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ABSTRACT 

 

The trafficking of proteins between intracellular compartments must be tightly regulated in order 

to maintain cellular balance. Early secretion form the endoplasmic reticulum (ER) is mediated by 

a complex of five coat proteins forming the COPII coat. Genetic, biochemical, and structural 

studies have resulted in a model for the formation of COPII-coated vesicles. Early stages of 

COPII assembly involve activation of small the guanosine triphosphatase protein Sar1 which 

cycles between two conformations based on its nucleotide state. Upon exchanging GDP for GTP, 

Sar1 exposes an amphipathic N-terminal α-helix which inserts into the outer leaflet of the ER 

membrane initiating curvature. This step is followed by the sequential assembly of Sec23/24 and 

Sec13/31 protein complexes forming a coat on the ER membrane that recruits and packages the 

cargo to be transported.  

 

Nearly one third of the proteins encoded by the mammalian genome are trafficked from the ER 

through the secretory pathway. Mutations in the COPII proteins lead to multiple diseases that are 

associated with the retention of cargo proteins at their site of synthesis in the endoplasmic 

reticulum. Thus, the COPII machinery must adapted to transport highly heterogeneous sets of 

proteins in terms of their shapes, sizes, topology and final destinations. However, the mechanism 

by which this occurs remains largely unknown. Answering this question requires a deep 

understanding not only of the roles played by different COPII components in modulating lipid 

membrane curvature and in inducing vesicle scission, but also the interactions between cargo 

proteins and the COPII coat components.  

 

In this study I first addressed the role of Sar1 and GTP hydrolysis in membrane deformation and 

vesicle scission. Sar1 alone is found competent for vesicle scission in a manner that depends on 

the concentration of Sar1 molecules occupying the membrane. The mechanism by which this 

occurs involves the alignment of Sar1 molecules on low curvature membranes to form an 

extended lattice. The continuity of this lattice breaks down as the curvature locally increases. 

This correlation between Sar1 lattice formation and the degree of curvature implicates Sar1 

organization in regulating membrane constriction prior to vesicle scission.  
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The smallest repeating unit constituting the ordered lattice is a Sar1 dimer. Therefore, similar to 

other membrane shaping proteins, Sar1 dimerization may be responsible for the formation of 

constrictive membrane curvature. Based on this, initial predictions suggested that directed 

mutagenesis of the sites of Sar1 dimerization will generate Sar1 mutants that are incapable of 

performing vesicle scission. We propose a model whereby Sar1 dimers assemble into ordered 

arrays to promote membrane constriction and COPII-directed vesicle scission.  

 

Finally, valuable insights into the interactions of the COPII proteins in an assembled coat are 

derived from structural analysis using cryogenic electron microscopy of COPII complexes 

assembled in the absence of the membrane component. Detailed interactions of COPII proteins 

in the presence of cargo have not been obtained. Here, we attempt to characterize the 

heterogeneity and the structure of COPII-coated vesicles budded from ER-derived microsomes. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Key Milestones in the Development of Biological Electron Microscopy 

Since the appearance of electron microscopy in the 1930s (Ruska, 1934), it has been used as the 

primary tool in a number of pioneering studies which fundamentally transformed our 

understanding of the cell structure and function. Figure 1.1 outlines the key developments in 

electron microscopy that helped shape the cell biology field over the past 80 years. The 

significance of these developments can be appreciated by comparing, for instance, our 

knowledge about the “small particulate components of the cytoplasm” first imaged using EM in 

1955 (Palade, 1955), to the level of details (~ 5Å resolution) at which the structure of the same 

“components” (which we now know as ribosomes) is resolved using current methods in electron 

microscopy (Jean-Paul Armache, 2010). 

1.1.1 The Beginning of Biological Electron Microscopy 

The first electron micrographs of Eukaryotic cells were acquired in the 1940s (Porter et al., 

1945), and they revealed an intricate internal organization to what was once viewed as a watery 

and formless entity. Initially, imaging using EM was limited to thin samples that allow the 

electrons through. Later, the development of plastic-embedding and thin sectioning methods for 

EM were useful to reveal the internal structure of the cell up to a level of details which was 

beyond the resolution of light microscopy (Richards et al., 1942).  

 

In the early 1950s, EM studies produced detailed descriptions of intracellular organelles such as 

the mitochondrion, the endoplasmic reticulum and cytosolic particles which were later named as 

the ribosomes (Claude, 1943, 1944; Claude and Fullam, 1945; Palade, 1955; Palade and Porter, 

1954). Taking advantage of subcellular fractionation methods that were developed in the 1940s, 

structure-function relations between intracellular organelles began to be unraveled. In the 1970s, 

autoradiography adapted to EM resulted in a landmark discovery tracing the intracellular 

pathway of secretory proteins from the site of synthesis to release from the cell (Palade, 1975).  
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1.1.2 The Beginning of Electron Tomography 

Owing to the large depth of focus of an electron microscope (several thousand Angstroms) a 2D 

electron micrograph, which is a projection of the object along the direction of the electron beam, 

represent a summation of the densities along the path of the electrons containing all the 3D 

details of the imaged object. Therefore, it was accepted that more than one projection is required 

to retrieve 3D information of an object. The concept of 3D reconstruction from 2D projections is 

based on a mathematical principle first discovered by Radon in 1917 (Radon, 1917, 1986). His 

analysis was made for pure mathematical reasons and limited in application to gain much 

attention at that time. In 1963, Allan Cormack applied the Radon transform in tomography 

(Cormack, 1963), and utilized this concept to reconstruct the density of the body form X-ray 

images from different directions. A work for which he was awarded the Nobel Prize in Medicine 

(1979) and provided the foundations for building a medical computed tomography (CT) scanner 

(Ambrose and Hounsfield, 1973; Hounsfield, 1973). Therefore, electron tomography (ET) was 

introduced as one way to produce a 3D reconstruction of an object using a set of 2D images that 

are recorded at many different angles by systematically tilting the electron beam (Hart, 1968; De 

Rosier and Klug, 1968). Much of the discoveries of the intracellular architecture were elaborated 

using methods of electron tomography and 3D reconstruction (Baumeister, 2005; Gruska et al., 

2008; Medalia et al., 2002; Nickell et al., 2006). 

1.1.3 Three Dimensional Electron Microscopy (3DEM) 

For symmetrical objects, a single image contains many different views of the object. Therefore, 

structural information contained in a single projection can be used to yield other symmetry-

related information simultaneously without the need of tilting. The symmetry information can be 

incorporated in the analysis and used to generate a 3D reconstruction from a single view, or a 

small number of views (De Rosier and Klug, 1968). Alternatively, for non-symmetrical objects, 

many images of the same object presented different orientations are, in principle, projections of 

the same structure and can be used to generate a 3D reconstruction. Basic concepts of this 

approach were developed and put into practice in 1968 in three independent papers (Hart, 1968; 

De Rosier and Klug, 1968; Hoppe, W. at al., 1968). Another Nobel Prize directly related to 3D 

reconstruction was awarded to Aaron Klug in 1982 in part for his pioneering work in 
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determining the 3D structure of molecules from their electron micrographs. Consequently, the 

terms ‘γD imaging’ and ‘γDEε’ emerged to denote the capabilities of electron microscopy 

methods combined with computational image analysis to produce a 3D reconstruction of an 

object from 2D images (Frank, 2008). 

1.1.4 The Beginning of Cryogenic Electron Microscopy (CryoEM) 

During that time, imaging using EM required dehydrating, fixing and staining specimens which 

introduced multiple artifacts to the EM images and limits the resolution of the final 

reconstruction. Therefore, efforts were centered on developing new methods for preparation for 

unstained specimen which preserved the biological structures in a near-native environment. In 

1974, Taylor and Glaeser made an important observation that catalase microcrystals kept in a 

frozen-hydrated state (~ 100 K), yielded an electron diffraction pattern that extended in 

resolution up to 0.3nm (Taylor and Glaeser, 1974, 1976). This observation had a remarkable 

impact in later years on the technique of specimen preparation for EM and marked the early 

development of cryogenic electron microscopy or cryoEM. Most importantly, this technique 

avoided disruption of the specimen structure since the rapid decrease in temperature (after 

plunging the sample into liquid ethane at liquid-nitrogen temperature) turns water into vitreous 

ice which has properties similar to those of liquid water.  

1.1.5 Single Particle Reconstruction (SPR) 

The first electron micrograph of a specimen preserved in thin films of vitrified water was that of 

adenovirus (Adrian et al., 1984; Dubochet et al., 1988). In fact, cryoEM was initially applied 

exclusively to ordered specimens, such as 2D crystals, helical filaments and viruses with high 

symmetry (Frank, 2002). Due to the limited computational power then, only such specimen 

could yield enough quantitative information for structure determination. Even though these 

pioneering studies have established the fundamental basis for using cryoEM in structure 

determination, for proteins that can form ordered crystals, X-ray crystallography was often 

always the method of choice. However, the most promising advantage of cryo-preservation and 

visualization was the possibility to study biological complexes that are too large and flexible to 

form ordered crystals.  
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The great potential application for cryoEM in determining the structures of macromolecular 

assemblies began to be realized in the early 1λλ0’s owing to the development of the single-

particle reconstruction method (SPR) (Frank, 2006). To apply the SPR approach, multiple copies 

of macromolecular assemblies (particles) need to occur in the ice layer in different orientations. 

Then, a series of rigid-body movements achieved computationally can determine the spatial 

relationships among different particles. Algorithms and principles relevant to this method were 

pioneered by Joachim Frank (SPIDER), Marin van Heel (IMAGIC), Jose-Maria Carazo 

(XMIPP), Steve Ludte and Wah Chiu (EMAN). Thus, a series of micrographs containing a 

certain number of particles is enough to generate a 3D reconstruction (Frank, 2002). 

1.1.6 Resolution of CryoEM 

The cell is a “collection of protein machines” which often contain a large number of “highly 

coordinated moving parts”(Alberts, 1998). Structural characterization of these machines has been 

essential for explaining various mechanisms that govern cellular functions. Structural approaches 

have been largely based on NMR spectroscopy or X-ray crystallography because of their 

capability to provide atomic resolution structures. However, both techniques are limited in their 

ability to solve the structures of very large molecules and complex assemblies that cannot be 

crystallized. CryoEM offers a great advantages for determining the structures of large intact 

biological assemblies in their native state without the need for crystallization. This allows for the 

detection of all conformations assumed by the molecule of interest and not only those imposed 

by the crystal packing (Chiu et al., 2005).  

In terms of resolution guidelines, at any resolution between 20 Å and 7 Å, different useful 

structural features can be resolved. Unique structural domains of a protein can be distinguished 

at a resolution between β0 Å and γ0 Å. At 10 Å resolution α-helices appear as cylindrical rods 

and -sheets show the hydrogen bond bridges stronger than the strands that are in turn resolved 

at a resolution between 7 Å and 8 Å. At 4-5 Å resolution, side chains can be resolved, 

phosphorus atoms appear as bumps at ~5 Å, and individual -sheets are distinguishable at ~4 Å. 

Near-atomic resolution is at ~ 3.5 Å, and at ~ 1.5 Å is atomic resolution. Single-particle cryoEM 

techniques, including both zero-tilt imaging and classical tomography techniques, have made 

substantial progress over the past few years.  
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Figure 1.1 Key milestones in the development of biological electron microscopy. The figure 
highlights the contribution of electron microscopy to important discoveries in cell biology. 
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It is important to keep in mind that the desired resolution and thus the “useful” information that 

can be deduced from structural analysis depends greatly on the biological questions being asked 

which determines the choice of the structural method (or combination of methods) to be used. 

During the past few years, cryoEM and cryoET have been used for structural analysis of 

specimens ranging in size from small proteins to macromolecular assemblies to viruses, 

organelles and even whole cells (Baumeister et al., 1999). The number of structures that have 

been determined over the past decade highlight the advantages that cryoEM have over other 

structural techniques. To date, ~20% of all entries in the EM Data Bank (EMDB, 

http://emdatabank.org/), ranging from ion channels to infectious viruses, have achieved 

resolutions better than 10 Å (Baker et al., 2010). Several structures of icosahedral viruses, that do 

not crystallize and thus cannot be studied by X-ray crystallography, were solved by cryoEM to a 

resolution (~ 3-4 Å) high enough to build atomic models (Jiang et al., 2008; Yu et al., 2008; 

Zhang et al., 2011, 2008, 2010, 2013). Crystal or NMR structures of individual components of a 

macromolecular assembly have been useful in complementing cryoEM structures to generate 3D 

maps at atomic resolution.  

 

1.2 Intracellular Trafficking 

1.2.1 The Discovery of the Endoplasmic Reticulum 

The great potential value of electron microscopy for biological research came into realization in 

the mid-1930s. Albert Claude was the first to use electron microscopy to look at cells. He 

pioneered a technique for subcellular fractionation by differential centrifugation to separate the 

functional parts of a cell and thus allow for clearer examination with powerful electron 

microscopes (Claude, 1943, 1944; Claude and Fullam, 1945). This method involves breaking the 

cell membrane and sorting the released contents by mass and weight through precisely calibrated 

cycles of centrifugation. Despite the great advantage that the fractionation method provided to 

characterize functional cellular components separately was great, using this method to 

understand the internal functional and structural organization of the cell interior was evidently 

limited.  
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Microtomy (plastic embedding and thin slicing) provided the potential to preserve the relations 

between intracellular entities. At that time, this method was well adapted for preparing sections 

(1 µm thick) suitable for light microscopy. However, it was understood that the limited 

penetration power of electrons would require samples to be ~ 0.1um or less thick. Thus, a new 

technology for preparing specimen for electron microscopy was needed. Therefore, in an attempt 

to avoid microtomy, Claude and his colleagues tested specimens which could be processed for 

electron microscopy without the need of sectioning such as cells that are flat enough and thin 

enough to let most of the electron beam pass through. They were successful in obtaining the first 

electron micrograph of a thinly spread fibroblast grown in vitro form chicken embryo explants 

(Figure 1.2) (Porter et al., 1945). Taking advantage of the available advancements, namely the 

use of osmium tetroxide as a "stain" for electron microscopy specimen (Marton, 1941), Claude 

and his colleagues resolved a "lace-like reticulum" with strands consisting of “vesicle-like 

bodies” that later became generally known as the endoplasmic reticulum (Palade and Porter, 

1954).  

 

 

 

Figure 1.2 First electron micrograph of an intact cell. This image was published in The 
Journal of Experimental εedicine in εarch 1λ45, in “A Study of Tissue Culture Cells by 
Electron εicroscopy” by Keith Porter, Albert Claude, and Ernest Fullam. The cell is a chick 
embryo fibroblast which was grown on a polyvinyl film and fixed with OsO4. The film was then 
peeled and transferred to a wire grid for imaging. This image showed the “lace-like reticulum” 
which was termed the “endoplasmic reticulum” occupying the majority of the intracellular space. 
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Since the middle 1940s techniques in this field have been continuously improved and refined, the 

mass of accumulated findings on the structure, biochemistry, and function of subcellular 

components has increased at an amazing rate, and our understanding of many aspects of cellular 

organization has progressed impressively.  

1.2.2 Tracing the Intracellular Trafficking Pathway 

Advances in electron microscopy combined with specimen preparation techniques resulted in the 

first electron micrograph of an intact cell. By the early 1λ50’s, scientists' view of the cell was 

transformed and cell biology became a recognized field. Utilizing a correlated approach based on 

electron microscopy and biochemical analysis of isolated sub-cellular components, George 

Palade was able to generate the first functional map of the cell.  

 

The structures of interest were “the small particulate component” occupying the cytoplasm that 

were subsequently named ribosomes (Palade, 1955). These submicroscopic particles were 

associated with the endoplasmic reticulum and that they contained large amounts of ribonucleic 

acid (RNA). Palade worked on a project aimed at defining the role played by ribosomes, the 

endoplasmic reticulum, and possibly additional subcellular components in protein synthesis and 

secretion. The cell of choice was the pancreatic exocrine cell due to it being an efficient protein 

producer. Palade and colleagues shifted to autoradiography adapted to electron microscopy to 

overcome certain limitations of subcellular fractionation. Using these complementary techniques 

a reasonable approximation of the route and timetable followed by newly synthesized radioactive 

proteins from the site of synthesis to the site of discharge from the cell was revealed (Figure 1.3). 

(Palade, 1975). Their analysis revealed six successive steps for protein secretion: (1) synthesis 

(2) segregation (3) intracellular transport (4) concentration (5) intracellular storage (6) discharge.  

 

The functional analysis of the pancreatic exocrine cells gave a reasonably good representation of 

the steps generally involved in protein secretion. Palade’s discoveries stressed the role played by 

the ER and Golgi in the production and processing of secretory proteins. In 1974 George E. 

Palade and Albert Claude shared a Nobel Prize in Physiology or Medicine for their "discoveries 

concerning the structural and functional organization of the cell."  

 



9 
 

 

 

Figure 1.3 Diagram of intracellular transport. This depiction of the intracellular trafficking 
published in Science in 1λ75, in “Intracellular aspects of the process of protein synthesis” by 
George Palade. X—X is the pathway followed by radiolabeled proteins in pancreatic exocrine 
cells. 

 

1.2.3 The Instruments of the Secretory Pathway 

Palade’s Eε-based subcellular discoveries deduced a coherent representation of the secretory 

pathway (Palade, 1975). Yet, in 1975, we knew essentially nothing about the molecular events 

associated with sorting, packaging, transport, and exocytosis of the exported proteins. Therefore, 

a shift in the inquiry from subcellular to molecular level was becoming more of a necessity in 

order to generate a clear idea about the means used by the cell to accomplish different steps of 

the secretory process. 

 

At that time, newly emerging methods in yeast genetics were used to identify progression 

through yeast cell division cycle by isolating temperature sensitive mutations (Hartwell, 1967; 
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Hartwell et al., 1970). By utilizing a similar approach, Randy Schekman and his colleagues were 

able to identify 23 genes that intervene at different stages of the secretary pathway that Palade 

has contoured based on EM studies were identified (Novick and Schekman, 1979; Novick et al., 

1980). Some of these mutants were characterized by the accumulation of membrane-enclosed 

organelles proposed to be intermediates in the secretory process carrying cargo from site of 

synthesis to target destinations (Novick et al., 1980). 

 

By the mid 1λ80’s, efforts were directed to reconstitute transport pathways mediated by SEC 

gene products in vitro. Isolated membranes, cytosol, and nucleotides were successfully used to 

bud vesicles in a cell-free system (Baker et al., 1988; Hansen et al., 1986; Rothblatt and Meyer, 

1986). A distinct set of SEC proteins provided the cytosolic contribution for transport vesicle 

formation at the ER (Kaiser and Schekman, 1990). Based on budding reaction, the Sec proteins 

involved in vesicle formation were purified. These proteins recreate a novel coat complex called 

COPII which resembles the COPI coat responsible for trafficking within the Golgi complex but it 

is molecularly distinct (Orci et al., 1986). This COPII coat formed by Sec proteins mediated 

vesicle budding from the ER to the Golgi (Barlowe et al., 1994). Subunits of the COPII coat 

interact with the cargo to be transported from the ER (Kuehn et al., 1998).  

1.2.4 General Mechanisms for Vesicular Transport 

Proteins in eukaryotes shuffle into the cell and between subcellular compartments mainly 

through two main pathways that are essential for development and cellular homeostasis. These 

pathways are the endocytic and secretory pathways. Uptake of extracellular material (endocytic 

pathway) may occur through actin-dependent invagination of the plasma membrane, via 

phagocytosis or macropinocytosis, or through caveolae (caveolin and flotillin). However, the 

best studied pathways of membrane trafficking are those that involve the formation of protein 

coats around carrier vesicles. 

