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DISSERTATION ABSTRACT 

 

Andrew Francis Loftus 

 

Doctor of Philosophy 

 

Department of Chemistry and Biochemistry 

 

March 2014 

 

Title: Measurement of Membrane Rigidity and Its Modulation by the Vesicle Trafficking 

Protein Sar1 

 

 

Sculpting membranes into dynamic, curved shapes is central to intracellular cargo 

trafficking and other cellular functions. However, generation of membrane curvature 

during trafficking involves lipids and membrane-associated proteins; current mechanisms 

focus on creating rigid cages, curved scaffolds, or membrane surface area changes by 

proteins. This dissertation provides an alternative mechanistic example for the control of 

membrane deformations, involving modulation of membrane material properties. Sar1, a 

GTPase of the COPII family, regulates vesicle trafficking from the endoplasmic 

reticulum. We find that Sar1p lowers the rigidity of the lipid bilayer membrane to which 

it binds. We examine the behavior of Saccharomyces cerevisiae Sar1 (Sar1p) and Homo 

sapiens paralogs of Sar1 (Sar1A and Sar1B). Like Sar1p, human Sar1s lower membrane 

rigidity. Unlike Sar1p, the rigidity is not a monotonically decreasing function of 

concentration. At high concentrations, we find increased bending rigidity and decreased 

protein mobility. These features imply a model in which human Sar1 clustering governs 

membrane mechanical properties. 

Membrane rigidity measurements remain rare, however, and show a large 

variance, a situation that can be addressed by improving techniques and comparing 



 

v 

 

disparate techniques applied to the same systems. I introduce applying selective plane 

illumination microscopy (SPIM) to image thermal fluctuations of giant vesicles. SPIM’s 

optical sectioning enables high-speed fluorescence imaging of freely suspended vesicles 

and quantification of edge localization precision, yielding robust fluctuation spectra and 

rigidity estimates. For lipid-only membranes and membranes bound by the intracellular 

trafficking protein Sar1p, we show rigidity values from giant unilamellar vesicle (GUV) 

fluctuations in close agreement with those derived from our independent assay based on 

membrane tether pulling. We also show that a model of homogeneous quasi-spherical 

vesicles poorly fits fluctuation spectra of vesicles bound by Sar1A at high concentrations, 

suggesting that SPIM-based analysis can offer insights into spatially inhomogeneous 

properties. 

 I conclude by discussing our current work on amphipathic alpha helices, their 

ability to reduce membrane rigidity, and our hopes to create artificial helical structures 

capable of mimicking trafficking systems. Supplemental videos represent membrane 

disintegration with Sar1p and fluctuations of membrane only and Sar1p incubated 

vesicles. 

This dissertation contains previously published co-authored material.  
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CHAPTER I 

 

INTRODUCTION 

 

Bilayer lipid membranes play key roles in numerous functions in all organisms. 

They are composed of two leaflets, each consisting of individual lipids having 

hydrophobic carbon chains and hydrophilic head groups. Leaflets slightly interdigitate 

their hydrophobic carbon chains, exposing hydrophilic lipid headgroups to the 

surrounding environment creating bilayer lipid membrane barriers. Lipid bilayers can be 

considered quasi-two-dimensional materials roughly 5 nm thick, able to bend and create 

curvature in three-dimensional space. The ability to perform these manipulations allows 

for essential functions in the deployment of neurotransmitters1, movement of cells2 and 

the ability to transport cellular cargo.3 Essential characteristics of the functions stated 

above are the ability to deform membranes and control curvature. Families of proteins 

will often associate with the membrane, creating scaffolds on or near the membrane 

surface to alter curvature.4 Recent research associated with membrane curvature focuses 

primarily on the proteins whose structure shapes curvature and the biochemical 

interactions between these proteins.5-8 How specific proteins modulate force and energy 

to sculpt membranes is still under investigation. Understanding how proteins play a role 

in membrane curvature will provide greater insight into the mechanics of curvature 

generation and help determine the capabilities of proteins in the dynamic process of 

vesicle trafficking, a fundamental process by which cells transport intra- and intercellular 

cargo.  
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 Proteins involved in vesicle trafficking must bind to and bend membranes, 

creating highly curved forms that are subsequently constricted at a neck, pinched off, and 

transported to their destinations along with encapsulated cargo. Existing mechanistic 

views of transport vesicle formation have focused largely on the creation of scaffolds by 

rigid macromolecular assemblies. Proteins such as clathrin6, Bin-Amphiphysin-Rvs 

(BAR) domains5,7 and Sec 13 and 318 contain geometrically curved motifs to sculpt the 

membrane. The protein-mediated alteration of underlying, geometry-independent, 

membrane material properties such as rigidity, however, has been overlooked, even 

though lipid membrane mechanics are key determinants for curvature generation.2,3,9-12 

Creating the shapes necessary for transport vesicles is energetically unfavorable, 

possessing a barrier that must be overcome to create the curved vesicle bud. In order to 

manipulate the geometry of the membrane, it is plausible that reductions in membrane 

rigidity and tension could be used to overcome this barrier. Proteins associated with the 

membrane could be capable of performing these manipulations and such a protein is the 

primary focus of this work.  

 Transporting essential membrane and lumenal cargo proteins synthesized at the 

endoplasmic reticulum (ER) for the secretory pathways of the cell requires generation of 

curved buds formed into vesicles from the ER membrane (Figure 1). The coat protein II 

(COPII) complex consists of five proteins necessary for the formation of vesicles at the 

ER.13,14 Sar1, a relatively small, 21.5 kDa G-protein of the Ras superfamily, binds 

directly to the ER lipid bilayer membrane and is the only member of the COPII family to 

do so. Sar1 associates with the membrane via an N-terminal amphipathic alpha helix.15,16 

Sar1’s association with the guanosine triphosphate (GTP) nucleotide produces an active 
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state by exposing the N-terminal helix for association with the membrane. Sar1 then 

recruits the dimeric cargo adaptor, Sec23/24 complex. Sec23 modulates the GTPase 

hydrolysis of Sar1 by contributing essential residues for the activation of hydrolysis17, 

while Sec24 interacts with cystolic tails of transmembrane proteins in the association of 

cargo and recognizes a diverse protein array on the ER to selectively recruit cargo.18 The 

complex of Sar1-Sec23/24 creates the prebud complex of proteins. Finally, the prebud 

complex recruits Sec13/31, a tetraheteromeric complex to the membrane. Sec31 further 

drives GTPase activity by optimizing Sec23’s amino acid positions to hydrolyze bound 

GTP.17,19,20 Sec31 further provides structural support to the clathrate cage formed around 

the budding vesicle in coordination with Sec13. Sec13 in turn provides the force required 

for the shape changes in the underlying membrane into a vesicle form.  The vesicle is 

then capable of pinching off the ER membrane, following which it is transported by the 

cytoskeleton components of the cell to the Golgi apparatus. 

 

 
Figure 1. Schematic representation of vesicle membrane formation.  

 

 Sar1 binds to GTP with support from Sec12, an integral guanine exchange factor 

(GEF) protein excluded from the COPII vesicle system that plays an important role in the 

exchange of GTP into the binding pocket of Sar1.21 The exchange of GTP in Sar1 results 

in a structural rearrangement of the protein, most notably in the N-terminal amphipathic 

alpha helix (Figure 2A). The helix insertion into the ER membrane allows for the 

hydrophobic hemi-cylinder (Figure 2B) of the helix to interact with the hydrophobic 
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hydrocarbon tails of the outer leaflet while charged residues of the helix face interact with 

hydrophilic headgroups of the membrane. The recruitment of the Sec23/24 prebud 

complex then interacts with Sar1 and subsequent steps for vesicle trafficking as stated 

earlier are performed. 

 

 
Figure 2. Sar1 crystal structure and helical wheel plots. Sar1B-GDP open conformation 

crystal structure and helical wheel plots of N-terminal alpha helices for Sar1p, Sar1A and 

Sar1B. (A) Sar1B-GDP crystal structure at low magnesium concentrations revealing the 

open conformation of the protein at 1.82 Å resolution, structure created in PyMol® (PDB 

ID: 2FMX).22 The arrow is pointing to the partial N-terminal alpha helix resolved in the 

structure. (B) Helical wheel plots of the N-terminal amino acids of Sar1 proteins. Each 

Sar1 has a distinctive hydrophobic hull (black arc) with charged residues on the opposite 

face, enabling association with lipid bilayers. 

 

 Between different organisms the number of Sar1 proteins involved in vesicle 

transport varies. The yeast, Saccharomyce cerevisiae, contains only one copy of Sar1 

(Sar1p), while mammals have two paralogs, denoted Sar1A and Sar1B. All three Sar1s 

have similar secondary structures23-25 and possess an N-terminal amphipathic alpha helix 

(Figure 2B). Sar1A and Sar1B both perform trafficking from the ER to the Golgi, but 

there are some distinct differences between the two paralogs. Sar1B has a role in 
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transporting larger cargo in the form of chylomicrons (60-80 nm vesicles) compared to 

Sar1A.26  Due to this difference in cargo trafficking, Sar1B may have a role in adapting 

the COPII coat to accommodate larger cargo27 that may point to differences in the 

modulation of bending rigidity between the two human proteins. Interestingly, rare fat 

adsorption disorders involving transport of large lipid capsules are associated with 

defects in Sar1B but not Sar1A.28 This could be a difference in mechanics between 

mammalian Sar1s in manipulating the membrane for specific cargo. The variation in 

membrane trafficking leads to questions of how the mechanics of the protein in both 

yeast and mammalian Sar1’s create changes in the membrane. 

 Sar1p with bound GTP or nonhydrolyzable GTP analogs has been reported to 

generate curvature and tubulation in vitro from liposomes of sizes ~20-300 nm in 

diameter with lipid composition mimicking that of the ER, as visualized with electron 

microscopy.15,16 Additionally, the amphipathic alpha helix of the protein was removed 

and replaced with a hexahistidine amino acid sequence to further determine the necessity 

of the N-terminal alpha helix.15,16 Utilizing chelated Ni-lipids as binding sites the Sar1p-

hexahistidine (Δ23-Sar1p) bound efficiently to the membrane, but did not show any of 

the same deformations seen with the full length protein.15 With addition of Sec23/24 

proteins pre-bud protein formations were created with Δ23-Sar1p, but vesicles were 

never released from the liposomes.15 This evidence reveals Sar1 is more than an anchor 

for the rest of the COPII proteins to associate with, implying a scenario where the 

importance of the helix is significant to the ability to create deformations and ultimately 

traffic vesicles. 
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 The mechanics of Sar1 are inadequately explained, leaving a void in the 

understanding of the overall function of Sar1 and the result it has on the physical 

characteristics of the membrane. Prior to our work, the prevailing hypothesis predicted 

Sar1 generates curvature in the context of the bilayer couple mechanism: Sar1’s N-

terminal helix inserts into the membrane’s outer leaflet increasing surface area in 

comparison to the inner leaflet of the membrane.29,30 Expansion of the outer leaflet area 

creates a force altering the geometric shape of the membrane leading to deformations and 

tubulations. Expansions from insertions, especially pronounced in systems where the 

constraint of a small-bounded volumes, means that a small asymmetry in leaflet areas 

leads to significant deviations in spherical shape. When creating local deformations on 

relatively large surface areas such as the ER, however, it is difficult to envision how the 

bilayer couple mechanism produces local curvature with global contributions, as specific 

regions of the membrane direct Sar1 for association creating local deformations.  

We approach this problem by hypothesizing that Sar1 alters the energetic cost of 

curvature in the ER membrane. Proteins can lower this energetic cost by lowering the 

bending modulus (i.e. rigidity, κ), an intrinsic material property of lipid bilayers which 

determines the energetic cost of curvature.2,3,11 Modulating the reduction in rigidity 

results in a more flexible and moldable membrane, capable of being structured into a 

budding vesicle by the proteins of the COPII complex. This mechanism provides the 

capability to localize rigidity minimization for the creation of vesicles necessary for 

transport. 

 In order to test our hypothesis we need the ability to directly determine the force 

of deformation, which yields the bending modulus of membranes and measure the impact 
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Sar1 has when binding to the membrane. The approaches we take to explore this are 

twofold: utilizing an optical trapping technique and measuring thermal fluctuations of 

vesicles in vitro to measure the physical properties of artificial ER-mimic membranes.  

 Optical trapping techniques were first developed in the early 1970s revealing that 

optical forces could displace micron-sized dielectric particles in water and air.31 Optical 

traps generate force by focusing light through the objective of a microscope, which (for 

suitable materials) creates a potential well at the focal point. Since its invention, trapping 

has been refined and utilized in multiple experimental setups, from manipulating 

bacteria32 to trapping neutral atoms.33 We utilize the optical trap to displace microspheres 

attached to membranes in vitro by pulling the bead away from the bulk membrane, 

creating cylindrical membrane tethers (Figure 3). We use this technique because the 

geometry and therefore mechanics of tethers are well known as described further in 

Chapter II. The total mechanical energy of a tether is the sum of several terms: the 

bending energy and coupling energy integrated over the cylinder area, the elastic energy 

as a product of the tension and cylinder area and the mechanical work as a product of the 

force of extension and the length of the tether.34-39 Blocking the trap allows the tether to 

retract, and we are able to observe the velocity of the retraction and thus measure the 

force of the membrane to the bulk reservoir. Elucidating the rigidity of tethers is possible 

by measurement of the force and the tether radius.  

 Giant lipid vesicles, tens of microns in diameter, exhibit thermally driven 

undulations. With careful imaging and analysis, the magnitude and spectrum of the 

undulations can reveal the vesicle membrane rigidity. Since the 1980s, vesicle 

fluctuations have been used to determine the rigidity of membranes and improvements to 
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the technique have been developed throughout the last 30 years.40-42 To improve this 

method we have performed light sheet observations, showing usefulness as an alternate 

method and possibly higher throughput than our tether pulling assay. This again reveals 

membrane rigidity changes induced by Sar1, and helps address the large spread in lipid-

only membrane rigidity values.40-41,43-48 

 

 
Figure 3. Tether pulling assay. (A) Schematic of tether pulling experiment. Pulling a 

membrane-anchored microsphere with an optical trap generates a cylindrical membrane 

tether. Upon release of the microsphere, the tether retracts to lower its curvature-

associated mechanical energy. (B) From left to right a bead trapped in the focused laser 

pulled away from the membrane creating a tubule of membrane. 

