl-sn-glycero-3-phospho-L-serine  (DOPS), 1,2-dioleoyl-sn-glycero-
3-phospho-(1'-myo-inositol-4’,5'-bisphosphate) (PI(4,5)P,), 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DO
PS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine-rhodami
ne-B-sulfonyl) (rthodamine-DOPE), 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[biotinyl(polyethylene glycol)-2000] (biotin-DSPE), and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)]bu-
tyramide (MPB-DOPE).

DNA handles

A total of four DNA handles was used in the different experiments. All had
the same length of 2260 bp and dual digoxigenin labels at one end but
different overhang oligonucleotides and/or labels (biotin or thiol group) at
the other end. These DNA handles were made by polymerase chain reaction
(PCR) using ADNA cl857 Sam7 (Promega, Madison, WI, USA, D1501) as a
template and a forward primer containing two digoxigenin labels at the 5’
end. Four reverse primers contained either the overhangs and/or biotin or
thiol labels at the 5" end. The DNA handle used in Fig. 2 A had an overhang
DNA hairpin sequence of biotin-5'-TTTGAGTCAA-CGTCTGGATC-
CTGTTTTCAG-GATCCAGACG-TTGACTCTTT-(spacer), while the left
DNA handle in Fig. 5 A contained an overhang sequence 5'-CTCG
CCAACG-TACATACAAC-TGTACGCCCTC-(spacer) that hybridizes to
the 5" region of the DNA hairpin. Here the 18-atom hexa-ethylene glycol
spacer connected the overhang sequences to the remaining part of the PCR
primers at the 3’ end but prevented polymerase extension to the overhang re-
gions during PCR. All primers were synthesized by Integrated DNA Technol-
ogies (Coralville, IA, USA).

Oligo-DOPE conjugation

The DNA hairpin-labeled DOPE lipids (oligo-DOPE, Fig. 5 A) were made
by conjugating thiol-labeled oligonucleotide to the maleimide-labeled
DOPE lipids (41). The oligonucleotide with a 3’ thiol group has the
following sequence:

5'-GAGGGCGTAC-AGTTGTATGT-ACGTTGGCGA-GTTGAGTCAA-
CGTCTGGATC-CTGTTTTCAG-GATCCAGACG-TTGACTCT-SH

The lyophilized oligonucleotide was dissolved in the buffer containing
20 mM Tris (pH 7.4), 250 mM KCI, 55 mM glucose (buffer A), plus
20 mM tris(2-carboxyethyl)phosphine (TCEP) for a 4 mM stock solution.
The maleimide-labeled lipids MPB-DOPE dissolved in chloroform were
dried in a clear glass vial first in nitrogen flow for 5 min and then in a vac-
uum desiccator for 1 h. Before lipid labeling, the stock oligonucleotide
solution was diluted to 0.8 mM with buffer A plus 2.5% (w/v) n-octyl-
B-D-glucoside (OG) and added to the glass vial with the dried lipid film
with an MPB-DOPE to oligonucleotide molar ratio of 10:1. The solution
was gently vortexed at room temperature for 4 h to complete the malei-
mide-thiol reaction. Finally, 2-mercaptoethanol was added to the mixture
to a final concentration of 40 mM to quench all the unreacted MPB-PE.
The oligonucleotide-labeled DOPE was aliquoted and stored at —80°C
before use.

SUV preparation

SUVs were made for direct use (Fig. 5 A) or preparation of the membrane-
coated silica beads (MCBs) (Figs. 1 and 2 D) or VAMP2-anchored GUVs
(Fig. 1 D). Three types of SUVs were prepared that contained either pure lipids,
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oligo-DOPE, or VAMP2. Different lipids (except for the oligo-DOPE) were
mixed in chloroform and dried to form lipid films as described in the preceding
section. buffer A was then added to hydrate the lipids to make a solution with a
total lipid concentration of 5 mg/mL. The cloudy vesicle solution was soni-
cated with a water bath sonicator for 30 min until the solution became clear.
These SUVs were ready for use. For SUVs containing oligo-DOPE, Triton
X-100 (Thermo Fisher Scientific, Waltham, MA, USA, 28314) was added to
the SUV solution to a final concentration of 8 mM and incubated at room tem-
perature with gentle agitation for 10 min. Oligo-DOPE was then added to the
SUV solution to 1 mol % total lipid concentration and further incubated at
room temperature for 1 h. Triton X-100 was removed by adding 40 mg of
Bio-beads (Bio-Rad Laboratories, Hercules, CA, USA, 1523920) per
100 pL SUV solution and then nutating at 4°C overnight. VAMP2-anchored
SUVs were prepared as previously described (42). In brief, the purified Alexa
Fluor 647-labeled VAMP2 in 1.5% (w/v) OG, 140 mM KCl, and 25 mM
HEPES (pH 7.4) was added to the dried lipids for a total lipid concentration
of 5 mg/mL and a protein/lipid molar ratio of 1:1000. The mixture was vor-
texed for 15 min at room temperature, then diluted by the buffer containing
140 mM KCI and 25 mM HEPES (pH 7.4) for a final OG concentration of
0.33% (w/v). OG was removed by dialyzing the liposome solution in the
same buffer using Slide-A-Lyzer Dialysis Cassettes (20 kDa cutoff) (Thermo
Fisher Scientific, 66003) for 2 days at 4°C with a buffer change every 16 h. All
SUVs were harvested, stored at 4°C, and used within 3 weeks.