 

Intracellular trafficking occurs mainly through membrane-derived vesicles that transport proteins 

selectively from donor to target membranes. The mechanism of COPII-coated vesicle formation 

reflects a general property of cargo sorting and packaging that takes place in different cellular 

compartments at all stages of protein trafficking: (1) a protein coat assembles on the surface of 
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membranes, (2) gathers cargo based on the recognition of a sorting motif, and (3) packages it 

into a coated vesicle that travel in the cytosolic space and (4) fuses with the target membrane.  

 

There are three major coats that are involved in vesicle biogenesis for protein trafficking: (1) 

clathrin-coated vesicles transport proteins from the plasma membrane to the endosomes, and 

between the endosomes and the trans-Golgi network, (2) COPI-coated vesicles performs 

retrograde transport between the Golgi compartments and form the Golgi to the ER, and (3) 

COPII-coated vesicles exports proteins from the ER to the Golgi (Figure 1.4). There are some 

clear distinctions in the mechanisms of coated-vesicle assembly and trafficking among the three 

systems (COPI, COPII and clathrin); however, apparent similarities have been identified.  

 

 

 

Figure 1.4 Intracellular trafficking pathways. This scheme depicts the major routes for protein 
trafficking between cellular compartments. Colors indicate the different coated major routes 
vesicles that mediated the transport: clathrin (yellow), COPI (green), and COPII (red). Secretory 
proteins exit the endoplasmic reticulum in COPII-coated vesicles through the early (anterograde) 
secretory pathway. Proteins are recycled from the Golgi to the ER by COPI-coated vesicles 
(retrograde transport pathway). COPI also functions in intra-Golgi transport. Clathrin mediates 
endocytosis from the plasma membrane and from trans-Golgi network to the late endosomes. 
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Generally, four components need to be present to accomplish protein transport mediated by 

coated-vesicles: (1) a small GTPase protein that initiates membrane deformation, (2) coat protein 

complexes, (3) a concentration of cargo to be transported, and (4) SNARE proteins that are 

required for targeting of the donor carrier to the acceptor compartment. COPII-coated vesicle 

assembly requires three cytoplasmic components which are the Sec23-Sec24 (adapter) complex, 

Sec13-Sec31 (outer cage) complex and the small GTPase Sar1. COPI-coated vesicle assembly 

requires two cytoplasmic components which are the GTPase Arf1 and a complex of seven coat 

proteins (α-, -, ’-, -, -, -, ζ-COP). Clathrin-coated vesicle formation requires several 

different cytosolic proteins among which are the GTPase Arf1, adaptor proteins (AP1 and AP2), 

dynamin, in addition to clathrin. Structural and functional comparison between different but 

equivalent components of these trafficking systems reveals similarities which possibly reflects 

their common evolutionary origin. 

 

1.3 Coat Protein II Complex 

1.3.1 COPII-Mediated Vesicle Formation 

Molecules that mediate COPII transport in yeast are fundamentally conserved through evolution 

in mammalian cells. Genetic, biochemical and structural studies have outlined a mechanism by 

which COPII proteins assemble on the ER membrane to form coated vesicles (Figure 1.5). Early 

stages of COPII vesicle formation, in yeast and all the way to mammalian systems, involve the 

recruitment of the small GTP-binding protein Sar1 which is activated by another membrane 

protein called Sec 12 (Barlowe et al., 1λλγ; Nakano et al., 1λ88; Nakańo and εuramatsu, 1λ8λ). 

Sec12 is localized to specific sites called ER exit sites where cargo to be transported is gathered. 

Sec12 acts as a guanine exchange factor (GEF) for Sar1 and exposes a catalytic site that allows 

Sar1 to bind GTP (Futai et al., 2004). Active Sar1 undergoes a conformational change which 

exposes an N-terminus amphipathic α-helix that inserts partway into the ER membrane to initiate 

membrane curvature (Bielli et al., 2005; Lee et al., 2005). Sar1 binding is followed by the 

recruitment of the cargo adapter complex Sec23/24 which forms the inner COPII layer (Bi et al., 

2002; Matsuoka et al., 1998). The inner coat gather cargo molecules based on the recognition of 

a sorting motif and continues to deform the membrane into a spherical bud. Sec24 subunit of the 
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coat was found to have multiple and independent cargo recognition domains that is capable of 

recognizing a wide variety of cargo molecules (Miller et al., 2002, 2003). The cargo bound pre-

budding intermediate assemblies (Sar1-Sec23/24-cargo) are then gathered into a coherent vesicle 

by the outer COPII coat proteins, the Sec13/31 scaffold complex. This complex was first shown 

by Stagg et al. to self-assemble in vitro into a polyhedral cage (Stagg et al., 2006). The coated 

bud is eventually cleaved from the parent membrane by the complete polymerization of 

Sec13/31 cage. 

 

 

Figure 1.5 Formation of COPII coated vesicles. (1) Sec12 activates Sar1 by exchanging GDP 
for GTP and binds to the ER. (2) Sec16 directs Sec23/24 recruitment. Sec23 bind both Sar1 and 
Sec24. (3) Sec24 binds cargo including soluble molecules via membrane receptors and other 
adapters. (4) COPII coat propagates by binding of Sec13/31 and deforms ER membrane into a 
bud. (5) Scission at the bud neck releases COPII-coated vesicles. (6) COPII-coat disassembles 
and vesicle fuses with target membrane guided by tethering proteins such as SNARES. 
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1.3.2 Sar1 and the GTP Flux Cycle 

The small GTPase Sar1 (secretion associated, Ras related GTPase 1) plays a critical role in 

regulating COPII vesicle formation at the ER. Sar1 inserts an amphipathic helix part-way into 

the ER membrane and causes membrane deformation (Figure 1.6A, B). Crystallographic 

structures for Sar1 exist in the literature (Figure 1.6C,D). Sar1 crystallographic structures 

revealed four distinct domains: (1) a guanine nucleotide binding pocket (G-domain), (2) a switch 

I region, (3) a switch II region, and (4) an N-terminal amphipathic α-helix each of which play a 

specific role in membrane binding activities of Sar1 (Bi et al., 2002; Huang et al., 2001; Rao et 

al., 2006). The G-domain comprises the core of the Sar1 protein. It is made up of six  sheets and 

includes a characteristic highly conserved nucleotide-binding motif GxxxxGKT39 (Huang et al., 

2001). The switch I domain, comprising residues 44–57, mediates the interactions between the 

guanine nucleotide and Mg2+ (Rao et al., 2006). In general, Mg2+ plays key roles in preserving 

the structural integrity guanine nucleotide binding proteins. Mg ions have been found to play an 

essential regulatory role in Sar1 function (Rao et al., 2006). The switch II domain, comprising 

residues 76-98, plays an important role in GTP hydrolysis (Bi et al., 2002). The N-terminal 

amphipathic α helix (comprising residues 187-197) of Sar1 is required for anchoring Sar1 to the 

ER membrane (Huang et al., 2001; Lee et al., 2005). In the GDP-bound conformation, the α 

helix of Sar1 remains retracted into a pocket formed by the β– γ hairpin linker of the G domain 

region. Exchanging GDP with GTP causes a 7 Å shift of the linker region which pulls switches I 

and II up eliminating the α helix binding pocket and exposing the hydrophobic region which 

facilitates binding to the ER membrane (Russell and Stagg, 2010).  

Sar1 has poor intrinsic GTPase activity, therefore efficient transition between GTP and GDP 

states inside the cell requires the participation of accessory proteins. During the early stages of 

vesicle formation, Sar1 is activated by Sec12 which localizes to specific ER sites, called ER exit 

sites, and acts as a guanine exchange factor (GEF) (Barlowe et al., 1993). The Sec23 component 

of the inner layer of COPII coat acts as a Sar1-specific GTPase activating protein (GAP) 

(Yoshihisa et al., 1993a). The GAP activity of Sec23 is enhanced by the outer COPII cage 

component Sec13/31, which helps to optimally position the catalytic residues of Sar1 and Sec23 

(Antonny et al., 2001; Miller and Barlowe, 2010). ER resident proteins such as Sec16 also 

regulate Sar1 GTPase activity during the later stages of COPII vesicle formation. Sec16 interacts 
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with Sec31 and inhibits its ability to stimulate the GAP activity of Sec23 (Yorimitsu and Sato, 

2012). Moreover, recent evidence suggests that cargo size influences the requirements for vesicle 

formation (Gillon et al., 2012; Lee and Miller, 2007). Packaging of larger cargo requires a higher 

effective concentration of COPII proteins in the ER proximity which is achieved by maintaining 

a balanced rate of Sar1-flux cycle (Kim et al., 2012; Miller and Barlowe, 2010; Venditti et al., 

2012). The link between COPII vesicle biogenesis and the Sar1-flux cycle remains to be fully 

understood, but the contribution of the different factors discussed highlights the significance of 

Sar1 kinetics and the timing of GTP hydrolysis for coat assembly and disassembly during vesicle 

initiation, propagation and scission (Lee and Miller, 2007; Miller and Barlowe, 2010).    

 

Figure 1.6 Sar1 structure and function. (A) Schematic representation of Sar1 binding to the 
ER membrane. Sar1 has an N terminal helix that is hidden in the GDP state (cytosolic), and 
exposed in the GTP state (membranous) of Sar1. (B) Helical wheel representation of the 
amphipathic Sar1b helix (1-18 N-terminal amino acids). Amino acids represented in solid yellow 
circles are those that embed into the ER. (C) Crystal structures of Sar1 mentioned in this study 
and their PDB (Protein Data Bank codes). (D) Modified from Bi et al., 2002: superposition of 
mammalian Sar1-GDP (1F6B) and Sec23/Sar1/GMPPNP (1M2O) shows the conformational 
change that occurs upon GDP-GTP exchange. -strands 2 and 3 undergo a shift in location (~ 7Å 
displacement) from the GDP state (pink) to GTP state (yellow) eliminating the binding site for 
the N-terminal region (red) exposing it for interaction with ER.  
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1.3.3 Mechanisms of COPII Linked to Disease 

Nearly one-third of the newly synthesized eukaryotic proteins are transported from the ER by the 

COPII-coated vesicles. In mammals, genes encoding the COPII proteins are represented by 

multiple paralogs: two Sar1 paralogs (Sar1a and Sar1b); two Sec23 paralogs (Sec23a and 

Sec23b); four Sec24 paralogs (Sec24a, Sec24b, Sec24c and Sec24d); two Sec31 paralogs 

(Sec31a and Sec31b); and a single Sec13 (Jensen and Schekman, 2011). Several studies have 

identified multiple diseases that result from defects in cargo transport. Some of which are caused 

by mutations in the ER exit motif of the cargo hampering its interaction with the COPII selection 

complex and thus blocking its transport, such as in the case of cystic fibrosis (Wang et al., 2004). 

A number of diseases are caused by direct mutations in the COPII proteins which highlights the 

significance of the secretory pathway mediated by the COPII proteins. 

 

Several different mutations of SARA2 gene that encodes Sar1b have been associated with severe 

disorders of fat malabsorption (Jones et al., 2003). A mis-sense mutation of SARA2 gene that 

encodes Sar1b was found to cause a rare defect in the mobilization of chylomicron from the ER. 

This condition is known as chylomicron retention disease or CMRD (Jones et al., 2003; Silvain 

et al., 2008). Chylomicrons are lipoproteins that assemble at the level of the ER in the small 

intestine absorptive cells (enterocytes) to form large vesicles that transport dietary lipids and fat-

soluble vitamins into the bloodstream. The diameter of chylomicrons is larger (75nm-1200nm) 

than what is conventionally packaged by COPII vesicles (60-100nm). The details of its 

intracellular trafficking via COPII machinery remain obscure.  

 

Studies are underway to reveal the specific involvement of Sar1b in chylomicron transport 

(Siddiqi et al., 2003). Mutations associated with CMRD were found to cause changes to GTP-

binding domain and compromise the ability of Sar1b to bind GTP (Jones et al., 2003). The 

requirement of Sar1b and not Sar1a in intracellular trafficking of chylomicrons reflects its ability 

to package large cargo molecules indicating that Sar1 may plays a role in dictating the size of the 

cargo to be transported.  

 

A single missense mutation in Sec23a (F382L) was found to cause an autosomal-recessive 

disease called cranio-lenticulo-sutural dysplasia or CLSD (Fromme et al., 2007). This mutation 
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is located at the interface where Sec23a binds Sec31 and was found to enhance the GTPase 

activating protein (GAP) activity of Sec23a. Another mutation (M702V) was found to enhance 

the GAP activity of Sec23a leading to premature disassembly of the COPII coat and the selective 

retention of procollagen at the level of the ER (Kim et al., 2012). CLSD is characterized by 

skeletal defects which result from a deficiency in pro-collagen transport (Kim et al., 2012). Pro-

collagen is another example of a cargo molecule that does not fit the conventional COPII-coated 

vesicle (3300 Å in length). Therefore, these data suggest a mechanism for packaging and 

transport of large cargo which involves increasing the effective concentration of COPII proteins 

in the ER proximity (Kim et al., 2012; Venditti et al., 2012). This is possibly achieved by 

maintaining a balanced rate of GTP flux cycle to prevent accelerated hydrolysis of GTP which 

leads to premature dissociation of COPII from the ER membrane (Gillon et al., 2012; Kim et al., 

2012; Venditti et al., 2012). 

 

On the other hand, mutations in Sec23b leads to defects in blood forming cell production 

(erythropoiesis) causing congenital dyserythropoietic anemia type II (CDAII) (Schwarz et al., 

2009). Detailed analysis of the molecular mechanism of this disease is still lacking; however, 

various proteins in the CDAII-affected red blood cells show evidence of immature glycosylation, 

indicating transport defects. 

 

Sec24 is the subunit of the coat responsible for cargo recognition and it has four different 

isoforms in mammals supporting its ability to discriminate and capture different types of cargo 

molecules. The four Sec24 isoforms have very little overlapping selectivity for packaging 

signals, and they only share one common interaction with Sec23 (Fromme et al., 2008; Mancias 

and Goldberg, 2008). A number of diseases have emerged in the literature where one or more of 

Sec24 paralogs is defective. For example, recent reports demonstrated that a mutation in Sec24b 

caused defects in transport of a specific membrane protein (Vangl2) disrupting planar cell 

polarity pathways (Merte et al., 2010; Wansleeben et al., 2010). More recently, studies have 

investigated Sec24a deletion and showed that, even though it leads to viable mouse model, this 

mutation is manifested by low level of cholesterol due to defects in the secretion of an LDL 

receptor regulatory protein, PCSK9 (Chen et al., 2013).  

 



18 
 

1.4 Assembly Properties of Vesicle Coats 

Cytosolic coat components of COPI, COPII, and clathrin assemble on the membrane surface and 

polymerize to form a cage around a spherical vesicle where the cargo to be transported is 

captured. The structures and the assembly properties have been extensively studied over the past 

years. Studies have revealed that the building blocks of COPI, COPII, and clathrin cage proteins 

are formed from α-solenoid and -propeller domains suggesting a common evolutionary origin 

for the three coat systems (Lee and Goldberg, 2010). The superhelical packing of the α-solenoids 

is known to generate stiff yet compliant structures that provide flexibility to the assembled cages. 

This flexibility of the cage is necessary to generate coated vesicles of different sizes in order to 

accommodate packaging of different cargo types. 

  

Common architectural relationships in the assembly of the three cages is becoming clear 

supporting their common evolutionary background (Figure 1.7). In general, cages are composed 

of a combination of assembly unites composed of two structural components: the edge and the 

vertex. The architecture of the cage is determined by the geometry of the protein-protein domain 

contacts forming a central vertex and by the spatial relationships of the -propeller and α-

solenoid domains forming the edges of the assembly unit (Fath et al., 2007, Stagg et al., 2007 

and Stagg et al., 2008). 

 

 

Figure 1.7 Clathrin, COPI, and COPII assembly units. -propeller (cylinders) and α-solenoid 
domains (lines) domains making up cage assembly units for clathrin, COPI, and COPII. 
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1.4.1 Clathrin 

Purified clathrin was found to spontaneously assemble in vitro to form coats of different shapes 

and sizes (Crowther et al., 1976). Over the past years, the resolution of cryo-EM reconstructions 

of the clathrin coat was enhanced from ~ 50 Å to 8 Å (Crowther et al., 1976; Edeling et al., 2006; 

Fotin et al., 2004). The basic structural element of the assembly unit of a clathrin coat, known as 

a triskelion, is composed of three α-solenoid legs that radiate from a central hub (Figure 1.7A). 

Each α-solenoid ends at the tip with an N-terminal WD40 -propeller domain. Four triskelion 

legs interdigitate to create supramolecular bundles of α-solenoids forming the edge of the 

clathrin cage which is ~120 Å thick. Three edges come together to form a vertex. Clathrin 

triskelions assemble into a regular lattice of open hexagonal and pentagonal faces generating a 

range of clathrin coat designs with icosahedral, D6 or tetrahedral symmetry. Analysis of coats 

with distinct shapes and sizes shows an invariant pattern of contacts in the level of each vertex, 

with more variable interactions along the extended parts of the triskelion legs which mediates 

coat flexibility (Fotin et al., 2004).  

 

Using cryo-electron tomography, a recent study investigated the structure of a clathrin-coated 

vesicle in vivo and compared it to the in vitro assembled clathrin cage (Cheng et al., 2007). A 

detailed analysis of lattice organization in eight individual clathrin-coated vesicles selected from 

a heterogeneous populations isolated from cells was performed (Cheng et al., 2007). Similar to in 

vitro coats, a wide range of designs for the clathrin lattice was observed, with different patterns 

of pentagons and hexagons. Occasionally heptagonal faces were also detected, creating a larger 

radius of curvature for the clathrin coat. Interestingly, most of the clathrin lattices detected in the 

coated vesicles were found to lack the overall symmetry that was observed in vitro (Cheng et al., 

2007). This suggested that, while the rules of coat assembly detected in vitro also apply in the in 

vivo stetting, symmetry rules might not be required. 

1.4.2 COPI 

The cage-forming unit of COPI is made up of the α ′ -COP complex which, similar to clathrin, 

makes a triskelion-like trimer. The vertex of each COPI assembly unit is composed of two 

WD40 -propellers of the ′-COP from which the α-solenoids of the α- and ′-chains radiate 
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outwards. The α ′-COP subcomplex exhibits curvature that is similar to that of the clathrin 

triskelion (Fotin et al., β004). Based on the crystal structure of the α ′ -COP complex and on the 

knowledge of both clathrin and COPII mechanisms of coat assembly, Lee and Goldberg 

proposed a model for COPI lattice formation (Lee and Goldberg, 2010). According to their 

model, three α ′-COP molecules (the edges) assemble around a three-fold rotation axis to form 

the center of the assembly unit (the vertex) (Figure 1.7B). Based on this proposed arrangement of 

the α ′ -COP complex, the COPI lattice is predicted to form hexagonal and pentagonal units 

forming an icosahedral cage, a symmetry which is related to clathrin cage symmetry (Fotin et al., 

2004; Lee and Goldberg, 2010). However, due to the absence of an EM structure of isolated and 

reconstituted COPI coats, this model could not be verified.  

 

In recent years, the structure of individual COPI-coated vesicles reconstituted in vitro from a 

budding reaction was solved using cryo-electron tomography and sub-volume averaging (Faini et 

al., 2012). The budding reaction generated COPI-coated vesicles that ranged in shape from 

spherical to slightly elliptical, and that probably, similar to clathrin-coated vesicles, deviate from 

the symmetry proposed by Lee and Goldberg (Faini et al., 2012; Lee and Goldberg, 2010). The 

cryoET analysis produced a three-fold symmetrical arrangement of leaf-shaped densities 

surrounding a central platform. This structural unit is referred to as a triad, and the size of one 

leaf matched the expected mass of one coatomer-Arf1 complex. The assembled COPI coatomer 

was found to adopt different conformations which can cause a change the number of other 

coatomers with which it interacts. This represents a novel basis for vesicle coat assembly which 

is fundamentally different from COPII and clathrin. For COPI coats, the number and the contacts 

of triads might dictate the lattice curvature and thus control vesicle size. Finally, Faini et al. also 

concluded that the distribution of triads over the vesicle surface did not consistently conform to 

any point group symmetry (Faini et al., 2012).  