 

 Finally, I discuss our progress towards making a minimalistic system to create 

bioconjugated mimics to produce results we see with Sar1p at high concentrations. We 

have attempted to use synthetic peptides of the amphipathic alpha helix of Sar1p and a 

bioconjugation technique to create a multi-helical scaffold.49 A scaffold of the helices we 

hope mimics the natural COPII coats’ cross-linking of multiple Sar1 proteins via the 

other coat proteins. Our attempts to create such a scaffold have been unsuccessful to date, 
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but we continue our effort in striving for a functional peptide scaffold. I provide insight 

for future work that the project can utilize to move forward and I provide discussion on 

this topic.  

Chapter II provides detailed information towards our understanding of how 

mammalian and yeast Sar1 effect the overall rigidity of the ER membrane and its relation 

to the trafficking of cargo in cells. The work pertaining to Sar1p and Δ23-Sar1p was 

previously published in volume 99, September 2010 in Biophysical Journal with co-

authors Edward I. Settles, Alesia N. McKeown and Raghuveer Parthasarathy and studies 

involving Sar1p, Sar1A and Sar1B were previously published in volume 426, September 

2012 in Biochemical and Biophysical Research Communications with co-authors Vivian 

L. Hsieh and Raghuveer Parthasarathy. Chapter III provides detailed information on the 

work we put forth on thermal vesicle fluctuation measurements. This work was 

previously published in volume 29 in Langmuir November 2013 with co-authors Sigrid 

Noreng, Vivian L. Hsieh and Raghuveer Parthasarathy. Chapter IV will discuss our 

progress towards the creation of a simple synthetic model for reducing rigidity and 

understanding the amphipathic alpha helix. The conjugation protocol was provided by 

David Rabuka of Redwood Biosciences. Alex MacLeod and Vivian L. Hsieh contributed 

to preliminary work and Raghuveer Parthasarathy provided insight into ideas and focus 

for the work.  
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CHAPTER II 

 

THE VESICLE TRAFFICKING PROTEIN SAR1’S MODULATION OF MEMBRANE 

RIGIDITY 

Reproduced with permission from Settles, E.I., Loftus A.F., McKeown, A.N. and 

Parthasarathy R. Biophysical Journal 99: 1539-1545. Copyright 2010, Biophysical 

Journal. 

Reproduced with permission from Loftus, A.F., Hsieh, V. and Parthasarathy R. 

Biochemical and Biophysical Research Communications 426: 585-89. Copyright 2012, 

Biochemical and Biophysical Research Communications. 

 

 Control of membrane curvature is critical in many cellular contexts, in particular 

the construction of transport vesicles that traffic cargo between membranous 

organelles.2,3,11 Many of the proteins associated with curvature have been identified and a 

large and growing body of knowledge describes their structures and biochemical 

interactions. Much less is known, however, about the mechanics of curvature generation: 

how specific proteins modulate forces and energies to sculpt intracellular membranes into 

dynamic, curved forms. As discussed in Chapter I, existing mechanistic views of 

transport vesicle formation have focused largely on the creation of scaffolds by rigid 

macromolecular assemblies. The possibility of protein modulated membrane material 

properties such as rigidity, however, has been neglected, although lipid membrane 

mechanics are a key determinant of the energetic cost of curvature generation and can 

couple to protein structures in a wide variety of ways.2,3,9,10,12 
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Sar1, a small GTPase (21.5 kDa) protein of the COP II family has demonstrated 

the ability to deform liposomes absent of the other COP II components as described in 

Chapter I.15, 29 While Sar1 may employ the bilayer couple mechanism discussed earlier, 

explorations of other mechanisms, which need not be mutually exclusive, are warranted. 

It has remained unknown, however, whether Sar1 proteins lower membrane rigidity at 

all, and if so, whether they do so in a similar manner between homologs of Sar1. We 

therefore measured the rigidity of lipid bilayer membranes as a function of Sar1A, Sar1B, 

and Sar1p concentration. 

EXPERIMENTAL DESIGN 

 We hypothesized that Sar1’s helix insertion alters the material character of the 

membrane, specifically its bending modulus (or rigidity, κ), which determines the 

energetic cost of curvature.2,3,11 We measured rigidity and its modulation by Sar1 using a 

membrane tether-pulling assay that recapitulates relevant aspects of ER morphology in an 

in vitro setting. In both cell-free and live-cell contexts, membrane deformation by an 

external unidirectional force can draw out cylindrical membrane tethers (Figure 2 and 

Figure 4).34,35,38,50  

 
Figure 4. A membrane tether, pulled by an optically trapped bead. (Top) Fluorescence 

image of Texas Red DHPE labeling the lipid membrane. (Arrow) Bead and the trapping 

laser light. (Bottom) Fluorescence image of Alexa Fluor 488-labeled Sar1p from the 

same tether. (Bar) 10 µm.  
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Tether mechanics are well understood: the mechanical energy associated with the 

one dimensional curvature of a tether of radius R and length L is proportional to the tether 

area and hence to the product RL, giving rise to a length-independent contractile force, f. 

Measurement of both f and R reveals the membrane rigidity; a derivation is provided in 

Appendix A. In brief: the bending energy per unit area of a membrane, ε, is a function of 

the local principle radii of curvature (R1 and R2), the bending modulus, κ,  the Gaussian 

curvature modulus (𝜅𝐺), and the spontaneous curvature (𝑐0)51,52: 

 𝜀 = [
𝜅

2
(𝑅1

−1 + 𝑅2
−1 − 2𝑐0)2] + 𝜅𝐺𝑅1

−1𝑅2
−1. (Eq.1) 

The spontaneous curvature, at which the bracketed term is minimal, gives the geometry 

of the lowest energy configuration of the unperturbed membrane. For lipid bilayers with 

identical leaflet composition, c0 = 0.2,3 Membrane inclusions, such as inserted proteins, 

can change the membrane rigidity directly by altering κ (e.g., by altering lipid packing or 

thinning the membrane)9,35,38,53,54, or indirectly by coupling to the local curvature and 

reducing the effective rigidity with respect to deformations.10 The curvature-mediated 

interaction can be accounted for by an additional energetic term proportional to the local 

curvature 𝑐 =  𝑅1
−1 + 𝑅2

−1, the inclusion density ϕ, and a coupling constant, Λ. 

(Additional terms describing self-interactions among inclusions are described in 

Appendix A.) For a membrane tether of radius R, 𝑅1 = 𝑅 and 𝑅2 = ∞, the total 

mechanical energy, E, is the sum of contributions from the bending energy, the inclusion-

curvature coupling, the elastic energy given by the product of the tether area and the 

membrane tension, σ, and the mechanical work given by the product of f and L. 

Minimizing E, it follows that 

 𝑓𝑅

2𝜋
= 𝜅 − 𝛬𝜙𝑅. 

(Eq.2) 
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The functional relationship between the measurable force and radius values reveals κ and 

Λϕ. In the absence of coupling between the inclusions and the local curvature (i.e., Λ = 

0), 𝑓𝑅 = 2𝜋𝜅0; we will denote the rigidity in this case, in which the role ascribed to the 

proteins is to directly alter membrane rigidity, as  

 𝜅0 = 𝑓𝑅(2𝜋)−1. (Eq.3) 

The tether energy function can also be analyzed to provide 𝜎0, a measure of the sum of 

the membrane tension and the (indistinguishable) interaction energy of the proteins; 

details are provided in the derivation provided in Appendix A. 

 We created, deformed, and mechanically characterized lipid membranes 

incubated with varying concentrations of Sar1. Details of compositions and procedures 

are given in Materials and Methods. In brief: lipid films of the desired compositions were 

dried on glass coverslips and hydrated in HKM buffer. The resulting multilayer lipid 

bilayer sheets had a large surface area (~ 106 µm2), like the ER and unlike liposomes. 

Again, in contrast to liposomes, the lack of strong geometric constraints on area enables 

low tension in our system.55 As in earlier liposome-based studies, we used lipid 

compositions rich in phosphoethanolamine and phosphatidylinositol lipids.15,56 A small 

fraction of fluorescent-labeled lipids allowed membrane visualization by fluorescence 

microscopy. Lipids with biotin-conjugated headgroups allowed binding of ~5 µm 

diameter streptavidin-coated polystyrene beads that served as anchors for tether pulling. 

Membranes were incubated with Sar1, EDTA, and the nonhydrolyzable GTP analog 

GMPPNP.15,56  

 After incubation with streptavidin-coated beads, individual microspheres were 

manipulated manually using a home-built optical trap31,57-58 to pull a membrane tether 
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tens or hundreds of microns in length. The tether is pulled parallel to the substrate, 

beyond the edge of the hydrated membrane sheets, and is therefore clearly visible against 

the lipid-free coverslip background. The trap was then turned off, leading to immediate 

retraction of the tether, dragging the bead with it; retraction lowers the area of curved 

membrane and the associated bending energy. The beads were imaged and tracked via 

high-speed video microscopy, yielding the tether speed, v. The tether force, f, equilibrates 

with the drag force on the bead, bv. The drag coefficient, b, was experimentally 

determined for each tether by analyzing the probability distribution of position 

fluctuations of the bead described further in Materials and Methods.59 This approach 

provides drag coefficient, b, independent of the nature of dissipation in the system, which 

may be a combination of hydrodynamic drag of the bead through the surrounding fluid or 

viscosity within the lipid bilayer.60 The tethered bead trajectory reveals the tether force (f 

= bv). Notably, this approach is intrinsically insensitive to properties of the optical trap, 

being applied when the trap is off and relying only on fundamental statistical mechanical 

behaviors to quantify forces.59 Tether radii were measured from fluorescence images 

taken before the retraction of the pulled tether. 

MATERIALS AND METHODS 

 Lipid membranes were composed of the Major Mix mixture as in Matsuoka et 

al.14 mimicking the composition of the ER membrane. The composition is modified to 

include fluorescent probes and biotinylated lipids: 51.5 mol % DOPC (1,2-dioleoyl-sn-

glycero-3-phosphocholine), 23.0 mol % DOPE (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-

phosphoethanolamine), 11.0 mol % PI (L-α-phosphatidylinositol, from Soy), 8.0 mol % 

DOPS (1,2-diacyl-sn-glycero-3-phosphoserine), 5.0 mol % DOPA (1,2-di-(9Z-
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octadecenoyl)- sn-glycero-3-phosphate), 0.5 mol % Texas Red DHPE (Texas Red 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine), and 1.0 mol % biotinyl-cap-PE 

(1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)). For 

experiments involving hexahistidine-terminated Δ23-Sar1p, the membrane included 5 

mol % nickel-chelating lipids (DOGS-NTA-Ni,1,2-di-(9Z-octadecenoyl)-sn-glycero-3- 

[(N-(5-amino-1-carboxypentyl) iminodiacetic acid)succinyl] (nickel salt)), with other 

lipid fractions proportionally rescaled. All lipids were purchased from Avanti Polar 

Lipids, except Texas Red DHPE, which was purchased from Life Technologies. 

Sar1 expression 

 Protein expression was performed with a PTY40 expression vector (a pGEX-2T 

backbone (GE Healthcare) with inserted glutathione S-transferase strain RSB245410 

(Sar1p), RSB3771 (Sar1A) or RSB3772 (Sar1B) or a hexahistidine Δ23-Sar1p insert in 

BL21 bacterial expression cells (UC Berkeley, Schekman Group). Proteins were 

expressed and purified using protocols modified from Ref. [15]. In brief, cells were 

grown in 4 L 2x YT broth to an OD600 = 0.2-0.3 at 37 °C. Further growth to an OD600 = 

0.7-0.8 at 25 °C was then induced with 0.1 mM IPTG for 1h. Cells were pelleted at 5000 

rpm in a Ka 9.1 Rotor (Kompsin) for 25 min. and suspended in 20 mL of TBST (50mM 

Tris, 150mM NaCl, 0.1 % Tween-20®, pH= 7.4) with the addition of 0.5 mL of a 40 

mg/mL lysosyme solution on ice for 20 minutes. Triton-X 100 was then added to 1 % to 

the suspension. The cell suspension was then sonicated with a Sonic Dismembrator 

Model 500 (Fisher Scientific) with pulses of 30 s each, 3 times. The suspension was 

centrifuged at 15000 rpm in a JA-20 (Beckman) rotor for 20 m with the supernatant 

transferred to a 50 mL Falcon tube. 8 ml of a 50 % Glutathione Sepharose 4B slurry (GE 
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Healthcare) was washed in TBST 3 times and the beads were transferred to the 

supernatant tube. The supernatant slurry was incubated for 1 h. at 4 °C with slow rotation 

and spun down at 5000 rpm for 5 min. in a JA-20 with the supernatant poured off. The 

beads were then washed subsequently 3 times in TBST, 2 times in TBS (50 mM Tris, 150 

mM NaCl, pH = 7.4), and once in TCB (50 mM Tris, 250 mM KoAc, 5 mM CaCl2, pH= 

8.0) each time being spun down at 5000 rpm for 5 min. in a JA-20 rotor. The beads were 

transferred to a 10 cc miniprep column and incubated with thrombin (4U) for 90 min. The 

protein was then eluted with TCB and buffer exchanged using a PD-10 column with 

HKM (20 mM Hepes, 160 mM KoAc, 1mM MgCl2, pH=7.0). The collected fractions 

were then stored at -80 °C. For the small fraction of experiments involving visualization 

of Sar1p, proteins were labeled at primary amines with Alexa Fluor 488 fluorophores 

(Alexa Fluor 488 Microscale Protein Labeling Kit, Life Technologies). For control 

experiments on the mechanical influence of a hexahistidine tag, synthetic fluorescein-

conjugated his-6 was purchased from Biomatik. (The fluorescein enabled verification of 

membrane binding.) 

Sample preparation 

 5 µL of Major Mix was vacuum dried on the bottom of an 8-well incubation 

chamber (Fisher Scientific). Dried lipid films were then hydrated with 0.2 ml HKM 

buffer (20 mM HEPES-KOH, pH 6.8, 160 mM potassium acetate, 1 mM MgCl2) yielding 

multilayered membrane stacks. Sar1 (A, B or p) or Δ23-Sar1, 100 mM GMPPNP (Sigma-

Aldrich, St. Louis, MO) and 4 mM EDTA were incubated together in an Eppendorf tube 

for 5 min., after which they were added to the chamber containing membranes and buffer. 