Syt1 C2AB preparation and VAMP2 labeling

The sequences and purification of the Sytl C2AB construct and the full-
length VAMP2 with single cysteine mutation Q36C were previously
described (13,43). In brief, the Sytl C2AB construct contained an Avi-
tag at its N-terminus and a unique cysteine at its C-terminus. The C2AB
domain and the thiol-containing DNA handle were crosslinked as previ-
ously described (13). VAMP2 and Alexa Fluor 647 maleimide (Thermo
Fisher Scientific, A20347) were mixed with a molar ratio of 1:3 in the pres-
ence of | mM TCEP and incubated at room temperature for 1 h. Dithiothrei-
tol was then added to the mixture to a final concentration of 5 mM to quench
unreacted maleimide. Free dye was removed by Micro Bio-Spin 6 columns
(Bio-Rad Laboratories, 7326222).
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FRAP of NBD-DOPS

FIGURE 1 Representative transmembrane pro-
tein is immobilized in the supported bilayer but
fully mobile in the GUV membrane. (A) Confocal
fluorescence images of the lipids in the same GUV
membrane or membrane-coated bead (MCB)
before and after NBD bleaching by dithionite treat-
ment (left), with their normalized average fluores-
cence intensities shown in the right panel. The
error bar indicates the standard deviation. (B)
Confocal fluorescence images of the same GUV
or MCB taken before (t = 0) and after photo-
bleaching at the indicated time. (C) Fluorescence
intensities as a function of time after photobleach-
ing (symbols) and their best fits (dashed curves) to
determine the diffusion coefficients of lipids or
VAMP2 as indicated. The intensities were normal-
ized by the corresponding intensities just before
photobleaching. (D) Fluorescence images of Alexa
Fluor 647-labeled VAMP2 in the GUV or MCB
taken before (t = 0) and after photobleaching.
The GUV or MCB membranes used in the FRAP
experiments contained 99.65 mol % POPC, 0.25
mol % NBD-DOPS, and 0.1 mol % Alexa Fluor
647-labeled VAMP2. All GUVs encapsulated
30% (w/v) iodixanol.

Preparation of membrane-coated beads

MCBs were prepared as described elsewhere in detail (13). In brief, 100 pL
of prewashed silica beads (Bangs Laboratories, Fishers, IN, USA, SS04002
and SS05003) with a diameter of 2.06 um (for the pulling experiment) or
6 um (for the fluorescence recovery after photobleaching (FRAP) experi-
ment) were added into the corresponding 500 pL of SUV solution containing
1 mg/mL lipids. SUVs spontaneously bound to and collapsed on the surfaces
of silica beads to form supported bilayers. The bead solution was vortexed at
1500 rpm at 37°C using Thermal Mixer C (Eppendorf, Hamburg, Germany)
for 1 h to complete the membrane-coating process. MCBs were separated
from the excessive liposomes by centrifuging the bead solution at 500 x g
at room temperature for 1 min to precipitate the beads and then removing
the supernatant. The beads were washed three times by adding 1 mL of buffer
A, resuspending the beads, and centrifugation. The MCBs were stored in
100 pL of buffer A at 4°C and used within 1 week.

GUV preparation

GUVs containing sucrose only or iodixanol (<30% w/v) were generated by
the electroformation method (30). Twenty microliters of lipids with a final
total lipid concentration of 5 mg/mL in chloroform was deposited onto plat-
inum electrodes in small drops (~0.5 pL per drop). The lipids were dried in
the vacuum desiccator for 1 h to form lipid films on the electrodes. The elec-
trodes were then gently immersed in a plastic tube with a buffer containing
either 0.5 M sucrose, 1 M sucrose, or the iodixanol solution containing 30%
(w/v) iodixanol, 0.43 M sucrose, and 5 mM HEPES (pH 7.4). For the GUVs
containing Alexa Fluor 647 VAMP2, 40 pL of SUV solution containing
2 mg/mL lipids was deposited onto platinum electrodes in small drops
(~0.5 pL per drop). The SUV solution was dried first in the fume hood
for 15 min and then in the vacuum desiccator for 1 h to form lipid films
on the electrodes. The iodixanol solution was then used to immerse the elec-
trodes. An alternating current with a sine wave (function/arbitrary wave-
form generators, SDG2042X; SIGLENT, Shenzhen, China) was applied
to the platinum electrodes with a peak-to-peak voltage of 2.3 V and fre-
quency of 10 Hz for 4 h. The GUVs were harvested, stored at 4°C, and
used within 1 week.
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The GUVs containing over 30% iodixanol were made by an alternative
inverted-emulsion method (44,45) because of the poor yield of the GUVs
generated by the electroformation. A total of 0.4 umol lipids was mixed
in chloroform and dried in a clean glass vial. Next, 400 pL of liquid paraffin
was added to the dried lipids before incubation at 50°C for 1 h to dissolve
the lipids, which yielded a solution of 1 mM lipids in paraffin. Two hundred
microliters of the solution was gently deposited on top of 500 pL of buffer
that eventually remains outside the GUVs (outside buffer) in a 1.5 mL
centrifuge tube and incubated at room temperature overnight until the inter-
face between the oil and aqueous phases became flat, where a monolayer of
lipids formed. The outside buffer contained 20 mM Tris (pH 7.4), 55 mM
glucose, and 250 mM KCl (Fig. 2 C) or 200 mM KCI (Fig. 4 A), depending
upon the applications. Twenty microliters of inside buffer to be encapsu-
lated into the GUVs, i.e., 55% (w/v) iodixanol, 5 mM HEPES (pH 7.4),
and 0.355 M sucrose (Fig. 2 C) or 0.21 M sucrose (Fig. 4 A), was added
to the remaining 200 pL of lipid solution in paraffin and sonicated for
5 min to prepare the inverted-emulsion solution. This emulsion was added
on top of the lipid solution in paraffin above the aqueous solution in the
centrifuge tube. The mixture was then centrifuged at 1000 x g for 5 min
to allow water droplets in the emulsion to pass through the lipid monolayer
into the bottom aqueous solution to form GUVs. The bottom GUYV solution
was collected and stored at 4°C before use.