1.4.3 COPII 

The fundamental basis for our knowledge about COPII-mediated transport mechanism is derived 

from 3D cryoEM reconstructions that reveal structural assemblies of COPII proteins assembled 

in vitro in the absence of membranes (Bhattacharya et al., β01β; O’Donnell et al., β011; Stagg et 

al., 2006, 2008). The COPII cage, which is formed by spontaneous self-assembly of Sec13/31, 
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was found to have a diameter of 600 Å and cuboctahedral geometry (Stagg et al., 2006). The 

crystal structure of Sec1γ/Secγ1 revealed a central α-solenoid dimer capped at each end by two 

-propeller domains (Fath et al., 2007). Sec13/Sec31 constitutes the basic structural element 

forming the edge of the outer COPII cage. Four edges converge to form the central vertex 

constituting the assembly unit of the COPII cage (Figure 1.7C) (Fath et al., 2007; Stagg et al., 

2006).  

 

The same rules of assembly apply for the formation of the COPII coat in the presence of 

Sec23/Sec24 (Figure 1.8). However, the COPII coat was found to have a larger diameter of 1000 

Å and icosidodecahedral (IDD) geometry (Stagg et al., 2008). More recently, it was found that 

Sec13/31 can also self-assemble into elongated tubules which are composed of intercalated 

COPII cages (O’Donnell et al., β011). These structure are thought to be relevant for the 

mechanism of transport of elongated cargo such as procollagen. Therefore, controlling cage 

assembly properties might provide a mechanism by which COPII machinery accommodates 

cargo of different shapes and sizes. Additionally, potential flexibility of the Sec13/31 assembly 

unit itself is proposed to be important for the formation of different size cages (Bhattacharya et 

al., 2012; Fath et al., 2007; Noble et al., 2013).  

 

Despite the wealth of structural information, questions pertaining to the assembly and 

interactions of the COPII components in the functional state could not be answered. Until 

recently, structural data on the COPII coat assembled in the presence of membranes was not 

available. Using electron tomography and subvolume averaging methods, Zanetti et al. were able 

to determine the structure of the COPII coat assembled on membranes. They were able to reveal 

how the COPII coat subunits interact with one another on the membrane, and to predict the 

positioning of the cargo with respect to the coat (Zanetti et al., 2013). The structure of COPII-

coated vesicles in the presence of cargo molecules is yet to be determined. Zanetti et al. also 

showed that both the outer (sec13/31) and the inner (sec23/24) coat layers assemble into ordered 

arrays. Ordered array formation has been previously suggested to be a mechanism by which the 

GTPase Sar1 regulates membrane curvature to control the vesicle size which is necessary to 

capture large and elongated cargo (Hariri et al., 2014; Long et al., 2010). Their results showed 

that, on spherical surfaces, the outer COPII coat follows that same rules of assembly as the 
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COPII cage structure resolved by Stagg et al. (2006). However, on tubular surfaces the assembly 

rules for COPII subunits change to promote packaging of elongated cargo (Zanetti et al., 2013).  

 

 
Figure 1.8 CryoEM structures of COPII assemblies. Sec13/31 self-assembles into COPII cage 
with cuboctahedral geometry and 600Å diameter (Stagg et al., 2006). In presence on Sec23/24, 
COPII coat with icosidodecahedral geometry and 1000Å diameter. It is composed of an outer 
cage of Sec13/31 (green) and inner layer of Sec23/24 (yellow) (Stagg et al., 2008). Interlinked 
Sec13/31 cages form COPII tubules (~3300Å in length) with a hollow cylindrical interior that is 
300Å in diameter suggests to function as a carrier for elongated cargo such as procollagen 
(O’Donnell et al., β010). Cryo-EM structure of Sec13/31-23 shows similar contours a to 
cuboctahedral Sec13/31 cage with densities attributed to Sec23 (yellow). Superimposing the 
Sec13/31 (green mesh) and Sec13/31-23 (yellow) show that the edges of Sec13/31-23 structure 
extended by ~10° (Bhattacharya et al., 2011). Combining cryoEM with HDX-MS, Noble et al., 
2012 resolved specific contact residues of Sec13/31 that mediate assembly of the COPII cage. 
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1.5 Membrane Remodeling During Vesicle Formation 

1.5.1 General Mechanisms for Membrane Deformation 

In eukaryotic cells, early steps in the secretory pathway involve the formation of vesicles that 

traffic the newly synthesized proteins from the ER to the Golgi apparatus (Palade, 1975). The 

biosynthesis of these vesicles depend on the ability of cells to deform membranous 

compartments. Several mechanisms of membrane remodeling rely on the interplay between 

proteins and membranes (McMahon and Gallop, 2005). (1) Scaffolding proteins that bind 

membranes directly or through linker proteins promote and stabilize membrane curvature 

through their charged and structurally curved domains (Farsad et al., 2001). (2) Local membrane 

curvature can also be induced by the insertion of an amphipathic helix of proteins into the outer 

bilayer leaflet to create bilayer asymmetry (Bielli et al., 2005; Lee et al., 2005). (3) Finally, 

polymerization of cytoskeletal proteins and microtubule motor activity have been intimately 

linked to inducing membrane remodeling during cellular motility and vesicle formation 

(McMahon and Gallop, 2005). Therefore, efficient membrane curvature can be attained by the 

collaboration of several mechanisms. 

1.5.2 Conserved Approaches to Vesicle Scission 

So far, various hypotheses exist for the mechanisms that lead to vesicle scission during clathrin, 

COPI and COPII vesicle formation. It is accepted that the GTPases dynamin, Arf, and Sar1 are 

core components of these coated vesicle systems, respectively. Although these GTPases are 

structurally different, recent studies provide evidence for conserved mechanisms in coated 

vesicle scission (Pucadyil and Schmid, 2009). 

During endocytosis, dynamin is found to play a role in shaping the membranes and inducing 

scission of clathrin-coated vesicles. The mechanism by which dynamin mediates vesicle scission 

has been extensively studied and two hypotheses currently exist in the literature. The first 

hypothesis is based on the structural analysis of dynamin coating lipid tubes. These structural 

data suggested that dynamin undergoes a conformational change induced by GTP hydrolysis to 

facilitate tube constriction and vesicle scission (Stowell et al., 1999; Zhang and Hinshaw, 2001). 

More recently, however, it was found that self-assembly of dynamin which is controlled by the 
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GTP cycle forces membrane bilayers to come within critical proximity of each other inducing 

spontaneous fission (Bashkirov et al., 2008; Pucadyil and Schmid, 2008). 

For the COPI system, the mechanism of membrane separation is not entirely clear. Previously, it 

was suggested that, like Sar1, the insertion of Arf1 amphipathic helix at the bud neck induces 

efficient curvature which induces vesicle release. However, a recent study showed that the 

release of COPI-coated bus is dependent on the ability of Arf1 GTPase to form dimers on the 

membrane necks (Beck et al., 2008, 2011). Arf1 mutants that are unable to dimerize couldn't 

support vesicle formation (Beck et al., 2011). 

Finally, for COII, the α helix of Sar1 is thought to be involved in both membrane deformation 

and vesicle fission. Mutation of the hydrophobic residues of the amphipathic helix reduce the 

formation of free vesicles in an in vitro budding assay, independent of COPII recruitment (Lee et 

al., 2005). A recent model for COPII vesicle scission suggests that the recruitment of Sec23/24 

induces local membrane curvature that is enhanced and organized into a more global curvature 

by Sec13/31 (Miller and Barlowe, 2010). After the formation of a coated bud, the GTPase 

activity of Sar1 at the level of the bud neck induces vesicle scission by disrupting local lipid 

packaging due to retraction of amphipathic helices from the membrane after GTP exchange 

(Bielli et al., 2005; Lee et al., 2005). A more recent study, however, showed that COPII vesicle 

release is independent on GTP hydrolysis (Adolf et al., 2013). Therefore, controversy still exists 

regarding the mechanism of Sar1-mediated vesicle scission and the role of GTP hydrolysis. In 

conclusion, increasing the effective concentration of the GTPases at the level of the bud necks 

seem to be a common theme for inducing vesicle release (Pucadyil and Schmid, 2009). 

 

1.6 The Remaining Questions 

1.6.1 Where Are We Now? 

Nearly one third of eukaryotic proteins are transported from the ER to the Golgi apparatus via 

COPII-coated vesicles. The role of individual COPII proteins (Sar1, Sec23/Sec24, and 

Sec13/Sec31) has been extensively investigated. Valuable insights can be derived from structural 

analysis using cryoEM on COPII-coated intermediates reconstituted at different stages of 
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assembly. These studies resolved with high level of details various mechanistic as well as 

structural ambiguities related to (1) the mechanisms of COPII coat assembly, (2) the interactions 

among the COPII components in the presence or absence of membranes, and finally, (3) the 

ability of the COPII machinery to accommodate cargo of various shapes and sizes.  

Therefore, over the recent years, our understanding of the process of COPII-mediated vesicular 

trafficking have shifted from descriptive mapping of the contours of the transport pathway to 

functional characterization of the elements involves in this pathway. Yet, what remains largely 

unknown is: 

(1)  the mechanism by which the COPII machinery promotes initiates membrane 

deformation  

(2) the factors of different COPII components in mediating vesicle scission events 

(3) the interactions among the COPII components and the packaged cargo in a COPII-coated 

vesicle 

1.6.2 Objectives of This Dissertation 

This dissertation explores the mechanistic details that govern the processes of membrane 

deformation and vesicle scission during the biogenesis of COPII-coated vesicles. We adopt a 

reductionist approach in which we dissect intermediate steps required for COPII-coated vesicle 

formation using 3DEM and biochemical analysis of protein-lipid interactions (Figure 1.9). 

Chapters 2 and 3 investigate the morphological outcomes of Sar1 interaction with synthetic 

liposomes in different conditions. Structural and biochemical analysis of these intermediates is 

correlated to the role of Sar1 in membrane deformation and vesicle scission in the absence of 

other COPII proteins. Chapter 4 describes the structure of Sar1 bound to membranes, and 

explores the possible role of Sar1 membrane-directed dimerization in vesicle scission. Taking 

advantage of what we learned about the requirements for vesicle scission, chapter 5 describes the 

assembly process and the structure of COPII-coated vesicles budded from ER microsomes. 

Finally, the instrumentation, experimental methods, and materials used in the work of this 

dissertation are described in chapter 6. 
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Figure 1.9 Reductionist approach. This diagram depicts the approach followed to answer the 
questions asked in this dissertation.  
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CHAPTER TWO 

SAR1 INDUCES VESICLE SCISSION 

* Modified and reprinted from Journal of Molecular Biology (JMB), Hariri H, Bhattacharya N, Johnson K, Noble 
AJ, Stagg SM, Insights into the Mechanisms of Membrane Curvature and Vesicle Scission by the Small GTPase 
Sar1 in the Early Secretory Pathway. Volume 426, Issue 22, 11 November 2014, Pages 3811–3826., Copyright 
(2014), with permission from Elsevier. 

2.1 Summary 

Sar1 is a small GTPase that belongs to the Ras superfamily of GTPases. It functions as molecular 

switch controlled by the GDP/GTP exchange cycle. Sar1 is thought to be cytosolic in its GDP-

bound state and is translocated to the ER membrane upon binding to GTP. Sar1 binds to the ER 

membrane through an N terminal amphipathic helix that gets exposed in the active state (GTP-

bound state). Helix insertion is thought to induce membrane curvature which induces the binding 

remaining COPII subunits. The role and relevance of Sar1 GTPase in vesicle scission is 

understudied. Due to its membrane deforming abilities Sar1 is thought to play a role in vesicle 

scission, similar to other membrane shaping proteins. However, the mechanism by which this 

occurs remains largely unknown. Our findings suggest that alone is capable of performing 

scission, independent from other factors such as COPII recruitment and GTP hydrolysis. Here 

we show that vesicle scission depends on the concentration of Sar1 occupying the membrane.  

 

2.2 Introduction 

COPII vesicle scission was thought to be achieved by the interplay between the COPII subunits 

and a functional Sar1 (Matsuoka et al., 1998). However, the detailed mechanism for vesicle 

scission, particularly the role and relevance of GTP hydrolysis, remains elusive (Daum et al., 

2014). In previous studies, in vitro reconstitution reactions using a minimal set of yeast COPII 

proteins and liposomes have yielded COPII-coated vesicles (Lee et al., 2005; Matsuoka et al., 

1998). A previous study showed that Sar1 proteins that lack the N-terminal α-helix are incapable 

of vesicle separation despite normal recruitment of COPII components (Lee et al., 2005). This 

evidence suggested that the N-terminal α-helix insertion is critical for promoting scission events. 
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Further evidence suggested that an active Sar1 protein proceeds through GTP hydrolysis to 

constrict vesicle necks by disrupting local lipid packing leading to vesicle scission (Bielli et al., 

2005; Lee et al., 2005). However, a more recent study demonstrated that COPII vesicle scission 

occurs independent of GTP hydrolysis by Sar1 (Adolf et al., 2013). Therefore, controversy still 

exists around the role of Sar1, GTP hydrolysis, and helix insertion in catalyzing membrane 

constriction and vesicle scission during COPII vesicle biogenesis.  

 

Several studies have analyzed the behavior of Sar1 in the presence of membranes. It has been 

shown that Sar1 deforms liposomes into a variety of different structures such as flexible tubules, 

multi-budded vesicles, and rigid tubes (Bacia et al., 2011; Long et al., 2010). Straight and rigid 

membranous extensions were only observed under non-hydrolyzing conditions (Bacia et al., 

2011). Here, we investigate the conditions might favor the formation of one tubular morphology 

versus another. Our results show that Sar1 modifies synthetic lipid membranes in accordance to 

the area difference elasticity (ADE) model for membrane deformation induced by amphiphiles. 

According to the ADE model, increasing amphiphile concentration in the outer layer of the 

membrane bilayer induces destabilization of the inner layer (Inaoka and Yamazaki, 2007; Miao 

et al., 1994). This leads to bilayer asymmetry, which is accommodated by shape and elasticity 

changes, thus transforming spherical GUVs into elongated cylinders or tubules. In our study, the 

N-terminal amphipathic helix of Sar1 behaves analogously to the single chain amphiphiles and 

induces membrane deformation by inserting into the outer leaflet on the membrane bilayer. 

Therefore, we propose that increasing the concentration of membrane-bound Sar1 further 

enhances the area difference between the membrane leaflets and promote scission in accordance 

to the ADE model. 

 

2.3 Results 

2.3.1 Membrane Deformation Depends on Sar1 Nucleotide State 

Giant unilamellar vesicles (GUVs) composed of neutral and negatively charged lipids were 

prepared by electroformation and used as donor membranes. Sar1 in different nucleotide states 

was then added to the GUVs. The structure of naked GUVs (Figure 2.1A), which showed smooth 
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(featureless) unilamellar vesicles of 3-8 m diameter, contrasted sharply with that of Sar1-coated 

liposomes (Figure 2.1B).  

A flotation assay based on density gradient centrifugation was used to assess the efficiency of 

binding of Sar1 to GUVs under different conditions (Bigay and Antonny, 2005) (Figure 2.1C). 

Titration with increasing Sar1 concentration followed by flotation assay and comparison of the 

amounts of protein in the top (T), middle (M) and bottom (B) fractions was performed to 

determine the saturating Sar1 concentrations (Figure 2.1D). Note that the exact Sar1 to lipid 

molar ratio is difficult to determine as that value depends on the efficiency of generating 

substrate vesicles. The saturating Sar1b conditions were used to examine the effect of Sar1b 

nucleotide binding on the morphology of GUVs. Structural rearrangements of the GUVs upon 

Sar1b binding were visualized using transmission electron microscopy (TEM). 

Negative stain TEM indicated that incubations of Sar1 with GUVs and GTP generated long and 

flexible tubes (Figure 2.1E). In contrast, incubations with non-hydrolyzable GTP analogues 

(GMPPNP and GMPPCP) resulted in a dominant population of multi-budded structures that we 

refer to as pseudo-vesiculated tubes (Figure 2.1E). This suggested that locking Sar1b in an active 

conformation enhances membrane constriction.  

Finally, it is worth mentioning that Sar1b was also found to tubulate liposomes in the presence of 

GDP. A minor tubulation outcome was detected which indicates that Sar1b have some affinity 

for membrane even in the GDP state. In the nucleotide-free state, Sar1 has no affinity to GUVs 

as shown by flotation assay. We believe that this is possible since in the presence of nucleotides 

(GTP or GDP) the N terminal helix of Sar1 exhibits high flexibility and becomes more 

accessible for membrane binding. This suggestion was supported by site-directed spin labeling 

(SDSL) and electron paramagnetic resonance spectroscopy. In this study, spin-labels were 

introduced at strategic sites on Sar1b and EPR was used to characterize the structure and 

dynamics of the N-terminal helix in response to different nucleotide states. This study revealed 

that upon binding of nucleotides (GTP or GDP) to Sar1, the N-terminal helix moved away from 

the core protein but remained highly dynamic and accessible for membrane binding 

(Bhattacharya et al., 2014; manuscript in preparation). 
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Figure 2.1 Membrane binding and tubulation by wild type Sar1. (A) Naked GUVs 
embedded in vitreous ice show a smooth morphology compared to (B) the textured appearance 
of GUVs coated with Sar1 (arrows). The scale bar represents 500 nm. (C) Schematic 
representation of the flotation assay procedure. (D) Addition of increasing Sar1 concentrations to 
GUVs to determine saturation conditions. Incubations are followed by analysis using flotation 
assay. Fractions collected after centrifugation were analyzed using SDS-PAGE. (E) Human wild-
type Sar1 incubations with GUVs in the presence of GTP, GMPPNP, and GMPPCP. Samples 
were adhered to glow-discharged EM grids and stained with 2% uranyl acetate for imaging by 
EM. The scale bar represents 200 nm. 
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2.3.2 Non-Hydrolyzing Conditions Induce Vesicle Scission 

In order to further test this possibility, we used a GTPase-defective mutant version of Sar1 

(Sar1H79G) that is a “constitutively active” Sar1 mutant. His7λ is located in the switch II region of 

Sar1 that plays an important role in GTP hydrolysis. H79G mutation suppresses the ability of 

Sar1 to hydrolyze GTP (Long et al., 2010). We similarly used the flotation assay introduced 

earlier to assess that binding of Sar1H79G to GUVs. In presence of GTP and excess GUVs, almost 

all Sar1H79G was collected from the top (floated) fractions (5-6) of the gradient, which indicates 

the binding of Sar1 to the GUVs. Control incubations in the absence of GUVs yielded Sar1H79G 

exclusively in bottom (pellet) fractions (1-3) (Figure 2.2A). Interestingly, in presence of GTP, a 

greater amount of wtSar1 floats to the top (T) fractions (Figure 2.2B). Pelleting of wtSar1 in the 

presence of GTP may be attributed to the disassociation of the protein from the membranes upon 

GTP hydrolysis, which is not observed in non-hydrolyzing conditions (with Sar1H79G).  

Using negative stain EM, incubations of Sar1H79G with either GTP or non-hydrolyzable GTP 

analogs (GMPPNP and GMPPCP) were found to generate high populations of pseudo-

vesiculated structures (Figure 2.2C); similar to the morphology that was observed with wild type 

Sar1 and GMPPNP (Figure 2.1E). Furthermore, we used an intrinsic tryptophan fluorescence 

assay to test the conformation of wild type Sar1 and Sar1H79G in response to the nucleotide state 

(Figure 2.2D). This showed that Sar1 undergoes a conformational change in the presence of GTP 

that is not seen under non-hydrolyzing conditions [with Sar1H79G-GTP or Sar1-GMPPNP]. 