Nucleotide uptake by Sar1 was verified by tryptophan fluorescence experiments (See 
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Appendix A and Appendix B for details).20,61 After ~5 min, a few microliters of a 

suspension of ~5 µm diameter streptavidin-coated silica microspheres (Bangs 

Laboratories, Fishers, IN) were added to the chamber. Appendix A has further method 

details available. 

Optical trapping and particle tracking 

 Microspheres were trapped with a home-built optical trap setup using a 671-nm, 

120-mW diode laser (model No. RS71-100PS; Meshtel, AKA Intelite, Genoa, NV). 

Microsphere images were captured with bright-field microscopy using a Model No. 

pco.1200 camera (Cooke, Romulus, MI) at 100 frames per sec. Particle positions were 

determined using home-built tracking software that employs well-established 

algorithms62,63 with ~10 nm precision.  

Particle positions were determined using home-built tracking software. Hough 

transformation of ring-like bright field particle images yielded peaks whose centers were 

determined by nonlinear fitting of two-dimensional Gaussian functions. Tracking test 

particles stuck to glass coverslips, with the same exposure and illumination settings, 

shows a localization precision of 5 nm (0.02 px), as would be expected16 for images with 

a signal-to-noise ratio of  100. The drag coefficient is determined from velocity 

fluctuations for each tether independently following the general approach described by 

Sainis et al.59 The uncertainty in b due to tracking precision is approximately 1 %, and so 

is negligible compared to the statistical variability of tether data. Alternatively localizing 

particles by fitting ring-like particle images directly using a radial-symmetry-based 

fitting16, without the intermediate step of Hough transformation, yields indistinguishable 

results. 
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Drag coefficient 

 The drag coefficient is determined independently for each tethered microsphere 

following the general technique described in REF. [39]. The microsphere position (x) is 

well described by a constant velocity (v) retraction together with random (Brownian) 

motion about this linear drift. The probability distribution of step sizes (∆𝑥) between 

frames separated in time by Δt therefore follows a Gaussian form: 

 𝑃(∆𝑥) = (2𝜋𝛾2)−
1

2exp [−(∆𝑥 − 〈∆𝑥〉)2/(2𝛾2)]. (Eq.4) 

Where the mean step size 〈∆𝑥〉 = 𝑣∆𝑡 and the width, 𝛾, is related to b via the Einstein-

Smoluchowski relation: 𝛾2 = 2𝑘𝐵𝑇(∆𝑡)𝑏−1, where kB is Boltzmann’s constant and T is 

the absolute temperature. Analyzing 𝑃(∆𝑥) therefore reveals the drag coefficient. 

Notably, this approach determines b for the tether-plus-microsphere system independent 

of assumptions about the nature of the dissipation in the system.  

Tether images and radii determination  

 Fluorescence images of membrane tethers were captured with an ORCA-ER 

charge-coupled device camera (Hamamatsu, Hamamatsu City, Japan). Tether radii were 

determined from Texas Red DHPE fluorescence images by measuring the intensity along 

lines perpendicular to the tether axis, averaged over approximately 1 µm along the tether 

length. We estimated the uncertainty in optical determination of the tether width by 

calculating the intensity profiles with the observed data. Even for the narrowest tethers (R 

= 200-300 nm, ~7 % of the tethers) the correction to the radius values associated with 

diffraction-limited resolution was at most 10 %, and hence is negligible compared to the 

statistical scatter. For tethers of radii over 300 nm (93 % of data), the radius correction 

due to diffraction is less than 1 %. Peristatic fluctuations of tethers64 i.e. wiggles from the 
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equilibrium center of mass configuration, are slower by over two orders of magnitude 

than the exposure times used in fluorescence imaging, and hence due not hinder 

determination of tether radii. 

Fluorescence imaging for binding affinities 

 Sar1 proteins were prepared and incubated with Major Mix membranes in the 

same manner as described above, but with the non-hydrolyzable nucleotide, GMPPNP 

replaced by the fluorescent BODIPY FL GTP-γ-S (BD-GTP-γ-S, Life Technologies) to 

visualize the Sar1 bound to membranes. Gentle washing with protein-free HKM buffer 

was performed to remove excess BD-GTP-γ-S and unbound protein. Fluorescence 

images were taken of both Sar1-BD-GTP-γ-S and Texas Red-DHPE with the ORCA-ER 

CCD camera. Intensity values and background subtraction were performed using in-

house software written in MATLAB (MATHworks). 

Electrostatic calculations 

 Electrostatic potential maps for Sar1 lacking the terminal helix were calculated 

using PBEQ-Solver65 applied to the structure from Bi et al.23 (PDB ID 1M2O) and 

visualized with PyMol® (http://www.pymol.org/). 

Membrane and protein diffusion determination 

 Protein and lipid mobility were measured by examining fluorescence recovery 

after photobleaching (FRAP).66 For each measurement fluorescent probes were bleached 

for 2 to 3 seconds with a 473 nm, 50mW diode laser (DHOM Model number: DHL25A, 

Ultralasers) focused to a spot. Images were acquired at discrete time points after 

bleaching and analyzed to determine the diffusion coefficients by modeling fluorescence 

recovery as a two-dimensional random walk.67 In brief, we determine the diffusion 
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coefficient that generates the best-fit match between a time-evolved initial image and a 

measured final image, an approach that requires no assumptions about the size or shape 

of the bleached spot. 

RESULTS 

Sar1p rigidity measurements 

 We first explored Sar1p. Upon the release of the bead from the optical trap, the 

tethers exhibited a constant-velocity regime of bead retraction, indicating a constant, 

length-independent tether force as expected. Fluorescence images of a tether are shown in 

Figure 4. The mean R was 0.6 m with a standard deviation (SD) of 0.2 m for >700 

tethers examined (see Materials and Methods for details of the radius determination). 

Three representative trajectories from tethers with similar radii are plotted in Figure 5, 

with 0, 0.373, and 3.73 M Sar1p-GMPPNP, [Sar1p], the final value being similar to the 

concentration employed in liposomes deformation assays.15 At long times after release, 

the microsphere velocities often slowed; one would expect the bead trajectory to be 

nontrivially related to the flexible tether’s Brownian dynamics. We therefore focus on the 

initial constant velocity regime, in which the trajectory and the tether mechanics are 

simply related as described above. For the hundreds of tethers examined, the mean drag 

coefficient was b = 0.125 ± 0.064 µN s/m, approximately three times the Stokes drag of a 

4.8 µm diameter bead in an infinite three-dimensional aqueous space. The drag 

coefficient shows a slight rise as a function of [Sar1p] that may indicate the protein 

increases the interleaflet viscosity (Figure 6). 
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Figure 5. Tether retraction. The bead position after its release from the optical trap is 

plotted for three representative tethers of similar radii (R = 0.45-0.55 µm) and 

microsphere drag coefficients (b = 0.07-0.11 µN s/m), in the presence or absence of 

[Sar1p]. (Dashed lines) Linear fits to the initial trajectory. 

 

 
Figure 6. The measured drag coefficient, b, as a function of [Sar1p]. The dashed gray 

line indicates the Stokes drag of a 4.8 µm diameter sphere in an infinite extent of water. 

The black dashed line represents the broken x-axis. 

 

We find that [Sar1p] lowers membrane rigidity in a concentration-dependent 

manner. In Figure 7A we plot κ0 normalized by κlipid, the membrane rigidity in the 
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absence of protein, as a function of [Sar1p], showing a pronounced decline at both 

physiological and low ionic strengths (1X and 0.05X HKM, 180 and 9 mM, 

respectively). The values of κ0, Table 1, are determined by averaging fR(2π)-1 over all 

tethers pulled at a given protein and buffer concentration. This is by construction: κ0 is 

precisely the rigidity if there is no curvature coupling, and hence if fR(2π)-1 is 

independent of R. The more general case will be considered below.  

At very high [Sar1p], ≈ 20 M, we observed, in the absence of any optical 

manipulation, spontaneous disintegration of the membranes into liposomes or small 

tubules (Figure 7B; Video S1 Appendix B and the Supplemental Files included with this 

dissertation). This indicates that the curvature energy was smaller than the ambient 

thermal energy, implying that, roughly, κ0 < kBT = 0.4 x 10-20 J, where kB is Boltzmann’s 

constant and T is the absolute temperature. Tethers pulled in the absence of Sar1p, but 

with GMPPNP present at the same concentration as above, showed κlipid+GMPPNP = (5.5 ± 

0.4) x 10-20 J (N =49, 0.05X HKM). This is equal within uncertainties to the value for 

lipid-only membranes, κlipid = (5.2 ± 0.3) x 10-20 J (N = 34, 0.05X HKM), indicating that 

nucleotide is not responsible for the membrane softening indicated in Figure 7A. The 

mean concentration of Sar1p in S. cerevisiae is roughly 0.23 M, and so is spanned by 

the range of in vitro concentrations examined.68 

We also compare mammalian Sar1-GMPPNP to Sar1p-GMPPNP as a function of 

[Sar1] (Figure 8). At low concentrations, the human proteins Sar1A and Sar1B also lower 

membrane rigidity, though by a lesser amount than Sar1p (Figure 8A). Strikingly, the 

rigidity of the membrane increases with concentration above 10 µM. Qualitatively, this 

high rigidity is evident from the integrity of tethers and membrane edges (Figure 8B-E). 
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Quantitatively, tether retraction measurements reveal the increase in κ0, which is more 

pronounced for Sar1A than Sar1B (Figure 8A). Also plotted in Figure 8A and B are 

curves from a model that provides a possible functional form for the concentration 

dependence of κ0, discussed later in the chapter. 

 

 
Figure 7. Measurement of rigidity as a function of [Sar1p]. (A) Membrane rigidity, 

κ0/κlipid, as a function of [Sar1p]. Black dashed line represents a broken axis. The blurred 

box is drawn at a concentration at which spontaneous membrane disintegration is 

observed, indicating near-zero rigidity. (Circles and triangles) Data from experiments at 

1X (180 mM) and 0.05X (9 mM) HKM buffer, respectively. (Error Bars) Standard errors 

of the means. (B) Spontaneous membrane disintegration. Fluorescence images of a region 

of membrane before (left) and after (right) the addition of [Sar1p] at ~20 µM. Scale bar = 

10 µm. 
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Table 1. κ0 values for Sar1p concentrations at 0.05X and 1X HKM buffer strength. 

 

[Sar1p] µM Number of Tethers Buffer Strength κ0 (x10-20J) 

0 31 0.05X 5.2 ± 0.3* 

0.04 19 0.05X 4.9 ± 0.4* 

0.37 34 0.05X 5.1 ± 0.4* 

3.73 33 0.05X 4.0 ± 0.4* 

9.33 6 0.05X 2.0 ± 0.2* 

0 9 1X 4.3 ± 0.3* 

0.04 26 1X 3.5 ± 0.4* 

0.37 12 1X 2.8 ± 0.2* 

3.73 11 1X 2.1 ± 0.2* 

9.33 6 1X 0.7 ± 0.1* 

* The stated uncertainties are the standard errors of the means. 

 

 
Figure 8. Comparison of Sar1 rigidity measurements. (A) Membrane rigidity as a 

function of [Sar1]. Curves indicate fits to the model discussed in the text. The left and 

right panels show the same data using logarithmic (right) and linear (left) concentrations 

axes, respectively. (B,C) Fluorescence images of Texas Red DHPE labeling lipid 

membranes in the presence of 20 µM Sar1p, depicting (B) a tether and (C) an 

unperturbed multilayer region of membrane. The three images in B and C are each 

separated by 15 s. (D, E) Lipid fluorescence images in the presence of 20 µM Sar1B, 

depicting (D) a tether and (E) an unperturbed multilayer region of membrane. The three 

images in D and E are each separated in time by 1 min. Scale Bars = 5 µm.  

 

Curvature coupling 

The reduction in κ0 induced by Sar1, most pronounced in Sar1p, in principle could 

be due to a reduction in the true membrane rigidity, κ, or a positive value of Λ, i.e., an 

energetic preference for convex local curvature. Force measurements from tethers 
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spanning a range of radii allow separation of κ and Λ (Equation 2). We first apply this 

analysis to Sar1p lacking the N-terminal helix, denoted Δ23-Sar1p. As in Lee et al. the 

helix is replaced by a hexahistidine tag, enabling strong binding to membranes that 

include a small fraction (5 mol %) of nickel-chelating lipids.15 (At solution 

concentrations of 3.73 µM, we find that Δ23-Sar1p binds membranes with a surface 

density ~2X greater than wild type Sar1p.) With Δ23-Sar1p, the product of f and R shows 

a linear dependence on R with a strongly positive slope (Figure 9), at 3.73 M 

equivalence Δ23-Sar1p-GMPPNP, 0.05X HKM. This indicates a negative (concave) 

curvature coupling on the part of the protein, consistent with its inability to generate buds 

in liposome deformation experiments.15 With 20 M equivalence Δ23-Sar1p, we observe 

no spontaneous vesiculation of the membrane, in contrast to wild-type Sar1p, implying an 

energetic barrier to (convex) vesicle formation by the helix deleted protein. Neither the 

Ni-chelating lipids nor the hexahistidine tag in itself alters the membrane rigidity or 

induces significant curvature coupling: for protein-free membranes with Ni-chelating 

lipids, κ0 = (5.1 ± 0.3) x10-20 J and Λ = -0.3 ± 2.6 J/µm (N = 30, 0.05X HKM), 

incubated with a hexahistidine peptide at molar concentrations equal to that of 3.73 M 

Δ23-Sar1p, κ0 = (4.5 ± 0.4) x 10-20 J and Λ = -1.75 ± 1.8 J/µm (N = 17, 0.05X HKM). In 

contrast, Δ23-Sar1p gives Λ = -9.9 ± 1.1 J/µm.  
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Figure 9. Δ23-Sar1p force versus radius fit. The product of the tether retraction force (f) 

and radius (R) plotted as a function of R, for 3.73 µM Δ23-Sar1p-GMPPNP, which lacks 

the amphipathic alpha helix of wild type Sar1. A positive slope indicates a negative 

coupling between the protein and the local curvature, or equivalently a concave effective 

spontaneous curvature. 