Confocal fluorescence imaging and FRAP

All images were acquired by the laser scanning confocal microscope model
SP8 (Leica, Wetzlar, Germany) equipped with LCS software and a 63 x oil
immersion objective at a scan speed of 1800 Hz or a frame rate of 13.04 per
second. Samples were imaged in glass-bottom dishes (D35-14-1.5-U; Mat-
sunami, Gunma, Japan), coated with B-casein (Sigma-Aldrich, Burlington,
MA). The stock solutions of the GUVs or MCBs containing Alexa Fluor

647 VAMP2 and NDB-DOPS were diluted 3- or 10-fold with buffer A
and added to the glass-bottom dishes. For the FRAP experiments, the exci-
tation wavelength (A.x) and emission wavelength (4.,) were chosen as fol-
lows: Aex = 488 nm, Aoy, = 492-547 nm for NBD-DOPS and 2., = 647 nm,
Aem = 650-695 nm for Alexa Fluor 647-VAMP2. Photobleaching was
achieved by scanning the membrane region with a 2 um diameter at the
top of the GUV or MCB 1-3 times with maximum power of the correspond-
ing excitation laser (20 mW for the 488 nm laser and 30 mW for the 647 nm
laser) combined with the maximum power of a 405 nm laser (50 mW).
Fluorescence recovery was monitored at 2%—-10% of the maximum excita-
tion laser power with the 405 nm laser off. Time-dependent average fluores-
cence intensities (Fig. 1C) were calculated from 6-7 FRAP experiments on
different GUVs or MCBs and fitted by a modified Bessel function (46) us-
ing a script written in MATLAB, yielding the diffusion time 7. The diffu-
sion coefficient (D) was computed based on the formula D = /(47) with
r = 1 um. To test the lamellarity of the lipid membranes, GUVs or
MCBs were treated with 10 mM sodium dithionite (final concentration)
for 10 min to bleach NBD-DOPS in the outer leaflet of the membrane.
The averaged fluorescent intensities of GUVs/MCBs (N = 100-120)
were measured before and after the dithionite treatment.

Estimations of the GUV membrane tension

Suppose a GUV has a radius r and buffers of osmolarity C;, and C,,, inside
and outside the GUYV, respectively, in a hypotonic solution with C;,>C .
The osmolarity difference generates an osmotic pressure

AP = RT(Ci, — Cou) 9]

in terms of Van’t Hoff’s law, where R is the molar gas constant and 7 the
absolute temperature. This osmotic pressure, in turn, generates membrane
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tension in the GUV membrane ¢. Based on the Young-Laplace equation
7,

_20

AP 2)

r
The membrane tension can then be solved from Eqs. (1) and (2) as

1
g — EI‘RT(C[,, — Cout)- (3)

The membrane tension is also related to the area increase of the GUV
membrane, i.e.,

KdA 2Kdr

o= 0)
A r

where A is the membrane area of the GUV in the hypotonic solution and K
is the elastic modulus of the GUV membrane (48). Here dA is the increase
in the membrane area when the GUV is transferred from an isotonic solu-
tion to the hypotonic solution, which causes water to enter the GUV. This
leads to the corresponding small increases in the GUV diameter (dr) with

dA 2dr
= 5
A r ©)

The osmolarity of the solution inside the GUV decreases when the GUV
is transferred from the isotonic solution used to prepare the GUV (with os-

molarity CES)) to the hypotonic solution (47), i.e.,

d,
Cn=CY (1 —3—'>. ©)

r

Substituting Eq. (6) into Eqs. (3) and (4) and equating the right sides of
the latter two equations, one has

ar RT(CY = Cou)
R W )
r 4K +3rRTCY

Substituting Eq. (7) into Eq. (4), we derive the equilibrium GUV mem-
brane tension in the hypotonic solution as

2KrRT (C§3> — cou,)

g =

@)
4K + 3rRTCY

The membrane tension can also be calculated using the measured equi-
librium force of the membrane tether (f) (34), i.e.,

f2

g=-"—
8wk’

€))

where « is the membrane bending rigidity. The corresponding radius of the
membrane tether 1" can be calculated as

Y=/ (10)

In our estimations for membrane tension (Fig. 2 D), we chose
K = 220 mN/m (47,48), k = 23 kgT = 94 pN x nm (35,49), and
RT = 2.5 kJ/mol. In the case of 255 mM, 260 mM, and 270 mM [KCI],
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the GUV membrane tension was calculated based on the measured equilib-
rium force of the membrane tether using Eq. (9). The GUV membrane ten-
sion at 240 mM, 245 mM, and 250 mM [KCl] was computed based on Eq.
(8) using an osmolarity value C ,(S ) — 852 mOsm for the concentrated iodix-
anol solution inside the GUV. This value was derived from the membrane
tension of the GUV in 255 mM [KCI] again using Eq. (8). In all our deri-
vations, the small intrinsic curvature of the GUV membrane induced by
the asymmetric salt concentrations on both sides of the membrane (35)
was neglected.