Previous observations established that GTP hydrolysis by Sar1 causes the N-terminal helical 

domain to retract into a surface pocket permitting dissociation from the membrane (Lee et al., 

2005). In light of these observations, our data suggest that the suppression of GTP hydrolysis 

stabilizes Sar1-membrane association. Therefore, Sar1-GMPPNP and Sar1H79G-GTP are more 

likely to remain bound to the membrane for a longer time than the wild type.  

The wide morphological heterogeneity of Sar1-coated carriers may be attributed to increased 

Sar1 concentration in the proximity of the substrate membranes. This explanation agrees with the 

area difference elasticity (ADE) model for membrane deformation. Thus, regulation of Sar1 N-

terminal helix concentration on donor membranes may play a role in dictating the shape and size 

of cargo carriers prior to COPII recruitment.  
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Figure 2.2 Membrane binding and tubulation by Sar1H79G. (A) Floatation assay was 
performed for GUV and Sar1H79G incubations. Fractions collected after centrifugation were 
analyzed using SDS-PAGE. Control incubations in the absence of GUVs yielded Sar1 H79G 
exclusively in bottom (pellet) fractions (1-3). In presence of GTP and excess GUVs, almost all 
Sar1 H79G was collected from the top (floated) fractions (5-6) of the gradient, which indicates 
the binding of Sar1 to the GUVs. (B) Similarly, binding of wild type Sar1 to GUVs was 
assessed. Wild type Sar1 incubations with GUV and GDP show a mixture of the protein in the 
pellet (B, bottom) fraction and the top (T) fractions. Pelleting of wtSar1 in the presence of GTP 
may be attributed to the disassociation of the protein from the membranes upon GTP hydrolysis, 
which is not observed in non-hydrolyzing conditions (with Sar1 H79G). (C) GTPase-defective 
Sar1H79G mutant isoform was incubated with GUVs in the presence of GTP, GMPPNP, and 
GMPPCP. Samples were adhered to glow-discharged EM grids and stained with 2% uranyl 
acetate for imaging by EM. The scale bar represents 200 nm. (D) GTPase activity assay. 
Tryptophan fluorescence signal was measured at 280 nm and monitored for ~ 1 hour. Three 
different reaction mixtures were analyzed. Nucleotides were added ~1 minutes after starting the 
measurements (indicated by black arrow). The decrease in fluorescent signal represents the 
conversion of Sar1-GTP to Sar1-GDP. Fluorescence intensity was similar for both hydrolysis 
defective Sar1H79G-GTP and Sar1-GMPPNP. Intensity was lower for Sar1-GTP owing to 
conformation change which is likely due to either the intrinsic GTPase activity of Sar1 or 
contaminating GDP in the GTP preparations. 
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2.3.3 Sar1 Induces Vesicle Scission Independent from GTP Hydrolysis 

According to the ADE model, expansion of the outer bilayer results in beaded tubes which 

consist of small vesicles connected by narrow necks; further addition of amphiphiles results in 

vesicle scission (Inaoka and Yamazaki, 2007). Based on this notion, increasing the local 

concentrations of Sar1 N-terminal helices may enhance the asymmetry between bilayer leaflets 

leading to vesicle scission by Sar1 independent from GTP hydrolysis. Therefore, we propose 

that, during the final stages of bud formation, the separation of vesicles from donor membranes 

is controlled by the percentage occupancy or the local concentration of Sar1 molecules on those 

membranes.  

To test this hypothesis, we incubated GUVs with increasing concentrations of GTPase-defective 

Sar1H79G and visualized the outcomes at different time points using negative stain TEM. 

Incubating GUVs with ~2-fold higher the concentration of Sar1H79G that is typically used for 

tubulation assays resulted in a dominant population of pseudo-vesiculated tubules after ~10 

minutes of incubation in reactions containing either GTP or GMPPNP (Figure 2.3A). After 2 

hours of incubation, detached vesicles were observed in both reactions (Figure 2.3B). Using 

cryoEM we verified that the newly generated small vesicles have a textured surface 

corresponding to the Sar1 coat (Figure 2.3C). Sar1-coated vesicles were predominantly 50-60nm 

in diameter (Figure 2.3D), which is close to the smaller end of the size range observed for 

COPII-coated vesicles. The formation of coated vesicle of uniform size suggests that vesicle 

scission in our experiments is mediated by Sar1 and not by random GUV fragmentation events. 

Finally, incubations of wild type Sar1 and GMPPNP similarly showed pseudo-vesiculated 

tubules after ~10 minutes and detached vesicles after 2 hours (Figure 2.3E). These data 

demonstrate that Sar1 alone is capable of vesicle scission in a concentration-dependent manner 

that is independent of GTP hydrolysis. Interestingly, in the presence of GTP, wild type Sar1 

transformed GUVs into long and flexible tubules instead of the dominant pseudo-vesiculated 

morphology observed under non-hydrolyzing conditions. After 2 hours of incubation, a small 

number of vesicles were also evident (Figure 2.3F).  
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Figure 2.3 Formation of Sar1 coated vesicles. Incubations with increasing concentration of 
Sar1 were followed by staining with 2% uranyl acetate and EM imaging. (A) After 10 min of 
incubation of Sar1H79G with GTP and GMPPNP, pseudo-vesiculated tubes appear. The scale 
bar represents 100 nm. (B) After 2 h of incubation, smaller Sar1-coated vesicles appear under 
both conditions (white arrows). The scale bar represents 100 nm. (C) CryoEM of Sar1H79G-
coated vesicles. The scale bar represents 100 nm. (D) Histogram representation of the cryoEM 
vesicles dataset. (E) Incubations with wild-type Sar1 in the presence of GTP and GMPPNP for 
10 min. The scale bar represents 100 nm. (F) After 2 h of incubation, smaller Sar1-coated 
vesicles appear under both conditions (white arrows). The scale bar represents 100 nm. 

 

According the ADE model, beaded tubes which resemble the pseudo-vesiculated tubules 

observed in our study are precursors to vesicle scission. The observation that Sar1 only forms 

pseudo-vesiculated tubules in the presence of GMPPNP compared to Sar1H79G, which forms 

pseudo-vesiculated tubules both in presence of GTP and GMPPNP suggests that the ability of 

Sar1 to hydrolyze GTP may lower the rate at which vesicles are formed. This further supports 
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our hypothesis which states that higher concentrations of Sar1 on membranes, achieved here by 

locking Sar1 in an active state using a hydrolysis-defective Sar1 (Sar1H79G) or a non-

hydrolyzable nucleotide analogs, promotes bud formation and induces vesicle scission. 

2.3.4 Sar1 Vesicle Scission Monitored by Dynamic Light Scattering 

Since it is difficult to infer with certainty with TEM that increasing concentrations of Sar1 

promotes vesicle scission, we verified our results using dynamic light scattering (DLS). Using 

DLS we monitored the intensity autocorrelation functions over a period of time. Faster decay 

rates of these functions correspond to shorter autocorrelation times and thus smaller particles. 

These data can be used to determine the rate of Sar1-mediated vesicle scission under different 

activation conditions.  

Our results showed no changes in control reactions containing only GUVs and the 

autocorrelation curves were overlapping (Figure 2.4A). We observed a gradual decrease in the 

decay rate in conditions where Sar1 is locked in an active state [wtSar1-GMPPNP and 

Sar1H79G] (Figure 2.4B, 2.4C, 2.4D). The decrease in the decay rate was less prominent in 

reactions containing Sar1 and GTP (Figure 2.4E). Thus, similarly, based on these results, 

blocking GTP hydrolysis (and thus increasing the amount of Sar1 on the membrane) seems to 

facilitate vesicle scission. This provides additional evidence that higher membrane occupancy by 

Sar1 is required for vesicle separation from donor membranes. 

The detailed molecular mechanism of vesicle scission by Sar1 has yet to be fully explored. 

However, it is worth noting that with this concentration of Sar1, a large population of tubules 

displaying periodically twisted regions was observed in negative stain EM (Figure 2.5A, B). This 

morphology was also observed in the presence of non-hydrolyzable GTP (Figure 2.5D). Detailed 

examination using electron tomography (ET) verified the twisted morphology (Figure 2.5C). 

This is similar to the previously reported GTP-dependent twisting activity of the dynamin coat 

that resulted in supercoiled tubules and generated longitudinal tension that led to membrane 

scission (Roux et al., 2006). Therefore, the twisted morphology observed for Sar1 tubules could 

also provide a mechanism by which Sar1 coat can promote vesicle scission in a manner similar 

to dynamin. 
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Figure 2.4 Monitoring vesicle formation by Sar1 using dynamic light scattering (DLS). (A) 
As a control experiment, DLS was performed on GUVs before addition of proteins. 
Autocorrelation functions were recorded for GUVs in absence of Sar1 or nucleotides. All 
functions overlap which indicates that the size of the vesicles did not change over the course of 
the measurement. DLS on vesicle scission reactions containing GUVs, Sar1, and nucleotides was 
then performed. Incubations of Sar1H79G or wtSar1 with GTP or GMPPNP were evaluated 
using DLS. Non-hydrolyzing conditions: (B) Sar1H79G-GMPPNP, (C) Sar1H79G-GTP, (D) 
Sar1-GMPPNP show a prominent decay in the autocorrelation functions owing to the gradual 
decrease in the size of the outcome population. (E) The decay in autocorrelation functions was 
less prominent in Sar1-GTP incubations. 
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Figure 2.5 Sar1 forms twisted tubes. Negative stain EM of incubations with ~2-fold higher 
concentration of (A) wtSar1-GMPPNP and (B) Sar1H79G-GMPPNP showed tubes with twisted 
morphologies. Scale bar = 100nm. (C) Sections through an electron tomogram of twisted tubes 
verify the twisted morphology. Scale bar = 50nm. (D) Negative stain EM different morphologies 
of twisted tubes observed in non-hydrolyzing conditions (GMPPCP and GMPPNP compared to 
GTP).  
 

 

2.4 Discussion 

2.4.1 Area Difference Elasticity Model for Membrane Deformation 

Sar1 induces membrane deformation by selectively expanding the outer bilayer leaflet with 

respect to the inner one upon insertion of its N-terminal helix leading to bilayer asymmetry 

(Bielli et al., 2005). This asymmetry is translated initially by the tubulation of spherical 

liposomes into structures of various morphologies including rigid tubules and multibudded or 
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pseudo-vesiculated tubules. What conditions favor the formation of one structure over the other 

was previously unexplored. Here we show that locking Sar1 in an active conformation, which 

may further concentrate Sar1 on membranes, favors the formation of pseudo-vesiculated tubules. 

Based on this observation we propose that increasing the amount of membrane-bound Sar1 

molecules enhances bilayer asymmetry leading to the formation of pseudo-vesiculated tubules 

that eventually result in fully detached vesicles. While the concentration of Sar1 at which 

vesiculation was observed exceeds physiological Sar1 concentrations, it is likely that the GEF 

Sec12 may function to locally concentrate Sar1 on the membrane at ER exit sites by constantly 

recharging it with GTP. 

The morphological heterogeneity of tubulation outcomes observed with Sar1 can be interpreted 

by the area difference elasticity (ADE) model for membrane deformation. According to the ADE 

model, GUVs undergo a similar transformation upon increasing the concentration of membrane-

bound single chain amphiphiles (Inaoka and Yamazaki, 2007). In the case of Sar1, insertion of 

the N-terminal amphipathic α-helix into the bilayer induces bilayer asymmetry that is amplified 

upon Sar1 oligomerization. This locally concentrated area of membrane deformation results in 

increased elastic stress on the inner leaflet that ultimately causes fragmentation of the deformed 

liposomes into smaller vesicles.  

2.4.2 Vesicle Scission by Sar1 

Early observations indicated that the N-terminal helix of Sar1 is critical for COPII vesicle 

scission (Lee et al., 2005). However, the mechanistic details underlying the final stages of vesicle 

scission remain unclear. Based on initial evidence, vesicle scission was thought to be dependent 

on GTP hydrolysis which resulted in the retraction of Sar1 N-terminal helices from the bilayer 

thus disrupting local lipid packing (Bacia et al., 2011). However, COPII vesicle budding from 

synthetic liposomes has also been reported to occur in the presence of non-hydrolyzable GTP 

analogs GMPPNP. In vitro vesicle scission with non-hydrolyzable GTP was regarded as a 

possible artifact induced by mechanical force applied during sample preparation since restricting 

GTP hydrolysis has been previously shown to block cargo transport in vivo (Aridor et al., 1995; 

Bacia et al., 2011). However, using procedures that did not employ any mechanical trituration 

steps, Adolf et al. presented evidence showing that GTP hydrolysis is not required for the release 
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of COPII vesicle from semi-intact cell systems (Adolf et al., 2013). Therefore, an apparent 

discrepancy still exists in the literature regarding the role and relevance of GTP hydrolysis and 

the specific mechanism by which Sar1 catalyzes vesicle scission. 

It has been reported that the addition of the five core COPII components to liposomes in the 

presence of GTP is sufficient to generate coated vesicles in vitro (Matsuoka et al., 1998). Our 

results showed that Sar1 alone can deform liposomes into a range of morphologically distinct 

structures including rigid tubules, pseudo-vesiculated tubules, and detached vesicles. Pseudo-

vesiculated tubules were more frequently observed in non-hydrolyzing conditions suggesting that 

these structures are caused by the suppression of GTP hydrolysis. Here we report that increasing 

the concentration of Sar1 molecules occupying the membrane leads to the transformation of 

Sar1-coated pseudo-vesiculated tubules into detached vesicles independent from GTP hydrolysis. 

We demonstrate that membrane deformation by Sar1 occurs at higher rates with non-

hydrolyzable GMPPNP compared to GTP. Similarly, in the presence of COPII proteins, pseudo-

vesiculated structures were observed upon incubation of Sar1 with GMPPNP (Bacia et al., 2011; 

Lee et al., 2005). These multibudded tubules were observed less frequently under hydrolyzing 

conditions in incubations with Sar1-GTP and COPII (Lee et al., 2005). Therefore, in line with 

what Lee et al. suggested, we propose that the persistence of Sar1 molecules on membranes may 

induce vesicle scission independent of GTP hydrolysis.  

2.4.3 Role of GTP Hydrolysis 

While GTP hydrolysis may not be a requirement for the final stages of vesicle release, it has 

been shown to play a key role in cargo sorting (Sato and Nakano, 2005) and vesicle uncoating 

(Antonny et al., 2001). Sec23 component of COPII is a GTPase-activating protein (GAP) for 

Sar1 GTPase, and Sec13-Sec31 further stimulates this GAP activity (Antonny et al., 2001; 

Yoshihisa et al., 1993b). A recent study reported that a point mutation of Sec23 which enhanced 

the GTPase activity of Sar1 led to the selective block of ER export of procollagen (Kim et al., 

2012). This indicates that a longer stay of COPII proteins on the membrane is required to 

package bigger cargo suggesting that GTP hydrolysis is required for regulating the effective 

concentration of COPII proteins on the membranes. Therefore, in the context of the whole COPII 

machinery, the timing of GTP hydrolysis controls the kinetics of coat assembly during vesicle 
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formation. This may be key for defining the dimensions of the COPII vesicle and for packaging 

of larger cargo such as procollagen (Kim et al., 2012). Therefore, Sar1 maybe exerting two 

distinct functions: (1) initiating membrane bending and vesicle scission which is independent of 

GTP hydrolysis; (2) sorting cargo and coat disassembly which is dependent on GTP hydrolysis. 

Interestingly, our proposed mechanism for vesicle scission is not unique to Sar1. We note that, 

dynamin, which mediates clathrin-coated vesicle formation, was found to be capable of solely 

catalyzing membrane fission without the need of additional factors (Pucadyil and Schmid, 2008). 

The mechanism of membrane fission by dynamin was dependent on both its ability to self-

assemble and hydrolyze GTP. It was suggested that dynamin self-assembly proceeds to force 

membrane bilayers to come within critical proximity of each other such that the curvature stress 

imposed on the membrane bilayer could lead to spontaneous fission (Bashkirov et al., 2008). 

Similar to the COPII system, it is likely that in vivo accessory proteins increase the efficiency of 

membrane fission. Therefore, although dynamin alone is sufficient to induce scission, additional 

coat components might function to localize and regulate dynamin assembly and disassembly at 

the site of vesicle formation, enhancing membrane curvature at the bud necks and leading to 

vesicle scssion (Pucadyil and Schmid, 2008). 
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CHAPTER THREE 

SAR1 FORMS CURVATURE-DEPENDENT SCAFFOLDS 

* Modified and reprinted from Journal of Molecular Biology (JMB), Hariri H, Bhattacharya N, Johnson K, Noble 
AJ, Stagg SM, Insights into the Mechanisms of Membrane Curvature and Vesicle Scission by the Small GTPase 
Sar1 in the Early Secretory Pathway. Volume 426, Issue 22, 11 November 2014, Pages 3811–3826., Copyright 
(2014), with permission from Elsevier. 

3.1 Summary 

Membrane tubulation is a common consequence of Sar1 binding to spherical liposomes. It has 

been shown previously that, upon binding, Sar1 can modify spherical vesicles into tubes of 

different shapes and sizes. The mechanism by which Sar1 induces the formation of one structure 

over the other remains largely unknown. Here we show that Sar1 forms ordered scaffolds of 

different structures dependent on the degree of membrane curvature. Our results suggest a 

correlation between Sar1 scaffold consistency and tubes diameters. Highly constricted membrane 

tubes (tubes of small diameter) only support an inconsistent Sar1 scaffold assembly. Assuming 

that constricted tubes of high surface curvature represent a prerequisite for vesicle scission, our 

results suggest that Sar1 scaffolds might play a functional role in tube constriction prior to 

scission events. 

 

3.2 Introduction 

Scaffold assembly is considered to be a common mechanism for membrane deformation of 

various dynamic cellular organelles. In vitro, scaffold assembly of various membrane shaping 

proteins was found to drive tubulation, constriction and fission events. For example, the GTPase 

dynamin which functions during endocytosis was found to self-assemble into helical spirals to 

control membrane remodeling (Pucadyil and Schmid, 2008; Sweitzer and Hinshaw, 1998; Zhang 

and Hinshaw, 2001). Complementary structural and biochemical approaches have proven to be 

essential to reveal the mechanisms by which ordered dynamin scaffolds induce membrane 

fission. Initially, cryoEM studies resulted in 3D reconstructions of dynamin coated tubes with 

different degrees of constriction (Chen et al., 2004; Zhang and Hinshaw, 2001). Comparing the 
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structural arrangement of dynamin region on constricted (Zhang and Hinshaw, 2001) and non-

constricted (Chen et al., 2004) tubes supported a model whereby a conformational change can 

cause the rearrangement of specific dynamin domains to generate a force on the underlying 

membrane bilayer and thereby leading to membrane constriction prior to vesicle scission (Zhang 

and Hinshaw, 2001). Based on this study dynamin was identified as a force-generating 

'contrictase' which exerts a 'mechanochemical' activity driven by GTP hydrolysis to facilitate 

scission events (Stowell et al., 1999; Zhang and Hinshaw, 2001).  

 

Indeed, when added in the presence of GTP, dynamin caused membrane fission producing small 

homogeneous vesicles (Pucadyil and Schmid, 2008). However, the addition of GTP to 

preassembled dynamin tubes caused the disassembly of the dynamin coat rather than fission 

(Pucadyil and Schmid, 2008). These authors suggested an alternative mechanism of function that 

depends not only on the ability of dynamin to bind and hydrolyze GTP but also on its ability to 

self-assemble (Pucadyil and Schmid, 2008). Therefore, in contrast to previous models where 

dynamin-catalyzed membrane fission was considered to be induced by a GTP-induced 

conformational change (i.e. constriction, helical expansion, twisting), new data supported a 

model whereby the self-assembly of dynamin scaffolds on membranes induced a high degree of 

curvature which can force bilayers to come within critical proximity of each other thus leading to 

spontaneous fission (Bashkirov et al., 2008). This model, in fact, goes in line with the 

mechanism of Sar1-mediated vesicle scission that we proposed in the previous chapter. 