 

Tethers formed with GMPPNP-bound wild-type Sar1p exhibit a much weaker 

dependence of fR on R (Figure 10A, 3.73 µM Sar1p, 0.05X HKM, 10B No Sar1p), and 

hence demonstrate little curvature coupling. Our studies of Sar1A and Sar1B show 

similar results for fR on R implying little curvature coupling of the mammalian Sar1s. 

This disproves the hypothesis that Sar1 imposes particular curvatures on the membranes 

to which it binds.15 The magnitude of Λ is so small as to be barely resolvable, and 

shows a weak progression to increasingly negative values as a function of Sar1p 

concentration (Figure 11). The curvature coupling can be considered as an effective 

spontaneous curvature for the protein-bound membrane c0 = Λ/(2κ), derived in 

Appendix A.10 Throughout the range of [Sar1p] examined, the values of c0 are negative 

and satisfy |c0| < 0.5 µm-1. This corresponds to a preferred radius of curvature R0 = c0
-1 > 
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2 µm, much larger than any of the characteristic dimensions of transport vesicles and 

hence unlikely to determine vesicle morphology. It follows from Λ (or ceff) being 

negative that the true rigidity, κ, is smaller than κ0 and the steep decline in κ0 observed as 

a function of [Sar1p] (Figure 7A) reflects a reduction in κ. Moreover, the dependence of 

fR on R allows direct determination of κ (Equation 3). While subject to large 

uncertainties, κ shows the same sharp decline with [Sar1p] as does κ0 (Figure 12). The 

membrane softening is similar at ionic strengths of 180 and 9 mM, corresponding to a 

factor-of-5 difference in Debye screening length. 

 

 

Figure 10. Sar1p and Major Mix force versus radius fits. (A) fR versus R for 3.73 µM 

Sar1p-GMPPNP and (B) fR versus R for membranes with no Sar1. The data plotted are 

from experiments in 0.05X HKM with linear fits (solid lines). 

 



28 

 
Figure 11. Λ, a measure of the coupling between Sar1p and local curvature, as a 

function of [Sar1p]. Negative values indicate an energetic preference for concave 

curvature. At [Sar1p] = 0, Λ = 0, as expected. For comparison, Δ23-Sar1p in 0.05X 

HKM shows Λ = (-9.9 ± 1.1) x 10-20 J/µm. The values and uncertainties are determined 

from a linear fit of fR vs. R (Equation 2). 

 

 
Figure 12. Normalized membrane rigidity, κ, as a function of [Sar1p]. The values and 

uncertainties are determined from a linear fit of fR versus R (Equation 2). 
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Tension measurements 

  The effective membrane tension, σ0, shows a decline with [Sar1p], 

especially at high ionic strength (1X HKM) (Figure 13). As noted earlier, both the true 

membrane tension and the (indistinguishable) interaction energy of the proteins 

contribute to σ0. Tension in lipid bilayer membranes may in general be near zero and 

moreover, unlike rigidity, it depends on extrinsic factors such as surface area and 

bounded volume that are unlikely to be constant between samples.55 For mammalian 

Sar1s we see little change in tension over [Sar1] and discuss this later in the chapter. The 

decrease of σ0 as a function of protein concentration is likely an indication, therefore, of 

repulsive interactions among Sar1p molecules. 

 
Figure 13. The effective membrane tension, σ0, as a function of [Sar1p]. 

 

Membrane tether homogeneity 

 The membrane tethers are likely to be single-bilayer shells, because the protein-

coated microspheres whose manipulation pulls the tethers are bound only to the 

outermost surface of the membrane sheet. Although we lack a direct assay for potential 
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multilamellar structure in the tethers, fluorescence imaging as in Figure 4, allows an 

assessment of whether there is appreciable polydispersity in structure. The background-

subtracted fluorescence intensity integrated over a cross-section of the tether should be 

proportional to the circumference of the tether and to the number of layers in the 

cylindrical shell. The intensity normalized by tether radius, therefore, is proportional to 

the multilamellarity. In practice, differences in fluorescence illumination intensity and 

photobleaching will contribute to differences in tether intensity. Nonetheless, we found 

that only 8 % of all the tethers have normalized intensities > 1 SD above the mean 

intensity. Moreover, on every individual day on which experiments were conducted, 

during which variation in illumination intensity would be minimal, the ratio of the SD of 

the integrated intensity to the mean was < 1. We conclude, therefore, that the vast 

majority of tethers form a homogenous population. 

Sar1 binding affinities 

As noted above, the mammalian Sar1 proteins differ from Sar1p in their 

mechanical impact on membranes. To determine whether the different rigidities between 

Sar1A, B and p simply mirror differences in membrane-bound concentration among the 

various Sar1s, we determined the binding affinities of the Sar1s. Experiments using 

reactive fluorophores conjugated to primary amines on the proteins themselves yielded 

highly variable degrees of labeling. We therefore used a fluorescent non-hydrolyzable 

nucleotide, BODIPY FL GTP-γ-S, as an indicator of protein abundance. In all 

experiments, the BODIPY fluorescence intensity (ISar1) and the fluorescence intensity of 

Texas Red lipid probes (Ilipid) are measured following washing to remove unbound 

proteins and nucleotide. Normalizing the background-subtracted ISar1 by Ilipid (to account 
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for small variations in illumination intensity) provides the normalized fluorescence 

intensity plotted in Figure 14. The data show similar two-dimensional protein abundances 

for all the Sar1 proteins. A fit to a Langmuir isotherm gives a binding constant of KD = 

10.5 ± 3.1 µM, with no significant difference among the Sar1 types. This suggests that 

differential binding affinities of the protein to the membrane are not the cause of 

differences in the modulation of the membrane rigidity. 

 

 
Figure 14. Sar1-membrane binding assay. Normalized intensity of fluorescent 

nucleotides, providing a measure of membrane-bound protein concentration, as a function 

of the solution concentration of Sar1. The binding behaviors of all three proteins to the 

lipid membrane are similar. A Langmuir isotherm fit to all the data (solid curve) gives KD 

= 10.5 ± 3.1 µM. 

 

Sar1 and membrane diffusion 

Hypothesizing that differences in rigidity may correlate with differences in in-

plane mobility, we measured the diffusion coefficients of lipids (Dlipid) and membrane-

bound Sar1 proteins (DSar1) by performing fluorescence recovery after photobleaching 

(FRAP) experiments on fluorescent lipid probes and fluorescent nucleotides.66,67,69 We 
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show in Figures 15A and 15B examples of photobleached spots and their recoveries for 

both the lipid and protein probes. Throughout the full range of concentrations examined, 

lipids and proteins are all mobile, implying that none of the Sar1 proteins form a rigid 

structured scaffold. Quantification of the diffusion coefficients reveals differences in the 

behaviors of the yeast and human Sar1s. As a function of concentration, DSar1 is roughly 

constant for Sar1p, while it decreases significantly for the human Sar1s (Figure 15C). 

The low mobility at high concentrations is more pronounced for Sar1A than Sar1B 

(Figure 15). This trend is also reflected in the lipid diffusion coefficients. At [Sar1]  20 

M, Dlipid with bound Sar1p is 5.1 ± 1.0 µm2/s, identical within uncertainties to the value 

with no protein, 5.6 ± 0.6 µm2/s. In contrast, Dlipid = 2.7 ± 0.5 µm/s2 for Sar1A and 3.0 ± 

0.4 µm/s2 for Sar1B. 

DISCUSSION 

 Our measurements reveal that Sar1p dramatically lowers the rigidity of lipid 

bilayer membranes, the first such discovery for a vesicle trafficking protein. This 

membrane softening does not coincide with the imposition of strong local curvature, and 

is a profoundly different mode of action than those typically ascribed to intracellular 

curvature-associated proteins, such as the construction of rigid scaffolds5-7,70 or the 

sensing of local geometry.71,72 Sar1 alters the mechanical properties of the membrane to 

which it binds. We suggest that this synergistic activity on the part of both membrane and 

protein facilitates coat formation by the rest of the COPII proteins, especially the rigid, 

cage forming Sec13/Sec31 heterodimer8, by locally lowering the energetic cost of 

membrane deformation, proportional to rigidity.  
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Figure 15. Membrane and Sar1 diffusion assay. (A) Time-lapsed fluorescence images of 

Texas Red DHPE during FRAP experiments probing membrane mobility. The three rows 

correspond to membranes incubated with Sar1A, Sar1B, and Sar1p. (B) Time lapse-

fluorescence images of BODIPY FL GTP-γ-S during FRAP experiments probing the 

mobility of membrane-bound protein. (C) Protein diffusion coefficients as a function of 

incubation concentration for the various Sar1 proteins. Solid lines are fits to the model 

discussed in the text. Scale bars in (A) and (B) are 25 µm.  

 

 We suggest that the lack of significant curvature generation by Sar1, i.e., the 

small Λ, is a structural consequence of the positive (convex) Λ expected from the 

bilayer insertion of the N-terminal helix29,15 being counteracted by the negative (concave) 

Λ induced by the rest of the protein (Δ23-Sar1p, Figure 9). It should be kept in mind that 

our finding of small Λ means only that Sar1 does not necessarily couple strongly to 

curvature; spatial constraints may still enable it to contribute to membrane bending 
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independent of other COPII coat proteins. Particular geometries (as in the case of 

liposome-binding15,16) or interactions with other proteins or lipids (e.g., that localize it to 

particular regions of the ER membrane), could spatially enhance asymmetries in leaflet 

areas and generate curvature via the bilayer couple mechanism noted earlier. 

The rigidity, mobility, and binding affinity measurements suggest that the human Sar1 

proteins, unlike yeast Sar1, may interact with one another at the membrane, forming 

assemblies that are stiffer and less mobile than membranes solely bound by protein 

monomers. While an infinite number of models could be concocted to mimic these 

observations, our ignorance of the structural mechanisms of potential inter-protein 

interactions motivates a minimalist approach of constructing the simplest possible non-

trivial model, asking whether the functional form of the rigidity and mobility it predicts 

are mirrored by the data, and allowing only a small number of free parameters. Our 

simple model assumes that all Sar1 proteins lower membrane rigidity by an amount 

proportional to their two-dimensional concentration that Sar1A and Sar1B proteins have 

a weak affinity for dimerization, and that rigidity and mobility induced by Sar1A and 

Sar1B are proportional to the dimer concentration. Of course, higher order dependences 

of rigidity and mobility on concentration, as well as higher order oligomerization, are 

possible; invoking them would introduce additional parameters. 

We decompose the membrane bending rigidity (κ) into the sum of the rigidities 

induced by individual proteins (κs) and by dimers (κdimer):  

  = s + dimer.
 (Eq.5) 
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Neglecting dimerization, we propose that Sar1 proteins monotonically lower κs, the 

simplest form for which is a linear decrease in rigidity as a function of membrane-bound 

protein concentration:  

 𝜅𝑠 = 𝜅𝑙𝑖𝑝𝑖𝑑(1 − 𝛼−1𝑐). (Eq.6) 

Where κlipid is the rigidity in the absence of protein, c is the two-dimensional 

concentration of the protein at the membrane normalized by the maximal protein density, 

and  is the critical concentration at which the membrane reaches zero rigidity. By 

construction, α ≤ 1, the empirically determined value of this parameter is discussed 

below. The rigidity κs is constrained to be non-negative. 

 The two-dimensional concentration, c, as a function of the solution concentration 

of protein, [Sar1], is provided by the binding data shown in Figure 14, which can be fit to 

a Langmuir isotherm: 

 𝑐 =  
[𝑆𝑎𝑟1]

𝐾𝐷+[𝑆𝑎𝑟1]
. (Eq.7) 

 The equilibrium between membrane-bound monomers (p) and dimers (p-p), 

written as p + p  p-p, implies that cd = K2𝑐𝑚
2 , where cd and cm are the two-dimensional 

concentrations of dimers and monomers, respectively, and K2 is the binding constant. For 

weak binding, i.e. to lowest order in K2c, cd  K2c
2, providing a simple relationship 

between dimer density and overall membrane-bound concentration. 

 We propose that dimers increase rigidity, since they correspond to fixed spatial 

arrangements of membrane-bound proteins, and that the dimer-induced rigidity is directly 

proportional to cd, from which 

 dimer = pc
2, (Eq.8) 
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where the parameter p characterizes the dimer stiffness and binding affinity. (In other 

words, dimer = Bcd for some stiffness parameter B, which can be written dimer = BK2c
2. 

Since K2 and B are not separately measurable, we subsume them into a single parameter, 

p.). 

 Equations 5-8 characterize our model. The parameters , KD, and p in principle 

could be different for all the proteins, but in practice are highly constrained by data. As 

noted above, the membrane-binding affinity is KD = 10.5 ± 3.1 µM for all the proteins. 

The rigidity in the absence of protein, lipid, is directly measured. (Alternatively, lipid can 

be treated as a fit parameter; this is discussed in Appendix A). We assume that Sar1p 

does not dimerize, and so its p = 0, allowing its rigidity data (Figure 7A) to be fit with 

only one free parameter, α, yielding α = 0.56 ± 0.02. Using this same  for the human 

Sar1 proteins (i.e. treating the membrane softening, not related to dimerization, as being 

the same for all Sar1s), we can fit the Sar1A and Sar1B rigidity data with only one free 

parameter, p, for each protein species. We find good agreement between the data and the 

form of  predicted by the model (Figure 8A, solid curves), and find for Sar1A, 

κp,Sar1A/κlipid = 2.3 ± 0.44, and for Sar1B, κp,Sar1B/κlipid = 1.4 ± 0.38, quantifying the greater 

rigidity of Sar1A relative to Sar1B observed in tether-pulling experiments. 

 We can similarly ask whether the protein diffusion coefficient (Dp) decreases 

proportionally with dimer concentration:  

 Dp = D0 (1  dc2), (Eq.9) 
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where D0 is the diffusion coefficient at [Sar1]  0 and d is a dimensionless parameter. 