Dual-trap high-resolution optical tweezers

The dual-trap optical tweezers were home-built as described elsewhere in
detail (50). In brief, a single laser beam of 1064 nm from a solid-state laser
(Spectra-Physics, Utrecht, the Netherlands, J20I-BL-106C) was collimated,
expanded, and split into two orthogonally polarized laser beams. One of the
laser beams was reflected by a mirror attached to a piezoelectrically
controlled stage that could turn in two axes, which was used to accurately
move the corresponding optical trap in the sample plane. The two beams
were further combined, expanded, and finally focused by a water-immer-
sion 60x objective with a numerical aperture of 1.2 (Olympus, Tokyo,
Japan) to form two optical traps. The outgoing laser beams were collimated
by a second identical objective, split by polarization, and projected onto two
position-sensitive detectors (Pacific Silicon Sensor, Westlake Village, CA,
USA) to detect bead movements through back-focal plane interferometry.
The trap stiffness was determined by the Brownian motions of the trapped
beads or GUVs (51). To this end, the displacement of the bead or GUV in
the trap was recorded at 80 kHz for over 3 s. The displacement trajectory
was evenly divided into 128 regions, and a Fourier transformation of
each region was performed to calculate its power spectrum density. The
average of all power spectrum densities was computed and fit with a Lor-
entzian distribution S(f) = ckgT/(f2 -+f*), where f is the frequency, kg
the Boltzmann constant, T = 300 K the temperature, and ¢ and f, are two
fitting parameters. The trap stiffness o was derived from the corner
frequencyf,, i.e., « = 2mff,, with @ the drag coefficient of the trapped
GUYV or bead. The drag coefficient was calculated based on the GUV or
bead radius y or § = 67ny. The radii of the trapped GUVs or beads
were determined by their images (Fig. S1). A customized microfluidic
chamber with three parallel flow channels was used to deliver beads through
the top and bottom channels to the central channel, where optical trapping
occurred (52).

Single-molecule experiments

All pulling experiments were performed using the dual-trap high-resolution
optical tweezers as previously described (16,52,53). In brief, ~500 ng of
DNA handles with biotin (Fig. 5 A), the overhang DNA hairpin (Fig. 2 B),
or the Sytl C2AB domain (Fig. 4 A) were mixed with a streptavidin solution
with streptavidin/DNA handle molar ratio of 100:1 in a final volume of 5 pLL
and incubated at room temperature for 15 min. An aliquot of the mixture con-
taining 1-10 ng of DNA was mixed with 10 pL of anti-digoxigenin antibody-
coated polystyrene beads 2.1 pm in diameter (Spherotech), incubated at
room temperature for 15 min, and diluted in 1 mL of buffer A. An aliquot
of stock GUV or MCB solution was diluted by 10- to 20-fold or 1000-fold,
respectively, in 1 mL of buffer A. Subsequently, the 1 mL DNA-bound
bead solution and GUV or MCB solution were injected into the top and bot-
tom channels in a home-made microfluidic chamber filled with buffer A with
an oxygen scavenging system containing 55 mM glucose, 0.02 unit/mL
glucose oxidase (Sigma-Aldrich), and 0.06 unit/mL catalase (Sigma-Al-
drich). For the SUV pulling experiment, 10 pL of anti-digoxigenin anti-
body-coated polystyrene beads was mixed with 1 pL of 20 ng/uL DNA
handle containing an overhang oligonucleotide and 9 pL of 1 mg/mL
SUVs containing oligo-DOPE and incubated at room temperature for
15 min. The beads were then diluted in 1 mL of buffer A and injected into



the bottom channel. A single anti-digoxigenin bead from the top channel and
asingle MCB, GUYV, or anti-digoxigenin bead from the bottom channel were
separately trapped and brought close to form a single protein (or lipid)-DNA
tether. The tether was pulled or relaxed by moving one optical trap relative to
the other fixed trap at a speed of 10 nm/s.

RESULTS AND DISCUSSION

Representative integral membrane protein is
mobile on GUVs but not on supported bilayers

We have recently adopted MCBs to study membrane-bind-
ing affinity and kinetics of the C2 domains in synaptotag-
min-1 (Sytl) and extend synaptotagmins using optical
tweezers (6,13). In principle, integral membrane proteins
can be reconstituted into the supported bilayers and simi-
larly pulled in a direction perpendicular to the membrane
surface to study their dynamics. However, like in other sup-
ported bilayers (23), the integral membrane proteins might
suffer from nonspecific interactions with the underlying
glass surfaces. This motivated us to examine the lateral
mobility of integral membrane proteins in the lipid bilayers
coated on silica beads using FRAP. We chose VAMP2, an
SNARE protein of 116 amino acids in length with a single
C-terminal transmembrane domain, as a representative for
integral membrane proteins (5). We labeled VAMP2 with
the Alexa Fluor 647 dye and reconstituted the protein into
the bilayer on the surface of a silica bead 6 um in diameter.
For comparison, we also reconstituted the dye-labeled pro-
teins into GUV membranes. Both GUV and supported mem-
branes also contained dye-labeled lipid NBD-DOPS. First,
we examined the unilamellarity of both membranes. We
treated the MCBs and GUVs with dithionite that specifically
quenches the NBD dyes labeled on the lipids in the outer
leaflets of the membranes. Comparing bead or GUV images
before and after dithionite treatment, we found that their
fluorescence intensities decreased by ~50% (Fig. 1 A), indi-
cating unilamellar membranes coated on bead surfaces as
well as in the GUVs. Next, we tested the mobility of
NBD-DOPS in the membranes using FRAP. After photo-
bleaching NBD in a small region (~2 pm in diameter) on
the top of GUV or MCB (26), the fluorescence in the region
quickly recovered within 6 s with comparable recovery
rates for the lipids on both GUV and MCB (Fig. 1, B and
(), suggesting that the lipids are fully mobile. Similar diffu-
sion coefficients of NPD-DOPS in both membranes were
derived from the time-dependent fluorescence intensities
(~4 pum?/s, Fig. 1 C). While both diffusion coefficients
fall in the ranges of previous measurements (2-9 umzls)
(25,26), the approximately equal diffusion coefficients of
DOPS in both membranes contrast with previous measure-
ments for DOPE obtained by us and others, which show at
least twofold slower lipid diffusion in the supported bilayer
than in the free-standing membranes (13,25,26). The diffu-
sion of negatively charged DOPS may be less hindered by
the negatively charged silica surface than the neutral
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DOPE, contributing to the higher diffusion coefficient of
DOPS than that of DOPE. Finally, we tested VAMP2
mobility in the membrane of GUV or MCB using FRAP
(Fig. 1 D). The resultant diffusion coefficient of VAMP2
in the GUV (~2 pm?/s, Fig. 1 C) is close to the previous
measurement for another SNARE protein, syntaxin-1,
which also contains a single C-terminal transmembrane
(26), confirming rapid diffusion of transmembrane proteins
in GUV membranes (Video S1). In contrast, no fluorescence
recovery was observed for VAMP?2 in the supported bilayer
even 30 min after photobleaching (Fig. 1, C and D; Video
S2). Thus, the VAMP2 proteins were immobilized on the
bead surface. Combined with previous results (23,24,54),
our experiments revealed an intrinsic drawback of the sup-
ported bilayers as a model membrane to study integral mem-
brane proteins using optical tweezers, despite its success in
studies of protein-membrane interactions with mobile lipids
(6,13). We thus turned to GUVs and SUVs as potential
model membranes to pull macromolecules on membranes.