 

For Sar1, structural data for ordered scaffolds is still lacking and the mechanism by which Sar1 

drives membrane constriction and fission remains uncertain. Rigid Sar1 tubules (40-50 nm in 

diameter) were first reported by Long et al. to exhibit a striated pattern by negative stain EM 

(Bacia et al., 2011; Long et al., 2010). This pattern which appeared as bands passing in and out 

of phase was attributed to ordered, possibly helical, arrangement of Sar1 molecules. Long et al. 

determined a correlation between organized Sar1 scaffold assembly and the formation of rigid 

tubes (Long et al., 2010). They showed that a unique, unstructured loop (the Ω loop) located at 

the C terminal region of Sar1 regulates Sar1 assembly and membrane constriction by possibly 

providing a contact site between adjacent Sar1 molecules or between Sar1 and membrane 

phospholipids to define Sar1 placement. A mutation in the Ω loop (Sar1QTTG) was found to 
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prevent the formation of rigid tubes. Therefore, alterations in membrane placement of Sar1 

regulated by unstructured loops may be used to control membrane constriction.  

Similarly, our results showed that Sar1 is capable of deforming liposomes into a variety of 

tubular structures including straight and rigid tubes of a wide diameter range (40-200 nm). The 

structure of Sar1 scaffolds on rigid tubules was unresolved, and how Sar1 organization on 

membranes correlates to their membrane deformation activities remains unclear. In order to 

determine the mechanism of Sar1-mediated membrane deformation we set out to characterize the 

structure of Sar1-GTP scaffolds organized on tubulated membranes. We propose that, similar to 

other membrane shaping and fission proteins, scaffold assembly by Sar1 provides a unifying 

mechanism to control membrane constriction.  

 

3.3 Results 

3.3.1 Sar1 Forms Tubes of Different Diameters 

Previously, we reported that Sar1 is capable of tubulating GUVs to form structures of different 

morphologies. The concentration of membrane-bound Sar1 was shown to play a role in dictating 

the morphology of the formed tubes. We verified these observations using cryogenic EM 

(cryoEM) which preserves samples in a near-native, hydrated state. Similar to the negative stain 

images, cryo-electron micrographs showed a mixture of morphologically heterogeneous tubes 

that can be classified into three categories: (1) flexible tubules, (2) rigid tubules, and (3) pseudo-

vesiculated tubules (vesicles attached by narrow necks) (Figure 3.1A). Rigid Sar1 tubules 

preserved in vitreous ice displayed a straight morphology and a diameter range between ~45 nm 

and up to 200 nm with a median diameter of 100 nm (Figure 3.1B). We hypothesize that, similar 

to other membrane shaping proteins, the organization of Sar1 on membrane tubules controls 

membrane constriction. This mechanism of action of Sar1 is independent on COPII assembly 

and dependent on Sar1 concentration. A detailed structure of Sar1 bound to membranes is 

required to provide a better understanding of the biological activities of Sar1 in a near-native 

environment. 
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Figure 3.1 CryoEM of heterogeneous Sar1 tubes. (A) CryoEM of tubular structures generated 
by Sar1H79G incubations with GUV and GTP. The scale bar represents 100 nm. (B) Diameter 
distribution of Sar1H79G tubes determined from the cryoEM data 

 

3.3.2 Sar1 Organization on Constricted Tubes 

To gain insights into the molecular mechanism of Sar1-mediated membrane remodeling, we set 

out to explore the structure of Sar1 molecules on lipid membranes. A previous study reported 

that Sar1 organizes on lipid membranes and forms ordered scaffolds which appear as regular 

bands that pass in and out of phase (Long et al., 2010). In our study, incubations of Sar1H79G-

GTP and GUVs has yielded similar results (Figure 3.2A). These observations suggest a helical 

arrangement of Sar1 molecules on tubulated membranes. In addition, we detected some tubes 

with a continuous pattern of longitudinal striations that were parallel to the long axis of the tube. 

Those striations appeared exclusively on low curvature surfaces, including rigid tubes of large 

diameter (Figure 3.2B). This suggested that Sar1 organization is dependent on the degree of 

membrane curvature. 

Similar patterns of striations were observed on lipid tubules preserved in vitreous ice as were 

observed in negative stain (Figure 3.2C, upper panel). The degree of ordering was assessed by 

Fourier transforming images of individual tubules and looking for layer lines and spots in the 

Fourier transforms. Ordered diffraction patterns were observed on tubules with diameters from 
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approximately 100 nm to 200 nm (Figure 3.2C, lower panel). In contrast, tubules that were 

approximately 60 nm in diameter or less did not exhibit an obvious diffraction pattern. 

Heterogeneity in the less than 60 nm tubules was confirmed by manually selecting segments of 

the smaller tubules and subjecting them to reference-free alignment and classification. This 

resulted in six different class averages which showed heterogeneity in tubes diameters and 

unevenly separated peripheral densities corresponding to Sar1 (Figure 3.2D). Nonetheless, 

longitudinal stripes were observed in the class averages indicating that Sar1 was only locally 

ordered. These data suggest that tubules of smaller diameter and thus higher curvature only 

support local and inconsistent ordering of Sar1 molecules. 

 

Figure 3.2 Sar1 forms ordered array on lipid tubules. (A) Sar1H79G-coated tubes of 
diameter < 60 nm show spaced striations indicative of inconsistent Sar1 ordering. Arrows point 
to repeated banding detected on tubule surfaces. The scale bar represents 50 nm. (B) Tubes of 
diameter > 60 nm show continuous striations that are ~ 2.45 nm apart as shown after zooming in 
on the yellow tracing. The scale bar represents 50 nm. (C) CryoEM of Sar1H79G-coated tubes 
(upper panel) and their corresponding calculated Fourier transforms (lower panel). (D) Analysis 
of flexible GUV-derived Sar1 tubes. (From left to right) Segmentation of thin tubes (diameter < 
60 nm); five reference-free class averages generated by XMIPP. Scale bar= 25 nm. 
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3.3.3 Sar1 Organization on GalCer Tubes 

We next attempted to determine the structure of the Sar1 scaffold bound to membranes. The 

heterogeneity of Sar1-coated tubules, subtle changes in diameter along individual tubules, and 

the loss of ordered array consistency over long distances presented challenges for image analysis 

and cryoEM 3D reconstructions.In order to overcome this challenge, we substituted spherical 

liposomes with galactosylceramide (GalCer) nanotubes with uniform diameters (25 nm) 

(Wilson-Kubalek et al., 1998). Indeed, addition of Sar1 to GalCer tubes generated a more 

homogeneous tubes population compare to GUV-derived tubes that showed variable diameters 

and morphologies in negative stain EM (Figure 3.3A). Binding of Sar1 (wild type and H79G 

mutant) to GalCer tubes was assessed using pelleting assays (Figure 3.3B, C). Upon addition of 

Sar1, the majority of GalCer tubules (~70%) appeared to be Sar1-coated (Figure 3.3D). In 

cryoEM, different degrees of Sar1 coating were evident where some GalCer tubes appeared to be 

heavily coated compared to others where Sar1 was sparsely bound or not bound at all (naked 

tubes) (Figure 3.3E). For structural analysis, we manually picked overlapping segments of whole 

tubules from cryoEM images. Comparison of reference-free class averages of naked and coated 

tubules showed a peripheral density which correspond to the Sar1 coat (Figure 3.3F). The size of 

the lobes correlate to the size of the Sar1 crystal structure as was verified by manual docking of a 

Sar1 crystal structure using Chimera (PDB: 2FMX) (Goddard et al., 2007; Rao et al., 2006) 

(Figure 3.3G). 

A small population of tubules (~10%) displayed additional morphologies including partitioned, 

multilayed, and doubled tubules (Fig. 3.3E). The partitioned tubules, to our knowledge, had 

never been observed before, so we set out to determine what the partitions were. The partitioned 

tubules were only evident in incubations containing Sar1 indicating that the partitions are Sar1 

dependent. Cryo-electron tomography demonstrated that the partitions constitute discs that span 

the whole interior of the GalCer tubules and are generally oriented perpendicular to the long axis 

of the tube (Figure 3.3H). Reference-free class averages of the untilted data show that the 

partitions have a structure consistent with a bilayer (Figure 3.3F). Together these data suggest 

that the partitions are a modification of the inner bilayer leaflet which occurs to accommodate 

the expansion in the outer bilayer leaflet induced by Sar1 N-terminal α-helix insertion.  
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Figure 3.3 Sar1 arrangement on GalCer nanotubes. (A) Negative stain EM of coated tubes 
shows consistent tube morphology and diameter. Scale bar represents 100nm. Pelleting by 
centrifugation was used to assess the binding to GalCer tubes of (B) wild type Sar1 and (C) 
Sar1H79G (in presence of GDP and GTP). (D) Histogram distribution of GalCer tubes of 
different morphologies that appeared in the cryoEM data. (E) CryoEM of Sar1-coated GalCer 
tubes showing different morphologies: naked, coated (left; lightly coated. Right; heavily coated), 
partitioned and multilayered. The scale bar represents 30 nm. (F) Reference-free class averages 
also represent the sample morphological heterogeneity. (G) Fitting of Sar1 monomer crystal 
structure (PDB ID: 1F6B) into the density corresponding to the Sar1-coated class average. (H) 
CryoET of the partitioned Sar1-GalCer tubes. Sections through the 3D tomogram showed 
partitions that appear as discs spanning the whole interior of the tubes. The scale bar represents 
50 nm. 
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3.3.4 Three-Dimensional Reconstruction of GalCer Tubes 

The addition of GalCer restricted the heterogeneity inherent in the GUV-derived Sar1 tubules by 

making the tubules straight with homogeneous diameter, and thus more accessible for 3D 

structure determination. We reasoned that the heavily coated GalCer tubules would have the 

largest regions of ordered Sar1. Therefore, we generated a stack of segments cut from manually 

picked, heavily coated Sar1-GalCer tubules. In order to assess the degree of ordering of the 

GalCer tubules, reference-free alignment and classification was performed on segments of the 

GalCer tubules (Scheres et al., 2005a, 2005b). This resulted in five class averages that were 

composed of ~2,000 segments each (Figure 3.4A). The Sar1 density on the outer layer of the 

tubules appeared ordered and well defined in local regions in the class averages, but it was clear 

that the order did not extend over the entire segments. Furthermore, computed diffraction 

patterns of the class averages did not show layer lines or spots that would indicate ordered or 

helical Sar1 binding. Therefore, these data are in agreement with our previous observation that 

the extended Sar1 lattices do not form on highly curved membranes. Instead, it forms locally 

ordered patches of Sar1 arrays similar to those formed on tubulated GUVs. 

Given that the GalCer tubules did not have helical symmetry, we performed an asymmetric 

reconstruction of the tubules. The naked tubules were also reconstructed as a negative control 

(Figure 3.4B). Compared to the naked GalCer tubule reconstruction, the 3D reconstruction of 

Sar1-coated tubules displayed an additional layer which corresponds to a Sar1 coat (Figure 

3.4C). This layer was clearly connected to the layer beneath it. This additional layer displayed 

peripheral stripes that appear to be regularly spaced on some areas of the tube and disordered on 

other areas as shown in a difference map (Figure 3.4D). In general, those densities created a 

circumferential and longitudinal striped appearance that was similar to that observed on GUV-

derived Sar1 tubules. The size of those densities matches the size of Sar1 molecules as showed 

by docking of the crystal structure of Sar1 (Figure 3.4E). 
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Figure 3.4 Reconstruction of Sar1-coated GalCer tubes. (A) Reference-free classification of 
heavily coated tubes. The scale bar represents 25 nm. (B) 3D reconstruction of naked GalCer 
tubes (side and top views are shown). (C) 3D reconstruction Sar1-coated GalCer tubes (side and 
top views are shown). Arrows point to area of ordered striations. Boxed area of lighter color 
shows local disordered Sar1 binding. (D) Front section of the difference map between naked and 
Sar1-coated GalCer tubes showing horizontal Sar1 striations. (E) Fitting Sar1 monomer crystal 
structure (PDB ID: 1F6B) into the 3D EM density of coated GalCer tubes. 
 

3.3.5 Cryogenic Electron Tomography of GalCer Tubes 

In order to cross validate the tubule reconstruction, cryoET was performed on the GalCer tubes. 

Alignment of subvolumes picked from the circumference of 33 Sar1-coated GalCer tubes was 

performed, with the average of the aligned subvolumes shown in Figure 3.5A. The subvolume 
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average clearly shows circumferential striations (Figure 3.5A, bottom) similar to those observed 

in the tubule reconstruction from untilted data. Multivariate data analysis of the aligned 

subvolumes was performed, and the four most prominent eigenvolumes are shown in Figure 

3.5B, aligned to the rotationally symmetrized average of a reconstituted tube (transparent). The 

first eigenvolume (gray) shows substantial, patternless variations in the outer Sar1 layer, 

consistent with the observation of low long-range order in the Sar1-coated GalCer tubes seen in 

the untilted data. The second and third eigenvolumes (yellow and teal) show slight variation in 

the diameter of the inner layer. The fourth eigenvolume (purple, inset) shows moderate variation 

in the density of the inner layer. Figure 3.5C shows a portion of a reconstituted tube 

superimposed onto the corresponding tomographic volume. The reconstituted tube corroborates 

our untilted reconstruction, and shows that Sar1 is only locally ordered on the GalCer tubes. 

 

Figure 3.5 Subvolume averaging of Sar1-coated GalCer tubes. (A) Subvolume average of 
10,660 subvolume segments picked on the circumference of 33 Sar1-coated GalCer tubes. (B) 
First four eigenvolumes of (A). (C) A tube reconstituted from subvolume averages and 
superimposed onto its original micrograph. 
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3.4 Discussion 

3.4.1 Curvature-Dependent Organization of Sar1 

Our cryoEM analysis revealed that the consistency of the ordered binding of Sar1 diminished 

over long distances on highly curved tubules. However, cryo-preserved Sar1-coated tubules 

showed subtle changes in diameter along the length of individual tubules. Therefore, in order to 

verify our observations, lipid mixtures containing a percentage of glycolipid galactosylceramide 

(GalCer) were used as substrates for Sar1 binding in place of GUVs to overcome the 

heterogeneity in tubes diameter. GalCer is known to form bilayer tubules with highly uniform 

diameters (25 nm). Previous studies have used GalCer tubules as substrates to promote the 

formation of helical protein assemblies and yielded reconstructions that approach atomic 

resolution (Wilson-Kubalek et al., 2010). A 3D reconstruction of highly curved Sar1-coated 

GalCer tubes preserved in cryogenic ice was generated. Similarly to the GUV-derived tubes, 

Sar1 formed locally ordered arrays that were inconsistent over the length of GalCer tubes.  

The correlation between Sar1 lattice formation and the degree of tubule constriction implicates 

Sar1 organization in regulating membrane constriction prior to scission events. High curvature 

substrates, such as tubules of diameter between 25nm and 60nm and GalCer tubules, supported 

the formation of partial Sar1 arrays that were only locally ordered. These data suggest a function 

for Sar1 scaffolds in (1) initiating deformation of low curvature membranes during the early 

stages of bud formation, and (2) mediating vesicle scission at the highly constricted bud necks. 

3.4.2 Sar1 Scaffold Assembly  

A unique C-terminal Ω loop of Sar1 was found to be involved in dictating Sar1 organization on 

the membranes to form rigid tubes (Long et al., 2010). The Ω loop (residues 156–171 in hamster 

Sar1a) is a dynamic feature of Sar1 located at the edge of the core  sheet (Huang et al., 2001). 

Interestingly, this loop doesn’t form any contacts with the remaining COPII components in the 

assembled coat. However, a mutation in the conserved residue (T158A) in this loop inhibits 

vesicle formation from ER microsomes in vitro (Huang et al., 2001). More recently, Long et al. 

detected a mutation in the Ω loop (replacement of a conserved sequence 156-QTTG-159 with 

alanine residues) that compromises Sar1 ability to form rigid tubes (Long et al., 2010). This 
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mutation was also found to inhibit the transport of procollagen but not that of smaller cargo that 

fits in a conventional COPII-coated vesicle. This suggested that a specific alignment of Sar1 

molecules on membrane bilayers is required for packaging different cargo of different sizes. 

4.3.3 Role of Sar1 Scaffolds in Protein Transport 

How Sar1 scaffold assembly is involved in protein transport was unclear. Previous studies have 

identified two mutations in the Sec23a (F382L and M702V) component of the COPII coat which 

lead to cranio-lenticulo-sutural dysplasia (CLSD) (Boyadjiev et al., 2006, 2011). Both mutations 

were found to cause inefficient COPII coat assembly and vesicle formation, leading to extensive 

enlargement of the ER cisternae due to various cargo retention (Boyadjiev et al., 2006; Fromme 

et al., 2007). A more recent study showed that M702V Sec23a mutation caused premature 

dissociation of COPII from the membrane and selective ER export block of procollagen (Kim et 

al., 2012). Thus, this suggests that the mechanism for packaging cargo that is larger than to fit 

into a COPII vesicle of a conventional size (50-100 nm in diameter) such as procollagen fibrils 

(300 nm) requires a longer stay of COPII proteins on the membrane. Specifically, M702V 

Sec23a mutation was found to enhance Sar1b GTPase activity, accelerating its conversion from 

Sar1-GTP to Sar1-GDP and thus causing a faster release of the COPII proteins from the 

membrane. The reduced effective concentration of the COPII proteins on the membranes 

contributes to exclusion of procollagen from transport carriers (Kim et al., 2012). Consistent with 

this, Sar1b was also found to be essential for the transport of another large cargo molecule, 

chylomicron (average diameter approximately β50 nm), which doesn’t fit in the conventional 

COPII vesicle. A mutation of Sar1b was found to cause a rare disease called chylomicron 

retention disease (CMRD), which is characterized by the failure of enterocytes to secrete large 

lipoprotein particles. Therefore, the formation of ordered Sar1 scaffolds may be required to 

stabilize Sar1 molecules on membrane bilayers which is a prerequisite for packaging larger 

cargo. 

. 
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CHAPTER FOUR 

ROLE OF SAR1 DIMERIZATION 

* Modified and reprinted from Journal of Molecular Biology (JMB), Hariri H, Bhattacharya N, Johnson K, Noble 
AJ, Stagg SM, Insights into the Mechanisms of Membrane Curvature and Vesicle Scission by the Small GTPase 
Sar1 in the Early Secretory Pathway. Volume 426, Issue 22, 11 November 2014, Pages 3811–3826., Copyright 
(2014), with permission from Elsevier. 

4.1 Summary 

Sar1-GTP induces positive membrane curvature. On highly curved membranes, Sar1 forms 

ordered arrays that are inconsistent aver long distances and appear as interrupted patterns that 

pass in and out of phase. In solution, Sar1 has a high tendency to form higher molecular weight 

complexes of dimers and oligomers. Here, we show that the small GTPase Sar1 can also 

dimerize on lipid membranes only when the curvature is low, and forms an ordered lattice. Our 

findings suggest a possible link between Sar1 dimerization and curvature formation. Based on 

our results, we propose that membrane-directed dimerization of Sar1 is a critical step in inducing 

efficient membrane curvature during the formation of coated vesicles. The resolution of the Sar1 

lattice observed by cryoEM was not high enough to detect the dimerization interface. Therefore, 

current attempts are focused on identifying the Sar1 dimerization interface and isolating Sar1 

mutants that cannot dimerize. We hypothesize that dimerization deficient Sar1 mutant(s) will be 

incapable of inducing vesicle scission. 