Fitting the data shown in Figure 14C yields D0 = 7.4 ± 0.2 µm/s2 for all the proteins. For 

Sar1A, we find dSar1A = 0.87 ± 0.13 and for Sar1B dSar1B = 0.54 ± 0.08. The Sar1p data 

show dSar1p = 0.12 ± 0.11, consistent with negligible dimerization. 

 Notably, the ratio of the mobility reductions for the human proteins dSar1A/d Sar1B = 

1.6 ± 0.3, identical within uncertainties to the ratio of the relative rigidity parameters: 

κp,Sar1A/ κp,Sar1B = 1.6 ± 0.6. The similarity of these ratios for two independently measured 

and physically distinct physical properties further supports the proposed model, in which 

the existence of dimers of the human Sar1 proteins is the shared determinant of increased 

stiffening and lower mobility. Unpublished results from Professor Scott Stagg’s group at 

Florida State University has revealed a possible dimer conformation on membrane 

tubules in cryo-EM studies leading to support of such a model. We stress, however, that 

the validity of the model is separate from the main experimental conclusions of this 

section, that the human Sar1 proteins non-monotonically alter membrane rigidity as a 

function of concentration. We believe the model provides a useful framework for 

envisioning the possible molecular mechanisms underlying our observations, and hope 

that this may spur studies of weak interactions among membrane-associated proteins that 

may be feasible using recently developed resonance energy transfer or correlation 

spectroscopy techniques.73 

BRIDGE 

As our measurements reveal Sar1p lowers membrane rigidity monotonically as a 

function of concentration while Sar1A and Sar1B lead to a lesser reduction and an 

increase in the membrane rigidity at higher concentrations. As noted earlier, our 
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measurements of Sar1 provide the first example of trafficking proteins that lower 

membrane rigidity. Studies of this sort could be improved by higher-throughput 

experimental methods, and by comparison of different rigidity-measuring techniques. In 

the next chapter, we do exactly this with thermal vesicle fluctuations and selective plane 

illumination microscopy.  

  



39 

CHAPTER III 

 

ROBUST MEASUREMENT OF MEMBRANE BENDING MODULI USING LIGHT 

SHEET FLUORESCENCE IMAGING OF VESICLE FLUCTUATIONS 

 

Reproduced with permission by Andrew F. Loftus, Sigrid Noreng, Vivian L. Hsieh, and 

Raghuveer Parthasarathy 2013. Langmuir 29, 14588-14594, Copyright 2013 Langmuir. 

Despite their importance, measurements of membrane rigidity are not common, 

especially for systems that include membrane-associated proteins as well as lipids. We 

believe this to be due in large part to a lack, compared to other areas of biophysical 

research, of development and refinement of measurement techniques, and lack of cross-

validation of disparate techniques. To address this, we show that the combination of light 

sheet fluorescence microscopy and vesicle fluctuation analysis enables robust 

measurements of the bending modulus of lipid and protein membranes, and that these 

measurements are in close agreement with values from tether-pulling assays. 

Techniques for measuring membrane rigidity generally fall into two categories: 

(1) tether pulling methods and (2) methods based on shape deformations of giant 

unilamellar vesicles (GUVs). In the first case, a tubule of membrane is pulled from the 

bulk by application of a local force, using e.g. a magnetically or optically trapped 

microparticle or a micropipette.74 By measuring the tether-associated force and geometry, 

one can determine the rigidity and tension of the system as described in Chapter II and 

Appendix A.38,50 While insightful and relatively easy to analyze, tether pulling 
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experiments are low-throughput, requiring significant time to obtain statistically 

meaningful data. 

Experiments involving vesicle deformations usually make use of imaging 

thermally driven membrane fluctuations.40-41,43,47,75 The analysis of thermal fluctuation 

spectra to obtain rigidity and tension are described in Refs. [42,76]; more recently 

Méléard et al. have extended this approach to incorporate the statistical distribution of 

mode amplitudes, which significantly improves the robustness of the analysis.46 

However, several factors complicate fluctuation-based assays, however. Studies to date 

have considered giant unilamellar vesicles (GUVs) settled at the bottom of a chamber in 

order to be close to an imaging objective lens, leading to gravitational shape distortions 

that complicate the application of quasi-spherical analysis models.43,75 High-speed 

imaging of the vesicle membrane is generally provided by phase-contrast 

microscopy46,42,75, making quantitative estimation of the edge localization precision 

difficult. 

Vesicle-based experiments using electric-field induced deformations45,77 involve 

fitting the change in surface area versus the stress caused by the field to a model of 

tension-induced suppression of fluctuations. Analysis of these deformations are subject to 

several assumptions about the form of the electric field, chamber geometry, and vesicle 

location.77  

For all of these reasons, values in the literature of the bending modulus of even 

simple single-component lipid membranes show a large spread. For 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC), for example, discussed below, reported  values 

range from 2.5 x 10-20 J45 to 15.8 x 10-20 J.43 Moreover, to the best of our knowledge, 
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there are no comparisons of tether-based and vesicle-deformation-based measurements of 

the same membrane system, either with or without proteins, leaving unanswered the key 

question of whether the high degree of variation noted above stems from differences in 

sample preparation or from systematic differences inherent in the various methods. 

We aim, therefore, to demonstrate and validate an improved method for 

measurements of membrane rigidity: the use of selective plane illumination microscopy 

(SPIM) for vesicle fluctuation imaging. In SPIM, also known as light sheet fluorescence 

microscopy, a laser is formed into a thin sheet that excites fluorophores in one plane of 

the sample, the emission from which is imaged onto a camera using a perpendicular 

objective lens (Figure 16).78-81 In recent studies, the fast three-dimensional imaging and 

inherent low photon flux that SPIM makes possible have been applied to investigations of 

animal and plant development.80,79,82 SPIM has not, however, been previously applied to 

in vitro membrane systems. We realized that SPIM’s attributes for multicellular imaging 

are also ideal for visualizing vesicle fluctuations: Its optical sectioning enables high speed 

imaging of the equatorial plane of GUVs, its use of fluorescence provides ring-like 

images of the vesicle edge (Figure 16) whose localization precision can be assessed with 

simple models, and its applicability to thick samples allows the imaging of freely 

suspended GUVs far from a chamber wall. 

We show that SPIM imaging of GUV membrane fluctuations provides data that 

are well-fit by models of vesicle fluctuation spectra.46 We measure values for the bending 

modulus of POPC membranes and membranes bound by various concentrations of Sar1p, 

shown previously to lower membrane rigidity (see Chapter II for details). For each of 

these systems, SPIM-imaged fluctuation-derived values are in close agreement with 
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values from tether pulling assays (within at most 20 %). We also show that the human 

Sar1A protein, shown in Chapter II to increase membrane rigidity and potentially self-

associate, gives fluctuation spectra that are not well fit by a model of homogenous 

vesicles. 

 
Figure 16. Schematic application of SPIM to image GUVs. A thin sheet of excitation 

light coincident with the focal plane of an imaging objective allows high-speed optical 

sectioning of a suspension of lipid vesicles. Inset: image of a POPC vesicle with 2 mol % 

Texas Red DHPE fluorescent lipids. 

 

EXPERIMENTAL METHODS 

Lipid composition 

Briefly, two lipid membrane mixtures were composed for GUV fluctuation and 

tether pulling studies: (1) 98 mol % POPC, 2 mol % Texas Red DHPE and 1.0 mol % 

biotinyl-cap-PE. (2) The Major Mix as reported in Chapter II and Appendix A. For GUV 

fluctuation studies Major Mix composition was composed of 2 mol % Texas Red DHPE 

with the other lipids proportionally scaled.  
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Protein purification and nucleotide binding 

Sar1 was expressed and purified using protocols similar to those in Barlowe et 

al.83 Chapter II describes in detail the protocol for purification and nucleotide binding. 

Tether pulling assay 

Tether pulling using an optical trap was performed as previously described in 

Chapter II and Appendix A. Particle position was tracked with home-built MATLAB 

programming as previously described in Chapter II and Ref [84].  

Calculation of bending rigidity from membrane tethers  

The retraction of pulled membrane tethers allows determination of the membrane 

rigidity. As described in Chapter II, the bending rigidity in the absence of spontaneous 

curvature (κ0) was calculated from the tether retraction force (f) and tether radius (R) 

using equation 2. 

Vesicle electroformation  

GUVs were created by electroformation as described by Herold et al.85 Briefly, 

lipids were deposited on air annealed indium-tin oxide (ITO) glass slides, Rs = 15-25  

(Delta Technologies), and dried under vacuum for 10 min. A chamber was assembled 

from two ITO-glass slides separated by a 1.5 mm gasket of silicon rubber and sealed with 

binding clips. The electroformation chamber was then gently filled with 0.1 M sucrose 

solution. After this a sinusoidal AC electric field of 1.2 Vrms at 10 Hz was applied to the 

chamber for 2 h. The GUV suspension was gently pulled out of the chamber with a 

syringe. 
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Selective plane illumination microscopy  

GUV suspension (10 µL), with or without protein, was placed in a square micro 

fluorometer cell (Starna Cells) containing 200 uL of 0.25 M sucrose solution. Selective 

plane illumination microscopy of vesicles was performed using a home-built setup 

similar to that of Ref. [80] and described in detail in Ref. [82]. Key components are listed 

in Appendix C (Table S1). Briefly, a 594 nm diode laser with a power of 50 mW 

(Lasermate) provided excitation light for the Texas Red fluorophore labeling lipids. The 

light is passed through an acousto-optic tunable filter and is then incident to a rapidly 

scanning (2 kHz) galvanometer mirror. A telecentric scan lens transforms the angular 

scan into a translating scan that passes through a tube lens and an objective lens 

producing a thin sheet of light in the sample holder. The beam thickness was measured to 

be 3.0 m over a lateral extent of  100 m. Images were captured through a 40x 1.0 NA 

Plan-apo objective lens (Zeiss) perpendicular to the excitation plane and recorded with a 

5.5 Mpixel sCMOS camera (pco.edge, Cooke Corp., pixel size 6.5 m) at an exposure 

time of 500 s with a frame rate range of 60-200 fps. 

The camera exposure time is much smaller than the timescale of the fluctuations 

of the examined vesicle modes, which are calculated to be over 10 ms up to m = 35 for 

vesicles of the measured rigidity and radius values46, and hence any corrections to the 

analysis due to finite exposure times will be very small compared to the observed 

statistical variation between vesicles.   

Edge determination  

The location of the vesicle edge was calculated for each two-dimensional image 

using home-built software written in MATLAB. Starting from a rough, user-input 
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estimation of the center of the vesicle in the initial frame, each image is divided into 

several (50-300) angular wedges. In each wedge, the vesicle edge is determined by 

locating the pixels of maximal intensity gradient in the radial direction, and then further 

refined by finding the peak of a local parabolic fit to the intensity gradient.  

To determine the precision of this edge determination method, we applied it to 

simulated images of fluorescent rings with various radii and signal to noise ratios (SNRs), 

mimicking the form of the optically sectioned vesicle images. The difference between the 

true and estimated edge locations at SNR values corresponding to the experimental SNR 

gives a measure of the experimental localization precision.  The simulated images were 

created in a similar manner to images of rings described in Ref. [84]; in brief, a high-

resolution image of a thin annulus was convolved with the imaging point-spread function, 

pixelated, and subjected to Poisson-distributed noise. For simulated ring images, we used 

the theoretical point spread function for the imaging wavelength and numerical aperture, 

which has a width of 250 nm. We also experimentally measured the PSF by imaging 

fluorescent beads immobilized in agar gel. Fitting the intensity profiles of beads to a 2D 

Gaussian yielded point spread function widths within 10 % of the theoretical value. 

The standard deviation of the calculated radial positions of the simulated vesicle 

edges, which would be zero for perfect edge detection, provides a measure of the image 

analysis precision. The SNR of experimental images was estimated as the ratio of the 

peak intensity at the vesicle edge to the standard deviation of the background intensity, 

and the precision of the edge determination was assessed as the precision of the 

localization of the simulated images at that SNR. 
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Calculation of bending rigidity from vesicle fluctuations  

The vesicle edge (η, t), where  and η are the radial and angular coordinates, 

respectively, from an image obtained at time t is determined as described above. These 

edge profiles are analyzed to reveal the underlying membrane rigidity and tension using 

the procedure described in Refs. [42,46]. In brief, the angular autocorrelation function:  

 𝜉(𝛾, 𝑡) =  
1

2𝜋𝑅2 ∫ [𝜌(𝜂 + 𝛾, 𝑡) − 𝜌(𝑡)] × [𝜌(𝜂 + 𝑡) − 𝜌(𝑡)]
2𝜋

𝜑=0
𝑑𝜂, (Eq.10) 

where (t) is the mean of , is cosine decomposed  

 𝜉(𝛾, 𝑡) = ∑ 𝜒𝑚(𝑡)cos (𝑚𝛾)
𝑛𝑚𝑎𝑥
0<𝑚 , (Eq.11) 

to give the mode amplitudes m. As described in Ref. [46], each mode amplitude should 

follow an exponential (Boltzmann) probability distribution: 

 𝛤𝑚(𝜒𝑚) ∝ 𝑒𝑥𝑝 [−𝐿𝑚
𝜒𝑚

2
], (Eq.12) 

where Γm(m) is probability of observing m, and the Lm values (denoted Rm in Ref. [46]) 

are determined from exponential fits to the measured m distribution over the range for 

which  is at least one-tenth of its maximal value to exclude rare outliers.46 

The Lm values are then fit via least-squares minimization to the expected 

theoretical form for the mode-dependence of quasi-spherical vesicle fluctuations, for 

which the rigidity and tension are the two unknown parameters: 

 𝐿𝑚( 𝑘𝑏𝑇, �̅�⁄ ) =
𝜅

𝑘𝑏𝑇
×

1

∑ [𝑄𝑛
𝑚(0)]2 𝜆𝑛(�̅�)⁄

𝑛𝑚𝑎𝑥
𝑛≥𝑚

, (Eq.13) 

where  is the membrane bending modulus, 𝜎 the reduced membrane tension 𝜎 =

𝜎 𝑅2 κ⁄ , kb being Boltzmann’s constant, λn(�̅�)= (n+2)(n-1)[ 𝜎+n(n+1)] , and 𝑄𝑛
𝑚 is given 

by: 
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𝑄𝑛

𝑚(𝑐𝑜𝑠𝜃) = (−1)𝑚√
2𝑛+1

4𝜋

(𝑛−𝑚)!