Optical tweezers stably trap GUVs containing
iodixanol

To trap GUVs for pulling macromolecules, we planned to
increase the GUV trapping strength characterized by the
stiffness of the optical trap. Given the size of a micron-sized
object and the laser trapping power (typically a few hundred
milliwatts), the trap stiffness increases with the RI of the ob-
ject relative to that of water (RI = 1.33) (55). Therefore, we
encapsulated solutions with different RIs inside GUVs and
measured their trapping stiffness based on their Brownian
motion in the optical trap with a fixed trapping laser power
(51). All GUV membranes contained 99.87 mol % POPC,
0.03 mol % biotin-DSPE, and 0.1 mol % rhodamine-
DOPE. The buffers outside the GUVs contained 20 mM
Tris (pH 7.4), 55 mM glucose, and different concentrations
of potassium chloride to balance the osmotic pressure of the
GUVs. We first tested GUVs encapsulating 0.5 M sucrose
(RI = 1.36) or 1 M sucrose (RI = 1.38), as they were
used in previous trapping experiments (37-39). We obtained
average trap stiffnesses of 0.025 = 0.005 (mean * standard
deviation) pN/nm and 0.045 = 0.006 pN/nm for the GUVs
with 0.5 M sucrose and 1 M sucrose, respectively (Table 1).
To compare GUV trapping, we specifically tested GUVs
with a diameter in the range of 2.5-3.5 pm, although
GUVs with 1.5-10 pm diameter could conveniently be trap-
ped. The GUV traps were rather weak compared with the
average trap stiffnesses of 0.162 pN/nm and 0.244 pN/nm
for MCBs (RI = 1.45) and polystyrene beads (RI = 1.57),
respectively, with diameters of ~2 pum. Thus, despite being
widely used in GUV preparation, sucrose does not signifi-
cantly enhance GUYV trapping due to its low refractive
index.

To promote GUV trapping, we added iodixanol, also
known as OptiPrep (Fig. 2 A), inside the GUV. The
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TABLE 1 Trapping stiffnesses of GUVs containing sucrose or iodixanol in different concentrations, membrane-coated beads, and
polystyrene beads
GUV GUV GUV GUV Membrane-coated bead Polystyrene bead
0.5 M sucrose 1 M sucrose 30% iodixanol 55% iodixanol
Diameter (pum) 2.5-3.5 2.5-3.5 2.5-3.5 2.5-3.5 2.06 2.17
Trapping stiffness 0.025 = 0.005 0.045 = 0.006 0.083 = 0.005 0.113 = 0.006 0.162 = 0.006 0.244 = 0.006
(pN/nm) (N = 15) (N = 16) (N =21) (N=22) (N =29) (N =29)

The number N in parentheses represents the number of GUVs or beads tested. The errors indicate the standard error of the mean.

iodixanol solution has widely been used as a medium for
density gradient centrifugation and as a radiocontrast agent
in diagnostic imaging because of its high density and low
osmolarity, viscosity, and toxicity (56,57). Recently, it has
also gained applications in optical imaging due to its high
refractive index and low absorbance for visible or infrared
light (58). The typical 60% iodixanol stock solution has a
high reflective index of 1.43, close to that of silica. The
low absorbance is important for GUV trapping, because it
minimizes laser heating due to the extremely high laser po-
wer density in optical traps (~10 MW/cm?) (50,59). We pre-
pared two batches of GUVs, one containing 30% (w/v)
iodixanol and 0.43 M sucrose and the other, 55% (w/v) io-
dixanol and 0.355 M sucrose. Here sucrose was used to
adjust both solutions to approximately equal osmolarity.
All GUVs appeared spherical and could be readily imaged
and trapped (Fig. 2 B). Due to their high refractive index,
these GUVs exhibited significantly higher contrast than
those containing sucrose only. The trapping stiffnesses for
GUVs containing 30% and 55% iodixanol were 0.083 pN/
nm and 0.113 pN/nm, respectively (Table 1). The latter
was close to that of MCBs (0.162 pN/nm) but about half
of the stiffness of polystyrene beads (0.244 pN/nm). Besides
its high refractive index, iodixanol has another advantage
over sucrose for GUV trapping due to the low osmolarity
of iodixanol. To balance the osmotic pressure of the GUV
containing 1 M sucrose, a high concentration of KCI (up
to 560 mM) must be added in the solution outside the
GUYV, which tends to interfere with the structures and dy-
namics of the proteins in the solution. In contrast, the
GUVs containing 55% iodixanol could be stably trapped
in solutions containing as low as 100 mM KCl, which allows
the testing of protein dynamics under a more physiological
condition. In conclusion, GUVs containing >30% iodixa-
nol could be stably trapped by optical tweezers to poten-
tially detect conformational changes of macromolecules
on membranes.