 

4.2 Introduction 

Protein dimerization has been regarded as a means to promote curvature by a variety of 

membrane-shaping proteins (Gallop et al., 2006). Endophilin is an example of an N-BAR 

domain-containing protein that binds to dynamin and is implicated in clathrin-mediated 

endocytosis of synaptic vesicles. Similar to Sar1, endophilin binds to membranes using the helix 

insertion mechanism. Endophilin dimerization on the membrane occurs to further stabilize the 

protein on the membrane before binding to dynamin. A more recent study provided evidence that 

the dimerization of Arf1, the small GTPase of the COPI transport system, plays a key role in 
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mediating scission in the COPI system (Beck et al., 2011). Like Sar1, the small GTPase Arf1 of 

the COPI transport system was found to promote vesicle formation and release (Beck et al., 

2008, 2011; Lee et al., 2005). A mutation that hinders the dimerization potential of Arf1 was 

found to also inhibit its ability to perform vesicle scission (Beck et al., 2011). 

 

For Sar1, crystallographic results have suggested that the dimeric state is the functionally 

relevant state for membrane deformation activities (Rao et al., 2006) In the absence of a 

membrane component, Sar1 has a tendency to form dimers. Various crystal structures of Sar1 are 

those of a dimer. Existing crystal structures for Sar1 bound to GDP (PDB: 1F6B) and for Sar1 

bound to GMPPNP (a non-hydrolyzable GTP analog) in complex with Sec23/24 (PDB: 1M2V) 

have been useful to demonstrate the mechanism of GTP hydrolysis catalyzed by Sar1 (Bi et al., 

2002; Huang et al., 2001).  

 

However, no structural data is present for Sar1 bound to membranes. Membrane-bound Sar1, 

however, was shown to form higher molecular weight complexes (Bielli et al., 2005; Long et al., 

2010).In agreement with this, a recent study proposed a model whereby Sar1 dimerization 

modulates membrane stiffness by an amount proportional to the degree of membrane coverage 

by the Sar1 dimer (Loftus et al., 2012). Therefore, similar to other membrane shaping proteins, 

dimerization of Sar1 may provide the mechanism underlying membrane deformation and 

scission during the formation COPII vesicles.  

 

In order to test this notion, the structure of membrane-bound Sar1 needs to be determined. Our 

results showed that the formation of a consistent Sar1 lattice over the length of the tube is 

dependent on the tube diameter or the degree of membrane surface curvature. Highly constricted 

tubes did not support the formation of a continuous lattice and membrane surfaces that have 

lower curvature provided a better substrate for the proper alignment of Sar1 molecular leading to 

the formation a continuous lattice. Therefore, we hypothesize that investigating the structure of 

Sar1 assemblies on low curvature surfaces such as 2D sheets or rigid tubules of large diameter 

might prove more useful to determine the smallest structural unit of the Sar1 lattice. 
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4.3 Results 

4.3.1 Self-Assembly of Sar1 in the Absence of Membranes 

In the absence of membranes, Sar1 has a tendency to self-assemble into species of different sizes 

that elute as three separate peaks by size exclusion chromatography (Figure 4.1A). The first two 

peaks contain heterogeneous Sar1 oligomers of increasing molecular weight as shown by native 

gel electrophoresis (Figure 4.1B). The third peak, which we routinely use in our tubulation 

assays was thought to contain the monomeric fraction of Sar1. Using velocity analytical 

ultracentrifugation (AUC), we verified that the third SEC peak believed to be a Sar1 monomer, is 

actually a mixture of species of different molecular weights (Figure 4.1C). Preliminary 2D 

spectrum analysis of the AUC data suggested that P3 fraction of Sar1 possibly contains a mixture 

of monomeric (~25 KDa) and dimeric (~50 KDa) Sar1 species, with sedimentation coefficients 

between 2 S and 4 S. 

Sar1 in the third peak typically co-purifies with another protein, which was detected by mass 

spectrometry to be an E. coli elongation factor (EF-Tu). Interestingly, performing an additional 

chromatographic separation to separate Sar1 from this protein reduces the monomeric form of 

Sar1 and enhances the amount of the higher molecular weight (HMW) species of Sar1 in size 

exclusion chromatography (Figure 4.1D, E). This might be an indication for the preference of 

Sar1 to assemble into non-monomeric complexes in solution.  

Dimerization of Sar1 in solution is dependent on the protein concentration as well as on buffer 

conditions. Increasing the concentration of Sar1 protein solution reduces the monomeric Sar1 

fraction detected by size exclusion chromatography. Also, the rate of Sar1 oligomerization 

increases with increasing salt concentrations. Higher-salt buffers also reduced the ability of Sar1 

to bind GUVs. The effect of salt concentration on Sar1 binding to membranes was tested using 

flotation assays. We found that the highest amount of Sar1b was bound to GUVs when incubated 

in minimal salt buffer (25 mM Hepes-KOH, pH 7.2, and 1 mM Mg(OAc)2)). Higher salt 

concentrations reduced the amount of floated membrane-bound Sar1 (Figure 4.1F). Using 

negative stain EM, we verified the oligomerization of Sar1 in the size exclusion fractions (Figure 

4.1G). Using cryoEM, Sar1 was found to form long and thin filaments (Figure 4.1H). Finally, 

Western blotting after chemical cross-linking revealed a Sar1 dimer band (and HMW bands) 
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upon incubation of Sar1-GTP with different cross-linking reagents (Figure 4.1I). This is similar 

to what was observed by Beck et al. for Arf1 GTPase that functions in COPI vesicle formation 

(Beck et al., 2008).  

 

Figure 4.1 Sar1 self-assembly into higher molecular weight species. (A) Size exclusion 
chromatography (SEC) of Sar1 protein solution showing the peaks corresponding to different 
Sar1 species. (A; inset) All these peaks contain Sar1 as shown by SDS-PAGE. (B) SEC fractions 
corresponding to the three peaks analyzed by native gel electrophoresis. (*) Increased molecular 
weight bands. Black arrow points to the bands corresponding to Sar1. (C) AUC of the third peak 
(P3). (D) Fractions eluted off the Ni2+ column and anion exchange column. Red arrows point to 
EF-Tu (~50 KDa) and black arrows point to Sar1 (~25 KDa). The gels show that the two 
proteins can be separated by anion exchange. (E) SEC after anion exchange shows an increase in 
the proportion of the middle peak (P2) compared to P3 which contains Sar1 monomeric protein. 
(F) Top (floated) bands show that binding of Sar1 to GUVs is enhanced at lower salt 
concentrations. (G) Negative stain EM of Sar1 SEC fractions. (H) CryoEM shows Sar1 
filaments. (I) After chemical crosslinking, Western blot showed dimeric bands of Sar1 (~50 
KDa). Three different cross-linkers were used: (1) BS3; (2) EMCS; (3) BMH; (4) non-
crosslinked. 
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4.3.2 Structure of Sar1 Lattice on Low Curvature Membranes 

Given the inconsistent helical arrangement indicated by the Fourier transforms of the Sar1 

tubules generated from GUVs, we reasoned that the tubules had areas of local order but the order 

broke down over long distances. Moreover, our previous data demonstrate clearly that the highly 

curved membranes of GalCer tubules restrict the ability of Sar1 to form long-range ordered 

arrays. To account for this, the centers of the tubules were boxed out, aligned and classified 

based on the assumption that the central region could be used to determine the structure of the 

Sar1 lattice (Figure 4.2A). From cryoEM images, we extracted overlapping segments from the 

centers of the ~100 nm Sar1-coated tubules to create a stack of segments. This stack was then 

subjected to reference-free alignment and classification (Scheres et al., 2005a, 2005b). Two of 

the resulting reference-free class averages and their computed Fourier transforms appeared to be 

mirror images of one another suggesting that we have classified the near and the far side of the 

tubules separately (Figure 4.2B). This further supports our hypothesis that Sar1 is only locally 

ordered; if the Sar1 was helically ordered over the length of a given tube, the front side would be 

superimposed on the backside and we would not have been able to classify them separately.  

On the basis of our cryoEM data analysis, a 2D lattice could be established in the P222 space 

group with a Sar1 dimer in the asymmetric repeating unit (Figure 4.2C). The crystal structure of 

the Sar1 dimer bound to GDP (PDB: 1F6B) can be fit into the EM density in two possible 

scenarios (Figure 4.2D). The size of the densities observed in the reference-free class averages 

correlate well with the size of Sar1 molecules in the crystal structure.  

Taken together, these data demonstrate that Sar1 forms ordered lattices on tubules of diameters 

larger than 60 nm and reveals that the asymmetric unit of the lattice consists of a Sar1 dimer. On 

rigid tubules of diameter smaller than 60 nm, Sar1 forms ordered arrays that exhibit long-range 

disorder. These data suggest that membrane-directed Sar1 dimerization may be a prerequisite for 

the formation of ordered arrays.  
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Figure 4.2 Sar1 forms a lattice of dimers on low curvature membranes. (A) The middle 
regions of thick/rigid tubes of similar diameters (~ 100 nm) were segmented to create a stack that 
was used for further averaging and classification. (B) Reference-free class averages (upper 
panel). The scale bar represents 5 nm. Lower panel shows the computed Fourier transforms. (C) 
P222 space group represented on the 2D Sar1 lattice with the asymmetric repeating unit shown 
(white tracing). Yellow and blue tracings represent the regions that fit the Sar1 dimer. (D) Fitting 
of Sar1 dimer (PDB ID: 1F6B) into the electron density. Sar1 dimer can be fit in two possible 
scenarios (right and left). 
 

4.3.3 Structural Analysis of Sar1 Arrays on Lipid Sheets 

Sar1 ordered arrays on 2D lipid sheets were evident in some electron micrographs (Figure 4.3A). 

The computed Fourier transform of one of the two reference-free class averages closely 

resembles that of the lattice formed by Sar1 on a 2D lipid sheet (Figure 4.3B). This further 

supports the assertion that the two reference-free class averages obtained correspond to the two 

sides (near and far) of Sar1-coated tubules. With the help of Dr. Matthew Johnson (at Dr. Beth 

Stroupe Laboratory) we analyzed the arrangement of Sar1 molecules on 2D lipid sheets using the 

software system 2dx (Gipson et al., 2007a, 2007b). Five different Sar1-coated 2D sheets were 

selected for initial analysis (Figure 4.3C). Projection maps were calculated for each of the 2D 

sheets and then merged for higher resolution data. The lattice in the projection map appears to 
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consist of closely packed dimers which supports or previous observations in the cryoEM data 

(Figure 4.3 D, E).  

The available cryoEM data for Sar1 lattice assembled on 2D sheets was limited. The 2D Sar1 

sheets were not prepared in an optimal way for the reconstruction methods applied by 2DX. 

Some of the factors that limited the resolution of our density maps include:  

(1) Sar1 sheets appear to be formed from either GUVs or tubes that have ruptured during sample 

preparation. For that reason, the majority of the detected sheets are multilayers. This can also be 

deduced from the FT calculated electron diffraction pattern of some of the sheets in which a clear 

paired pattern is generated (Figure 4.3F). 

(2) Embedding in vitreous ice without supporting carbon film produced “wavy” sheets, which 

caused the information to be preserved in one direction but not the other which is also evident in 

the FT calculated electron diffraction pattern of some of the 2D sheets. Overcoming this 

limitation can be accomplished by freezing the 2D sheets on directly on carbon in order to ensure 

flatness of the specimen. 

(3) A third limitation to the resolution attained from the 2D sheets is summarized by the 

parameters used for the EM data collection, one of which is the defocus range. While the defocus 

used is suitable for the single-particle analysis performed on this data, the norm for 2DX is to use 

a defocus that is within a range 400-800 nm since this will help enhance high resolution contrast.  

Based on this assessment, current efforts are focused on developing a workflow, from sample 

preparation optimization to data collection that will yield better quality EM images of 2D Sar1-

coated membranes suitable for this type of analysis. Our preliminary analysis strongly suggests 

that high resolution details pertaining to the interactions required for Sar1 lattice formation can 

be deduced from 2D Sar1-coated sheets using methods adapted to 2D crystals. 
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Figure 4.3 Sar1 arrangement on 2D lipid sheets. (A) CryoEM of 2D lipid sheets coated with 
Sar1. The scale bar represents 100 nm. (B) Fourier transform of the 2D sheet area traced in white 
is shown (left) and the Fourier transform of the 2D class average from Figure 4.2B (right). Circle 
traces on the FTs show that the signal (intensity of the spots) is preserved in one direction better 
than the other. (C) The parameters used in the 2dx processing of 5 EM images of 2D sheets. (D) 
Projection map from one 2D sheet. (E) Projection map from five merged 2D sheets. (F) (Left) a 
2D sheet that appears folded. (Right) Fourier transform shows doubled spots. 
 

4.3.4 Chemical Crosslinking of Sar1 Dimers 

So far our results have shown that Sar1 is required for vesicle scission. The mechanism by which 

Sar1 achieves vesicle separation from a donor membrane depends on the effective concentration 
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of Sar1 at the membrane. It is known that Sar1 has a tendency to form higher molecular weight 

species in solution (Figure 4.1) (Long et al., 2010). Additionally, structural characterization of 

membrane-bound Sar1 using cryoEM showed Sar1 forms a lattice of what appears to be the 

dimeric form of the protein (Figure 4.2). Studies have shown that the dimerization of Arf1 

GTPase, which is the functional equivalent of Sar1 that plays a role in COPI vesicle formation, is 

crucial for COPI vesicle scission (Beck et al., 2008, 2011). Therefore, it is significant to assess 

the role and the functional relevance of Sar1 dimerization in vesicle scission.  

We used a similar approach to that used by Beck et al. (2008) in order to determine the residues 

that forms the dimer contacts at the interface between two Sar1 molecules. We performed 

chemical crosslinking using different reagents that crosslink different groups: (1) BS3 which 

reactive towards amino groups (primary amines), (2) EMCS which is active with thiol and amino 

groups, and (3) BMH which is homobifunctional thiol reagent. Western blotting using Sar1 

antibodies revealed dimeric Sar1 bands (50 KDa) (and oligomeric Sar1 bands; >75 KDa) after 

cross-linking with BS3 and EMCS cross-linkers, but not with BMH (Figure 4.1I).  

Sar1 dimer band which is cross-linked with BS3 was excised from the SDS-PAGE bands in 

Figure 4.4A, digested with trypsin, and analyzed by mass spectrometry (Figure 4.4A).The 

reaction of BS3 with the protein is shown in Figure 4.4B. Peptide sequences generated from 

cross-linked Sar1 dimer were compared to non-cross-linked Sar1. Without cross-linker, peptides 

covering (almost) all the sequence of Sar1 were detected (Figure 4.4C; Top). In contrast, a 

peptide region (amino acids 88-107) was missing in the isolated BS3-cross-linked Sar1 dimer 

(Figure 4.4C). The location of this sequence in the crystal structure of Sar1 is shown in Figure 

4.4E (dark blue; amphipathic helix shown in red). This amino acid sequence is thus probably 

involved in the dimerization interface. Analysis of EMCS-crosslinked band did not reveal any 

hidden peptides and generated a similar profile to non-crosslinked Sar1 (data not shown).  

Interestingly, highly conserved residues (tyrosine Y98, aspartic acid D104, and arginine R107) 

were detected within this sequence (Marchler-Bauer et al., 2013). These residues are conserved 

in a number of species and from yeast to human (Figure 4.4C). The location of these residues in 

the crystal structure of Sar1 are shown in Figure 4.4D (yellow; amphipathic helix shown in red).  
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As mentioned previously, BS3 cross-linker is reactive towards primary amines. Among these 

residues R107 has a primary amine which is located at a distance (~13.6 Å) close enough to be 

cross-linked by BS3 in the non-crystallographic dimer as shown in Figure 4.4E. Therefore, based 

on these results, we propose that Sar1 forms a dimer in the presence of membranes which is 

different than the crystallographic dimer (Figure 4.4E, red tracing). 

 

Figure 4.4 Mass spectrometry analysis of cross-linked Sar1 dimer. (A) Experimental 
workflow. (Left) SDS-PAGE and Coomassie staining of crosslinked Sar1 proteins. Dimeric 
bands of Sar1 (~50 KDa) were observed with the three different cross-linkers used: (1) BS3; (2) 
EMCS; (3) BMH. Boxed in red is the band that was excised and analyzed by mass spectrometry. 
(B) BS3 chemistry. (C) Missed peptide sequence due to cross-lonking. Sequence alignments from 
human (hs) Sar1b and Sar1a, hamster (cg) Sar1b, and yeast (sc) Sar1. This data was generated by 
NCBI, Conserved Domain analysis (Marchler-Bauer et al., 2013). Highly conserved residues are 
boxed (Y98, D104, R107). 
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Figure 4.4 (continued). Mass spectrometry analysis of cross-linked Sar1 dimer. (D) The 
crystal structure of Sar1 dimer (top and side views). The location of the amino acid sequence 
which was not detected by mass spectrometry after crosslinking is highlighted in blue and 
conserved residues in yellow. Lower panel shows the fitting of Sar1 crystal dimer to the EM 
lattice density map. (E) Upper panel shows proposed Sar1 dimer (red tracing). Lower panel is a 
side view of non-crystal Sar1 dimer on the membrane. Distance between two R107 residues is 
shown. Sar1 N terminal helix is shown in yellow. This helix inserts into the membrane.  

 

4.4 Discussion 

4.4.1 Sar1 Lattice of Dimers 

In the presence of membranes, several lines of evidence indicate that Sar1 forms high molecular 

weight species (Bielli et al., 2005; Long et al., 2010). Our results revealed that Sar1 forms an 

ordered lattice on low curvature membranes. The smallest repeating unit of the Sar1 lattice is a 

Sar1 dimer. These data provide an indication that Sar1 dimerization may be required to from an 
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ordered lattice on membrane surfaces. Therefore, similar to other membrane-shaping proteins, 

such as the COPI component, Arf1, dimerization of Sar1 may play a critical role in membrane 

bending during the formation of COPII coated vesicles (Beck et al., 2008, 2011).  

At the molecular level, COPI-coated vesicles are generated as a result of the assembly of two 

cytoplasmic components: Arf1-GTPase and a coatomer complex of seven COP proteins. Beck et 

al revealed that a point mutation that results in the loss of Arf1 propensity to dimerize (Arf1-

Y35A) blocks vesicle scission despite normal recruitment of COPI coatomer (Beck et al., 2011). 

They propose a model whereby dimerization and binding to the coatomer stabilizes Arf1 at the 

neck of a growing bud. Additionally, the fact that Arf1 GTPase activating protein (ArfGAP1) is 

excluded from the bud neck region further constrains Arf1 to areas of unfavorable curvature 

causing membrane separation and vesicle release (Beck et al., 2011; Bigay et al., 2003). This is 

in some ways comparable to our model where we propose that the ability of Sar1 to dimerize 

may stabilize its occurrence at the membrane and the propagation of the Sar1 lattice on regions 

of positive and shallow curvature in the proximity of the budding neck finalizes the bud 

separation. Therefore, in both scenarios, dimerization may act as stabilizing factor for Arf1 and 

Sar1 on the membranes leading to scission of the growing bud. 

4.4.2 Sar1 Helix Insertion Mechanism 

Membrane deformation by Sar1 has been thought to be initiated by the insertion of the N-

terminal helix into the outer bilayer leaflet leading to selective expansion of the outer leaflet 

relative to the inner one (Figure 4.5A). However, several studies indicate that helix insertion 

alone is not enough to generate efficient membrane curvature which leads to vesiculation. The 

behavior of the elastic membrane at the continuum level has been described in terms of the local 

bending energy per unit area:  

= � +  

Where R1 and R2 are local curvature radii and κ is the bending modulus (Helfrich, 1973; 

Reynwar et al., 2007). For typical phospholipid bilayers, κ ≈ β0 kBT, where kBT ≈ 4.1 × 10-
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21 J ≈ 0.6 kcal mol-1 is the thermal energy (Reynwar et al., 2007). Therefore, the cost for 

generating a spherical vesicle of radius R would be estimated to be about: 

= �  x π  = π� ≈ ��  

which is independent of the radius of the vesicle formed (Reynwar et al., 2007). This exceeds the 

binding strength of proteins to the bilayer by at least an order of magnitude (Reynwar et al., 

2007; Zimmerberg and McLaughlin, 2004). Therefore, based on this it was suggested that 

protein “clustering” at the level of the membrane is required to reduce the bending energy and to 

generate efficient curvature (Reynwar et al., 2007). 