(𝑛+𝑚)!
𝑃𝑛

𝑚(𝑐𝑜𝑠𝜃), (Eq.14) 

where 𝑃𝑛
𝑚(𝑐𝑜𝑠𝜃) is the associated Legendre function. For individual vesicles, the fit 

uncertainty for the rigidity is on average 25 % of the measured value, ranging from 10 % 

to 55 %. The stated rigidity values are the sample means across distinct vesicles, with the 

uncertainty given as the standard error of the mean. 

Precision of bending rigidity determination   

To determine the impact of edge localization precision described above on the 

determination of κ, we numerically propagated the position uncertainty through the 

functions that relate position to  (Eqns. 10-14).  We performed multiple tests in which 

we replaced the edge positions of vesicles with a random number drawn from a Gaussian 

distribution centered on the measured position and with a width equal to the localization 

precision at experimental SNR, and then analyzed contour profiles and fluctuation spectra 

to determine the resulting values of κ. The standard deviation of the resulting  values 

provides a measure of the uncertainty due to localization precision.  

RESULTS 

SPIM imaging of homogeneous giant unilamellar vesicles shows fluctuations 

whose spectra are well fit by theoretical models. Figure 17A shows a series of images 

from one vesicle, together with the image-derived edge positions (Figure 17B). As 

expected, the probability distribution of the mode amplitudes Γm(m) is exponential 

(Equation 12, Figure 2C), yielding a logarithmic slope Lm that decays with mode 

wavelength m = 2R/m, where R is the vesicle radius (Figure 17D). The form of Lm(m) 

is well fit by the theoretical expectation for thermal fluctuations of homogeneous quasi-

spherical vesicles 46, illustrated for one vesicle in Figure 17D. Notably, the statistical 
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approach to fluctuation amplitudes introduced in Ref. [46] (see Experimental Methods) is 

robust even in the presence of minor imperfections in vesicle morphology, as can be seen 

in Figure 17. Less imperfect vesicles were also routinely examined, as represented in 

Appendix C. 

SPIM-based fluctuation analysis of lipid-only vesicles composed of 98% POPC 

(see Experimental Methods) yields spectra that are well fit by expected theoretical forms 

(Appendix C, Figure S2), yielding an average rigidity value over N = 32 vesicles of  = 

12.1 ± 1.9 x 10-20 J. Moreover, we are able to measure bilayer rigidity using a completely 

independent technique, the pulling of membrane tethers from lipid multilayers.34-35,38,50 

These measurements of POPC lipids yield a value of  = 10.6 ± 1.7 x 10-20 J. Notably, the 

two techniques give similar values, within uncertainties of each other. We find that the 

average vesicle tension is 1.45 x 10-7 N/m with a standard deviation of 3.30 x 10-7 N/m, in 

the range generally observed for electroformed vesicles.75 

As detailed in Experimental Methods, fluorescence imaging of vesicle edges 

allows quantification of the precision of radial position determination via examination of 

simulated vesicle images. The experimental signal-to-noise ratios for the vesicle edges 

are in the range 5-20; regions of brighter and dimmer intensity are due to the geometry-

dependent angle between the excitation dipole of the Texas-Red fluorophore, which 

orients in the plane of the lipid bilayer86, and the linearly polarized excitation laser light. 

These SNRs give an average precision of ≈ 10 nm. As described in Experimental 

Methods, this results in a localization-based uncertainty in  of ≈ 0.1 x 10-20 J, which is 

small compared to the statistical variation in rigidity between vesicles (Figure 18).  
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Figure 17. Fluctuation analysis. (A) A series of fluorescence images (Texas Red DHPE) 

of a lipid vesicle incubated with 3.7 µM Sar1p, with (B) superimposed edges determined 

from radial gradient maxima. (C) Histogram of autocorrelation amplitudes χm for mode m 

= 4 (λ = 14.0 µm) from 2000 images. The solid line is an exponential fit to the points 

shown in orange and blue points are not fit because their occurrence is < 10 % of the 

peak; the uncertainty in the fitted slope is 4 %. (D) Lm values (circles) as a function of 

mode wavelength (λ = 2πR/m) and the best-fit theoretical curve (green line), which gives 

a bending modulus κ = (3.1 ± 0.5) x 10-20 J and tension σ = 3.0 x 10-8 N/m for this vesicle. 
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Figure 18. Membrane rigidity comparison. Membrane rigidity determined from tether 

pulling studies (orange circles, reported in Chapter II), and vesicle fluctuations (yellow 

triangles) as a function of Sar1p concentration. At a [Sar1p]  10 µM, spontaneous 

tubulation and budding of the majority of vesicles prevents fluctuation analysis; the 

plotted rigidity (yellow upper bound bar) is derived from the minority of non-tubulating 

vesicles and so is likely an upper bound on rigidity. 

 

We next present rigidity measurements based on light sheet fluctuation imaging 

of a system for which earlier tether-based measurements demonstrated protein-induced 

modulation of membrane rigidity, namely the intracellular trafficking protein Sar1p 

binding to Major Mix lipids that mimic the composition of the endoplasmic reticulum.24 

As shown in Figure 17, GUVs incubated with Sar1p show fluctuation behavior that is 

well fit by conventional theory. We provide videos of representative vesicles incubated 

with 0 and 3.7 µM Sar1p as Videos S2 and S3 in Appendix C and the supplemental files 

included with this dissertation, respectively. In Figure 18 we plot the previously obtained 

tether-derived measurements together with new vesicle-based values. From 0-4 µM 

Sar1p, rigidity values from the two techniques are very similar.  At 9 µM Sar1p (yellow 
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upper bound line, Figure 18), many vesicles had disintegrated, forming multiple tubules 

or budding daughter vesicles, and so could not be analyzed in the framework of quasi-

spherical vesicle fluctuations.46 The data point shown at 9 µM Sar1p is from a small 

number (N=6) of intact vesicles, which were a minority of those found in solution, and so 

should be considered an upper bound for the rigidity. 

In Chapter II we showed that Sar1A and Sar1B; lower membrane rigidity at low 

concentrations but raise it at concentrations above ≈ 10 µM. However, tether-based 

rigidity measurements were difficult at higher concentrations because tethers were often 

impossible to pull, presumably because the force required exceeded the available optical 

trapping strength. Imaging vesicle fluctuations allowed estimation of membrane rigidity 

in the presence of high concentrations of the mammalian Sar1 proteins. For example, 

rigidity at 36 µM Sar1A was on average ≈ 30 x 10-20 J, over six times that of the lipid 

bilayer in the absence of protein, and approximately two times the maximum value that 

could be probed by tether-based investigations. 

An additional attribute of fluctuation analysis is that the form of the fluctuation 

spectra provides information about possible scale-dependent vesicle mechanics. For 

Sar1A, the Lm values are not well fit by the theoretical expression for homogenous, 

quasi-spherical vesicles (Figure 19A; compare with Figure 17D for Sar1p), and show 

non-random deviation from the expected form (Figure 19B). Notably, the individual m 

remain exponentially distributed (Appendix C, Figure S3), as would be expected for 

thermally driven modes.  
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Figure 19. Sar1A fluctuation analysis. (A) Lm as a function of mode wavelength for a 

vesicle incubated with 36 µM Sar1A. The data poorly fit the expected form for 

fluctuations of homogeneous quasi-spherical vesicles (solid curve, rigidity 26 x 10-20 J). 

(B) Residuals of the fit in (A). The data show a nonrandom form implying a systematic 

deviation from the expected theory. 

 

SUMMARY 

 We have demonstrated the utility of using light sheet fluorescence microscopy 

and thermal fluctuation analysis for measuring membrane bending moduli. SPIM 

provides several advantages over conventional fluctuation imaging due to its use of 

fluorescent probes, enabling quantifiably precise edge determination, and its applicability 

to freely suspended vesicles, avoiding gravitational distortions at chamber walls. We find 

a bending modulus for POPC membranes of  = 12.1 ± 1.9 x 10-20 J, indistinguishable 

within uncertainty of the value determined by the independent technique of membrane 

tether pulling. The concordance is especially notable given the large spread of rigidity 

values for POPC noted in the literature, ranging from 2.5 to 15.8 x 10-20 J (Table 2, 

Figure S5). For protein-bound membranes, we similarly find a close agreement between 

fluctuation-derived and tether-derived bending modulus values (Figure 18). Notably, our 
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results provide the first reported comparisons of rigidity measurements using vesicle-

based and non-vesicle-based techniques by the same group applied to the same systems, 

and the similarity of the outcomes suggests membrane rigidity may be more robustly 

measurable than the existing literature would imply. 

 

Table 2. κ values for POPC membranes measured by vesicle and tether based methods 

Reference 

Number (Year) 

Vesicle 

Deformations 

Vesicle Fluctuation 

Analysis 

Tether Pulling 

This Work - 12.1 ± 1.9 10.6 ± 1.7 

44 (2012) - - 6.70 ± 2.00 

48 (2012) 3.27 ± 0.19 - - 

46 (2011) - 12.9 ± 0.04 - 

41 (2010) - 15.80 ± 0.33 - 

40 (2008) - 9.87 ± 0.30 - 

43 (2004) - 13.00 ± 0.40 - 

47 (1995) 5.89 ± 1.18 3.96 ± 0.87 - 

45 (1991) 2.47 ± 0.49 - - 

 

Our vesicle fluctuation imaging also highlights two sorts of systems for which this 

approach can fail. For high concentrations of the membrane-softening protein Sar1p, 

disintegration of vesicles leaves only a small and non-representative fraction left for 

analysis. For high concentrations of the rigidity-enhancing Sar1A, the observed 

fluctuation spectrum is not well fit by theory (Figure 19A). Given prior observations of 

low diffusion rates at high concentrations that led to a model of weak inter-protein 

binding by Sar1A, this may suggest a picture of a protein mesh such that below the 

characteristic mesh size, the effective rigidity is similar to that of the lipid membrane, and 

above, it takes a larger value characteristic of the protein network. Investigating this 

model will require more experimental work, as well as a better theoretical understanding 

of the fluctuation spectra that should arise for inhomogeneous quasi-spherical vesicles. 
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For both simple and complex membrane systems, however, we believe that light-sheet 

based fluctuation analysis provides a powerful route to characterizing membrane physical 

properties. 

Still more broadly, we introduce the application of light sheet fluorescence 

microscopy to studies of membrane biophysics. This imaging technique has attracted a 

great deal of attention in recent years due to the insights it allows into embryonic 

development.78-82 Its utility for non-living systems has been remarkably unrealized, 

however, and we look forward to its further applications to dynamic interfaces and soft 

materials. 

BRIDGE 

Having developed robust methods for measuring membrane rigidity using our two 

independent measurements allows for the confidence to determine the rigidity of lipid 

only and lipid-protein systems. We continue to examine the role of Sar1’s amphipathic 

alpha helix in reducing the membrane rigidity, and attempt to form scaffolds with 

amphipathic helices to produce artificial vesicles. The proceeding chapter will discuss 

this and provide a future perspective as well.  
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CHAPTER IV  

 

HELICAL STUDIES FOR MEMBRANE RIGIDITY REDUCTION 

 

Reproduced with permission from Settles, I., Loftus A.F., McKeown, A. N. and 

Parthasarathy R. Biophysical Journal 99: 1539-1545. Copyright 2010, Biophysical 

Journal. 

Unpublished work with contributions from Andrew F. Loftus, Vivian L. Hsieh, Alex 

MacLeod, David Rabuka and Raghuveer Parthasarathy 

 

 To further our understanding of Sar1’s ability to modulate the bending modulus of 

the ER membrane, we examine the role of its amphipathic alpha helix. In Chapter II, I 

described how deletion of Sar1p’s helix (Δ-23 Sar1p) shows no deformations15 and gives 

rigidity values similar to the Major Mix only system. We believe the helix is playing a 

key role in reducing the membrane rigidity by the insertion and subsequent alteration of 

the membrane structure. We performed measurements to understand the extent the helix 

is capable of reducing rigidity, by utilizing a synthetic mimic of Sar1p’s N-terminal helix. 

Again, using the tether-pulling assay described in Chapter II. 

In addition, we attempted to cross-link helices to build towards more sophisticated 

mimics of vesicle formation. We believe in order for vesiculation to occur effectively, 

scaffolds are necessary to organize and localize the concentration of helices to produce 

deformations and vesicles from the membrane. By creating conjugated scaffolds of the 

helical peptides, we would be achieving spatial localization seen in trafficking systems. 
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To accomplish this a bioconjugation technique capable of chemically linking reactive 

peptides to one another or to a molecule, is a necessity for a multi-helical scaffold. The 

approach we are using is the aldehyde tagging scheme published by Professor Bertozzi’s 

group.49 By utilizing aldehyde modified proteins or peptides in the form of 

formylglycine, the peptide or protein can be chemically conjugated to specific moieties 

through a hydrazine or hydrazide through the Wolff-Kischner mechanism.87,88 This 

provides the capability to link multiple helices to a central molecule with reactive groups 

to make such a scaffold necessary for our studies. Although we have been unsuccessful 

so far, attempts to create a peptide scaffold continue to be in progress. I finally consider a 

perspective to this work and future endeavors that can be undertaken to allow this project 

to continue forward. 