Pulling single DNA hairpins attached to trapped
GUVs

To examine whether the trapped GUVs could further serve
as a force and displacement sensor to directly measure the
dynamics of macromolecules, we investigated the folding
and unfolding dynamics of a DNA hairpin attached to the
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GUYV containing 55% iodixanol. The DNA hairpin had a
stem of 20 bp and a thymidine tetraloop (Fig. 2 C). It was
directly tethered to the GUV at one end and to the 2.1 pm
anti-digoxigenin antibody-coated polystyrene bead at the
other end via a 2260 bp DNA handle. As a force and
displacement sensor (60), the GUV needs to be sufficiently
rigid to minimize their deformation induced by the pulling
force and thermal fluctuations of the membrane. Thus, we
controlled the membrane tension of the GUV by changing
the concentration of potassium chloride ([KCI]) in the buffer
outside the GUV. As [KCI] decreased below 270 mM, both
the osmotic pressure and the GUV membrane tension
increased in a predictable manner (see materials and
methods) (47).

To test the effect of the GUV deformation on the single-
molecule manipulation experiment, we pulled the DNA
hairpin on the same GUYV but adjusted its membrane tension
by varying [KCI] from 240 mM to 270 mM using a micro-
fluidic system (51). The DNA hairpin was being pulled by
moving one trap away from the other fixed trap at a speed
of 10 nm/s. At a high membrane tension with low [KCI]
at 240 mM, 245 mM, and 250 mM, the resultant force-
extension curves (FECs) were nearly identical, showing
clear folding and unfolding transitions of the DNA hairpin
at an equilibrium force of ~14.5 pN (Fig. 2 D). In addition,
all three FECs overlapped the FEC obtained by replacing
the GUV with the MCB. Extension trajectories at a constant
trap separation or mean force of 14.5 pN also revealed
approximately equal extension changes and close folding
and unfolding rates (Fig. 3, top and middle traces). The
signal/noise ratio (SNR) detected on the GUV (4.4) was
slightly lower than that on the MCB (5.4). These compari-
sons demonstrate that, at high membrane tension, the
GUV is suited to pulling macromolecules on membranes
and detecting their conformational transitions with high res-
olution. This conclusion implies that the GUV was rela-
tively rigid and minimally deformed in response to a high
pulling force. Consistent with this derivation, no significant
GUYV deformation was observed from the images of GUVs
subjected to up to 40 pN pulling force (Fig. SI).

Theoretical analyses corroborated the negligible GUV
deformation induced by the pulling force under our exper-
imental conditions with high GUV membrane tension. Cell
or GUV membranes have been used as force probes based
on membrane deformation, whose force constant was
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estimated to be twofold that of the membrane tension (61).
Based on the membrane tension measured by membrane
tether pulling described in the forthcoming section and
the relative [KCl], we derived membrane tensions in the
range of 4.7-1.6 pN/nm for the GUV in 240-250 mM
KCl1 (Fig. 2 D, see materials and methods), with the corre-
sponding GUV elongation of 2—6 nm in the presence of 20
pN pulling force. This contribution to the absolute exten-
sion was negligible compared to the ~741 nm extension
of the 2260 bp DNA handle at the same force. For the
DNA hairpin transition measured in 250 mM KCI
(Fig. 3), the GUV deformation dampened the extension
change by ~0.2 nm, which is significantly smaller than
the measured 13.7 nm extension change. In conclusion,
these calculations corroborated our experimental observa-
tions that GUV containing high concentrations of iodixanol
with high membrane tensions can be used as a force probe
to accurately measure the dynamics of macromolecules on
membrane surfaces.

Pulling membrane tethers from trapped GUVs

In contrast, the FECs obtained at lower [KCl] significantly
deviated from those described above. At 255 mM KCl, the
FEC tilted to higher extension at a force below 18 pN
(Fig. 2 D, purple), indicating significant GUV elongation
along the pulling direction, which contributed to the extra
extension compared to the extension measured using
MCBs at the same force. Although the DNA hairpin tran-
sition still equilibrated at ~14.5 pN, the extension change
decreased to 8.6 nm, with the corresponding SNR

Unfolding rate: 69 s

Refolding rate: 62 s

Unfolding rate: 53 s™

Refolding rate: 43 s

L I
:|:8.6 nm
I
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FIGURE 3 Time-dependent extension trajec-
tories at constant mean force showing reversible
unfolding and refolding of the DNA hairpin
attached to either the MCB in 250 mM KCI
(top), or the GUV in 250 mM KCI (middle) or
255 mM KCI (bottom). The trajectories were
mean-filtered to 1000 Hz and shown with their
idealized transitions (red lines) derived from
hidden-Markov modeling. The DNA hairpin tran-
sitions at constant trap separation were accompa-
nied by small force fluctuations. The mean force
(F) indicated is the mean of the two average forces
corresponding to the folded and unfolded states
labeled on the left. On the right are the probability
density functions (PDF) of the extensions, which
yield the indicated extension changes and the
average signal/noise ratios (SNR) from a number
(N) of independent measurements. The errors indi-
cate the standard deviation.