Moreover, other studies have shown that the efficiency of membrane deformation generated by 

the helix insertion mechanism depends, not only on the amount of helices inserted per unit area, 

but also on the size of the helix, their depth of penetration, and behavior in the membrane bilayer 

(Blood et al., 2008; Campelo et al., 2008). Recent models have predicted that the inserted helices 

must occupy 10–25% of the membrane surface area in order to generate efficient curvature 

(Stachowiak et al., 2012). For Sar1, we estimate the N-terminal helix (~8Å wide x20Å 

long≈1.6nmβ) to take up to ~β5% of the volume of the protein body (β.47nm xβ.47nm=6.1nmβ) 

(Figure 4.5A). Therefore, only when Sar1 is well packed and covers 100% of the membrane 

surface, does the helix occupy ~25% of the membrane surface area (Figure 4.5B, C). 

Interestingly, a recent study that measured membrane rigidity predicted that human Sar1 

molecules interact with one another at the level of the membrane, and form stiff scaffolds of 

restricted mobility (Loftus et al., 2012). Our results experimentally substantiate this prediction. 

We observed that Sar1 is capable of assuming a high degree of packing on the membrane surface 

by the formation of an ordered Sar1 lattice. Therefore, based on these data we suggest that the 

helix insertion alone is insufficient to explain the role of Sar1 in the generation of curvature 

required for bud formation. Instead, Sar1-mediated curvature relies on the ability of Sar1 to 

oligomerize on the membrane and self-assemble into ordered lattices. 
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Figure 4.5 Helix insertion mechanism. (A) Side view (left) and top view (right) of Sar1 on the 
membrane (yellow spheres). Sar1 N-terminal helix boxed in gray. (B) Random Sar1 binding to 
the membrane. (C) Ordered arrangement of Sar1 on the membrane. 

 

4.5 Prospects 

In this chapter we present strong evidence for Sar1 dimerization on lipid membranes. Similar to 

GTPase Arf1 which functions in COPI vesicle formation, we believe that Sar1 dimerization 

plays a role in mediating COPII vesicle formation. The existing crystal structures are all of a 

Sar1 dimer and one study have proposed a functional and mechanistic relevance for this Sar1 

dimerization (Rao et al., 2006). For Arf1, biochemical characterization for the dimer showed that 

the dimerization interface that forms in the presence of the membrane is different than the crystal 

structure dimerization interface. Site-directed mutagenesis (SDM) of the residues that are needed 

for Arf1 dimerization hampers the ability of Arf1 to accomplish vesicle scission (Beck et al., 

2008, 2011). For Sar1, we propose that the dimer interface in the presence on membranes is 

different than that in the crystallographic dimer (Figure 4.6). Future focus in the Stagg lab will be 

directed towards further characterizing Sar1 dimer interface using SDM, and determining the 

role of Sar1 dimerization in membrane tubulation and vesicle scission.  
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Figure 4.6 Comparison of the crystallographic and the non-crystallographic Sar1 dimer. 

(A) Crystallographic Sar1 dimer (Rao et al., 2006). Top and side views: inset is a cartoon 
representation of Sar1 (blue) and the helix (red). (B) Non-crystallographic Sar1 dimer that is 
proposed by this study. 
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CHAPTER FIVE 

STRUCTURAL CHARACTERIZATION OF COPII-COATED VESICLES 

5.1 Summary 

The small GTPase Sar1 is considered as a molecular switch that regulates the timing of binding 

and release of COPII coat proteins. Based on the results presented in previous chapters, we have 

now a better understanding of the involvement and the role of Sar1 in vesicle scission. This 

information can be useful in order to generate a sample of COPII-coated vesicles for structural 

analysis. The rules for COPII coat assembly in vivo remain largely unknown. Another question is 

the how the COPII coat components interact with the packaged cargo. In this chapter we present 

a workflow for generating COPII-coated vesicles budded from ER microsomes, and we provide 

promising preliminary data towards the reconstruction of COPII-coated vesicles. 

 

5.2 Introduction 

COPII coated vesicles facilitate the transport of newly synthesized proteins out of the 

endoplasmic reticulum (ER). The fundamental basis for our knowledge about COPII-mediated 

transport mechanism is derived from a combination of genetic, biochemical and structural 

analysis of in vitro assemblies of recombinant COPII proteins.  

 

The COPII complex consists of three cytosolic components that assemble sequentially on the ER 

membrane: (1) the small GTPase protein Sar1, (2) Sec23-Sec24 homodimer complex, and (3) 

Sec13-Sec31 heterotetramer complex. The first step of COPII vesicle formation involves the 

insertion of the N-terminus amphipathic α-helix of Sar1 into the ER membrane to initiate 

membrane curvature. The binding of Sar1 is followed by sequential assembly of Sec23-Sec24 

inner COPII coat and Sec13-Sec31 outer COPII coat. This leads to the formation of coated 

vesicles which encapsulate the cargo molecules to be shipped.  
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Integrating biophysical data with 3D electron microscopy reconstructions provided molecular 

and near-atomic details essential to resolve the organizing principles for COPII assembly. The 

first cryoEM structure determined was of the cuboctahedral COPII cage formed by the self-

assembly of the Sec13/31 heterotetramer, making a rod-like edge element; four of which form a 

vertex (Stagg et al., 2006). The diameter of the COPII cage (600Å) is in agreement with the size 

of COPII vesicles observed in vitro (Bigay et al., 2003; Matsuoka et al., 1998) and in vivo 

(Aridor et al., 1998; Barlowe et al., 1994; Matsuoka et al., 2001). These studies demonstrated 

that Sec13/31 alone is sufficient to form the outer coat lattice, independent of other COPII 

proteins. Moreover, the unique structure of the Sec13/31 edge element allows for the formation 

of flexible cages capable of expanding to accommodate cargo of different sizes and shapes 

(Bhattacharya et al., 2012; Noble et al., 2013; Stagg et al., 2006), as is supported by recent 

genetic and biochemical analyses (Copic et al., 2012). More recently, cryoEM was combined 

with hydrogen/deuterium exchange mass spectrometry (HDX-MS) and flexible fitting of crystal 

structure of fragments of Sec13/31 edge (Fath et al., 2007) to create a pseudo-atomic model of 

the COPII cage, sufficient to identify specific Sec13/31 residues that mediate cage assembly and 

flexibility (Noble et al., 2013). Another COPII complex is the COPII coat, which is formed by 

the self-assembly of Sec13/31 in presence of Sec23/24. CryoEM analysis revealed that the 

COPII coat forms cages with icosidodecahedral geometry (IDD) and a diameter of 1000Å (Stagg 

et al., 2008). This study was complemented by a recent cryoEM structure of Sec13/31 COPII 

cage bound to Sec23, which identified the precise position of Sec23 and Sec24 inside the COPII 

coat (Bhattacharya et al., 2012). Another study utilizing cryogenic electron tomography (cryoET) 

showed that Sec13/31 is capable of assembling into intercalated COPII cages to form a tubule 

approximately 3300Å in length, with a hollow interior of 300Å (O’Donnell et al., 2011). This 

provided evidence for a possible mechanism employed by the cell to transport elongated cargo 

such as procollagen.   

 

The structure of COPII-coated vesicles assembled in the native state remains unresolved. Until 

recently, any structural data describing COPII-coated membrane assemblies was lacking. A 

recent study by Zanetti and colleagues presented the structure of the COPII coat assembles on 

synthetic membranes which revealed novel interactions among the components of the COPII 

machinery (Zanetti et al., 2013).  Nevertheless, important mechanistic questions are 
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stillunanswered, especially those pertaining to the positioning of the cargo molecules with 

respect to the COPII coat components, and how the interaction of the cargo and the coat could 

influence vesicle size and shape. Therefore, in the present study we seek to employ 3DEM to 

investigate novel basis for in vivo COPII coat formation and interaction with cargo molecules by 

exploring the 3D structure of COPII coated vesicles budded from ER-microsomes extracted from 

mammalian cells.  

 

5.3 Results and Discussion 

5.3.1 Optimizing Expression of Mammalian COPII Proteins 

A critical step for reconstituting COPII-coated vesicles in vitro is to generate pure and functional 

COPII proteins that can bind to isolated microsomes and bud smaller vesicles with high 

efficiency. While the Sar1 isoforms used in this study are successfully expressed and purified 

from E.coli, the individual mammalian COPII protein subunits (Sec13/31 and Sec23/24) are too 

large for expression in bacterial systems. For that reason, Sec13/31, Sec23, and Sec24 proteins 

were expressed in insect cells using the Bac-to-Bac® Baculovirus expression system created by 

Invitrogen to produce recombinant baculovirus expressing the gene of interest in insect cells 

lines. Sf9 insect cells are used as a host for growing the recombinant baculovirus, while Hi5 

insect cells are better adapted for protein expression.  

In brief, the recombinant baculovirus are generated and used to infect insect cells to produce 

what we call BIICs (Baculovirus Infected Insect Cells). BIICs are then used to infect Hi5 cells 

for expression of the desired protein. The most important factor that governs the efficiency of 

infection and thus the yield of expressed protein is the eMOI (estimated Multiplicity of 

Infection). This value basically represents the ratio of BIICs to un-infected Hi5 cells that needs to 

be used in order to get optimal expression. The Bac-to-Bac expression systems were optimized 

for different COPII proteins, and our strategies resulted in high yields of pure and functional 

protein that can be used in COPII budding reactions. Purification protocols for yeast and human 

COPII proteins vary and regularly undergo modifications from the originally published protocols 

(Daum et al., 2014; Gurkan and Balch, 2005; LaPointe and Balch, 2005). For reproducibility and 
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convenience, up-to-date and comprehensive expression protocols were compiled and included in 

the Material and Methods chapter, including detailed purification protocols.  

It has been shown that Sec31 is particularly prone to proteolysis generating three bands that 

commonly appear on denaturing SDS electrophoresis acrylamide gels (Figure 5.1A). This has 

been reported to affect both yeast and mammalian Sec31 from recombinant as well as native 

sources (Gurkan and Balch, 2005). We found that increasing the concentration of E64, an 

irreversible and highly selective cysteine protease inhibitor, at all stages of purification have 

proven useful in effectively the degradation of Sec13/31 (Figure 5.1A). 

Figure 5.1 Expression of COPII proteins. (A) Enhanced yield of expression of Sec13/31 as 
shown after cobalt purification from ~ 6x108 cells (top) and ~ 1.5x108 cells (bottom). (FT: flow 
through; W1 and W2: wash steps; E: eluent). The level of Sec31 degradation (top; asterisk) is 
significantly lowered after adding E64 protease inhibitor (compare fraction ‘E’ of top gel and ‘E’ 
of lower gel). (B) Sec24 expression was transferred from Sf9 cells (top gel) to Hi5 cells (bottom 
gel) which significantly enhanced the yield of the protein. Blue arrows point to the protein of 
interest (A: Sec13 and Sec31; B: Sec24). (C) Sec and Sar1 proteins used in this study are now 
expressed and purified to high yields and purity. 
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 Moreover, the inclusion of E64 to the insect cell suspension expressing Sec13/31 24 hours post-

infection have significantly reduced the degradation outcome. Additionally, transferring the 

expression form SF9 to Hi5 was found to enhance the yield and purity of Sec24 (Figure 5.1B). 

Finally, the high yield expression of Sec23 have led to precipitation issue of Sec23 was solved 

by testing different buffer conditions to minimize precipitation caused by the high concentrations 

of proteins produced. Optimal buffer conditions that maintains the solubility of Sec23 at all 

stages of protein purification were obtained. Therefore, our optimization strategies allowed us to 

overcome some of the most common challenges for generating pure and functional COPII 

proteins suitable for the use in ER-COPII budding reactions. Figure 5.1C shows that the COPII 

proteins used in this study are produced with high purity. 

5.3.2 Formation of COPII-Coated Vesicles 

Human COPII proteins were incubated with ER microsomes that were isolated from CHO cells, 

COPII binding to the ER microsomes was detected after sedimentation of the COPII-ER 

complexes by centrifugation (Figure 5.2A). The ER resident protein BiP (~ 78 KDa) was used as 

a marker for the presence of microsomes. Although, a substantial amount of COPII proteins were 

found in the supernatant, so far, our results show binding of the COPII proteins to ER 

micrososmes as indicated by pelleting. The reaction mixture was dialyzed overnight in high salt 

(700 mε KOAc) buffer also called “cage forming” buffer since it was shown to induce COPII 

cage formation in the absence of lipids (Stagg et al., 2006). The reaction mixture was then 

investigated using negative stain EM to visualize the outcome of the budding reaction. The 

results of the binding assay corroborate with the negative stain EM data. Incubation ER 

microsomes with Sar1 lead to tubulation which indicates Sar1 binds and deforms the microsomal 

membrane in a way similar to synthetic liposomes (Figure 5.2B).  

We then used a different procedure that doesn’t involve overnight dialysis in “cage” buffer. 

Similarly, incubation of human COPII proteins with ER microsomes generated small vesicles 

with a diameter that matches the size of COPII coats (60-100nm) (Figure 5.2C). Whether these 

structures are COPII-coated vesicle or merely empty COPII coats could not be discerned with 

certainty from negative stain EM. Similarly, Incubations of yeast COPII proteins and 

microsomes also generated small vesicles detected by negative stain EM (Figure 5.2D). 
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Therefore, the EM results in combination with the sedimentation assay we suggest that a 

population of the generated vesicles is composed of COPII-coated vesicles budded from ER. 

 

Figure 5.2 COPII binds and deforms the membrane of ER microsomes. (A) Binding assay of 
COPII to ER microsomes. Pelleting of soluble proteins indicates binding to microsomes. 
Western blot against COPII proteins and BiP as an ER marker. (B) Negative stain EM of ER 
microsomes (1) Scale bar = 500 nm. ER plus Sar1 tubes (2). Sar1 binds and tabulates ER 
microsomes. (C) Negative stain EM of small vesicles budded frm ER in the presence of human 
COPII proteins. Vesicles appear to have textured coating corresponding to COPII proteins. (D) 
COPII-coated vesicles from yeast microsomes. Scale bar = 100 nm. 
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5.3.3 Cryogenic Electron Tomography of COPII-Coated Vesicles 

In the absence of lipids, COPII proteins can self-assemble in vitro to form coats with specific 

geometry and architecture of assembly (Stagg et al., 2008). It is unlikely that these intricate rules 

of coat assembly occur in vitro by chance. Therefore, we speculate that COPII-coated vesicles in 

vivo would follow the same rules of assembly but exhibit heterogeneity in the geometry and the 

size of the formed cage, just as was the case with clathrin-coated vesicle (Cheng et al., 2007).  

 

Figure 5.3 CryoET of yeast and human COPII coated vesicles. (A) Section through a 
reconstructed (cryo) tomogram of human COPII-coated vesicles showing heterogeneity in size 
and shape. (B) Section through a reconstructed (cryo) tomogram of yeast COPII-coated vesicles 
showing un-coated (or partially coated) intact yeast microsomes (yellow arrows). Smaller 
vesicles appear to have a textured coat (which appears as spikes) corresponding to COPII coat. 
Scale bar = 60 nm. 
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Human COPII vesicles were plunge frozen without further purification and analyzed by CryoET. 

The outside of the vesicles appeared to have a textured surface surrounding a membrane which is 

an indication of the presence of a protein coat. The thickness of the coat is ~ 5-10 nm. As 

expected, coated vesicles were heterogeneous in shape ranging from spherical to slightly 

elliptical (Figure 5.3A). Finally, the sizes of the coated vesicle (~ 50-100 nm in diameter) 

matched the observation carried out in vitro and in vivo.  

Similarly, yeast COPII-coated vesicles were analyzed using cryoET. The data consists of more 

than 100 tomograms. Compared to the larger un-coated microsomes (Figure 5.3B), COPII-coated 

vesicles appeared to have a fuzzy surface which we attribute to an approximately 10 nm thick 

coat surrounding the membrane. The heterogeneity observed in size and shape of vesicles 

hinders processing the data by averaging full vesicles. Therefore, in order to obtain high 

resolution information, subvolume averaging to resolve the repetitive unit of the coat is the 

method of choice to analyze this type of data. 

5.4 Prospects 

Structural analysis of COPII-coated vesicles in the presence of membrane and cargo is necessary 

in order to construct a reliable framework for analyzing coated vesicle biogenesis in the cell. In 

this chapter we showed that the recombinant COPII proteins can bind to ER microsomes and bud 

smaller coated vesicles. We presented promising cryoET data for COPII-coated vesicles budded 

from microsomes that were plunge frozen without further purification or concentration. The 

heterogeneity of the sample will present a major challenge for processing the tomography data. 

Future efforts must be focused towards generating a “better” cryoET sample which contains a 

higher number of COPII vesicles. This can be done by biochemically by enhancing the budding 

yield. Modification to our methodology in sample preparation is another way would be to 

concentrate and purify the vesicles by either size exclusion chromatography or sucrose density 

gradient separation. 

 

Computationally, sample heterogeneity can be dealt with by using subvolume analysis methods 

which have been developed to discriminate heterogeneous populations of macromolecular 

complexes, such as COPII-coated vesicles, and have proven to be successful in characterizing 
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interactions between macromolecular assemblies. Recently, ET and subvolume averaging 

methods were used successfully to solve the structure of COPI-coated vesicle budded from 

synthetic liposomes (Faini et al., 2012). Similarly, for COPII-coated vesicles budded from ER 

microsomes, subvolume averaging will be used to determine the structure and the arrangement of 

the smallest structural unit.  
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CHAPTER SIX 

MATERIALS AND METHODS 

6.1 Recombinant Expression of COPII Proteins 

6.1.1 Expression in E. Coli and Purification of Sar1 

In this study we used human wild type (wt) Sar1b and hamster mutant Sar1H79G. Hamster Sar1 

shares 99% amino acid identity with human Sar1b. Both wtSar1b and Sar1H79G were expressed 

in BL21 Escherichia coli (E. coli) cells from modified pET11d plasmid, giving the proteins an 

N-terminal His6 tag. The hamster Sar1 H79G construct was provided as a kind gift from Dr. 

William E. Balch. The wtSar1b (GenBank accession number BC093034) was cloned into the 

same pET11d vector as the hamster Sar1 was.  

BL21 cells producing the desired Sar1 protein are scraped from a frozen stock and transferred 

into a 25 ml LB bacterial culture media with 100 µg/ml Ampicillin and cultured overnight in a 

shaking incubator at 37ºC. The 25 ml pre-culture is transferred to a 1 liter LB culture with 100 

µg/ml Ampicillin the second day and cultured for ~ 4 hours. Measure the optical density every 

30 minutes using spectrophotometer. When O.D. reaches 1.2 the culture is induced by the 

addition of 1 ml of 1M IPTG. The induced culture is incubated at 20ºC for 5 hours and the cells 

are collected by centrifugation at 4200 x g for 15 minutes at 4ºC. Resuspend pellet in ~ 30 ml 

lysis buffer: 300 mM NaCl, 50 mM HEPES, 1mM MgOAc, 5 mM mercaptoethanol and 1 

protease inhibitor cocktail (PIC) tablet, pH 7.2. Cell suspension is passed through a 

microfluidizer for cell lysis and spun again at 25,000 rpm for 30 minutes. Over-expressed Sar1 is 

separated from the soluble bacterial proteins using FPLC from the collected supernatant.   