MATERIALS AND METHODS 

The fluorescein-conjugated peptide corresponding to the N-terminal alpha-helical 

domain of Sar1p (FITC-SH) was purchased from Biomatik (sequence from N to C 

termini: MAGWDIFGWFRDVLASLGLWNKH, with N-terminal FITC). The addition of 

5% dimethylsulfoxide (DMSO) to 0.05X HKM was required for peptide solubility and 

used as is. The 5Fam (5–Carboxyfluorescein) formylglycine modified peptide 

corresponding to the alpha helical domain of Sar1p (5Fam-SAH) was purchased from 

New England Peptide (sequence from N to C termini: 5Fam-(dPEG4)-

MAGWDIFGWFRDVLASLGLWNKHGG(FGly)-amide). 8-arm-PEG-hydrazine (PEG; 

20 kDa) was purchased from Creative PEGWorks. Lipid composition is Major Mix 

composition as described in Chapter II with 0.5 mol % Texas-Red DHPE and and 1.0 

mol % biotinyl-cap-PE for tether pulling experiments.14  
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Aldehyde tagging and experimental setup 

 We followed a modified aldehyde tagging protocol from Rabuka et. al.89 We first 

solubilized 5Fam-SAH in a solution of 5 % Tween-20® (Sigma) and 5 % 

Dimethylformamide (Sigma) in 1X HKM, the solution was then measured with an 

ultraviolet-visible spectrometer (8453 Agilent UV-Vis) at 495 nm to determine 

concentration of peptide in solution. 8-arm PEG hydrazine was weighed out and 

solubilized in 1X HKM. 8-arm PEG hydrazine solution was added to the 5Fam-SAH in a 

mole ratio of 1:20 (PEG:5Fam-SAH) and the reaction was lowered to a pH = 6.0 with a 

solution of 3 M potassium acetate (pH = 4). For the reaction to proceed it is necessary for 

the solution to be acidic within a pH range = 4.5 - 6.5. The reaction mixture was then 

covered with foil to protect from photodamage from occurring and left at room 

temperature overnight. The reaction can also be performed at 37 oC for as little as 4 h., 

but led to degradation and precipitation of the peptide. With the completion of the 

reaction, the sample was then brought back to pH = 7.0 with potassium hydroxide to 

quench the reaction. The mixture was run through a DetergentOUTTM Tween® column 

(G-biosciences) to remove any detergent in the solution and a NP-25 column (GE 

Healthcare) for buffer exchange into fresh 1X HKM buffer. The sample was used as-is or 

purified further using HPLC. For HPLC we used a C18 column (Agilent) with a loading 

buffer of HPLC grade H2O with 0.1 % trifluoroacetic acid (TFA) and a mobile phase of 

acetonitrile with 0.08 % TFA. The sample was collected from the column using UV-Vis 

at 495 nm and fractions were lyophilized and stored at -80 oC. Matrix assisted laser 

desorption ionization (MALDI), a soft ionization technique used to detect molecular 

weights, was performed on the samples at UC Berkeley’s Mass Spectroscopy Facility. 
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Briefly the sample was diluted to 20 µM in 1:1 Acetonitrile:H2O with 0.1% TFA. 2,5-

dihydroxybenzoic acid (DHB) was used in the same solvent combination with the 

sample. Scans were taken up to 60,000 kDa. 

 The 5Fam-SAH conjugation reaction mixture or FITC-SH was utilized in tether 

pulling experiments similar to what is described in Chapter II. The only modification 

made to the experimental setup was the incubation time of the PEG-SAH or the FITC-SH 

was increased to 30 minutes; all other procedures and analysis were followed as 

described.  

RESULTS AND DISCUSSION 

The FITC-SH peptide in itself appears capable of lowering membrane rigidity. 

The peptide requires 5 % DMSO added to the buffer for solubility; the DMSO alone 

lowers κ0 by ~40 %. Relative to the rigidity with DMSO and without the peptide, κ0 is 

reduced by a further factor of 0.61 ± 0.15 at a peptide concentration of 0.2 µM in 0.05X 

HKM buffer (Figure 21) and induces membrane disintegration at concentrations > 5 

µM. For comparison, full length Sar1p lowers κ0 by ~0.6 times at a concentration of ~5 

µM (Figure 7A). We caution against drawing conclusions regarding the magnitude of the 

membrane softening of the peptide compared to the full-length protein, as their 

membrane-binding affinities may be dissimilar.  
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Figure 20. κ0 for the full length Sar1p (as in Figure 7A) and a peptide corresponding to 

the 23 amino acid Sar1p terminal helix domain, in 0.05X HKM buffer. 5 % DMSO is 

required for peptide solubility, and in itself lower bilayer rigidity. 

 

Having an understanding of the peptide’s capabilities, we attempted to create an 

8-arm-helical peptide using the reactive sites on the branched PEG molecule (Figure 22). 

The PEG molecule is ideal, as the hope is that after the reaction, PEG-5Fam-SAH would 

not need detergents or organics to stay soluble. Furthermore, PEG is relatively inert 

except for the hydrazine moieties necessary for the interaction with the peptide. We have 

attempted to interact our 5Fam-SAH with the 8-arm PEG hydrazine as described in our 

Methods and Materials section earlier in the chapter. Unfortunately, to this point we have 

been unsuccessful in creating a PEG-peptide species with difficulties with the 

conjugation reaction. Upon HPLC purification, the peptide is recovered, however results 
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from the mass spectral analysis by MALDI revealed no peaks associated with PEG-

5Fam-SAH of any kind expected to be in the range of ~23-50 kDa (Appendix D).  

 

 
Figure 21. Schematic representation of bioconjugation between Fam5-SAH to 8-arm 

PEG hydrazine molecule. 

 

This could be a two-fold problem: the reaction is not occurring due to the small 

amount of detergent and DMF in the solution or a degradation of the oxime bond 

between the PEG and peptide is occurring leaving little to no conjugated species present. 

In discussions with Dr. David Rabuka it is not believed to be the small amount of 

detergent or DMF in the solution causing the issues we have seen. Instead, our attention 

will be focused primarily on the parameters of the reaction. Some of the important 

aspects will be the reaction temperature and run time. Colder temperatures would slow 

the kinetics for the breakdown of the conjugation; however, the overall reaction will also 

run slower so a tradeoff to consider. Furthermore, we may need to adjust the pH to create 

a more acidic environment for the reaction mechanism to occur. The pH in most of the 

aldehyde tagging mechanism literature occurs at pH = 4. This may allow for an easier 

conjugation, though again we must consider the integrity of the peptide at lower pH. We 

will continue to pursue this ability to scaffold peptides together and create a system 
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where the possibility of reducing the membrane rigidity in a simple synthetic model is 

possible.  

FUTURE PERSPECTIVE  

As we continue working towards a complete understanding of membrane rigidity 

and the effects proteins have on the membrane, we are always looking to the horizon for 

new opportunities to explore these topics. I will provide direction towards future work to 

continue the research on the aforementioned topics.  

 Attractive membrane reducing agents we could begin to look at are specific 

venoms and toxins known to break down cellular membranes. These could be ideal in the 

production of synthetic scaffolds for membrane vesiculation as only small amounts of 

these proteins or peptides are necessary for membrane disruption to occur. A potential 

candidate for this type of work would be honeybee (Apis mellifera) venom. A peptide 

comprising 52 % of the venom is a small amphipathic alpha helix known as melittin, a 

known cellular lytic factor.90,91 Additionally a number of bacterial species produce 

entertoxins known to alter the cellular membranes of intestinal walls. These types of 

toxins alter the permeability of cells and could reduce the tension and/or rigidity of the 

membrane. We have explored cholera toxin subunit B in the past and can continue to 

probe further enterotoxins for capabilities of reducing the membrane rigidity. 

Furthermore, we can apply our tether pulling and vesicle fluctuation assays to determine 

how these proteins are capable of reducing rigidity and possible candidates for 

peptide/protein scaffolding.   

 In certain diseases, understanding the effects associated proteins have on 

membrane physical characteristics would be of interest. Amyloid beta (Aβ) is a particular 
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protein, able to make plaques which degrade neuronal cells by interactions with the cell’s 

membrane.92,93 Aβ plaque, buildup creating radical oxygen agents to damage the neuronal 

cell’s leading to disease such as Alzheimer’s. This protein could be of particular interest 

as the ability to understand how rigidity and the mechanical interaction of the protein 

with the cell membrane is yet to be explored to my knowledge. Additionally if we have 

the ability to control plaque formation, it would also provide further detail to how the 

degradation mechanism is taking place in the context of the cellular membrane 

mechanics.92-95 Beyond our in vitro studies, we could expand our work into directly 

measuring rigidity on neuronal cell cultures and how the Aβ affects the cells directly. 

Again, by modifying our tether pulling techniques we could create cell cultures of 

neuronal cells and then introduce Aβ proteins to them to investigate the affect the protein 

has on the cells themselves. This could provide new avenues of using our tether pulling 

techniques on ex vivo samples to provide a more comprehensive affect associated 

proteins have on membrane mechanics.  

 As I have discussed primarily proteins and peptides that associate with the 

membrane it would also be a unique ability to look into how integral proteins affect the 

membrane rigidity. We could perform studies on reconstituted membrane vesicle with 

incorporated proteins and observe how this changes the dynamics of rigidity. Studies on 

integral membrane ability have been performed40,46 and would be helpful for elucidating 

certain mechanisms to vesicle trafficking. In discussions with members of Professor 

Elizabeth Miller’s Lab (Columbia University), who are investigating the size dependence 

of trafficking cargo by the ER due to interactions with integral membrane proteins of the 

ER, it would be exciting to see what affect these integral proteins have on membrane 
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rigidity. By collaborating on subjects to obtain both the genetic and mechanical evidence 

for cargo selection and size we could provide a significant contribution to membrane 

trafficking and the interesting aspects leading to the membrane dynamics in cells.  
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CHAPTER V  

 

CONCLUSIONS 

 

In this dissertation, I show that (i) Sar1p monotonically reduces membrane 

rigidity in vitro to a point where the membrane itself begins to disintegrate, providing the 

first known example of membrane softening by a trafficking protein. (ii) Sar1A and 

Sar1B reduce the rigidity of the membrane to a lesser extent than Sar1p, but at higher 

concentrations, the rigidity increases likely due to weak protein-protein interactions 

creating a network on the surface of the membrane overcoming membrane reductions by 

the proteins. (iii) Tether pulling and vesicle fluctuation analysis each provide robust 

measures of membrane rigidity. (iv) The amphipathic helix of Sar1p is capable of 

lowering membrane rigidity by itself. I will discuss these conclusions as well as elaborate 

on their implications to vesicle trafficking as a whole.  

We have measured the rigidity of membranes bound by the human and yeast 

COPII protein, Sar1. We have shown Sar1p monotonically reduces the rigidity of in vitro 

membranes to a point where disintegration of the membrane occurs. This decrease in the 

rigidity is due almost entirely to the ability of the protein to reduce the rigidity of the 

membrane and not couple to specific curvature. We speculate that this may be a common 

tactic among proteins with membrane-inserting motifs, such as myristoylated Arf96,97 and 

proteins with N-BAR domains, the latter of which feature an amphipathic helix together 

with a curved, rigid form.7,98 The widespread occurrence of N-BAR proteins at various 

curved intracellular surfaces, not only those whose radius conforms to the rigid BAR 
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crescent98, is puzzling in the context of scaffolding, yet is sensible when viewed as 

related to local membrane softening. Like Sar1p, Sar1A and B paralogs are capable of 

lowering the membrane bending modulus, however, unlike Sar1p, the human Sar1s show 

increased membrane rigidity at high concentrations, concurrent with a reduction in 

mobility, with the concentration dependence of both of these behaviors implying the 

existence of protein-protein interactions.  Our quantification of greater rigidity from 

membrane-bound Sar1A than from Sar1B may help explain phenomenological 

observations of different transport-related disorders28, and different trafficking vesicle 

morphologies27 induced by these two proteins. In each of these cases, Sar1B is associated 

with larger structures, consistent, all other things being equal, with a lower rigidity 

induced by this protein compared to Sar1A. More generally, the rigidity values we have 

measured, as well as the parameters output by a simple model of dimer-induced physical 

changes, should form key ingredients of potential mechanochemical models of vesicle 

trafficking, since rigidity determines the energetic requirements of curvature 

generation.2,3,11 Such models are beginning to exist for other vesicular systems20, and we 

hope to encourage their formulation for the COPII transport machinery. 

Cellular membranes are non-equilibrium systems, however, and several recent 

studies have shown that active membrane proteins that harness energy fluxes from 

nucleotide hydrolysis cycles, incident light and other sources to generate molecular 

motion can change membrane tension and rigidity.99-102 This raises the intriguing 

possibility of non-equilibrium effects beyond those explored here, especially when 

mediated by the full COPII complex, which employs proteins that regulate Sar1’s 

nucleotide exchange and GTP hydrolysis rates.13, 19, 103 
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 We demonstrate that SPIM-based measurements of vesicle fluctuations can be 

used to quantify membrane rigidity. In our studies, we provide the first demonstration of 

indistinguishable membrane rigidity values from tether-based and fluctuation-based 

assays, representing the robustness of these measurement techniques. We confirm that the 

trafficking protein Sar1p lowers lipid membrane rigidity and show that vesicles incubated 

with Sar1p exhibit the fluctuation spectra of homogeneous vesicles. In contrast, vesicles 

incubated with Sar1A are not well fit by a model of a homogenous membrane. This 

represents a limitation to the use of the theory in analyzing such systems and would need 

further expansion to incorporate these types of systems. In our improvement of the 

overall vesicle fluctuation techniques, it would be advantageous to incorporate 

measurements of microrheology to explore membrane viscosity of such systems. As these 

are already starting to occur in the laboratory, it will be fruitful to continue a dual 

approach to understanding the overall properties of membranes and protein-membrane 

systems.  

 Membrane softening is a known mode of action for several small peptides11,40,104-

106 and has been ascribed both to coupling to local curvature (i.e. nonzero Λ), and to 

direct modulation of κ by membrane thinning or increased lipid disorder. It will be 

interesting to further examine Sar1p’s N-terminal helix alone and compare its membrane 

interactions with the behaviors of other, similarly sized peptides. Physically meaningful 

comparisons between different macromolecules, however, will require quantification of 

the two-dimensional concentrations of the proteins-in general, a challenging task.107 With 

fluorophore conjugations, the possibility to determine these may be manageable in the 

future. 



67 

 Beyond working with the COPII complex of proteins, we could potentially move 

into other trafficking schemes to understand if the mechanics work in a similar light. 