/

]13.7 nm

decreasing to 1.3 (Fig. 3, bottom trace). Further pulling
led to a sudden extension increase and accompanying force
decrease (Fig. 2 D, purple FEC). Continued pulling only
slowly increased the force as extension significantly
increased. The sudden extension increase and the subse-
quent approximate force plateau indicate that a membrane
tether or nanotubule was being pulled out of the GUYV, as
confirmed by fluorescence imaging (Fig. 2 D, inset). Our
observations are consistent with previous experimental re-
sults and theoretical analyses based on membrane me-
chanics (32,62). As [KCl] was further reduced to
260 mM or 270 mM, the approximate plateau force of
the membrane tether decreased with the corresponding
decrease in membrane tension, again consistent with previ-
ous results (34). Quantitative relationships have been es-
tablished among the plateau force, the radius of the
membrane tether, and the membrane tension and bending
rigidity (Eqgs. 9 and 10). Thus, we derived the membrane
tensions of the GUV in the three concentrations of potas-
sium chloride (Fig. 2 D) and the radii of the associated
membrane tethers (35 nm, 42 nm, and 86 nm at [KCI] of
255 mM, 260 mM, and 270 mM, respectively). Membrane
tethers are widely observed in cells and play important
roles in information and material transfer within or be-
tween cells (63). They are generated by pulling force
and/or various proteins that bind to membranes to sense
or generate membrane curvature (33,64). Thus, the trapped
GUVs with low membrane tensions can be used to pull
membrane tethers to probe the mechanical properties of
membranes or curvature-dependent protein binding and
membrane remodeling.
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FIGURE 4 Dynamic membrane binding of Sytl
C2AB domain detected on the surface of the opti-
cally trapped GUV. (A) Schematic diagram of the
experimental setup. The N-terminus of Sytl
C2AB domain was attached to the GUV membrane
through a flexible polypeptide linker and pulled
from its C-terminus via the 2260 bp DNA handle.
The GUV contains 55% iodixanol in the lumen and
84.97 mol % POPC, 10 mol % DOPS, 5 mol %
PI1(4,5)P,, and 0.03 mol % biotin-DSPE in the
membrane. (B) FECs obtained in the presence
100 uM  Ca*" (+Ca®") or absence Ca*"
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Next, we asked whether the trapped GUV could be applied
to study protein-membrane interactions, using the C2AB
domain of synaptotagmin-1 (Sytl) as our model system.
Anchored on synaptic vesicles, Sytl binds to the presynap-
tic plasma membrane via the C2AB domain in the presence
of Ca®", thereby mediating Ca”*"-triggered fusion of syn-
aptic vesicles with the plasma membrane (4). We previ-
ously measured the membrane-binding energy and
kinetics of Sytl C2AB using MCBs and optical tweezers
(13). Therefore, we repeated the experiment by replacing
MCBs with GUVs containing 55% iodixanol. We attached
the N-terminus of the Sytl C2AB domain to the GUV
membrane through a flexible polypeptide linker and pulled
it from its C-terminus via the 2260 bp DNA handle (Fig. 4
A). In the presence of 100 ptM Ca’" in the solution, the
FEC shows reversible membrane binding and unbinding
at ~4.5 pN, followed by sequential unfolding of the C2A
and C2B domains at higher force (Fig. 4 B). The mem-
brane binding was Ca>" dependent, as the binding signal
disappeared when Ca’" was omitted in the solution. At
constant trap separations, the force-dependent C2AB bind-
ing and unbinding transitions were clearly seen in the
extension trajectories (Fig. 4 C). Detailed analyses of these
trajectories based on hidden-Markov modeling revealed
the unbinding probabilities and transition rates as a func-
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4.5

Force (pN)

> 53 6 yield the indicated extension changes and the

average SNRs. The trajectories were mean-filtered
to 100 Hz and shown. (D) Force-dependent un-
binding probabilities (symbols in the top panel)
and transition rates (symbols in the bottom panel)
and their best model fits (solid and dashed curves).
The fitting revealed the energy and kinetics of the
C2AB binding at zero force (13).

tion of force (52,65) (Fig. 4 D). The nonlinear fitting of
these data yielded the C2ZAB membrane unbinding energy
of 9.5 (£0.1) kgT. These observations, including the
average equilibrium force, the extension change, and the
unbinding energy, are consistent with our previous mea-
surements using MCBs (13). These comparisons indicate
that the iodixanol-containing GUVs can be used to study
the dynamics of membrane proteins in optical tweezers
force spectroscopy. Compared with MCBs, the transmem-
brane proteins in GUV membranes are fully mobile and
free from perturbation by the underlying glass surface. In
addition, various macromolecules, small molecules, and
buffers can be added to the relatively large interior space
of GUVs, which may facilitate studies of many membrane
proteins.

SUV as a model membrane to manipulate
macromolecules

Despite the potential advantages of GUVs to manipulate
macromolecules on membranes, it is often challenging to
reconstitute transmembrane proteins into GUV membranes.
In contrast, it is relatively easier to reconstitute proteins into
SUV membranes with well-established protocols (40).
However, with a diameter in the range of 20-100 nm,
SUVs are generally too small to be stably trapped for pulling
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FIGURE 5 Folding and unfolding transition of the
DNA hairpin detected on the surface of a single SUV
tethered between two polystyrene beads. (A) Sche-
matic diagram of the experimental setup to pull the
DNA hairpin conjugated to a single lipid in the teth-
ered SUV via one of the DNA handles. The other
DNA handle was directly attached to the SUV lipids
through biotin-streptavidin interactions. The SUV
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macromolecules (39). Therefore, we suspended single
SUVs between two polystyrene beads using two DNA han-
dles (Fig. 5 A). SUVs have been used to pull transmembrane
proteins parallel to membranes (2). Here, we pulled the
DNA hairpin attached to the SUV to mimic pulling mem-
brane proteins in a direction perpendicular to the membrane.
The experiment was designed to test how SUV deformation
may affect the dynamics of macromolecules detected by op-
tical tweezers. Wide-field fluorescence imaging of the SUV
containing rhodamine-DOPE confirmed that a single SUV
was being tethered between two beads (Fig. 5 B). The
FEC of the SUV-DNA tether revealed the characteristic
DNA hairpin unfolding and refolding transition similar to
the transition of the hairpin directly attached to the bead
without the SUV (Fig. 5 C). The DNA hairpin transition
again exhibited an equilibrium force of 14.5 pN (Fig. 5
D), suggesting that a single DNA hairpin and SUV were
tethered between two beads. A smaller extension change
(12 nm vs. 13.5 nm, compare with Fig. 2 A, top trajectory)
and SNR (3.9 vs. 5.4) were expected, because longer DNA
handles used here slightly dampened the extension change
detected by the beads (66). Therefore, conformational tran-
sitions could be accurately measured on the surfaces of
SUVs. The observation implied that SUVs are relatively
rigid and minimally deform in response to the pulling force.
This derivation is consistent with the large force constants of
the SUVs in the range of 15-32 pN/nm detected by AFM
(67). Using these values, the estimated SUV elongation in
the presence of 20 pN was less than 1.3 nm, and the exten-
sion change of the SUV during the DNA hairpin transition
was 0.05 nm. In conclusion, SUVs may serve as a model
membrane to study the dynamics of macromolecules using
optical tweezers.

D Extension (nm)

F=14.5 pN

SNR=3.9+0.3 (N=8)

contained 98.47 mol % POPC, 0.5 mol % rhoda-
mine-DOPE, 1 mol % DNA hairpin-labeled DOPE,
and 0.03 mol % biotin-DSPE. (B) Bright-field fluo-
rescence image of a single rhodamine-labeled SUV
tethered between two optical trapped polystyrene
] beads. Note that untethered SUVs bound specifically

Frequency

to the right bead containing an excess of free bio-
tinylated DNA handles. (C) FEC obtained by pulling
the DNA hairpin to high force in the presence of the
SUV (+SUYV as depicted in A) or in the absence of
SUV (—SUV) by directly attaching a biotinylated
DNA hairpin molecule to the DNA handle on the
right. (D) Time-dependent extension trajectory at
constant mean force showing reversible unfolding/
refolding of the DNA hairpin.
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CONCLUSIONS

Optical tweezers have widely been used to study the dy-
namics of soluble proteins due to their high resolution and dy-
namic ranges of measurements for force, extension, and time.
As a step to apply optical tweezers to membrane proteins,
model membranes compatible for optical trapping and sin-
gle-molecule manipulation are required. In addition, the me-
chanical properties of the model membranes should be
examined. We found that iodixanol could be encapsulated in-
side GUVs to enhance their refractive index, thereby
enabling their stable trapping. The trapped GUVs could serve
as a model membrane to study the dynamics of membranes,
proteins, and protein-membrane interactions. With proteins
on two trapped GUVs, it is possible to investigate their trans-
membrane binding. The membrane tension of the trapped
GUVs was conveniently regulated by the osmolarity of the
buffer outside the GUV, which was facilitated by the micro-
fluidic system used in optical tweezers. We found that GUVs
with high membrane tensions were rigid enough to resist sig-
nificant deformation due to high pulling force, thereby allow-
ing accurate measurements of the extension changes
associated with macromolecular conformational transitions
around membranes. Under low membrane tension, mem-
brane tethers could be pulled from the trapped GUVs, which
could serve as model membranes with tunable curvatures to
study curvature-sensitive membrane-binding proteins. Mem-
brane tethers have previously been pulled from GUVs aspi-
rated on the tip of micropipettes using optical tweezers
(33). Our approach does not require micromanipulators and
other devices required to control micropipettes. In addition,
the optically trapped GUVs introduce fewer measurement
noises than the aspirated GUVs due to stage drift (59).
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However, our method offers less accurate control in mem-
brane tension than the aspiration approach. Finally, we vali-
dated the use of GUVs and SUVs as model membranes in
single-molecule manipulation based on optical tweezers
with relatively simple model macromolecules, the DNA
hairpin, and the Syt] C2AB domain. Further experiments
are needed to apply the methodologies to membrane proteins,
including multi-span transmembrane proteins or protein
complexes.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.11.2884.
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Video 1 FRAP assay reveals free diffusion of VAMP2 in the GUV membrane. Real-time confocal
fluorescence images of the Alexa Fluor 647 labeled VAMP2 in the GUV membrane after

photobleaching.

Video 2 FRAP assay reveals immobilized VAMP?2 in the lipid bilayer supported on the silica bead.
Real-time confocal fluorescence images of the Alexa Fluor 647 labeled VAMP2 in the lipid bilayer

coated on a silica bead 6 um in diameter after photobleaching.

Supplementary Figure 1 Optical trapped GUVs with high membrane tension do not significantly
deform in response to high pulling force. (A) Bright-field images of the same optical trapped GUV
and polystyrene bead in the presence of different pulling force. The GUV and bead were tethered
by the DNA handle and hairpin as in Fig. 2C with 250 mM potassium chloride in the solution. The
red circles mark the edges of the GUV and bead determined by computer software as illustrated in
B. (B) Method to identify the edges of GUVs and beads based on their images. The edge pixels
were selected by their intensities below a threshold and fit by a circle function in MATLAB

(imfindcircles), which yielded the positions and diameters of the GUV (3.1 um) and bead (2.1 um).
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