Some Arf and COPI proteins would be especially useful to investigate with similar 

structures for the ability to control the lipid membranes. Even on a more basic idea of 

looking at relevant changes to the lipid compositions and understanding how these 

changes alter the membrane rigidity would be useful as others have looked at how 

changes in solutions and ion concentration can alter the membrane rigidity.108  

The potential for looking at tether pulling technique in it of itself would be of 

particular interest as we are watching retractions, but understanding if the same force for 

pulling is also occurring is of particular interest as it can reveal whether membranes are at 

thermal equilibrium or are governed by non-equilibrium dynamics. These types of 

questions and investigations will help to solidify our understanding of the techniques we 

are using as well as the ideas revolving around trafficking.   
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APPENDIX A 

 

SUPPORTING DERIVATIONS AND METHODS FOR CHAPTER II 

 

 

 General principles of membrane mechanics as well as the limitations of simple 

continuum models described previously.2,3,10,51-52,109 Aspects of tether mechanics are 

discussed in Refs. [35-37,50]. The bending energy per unit area of a membrane, ε, is a 

function of geometric and material parameters11 : 

 𝜀 =  [
𝜅

2
(𝑅1

−1 + 𝑅2
−1 − 𝑐0)2] + 𝜅𝐺𝑅1

−1𝑅2
−1, (Eq.S1) 

where R1 and R2 are the principle radii of curvature, c0 is the spontaneous curvature 

(which gives the curvature at which the bracketed term is minimal), κ is the bending 

modulus (i.e. rigidity), and κG is the Gaussian curvature modulus. 

 Membrane inclusions, such as bound or inserted proteins, can change the 

membrane rigidity directly by altering κ (e.g. by thinning the membrane or altering lipid 

packing)9,53-54, or indirectly by coupling to the local curvature and reducing the effective 

rigidity with respect to deformations.10 The interaction between the inclusions and the 

membrane can be accounted for by additional energetic terms:  

 𝜀𝑖𝑛𝑡 = −𝛬𝜙𝑐 +
𝑏

2
|∇𝜙|2 + 𝑔(𝜙), (Eq.S2) 

where ϕ is the density of inclusions, Λ is a coupling constant, and c is the total curvature 

as described in Chapter II. The latter two terms describe the interactions of the 

intercalated particles with themselves. In general, 𝑔() is not known; particular forms of 
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𝑔() are considered.10,40 As described below, κ can be determined in tether-based 

experiments independent of the form of 𝑔(). 

Membrane Tethers 

 We consider a cylindrical membrane tether of radius R and length L; i.e. R1 = R 

and R2 = ∞. The total mechanical energy E is the sum of several terms: (i) the bending 

energy integrated over the cylinder area; (ii) 𝜀𝑖𝑛𝑡 integrated over the cylinder area; (iii) 

the elastic energy given by the product of the membrane tension, σ, and the cylinder area; 

and (iv) the mechanical work given by the product of the force of extension f, and L: 

 𝐸 = [
𝜅

2
(𝑅−1 − 2𝑐0)2 − 𝛬𝜙𝑅−1 +

𝑏

2
|∇𝜙|2 + 𝑔(𝜙) + 𝜎] 2𝜋𝑅𝐿 − 𝑓𝐿. (Eq.S3) 

Neglecting non-uniformities in ϕ, this becomes: 

 𝐸 = [
𝜅

2
(𝑅−1 − 2𝑐0)2 − 𝛬𝜙𝑅−1 + 𝑔(𝜙) + 𝜎] 2𝜋𝑅𝐿 − 𝑓𝐿. (Eq.S4) 

The tether adopts the minimal energy configuration such that 
𝜕𝐸

𝜕𝑅
= 0 and 

𝜕𝐸

𝜕𝐿
= 0. 

From the first condition: 

 𝜎 + 𝑔(𝜙) =  
𝜅

2
(𝑅−2 − 4𝑐0

2). (Eq.S5) 

From the second: 

 𝑓 =  [
𝜅

2
(𝑅−1 − 2𝑐0)2 − 𝛬𝜙𝑅−1 + 𝑔(𝜙) + 𝜎] 2𝜋𝑅. (Eq.S6) 

Rigidity 

 Equations (S5) and (S6) can combine to eliminate 𝜎 + 𝑔(𝜙): 
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 𝑓𝑅

2𝜋
= 𝜅 [1 − (2𝑐0

2 +
𝛬𝜙

𝜅
) 𝑅]. (Eq.S7) 

 Several aspects of equation are worth noting. First, the coupling between the 

inclusions and the local curvature changes the effective spontaneous curvature, i.e. 𝑐0 →

𝑐0 +
𝛬𝜙

2𝜅
, as in Ref. [10]. Our expression for the change in the effective spontaneous 

curvature differs by a factor of two from the general expression in Ref. [10] because of 

the one-dimensional tether curvature considered here. Second, the (unknown) self-

interaction among the inclusions drops out of the derivation. Third, for a symmetric lipid 

bilayer membrane, as in our experiments, the bare spontaneous curvature is c0 = 0. 

Incorporating this, and explicitly writing the possible direct inclusion-dependence of κ as 

κ(ϕ), 

 𝑓𝑅

2𝜋
= 𝜅(𝜙) − 𝛬𝜙𝑅. (Eq.S8) 

 The functional relationship between the measureable force and radius values 

reveals κ and Λϕ. Note that in the absence of coupling between the inclusions and the 

curvature (Λ = 0), fR = 2πκ, motivating our expression for the bending modulus  

κ0 = fR(2π)-1. We caution against thing of fR(2π)-1 as an “effective rigidity” of the 

membrane from which one can predict arbitrary membrane species; general statements 

about effective rigidity of membranes with curvature-coupling proteins are intrinsically 

dependent on the form of the protein self-interaction, 𝑔(𝜙).10  

Tension 

 Equation (S5) and (S6) can combine to eliminate κ: 

 𝜎 + 𝑔(𝜙) = (
𝑅−2−4𝑐0

2

𝑅−2−4𝑐0𝑅−1) (
𝑓

4𝜋𝑅
+

𝛬𝜙

2𝑅
). (Eq.S9) 
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Again using c0 = 0, this simplifies to: 

 𝜎0 = 𝜎 + 𝑔(𝜙) =
𝑓

4𝜋𝑅
+

𝛬𝜙

2𝑅
. (Eq.S9) 

Where we have defined σ0 as an effective tension that combines the (indistinguishable) 

bilayer tension and the self-interaction of the inclusions. If Λ = 0, 𝜎0 = 𝑓/4𝜋𝑅. 

Methods 

Approximately 5 μL of lipids dissolved in chloroform  were deposited onto 

chambered glass coverslips. The solvent was evaporated in a vacuum desiccator for 5 

min. after which the lipids were hydrated with 0.2 ml HKM buffer (20 mM Hepes-KOH, 

pH = 6.8, 160 mM potassium acetate, 1 mM MgCl2), yielding multilayered membrane 

stacks. These stacks were approximately 1-2 mm in extent and the coverslip chambers 

were 18 mm wide, allowing ample room for the extension of tethers beyond the stack 

edges. For experiments with 1X (undiluted) HKM, bovine serum albumin (BSA) was 

adsorbed to the glass prior to lipid deposition in order to prevent van der Waals adhesion 

of microspheres; BSA was incubated at 1 mg/ml for several hours, followed by repeated 

washing. Sar1 (A, B, p) or Δ23-Sar1p, 100 μM GMPPNP (Sigma-Aldrich) and 4 mM 

EDTA were incubated together in an Eppendorf tube for 5m, after which they were added 

to the chamber containing membranes and buffer. Approximately five minutes after the 

addition of protein, a few microliters of a suspension of 4.8 μm diameter streptavidin-

coated silica microspheres (Bangs Laboratories) were added to the chamber. The 

microspheres gravitationally settled and bound to the membranes. 

Activation of Sar1 (binding of GMPPNP) was verified by separate experiments 

measuring the fluorescence emission of the tryptophan residue (Trp 84) located in the 

switch region of Sar1p, which serves as an indicator of protein conformation.40,106 
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Activation was found to require the presence of membranes, as in previous studies of G-

proteins.40 Data demonstrating protein activation in the presence of nucleotide, 

membrane, and buffer are shown in Figure S1, Appendix B. Tryptophan fluorescence 

emission was measured over 330-350 nm with excitation at 280 nm. 

Low ionic strength (0.05X HKM) was found not to significantly inhibit Sar1-

membrane binding, assessed by fluorescence microscopy of fluorophore-conjugated Sar1.  

Δ23-Sar1p-GMPPNP bound to membranes containing 5 mol% DOGS-NTA-Ni at 

protein surface densities approximately 2x higher than wild type Sar1p-GMPPNP, as 

assessed by fluorescence imaging using labeled proteins. Both wild type Sar1p and Δ23-

Sar1p proteins were labeled using the same labeling chemistry, noted above, and 

incubated with multilayered membranes, as above. Immediately after exchanging the 

buffer to remove unbound protein, fluorescence images of the bound protein and of 

fluorescent lipid probes were taken. The background-subtracted protein fluorescence 

intensities were normalized by the lipid fluorescence intensities to account for any 

changes in illumination intensity and compared to determine relative protein densities. 

Lipid Bilayer Rigidity 

We directly measured the bending modulus of the lipid bilayer without protein, 

lipid. Alternatively, as a consistency check, we can treat lipid as a fit parameter, using the 

model-fit form of the rigidity in the presence of protein to infer the rigidity as [Sar1]  0. 

Doing this, we find that the fit-derived lipid is equal within uncertainties to the value 

directly determined at [Sar1] = 0.  These are lipid = 3.7 ± 0.3 × 10-20 J and lipid = 4.4 ± 

0.6 × 10-20 J for the fit-derived and directly measured values, respectively, for data 
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associated with Sar1p measurements, and lipid = 6.3 ± 0.9 × 10-20 J and lipid = 6.6 ± 0.4 

× 10-20 J for data associated with Sar1A and Sar1B measurements.  The lipid-only 

rigidities are consistently different for the older measurements, taken concurrent with the 

Sar1p data24, and the newer measurements taken concurrent with Sar1A and Sar1B data, 

independent of any experimental parameters of which we are aware, probably indicating 

different impurities in the commercially obtained source lipids.  New experiments with 

Sar1p show the same lowering of rigidity observed earlier, scaled by the appropriate bare 

lipid rigidity. 
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APPENDIX B 

SUPPORTING VIDEO CAPTION AND FIGURES FOR CHAPTER II 

 

Video S1. A video of spontaneous membrane disintegration following the addition of 

Sar1p-GMPPNP at 17.85 µM. Width: 43 microns. Duration: 14.5 seconds. The images 

are of Texas Red DHPE fluorescence. 

 

 

Figure S1. Tryptophan fluorescence emission and Sar1p activation. As described in 

Appendix A, the fluorescence of the tryptophan residue in the G-protein switch region of 

Sar1p and similar proteins serves as an indicator of conformation; fluorescence emission 

is increased in the GTP-bound state. In the absence of lipids, addition of nucleotide (bar 

3) does not lead to enhanced fluorescence, but rather a drop due to UV absorption by the 

nucleotide. With the addition of membranes (multilamellar suspensions as in the tether 

assays) fluorescence is strongly enhanced, indicating nucleotide uptake (bar 4). The 

Sar1p concentration is 1.80 µM; the buffer and the concentrations of all other reagents 

are the same as in the tether pulling assays. The absence of EDTA, which chelates Mg2+ 

present in the buffer, does not significantly alter Sar1p activation (bar 5). Mg2+ inhibits 

nucleotide release and hence slows nucleotide exchange rates; in our experiments, Sar1p 

is not pre-loaded with nucleotide, likely explaining the lack of significance of EDTA.  
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APPENDIX C 

SUPPORTING TABLE, VIDEO CAPTIONS AND FIGURES FOR CHAPTER III 

Table S1: List of key components for Selective Plane Illumination Microscopy 

Description Manufacturer Part No. 

Laser: 594 nm LaserMate Group, Inc. GML593-20FLA 

Scan Lens Sill Optics S4LFT0061/065 

Excitation Objective: 5x 

0.14 NA 

Mitutoyo America 

Corp. 

378-802-2 

Mirror Galvonometer Cambridge Technology 6210H 

Detection Objective: 40x 

1.0 NA 

Carl Zeiss, Inc. 441452-9900-000 

Stage: x,y,z Translation Applied Scientific 

Instrumentation 

LS-50 (x3) 

Filter Wheel Applied Scientific 

Instrumentation 

FW-1000 

Camera: 5.5 Mpx sCMOS Cooke Corporation pco.Edge 

 

Video S2. Recording of vesicle fluctuations of a Major Mix vesicle without protein, 

using light sheet fluorescence microscopy. Frames per second = 60. Scale bar = 10 µm. 

Video S3. Recording of vesicle fluctuations of a Major Mix vesicle incubated with 3.73 

µM Sar1p using light sheet fluorescence microscopy. Frames per second = 59. Scale bar 

= 10 µm.  

 

 

Figure S2. Giant vesicle SPIM images. (A) Major Mix vesicle (B) Vesicle incubated 

with 3.7 M Sar1p + GMPPNP. (C) Vesicle incubated with 3.7 M Sar1A + GMPPNP. 

Scale bar = 20 m. 
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Figure S3. Fluctuation analysis of a POPC vesicle. (A)  Histogram of autocorrelation 

amplitudes χm for mode m = 5 (λ = 8.13 m) from 2000 images.  The solid line is an 

exponential fit to the points shown in orange; the uncertainty in the fitted slope is 4 %. 

(D) Lm values (circles) as a function of mode wavelength (λ = 2πR/m) and the best-fit 

theoretical curve (blue line), which gives a bending modulus  = 8.7 ± 1.1 x 10-20 J and 

tension σ = 4.6 x 10-8 N/m for this vesicle. 

 

 
Figure S4.  Histogram of autocorrelation amplitudes χm for mode m = 4 (λ = 30.7 m) 

and m = 9 (λ = 13.6 m) from 2000 images for a vesicle incubated with 36 µM Sar1A.  

The solid line is an exponential fit to the points shown in orange. 
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Figure S5. Bending modulus for POPC membrane assays in the literature. Values for 

each reference cited (green circles) vesicle deformation assays, (green triangles) thermal 

fluctuations of vesicles, (Purple squares) tether pulling assays. † represents data discussed 

in Chapter III.  
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APPENDIX D 

SUPPORTING FIGURE FOR CHAPTER IV 

 

Figure S5. MALDI spectra of sample run on PEG-5Fam-SAH sample. Peak at 3537 m/z 

represents the peptide moiety. The scan is truncated from the original range of 60000 

m/z, but beyond this range, no detectable peaks are visible above background. 
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