Sar1 purification procedure includes the use of Ni-affinity tag purification followed by anion-

exchange and then size-exclusion chromatography (SEC) (Figure 4.1A). The anion exchange 

step is added to get rid of the 50 KDa (EF-Tu) protein which typically co-purifies with Sar1 

(Figure 4.1D). In some cases, the anion exchange step was omitted and we still obtain a pure and 

functional protein yield. Protein fractions were isolated and stored at -80°C until use. 
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6.1.2 Culturing Insect Cells 

In this study, we used two different insect cell lines Sf9 and Hi5 cells. Sf9 cells were used as a 

host for growing the recombinant baculovirus, while protein expression was performed in Hi5 

cells. Cells were grown in Expression Systems Formula ESF-921 serum-free media (Expression 

Sysytems #96-001-01) to which we add 5 µg/ml gentamicin and antibiotics. Both cell lines were 

maintained in suspension cultures at 27ºC in shaker flasks rotating between 120-125 rotations per 

minutes (RPM). Cell stocks were maintained at densities usually between 0.5x106 and 4x106 

cells/ml. Cell counting was performed using Cedex HiRes cell counter from Innovatis. For long 

term storage, insect cells are frozen at -80ºC. Cell stocks are frozen at 1x107 cells per ml of 

freezing media: 50% spent media, 50% fresh media. Add 7.5% dimethyl sulfoxid (DMSO), and 

5% calf serum. Cool all media used, work on ice, and freeze immediately. 

6.1.3 Bac-to-Bac® Baculovirus Expression Systems 

The Bac-to-Bac® Baculovirus Expression System was developed by Invitrogen to provide a 

rapid and efficient way for the construction and purification of recombinant baculovirus vectors 

used for the expression of foreign genes in insect cells. This method is based on site-specific 

transposon-mediated insertion of foreign genes of interest into baculovirus genome using a novel 

shuttle vector (bacmid) which is propagated in E. coli (Ciccarone et al., 1998; Luckow et al., 

1993). Figure 6.1 provides a schematic illustration and an outline for the different components 

and steps involved in the process of recombinant protein expression using this expression system 

(for more details refer to the Bac-to-Bac® Baculovirus Expression Systems Invitrogen guide). In 

this study, we used baculovirus expression systems to express COPII proteins: Sec13/31, Sec23 

and Sec24.  

6.1.4 Production of Recombinant Bacmid 

In order to express any protein in insect cells using the baculovirus bac-to-bac expression 

system, the gene of interest must be cloned into pFastBac™ donor plasmid construct where its 

expression will be controlled by a baculovirus-specific promoter for high-level of expression in 

insect cells. The pFastBac™ donor plasmid contains antibiotic resistance genes (gentamicin and 

ampicilin) which can be used for selection. The recombinant pFastBac™ expression construct is 
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then transformed into a specific E. coli host strain called DH10Bac™. This strain contains the 

baculovirus shuttle vector called bacmid, and a helper plasmid. Once the recombinant 

transposition occurs between the pFastBac™ vector and the bacmid to generate a recombinant 

bacmid which carries the gene of interest and conferes resistance to kanamycin. The helper 

plasmid provides transposition proteins that aid in the transposition reaction and confers 

resistance to tetracycline. Originally, before transposition, the bacmid contained in DH10Bac™ 

cells can complement a lacZ deletion and forms blue colonies in the presence of a chromogenic 

substrate such as Bluo-gal and the inducer, IPTG. After transformation, DH10Bac™ are gown 

on Agar plates containing 50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/ml tetracyclin, 

100µg/ml Bluo-gal and 40µg/ml IPTG. Successful transposition disrupts the complementation 

strategy, so colonies containing the recombinant bacmid will appear white in a background of 

blue colonies. Select white colonies for purification of recombinant bacmid containing the gene 

of interest and further analysis. (See notebook #2 p.93 for more details).  

6.1.5 Production of Recombinant Baculovirus 

The recombinant bacmid is extracted from the DH10Bac™ white colonies. This DNA sample is 

used to transfect insect cells (Sf9) to generate the first passage (P0) of recombinant baculovirus. 

For transfection, Sf9 cells were seeded in a 6-well plate at 0.9x106 cells/well. Two wells were 

used as (un-infected) controls and four wells are infected with different concentrations of DNA 

(bacmid) to transfection reagent (Cellfectin). After 5-8 hours post-transfection, the media was 

replaced with fresh media containing antibiotics. Cells were imaged every 12 hours and 

properties such as the viability of the cultures and the diameters of the cells were monitored. 

After 72 hours the media containing baculovirus was collected from all transfected cultures and 

stored at -80ºC protected from light. The P0 recombinant baculovirus produced can be used for 

preliminary test expression experiments. (See notebook #2 p.114 for more details).   

6.1.6 Amplifying Baculovirus Stocks 

P0 recombinant baculovirus samples are further amplified to generate P1 and P2 viral stocks that 

usually have higher viral titer and thus higher infectivity than P0s, and they are more suitable for 

large-scale protein expression. Amplification of viral stocks is performed in Sf9 suspension cell 

cultures. To amplify your viral stock, Sf9 cells are infected at an estimated multiplicity of 
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infection (eMOI) ranging from 0.01 to 0.1. The eMOI refers to the estimated multiplicity of 

infection which is expressed in pfu/cell and is defined as the number of virus particles per cell. 

We determined an approximation of the inoculum (P0) volume required for infection by using the 

following formula: 

�   = �  � x     �  �   �  �  

P0 viral sample is estimated to have viral titer ranging between 2x107 and 4x107 pfu/ml (where 

pfu is plaque forming units or particles capable of forming viral plaques in a plaque assay; we 

used 2x107 pfu/ml as an estimate titer). And finally the number of cells is calculated from the 

volume of the suspension culture and the concentration of cells:    = �  x   

Add the calculated inoculum volume of P0 to different Sf9 cultures (eMOI=0.1, 0.05, and 0.01) 

and monitor the infection kinetics: diameter of infected cells (D in µm) and viable cell count 

(VCC viable cells/ml) or percent viability (%V). An increase in the cells diameter (up to ~ 2 µm) 

is an indication of successful infection. Infected cells will rupture and release the P1 viruses into 

the media. Harvest P1 viral supernatant by centrifugation at 24 hours post-infection. (See 

notebook #2 p.128 for more details). Similarly, P1 can be amplified to P2. We commonly use P2 

viral stock passages for large-scale protein expression. 

Sf9 cells infected with P0 will produce P1 viruses. BIICs infected with P1 will produce P2 viruses. 

These cells are called BIICs (baculovirus infected insect cells) and can be used as a virus source 

to infect large volumes of insect cell cultures. BIICs are usually harvested and frozen prior to cell 

lysis and the escape of the virus into the supernatant.  
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Figure 6.1 Workflow for Sec proteins expression. The figure below illustrates the general 
steps required to express Sec13/31, Sec24, and Sec23 using the Bac-to-Bac® systems. 
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6.1.7 Scaling-Up Recombinant Protein Expression 

Protein expression is carried out in Hi5 insect cells using either viral supernatant or BIICs. Hi5 

cells are infected at cell density between 0.75x106 and 1x106 cell/ml. The kinetics of infection are 

monitored and cells are harvested by centrifugation, pellets are stored at -80ºC for purification.   

In this study, all COPII proteins have been optimized to express in Hi5 cells. Based on 

optimization, a successful infection from BIIC stocks requires 1x106 BIICs for 20x106 Hi5. 

Sec13/31 is expressed from BIICs and harvested at 48 hours. Sec23 is expressed from P2 viral 

stocks and collected at 48 hours post-infection. Sec24 is also expressed from P2 viral stocks and 

collected at 48 hours post-infection. Usually, we used 5ml P2 viral supernatant per 1 liter of Hi5 

cells. For Sec 24, only 1ml P2 viral supernatant per 1 liter of Hi5 was shown to be sufficient for 

high yield production of Sec24. The diameter of Hi5 typically increases from 16 µm to 23 µm 

post-infection. The viability of the cells at the time of harvest is typically between 92% and 94%. 

Finally, for both Sec13/31 and Sec24, E64 protease inhibitor is added at 5µg/ml final 

concentration 24 hours post-infection in order to minimize degradation. (See notebook #2 p.55 

for more details).   

 

6.2 Liquid Chromatography for Purification of COPII Proteins 

Fast performance liquid chromatography (FPLC) was used to purify COPII proteins using GE 

healthcare ÄKTA protein purification systems operated by UNICORN software platform (Figure 

6.1A). FPLC is an analytical technique used to separate mixtures of proteins based on properties 

such as size, charge, hydrophobicity, and biorecognition (ligand specificity). In this study we 

used three different types of FPLC columns: (1) affinity, (2) ion exchange, and gel filtration (size 

exclusion) chromatography columns (Figure 6.1B). In general, column purification includes five 

steps: (1) equiliberation, (2) binding, (3) washing, (4) elution, and (5) regeneration (Figure 6.1C).  

6.2.1 Immobilized Metal Affinity Chromatography (IMAC) 

Affinity chromatography is used to separate proteins based on the reversible interaction between 

proteins and a specific ligand which is coupled to a chromatography resin. Nickel provides a 
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good binding efficiency to histidine and thus it is widely used metal ion for purifying proteins 

with histidine clusters. This method is also called Immobilized Metal Affinity Chromatography 

(IMAC). Cobalt is another metal which exhibits a more specific interaction with histidine tags. In 

certain cases, especially during the optimization stage, we used cobalt beads to perform “batch” 

purification of His-tagged Sec13/31 to high purity. 

All the COPII proteins used in this study express a terminal histidine tag (His6 fusion COPII 

proteins). The first purification step for Sec23 and Sec24 proteins used in this study is a metal 

affinity purification. Table 6.1 and Table 6.2 summarize the buffers used in this step for Sec23 

and Sec24, and for Sec13/31, respectively. Table 6.3summarize the buffers used in this step for 

Sar1 and Sar1H79G. His-tagged proteins are eluted using competitive elution with a gradient of 

increasing imidazole concentration.  

 

 

Table 6.1 Nickle affinity chromatography buffers for Sec23 and Sec24  
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Table 6.2 Cobalt affinity chromatography buffers for Sec13/31  

 

 

Table 6.3 Nickle affinity chromatography buffers for Sar1 and Sar1H79G 
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6.2.2 Ion Exchange Chromatography (IEX) 

In ion exchange chromatography, molecules are separated based on their charge. The adsorption 

of proteins to the resin is induced by the ionic interaction between the oppositely charged groups 

in the protein sample and in the resin of the column. Biding is usually done a low concentrations 

and elution from the column is achieved by a linear salt gradient of increasing concentration. 

Proteins with the weakest ionic interactions start to elute from the column first, whereas, proteins 

that have a stronger ionic interaction elute at higher salt concentration later during the 

purification.In anion exchange columns, negatively charged molecules are attracted to a 

positively charged resin. In cation exchange columns, positively charged molecules are attracted 

to negatively charged resin. The net surface charge of a protein varies according to the pH of the 

buffer in which the protein exits. Therefore, in IEX, the pH of the buffer is varied depending on 

the isoelectric point of the protein of interest in order to ensure efficient binding of that protein to 

the resin used. Typically, when the pH is above the isoelectric point of a protein, the net surface 

charge of the protein will be negative and thus it will bind to the positively charged anion 

exchange resins. However, when the pH is below the pI of the protein, the net surface charge of 

the protein will be positive and thus it will thus bind to the negatively charged cation resin. 

Here, we used anion exchange chromatography (HiQ columns from GE Healthcare) to enhance 

the purity of Sec23, Sec24 and Sec13/31 after pooling the fractions that elute from the 

Ni2+affinity purification. Anion exchange was also performed on Sar1 protein pools that elute 

from the Ni2+ for further purification when needed. Table 6.4 and Table 6.5 summarize the 

buffers used in anion exchange for Sec23 and Sec24, and for Sec13/31, respectively. Table 6.6 

summarize the buffers used in anion exchange chromatography for Sar1 isoforms. 

6.2.3 Size Exclusion Chromatography (SEC) 

As the name implies, this chromatography method is used to separate proteins based on the 

difference in size. We use SEC as a last step in the purification protocol of both Sar1 (different 

isoforms) and Sec13/31. For Sar1, we use SEC to separate the different self-assembly products 

of Sar1. We used minimal salt buffer (MSB: 25mM Hepes-KOH, pH 7.2, and 1mM Mg(OAc)2) 

for size exclusion and we typically obtain three separate peaks. For Sec13/31 we use SEC to 
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separate Sec13/31 from individual Sec13. We use the Buffer B of anion exchange with the same 

salt concentration at which Sec13/31 elutes. 

 

Table 6.4 Anion exchange chromatography buffers for Sec23 and Sec24 

 

  

Table 6.5 Anion exchange chromatography buffers for Sec13/31  
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Table 6.6 Anion exchange chromatography buffers for Sar1 and Sar1H79G  

 

 

 

6.3 Methods Related to the Biochemical Characterization of Sar1 Function 

6.3.1 Electroformation of GUVs 

Electroformation was first described in 1986 (Angelova and Dimitrov, 1986) and it was later 

refined making it more consistent in producing unilamellar vesicles (Taylor et al., 2003). This 

method involves (1) the spreading of a lipid mixture dissolved in an organic solvent on a 

conductive surface, (2) evaporation of the solvent by vacuum desiccation to form a dry 

phospholipid film, (3) rehydrating the lipid film in an aqueous solution, and finally (4) applying 

an electric field across the lipid film causing “peeling” of the lipid film off the electrode surface 

in layers and self-assembling into giant vesicles (GUVs) (Figure 6.2).  

DOPC, DOPS and cholesterol were purchased from Avanti Polar Lipids, Inc. GUVs were 

formed by electroformation using a modified protocol described by Long et al., 2010. In brief, 

10-β0 g of lipid mixtures composed of 55 mol% DOPC, γ5 mol% DOPS, and 10 mol% 

cholesterol dissolved in chloroform were deposited on a conductive glass slide coated with a thin 
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film of indium tin oxide (ITO). The conductive slide was placed in a desiccator and the lipid 

droplet was allowed to dry under vacuum for at least 2 hours to overnight so that a lipid film of 

multiple lipid layers is formed. A spacer was placed on the glass slide and another ITO-coated 

slide was placed on the spacer to form a sealed chamber. Using a syringe, minimal salt buffer 

(MSB: 25mM Hepes-KOH, pH 7.2, and 1mM Mg(OAc)2)) was injected into the chamber since 

high salt concentrations inhibited the electroformation of GUVs. The chamber was connected to 

a power supply and subjected to low-frequency voltage (10 Hz). The voltage was progressively 

increased by 0.3 V every 10 minutes from 0 V to 0.9 V and left at 0.9 V for 3 hours. Then the 

voltage was increased to 1.2 V for 0.5-1 hour. To detach the GUVs formed on the slide, the 

chamber was subjected to low-frequency voltage (4 Hz and 1.4 V) for one hour. GUVs were 

recovered by gentle pipetting using a syringe.  

 

Figure 6.2 Scheme of the electroformation chamber. Lipid mixture (in chloroform) is 
deposited on a conductive glass slide to form a thin film (purple coating). A chamber is 
assembled and filled with aqueous buffer and the oscillating field is applied across the chamber 
causing electroswelling of lipid films and GUV formation.  
 

6.3.2 Estimating Electroformation Efficiency 

The efficiency of the electroformation reactions was estimated based on the absorbance value at 

=γβ0 nm corresponds to the cholesterol peak. We measured the absorbance (at =γβ0 nm) of 

the GUV sample after electroformation and compared it to the absorbance of a liposomes sample 

(LUVs) of similar lipid composition and known concentration (2 mg/ml) prepared by extrusion. 
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This comparison was used to obtain a semi-quantitative value for GUV concentration. This 

number varied slightly from one GUV preparation to the other depending on the efficiency of 

electroformation. 

6.3.3 Tubulation and Vesiculation 

For tubulation experiments, wtSar1b or Sar1H79G was incubated with liposomes in minimal salt 

buffer MSB at 32°C for 2 hours. Reaction mixtures contained ~40 ng/µl GUV, 1.5 mM GTP, 

and 7 µM Sar1. Titrations with increasing concentrations of Sar1 and GTP were performed to 

determine conditions for vesiculation.  

6.3.4 Sar1 Binding to GUVs: Flotation Assay 

To test the effect of various incubation conditions on Sar1 binding to liposomes we used the 

flotation assay which was previously developed (Bigay and Antonny, 2005) (Figure 2.1C). In 

their paper, Bigay and Antonny used the flotation assay to assess the effect of membrane 

curvature on COPII protein adsorption to liposomes. This assay is based on the idea of separating 

the components of a mixture based on their density and thus their migration in a sucrose 

gradient. Proteins bound to liposomes will be detected in the top fractions of the gradient since 

they will ‘float’ along with the vesicles they are bound to. However, unbound proteins will pellet 

and will be detected in the bottom, denser, fractions of the gradient.  

After incubation of Sar1 proteins with lipids, the incubation mixture was placed at the bottom of 

a sucrose (step) gradient prepared in minimal salt buffer MSB (30%, 25%, 0% sucrose) and 

subjected to 90 minutes centrifugation at 45,000 rpm in a TLS-55 rotor. Fractions were collected 

starting from the bottom to the top of the gradient, followed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie or silver staining.  

6.3.5 Dynamic Light Scattering (DLS) 

Dynamic light scattering was used to determine the sizes of different components of a mixture. 

All measurements were performed using DynaPro instrument equipped with a temperature 

controlled micro-sampler. To an 80 µl GUVs solution in MSB, 14 µM Sar1 and 2 mM 

nucleotide (GTP or GMPPNP) was added to get a final volume of ~ 100 µl. After equilibration at 
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32 ºC, 20 autocorrelation functions of the scattered light were measured with 20 acquisitions per 

measurement, each acquisition for 20 seconds. Autocorrelation data was analyzed using 

Dynamics 7 software. 

6.3.6 Histogram Analysis 

For Sar1-coated tubes derived from GUV, diameter distribution histograms were calculated 

based on manual measurements of the tubes diameters in the cryoEM dataset. Similarly, the 

diameter of Sar1-coated vesicles was measured manually to calculate the histogram distribution. 

Two diameter measurements were made for each vesicle and the average of the two 

measurements was used in the histogram representation. For Sar1-coated GalCer tubules, the 

morphological heterogeneity distribution was deduced from the number of segments that 

constituted each of the corresponding class averages generated by computation compared to the 

total segments in the stack used for classification. 

6.3.7 Formation of GalCer Tubes 

D-galactosyl- -1,1’N-nervonoyl-D-erythro-sphingosine (GalCer) was purchased from Avanti 

Polar Lipids, Inc. Lipid tubules were prepared by adding GalCer at 50 vol% to 2 mg/ml stock 

lipid mixture (55 mol% DOPC, 35 mol% DOPS and 10 mol% cholesterol). Chloroform in the 

mixture was dried under argon and rehydrated in minimal salt buffer MSB to a final 

concentration of ~0.8 mg/ml by vortexing for 1 minute. The quality of tubules formed was 

assessed by TEM and stored at 4°C for no longer than one week. 

6.3.8 Tryptophan Fluorescence Assay 

GTPase activity assay similar to that previously described by Antonny et al., 2001 was used to 

monitor Sar1 conformation change over time. Tryptophan fluorescence was recorded at 340 nm 

upon excitation at 297.5 nm. Measurements were performed at 32 ºC using CARY Eclipse 

Fluorescence Spectrophotometer. Sar1 was added to ~ 550 µl MSB to a final concentration of 

1.5 µM. After 5 minutes, nucleotides were added to a final concentration of 60 µM.  
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6.3.9 Analytical Ultracentrifugation 

AUC experiment was performed in a Beckman XL-I centrifuge (Beckman Coulter, Inc., 

Fullerton, CA). Sar1 sample at a concentration of 0.4 O.D (at 280 nm) was prepared from the 

third peak of the size exclusion column. The experiment was performed at 4 °C in two-channel 

epon centerpieces with an AN60 Ti rotor at 25,000 rpm. Intensity scans were measured at 280 

nm with no delays between scans. Data were analyzed using the UltraScan II version 9.9 

software suite (Demeler and van Holde, 2004). Data were first analyzed with the two-

dimensional spectrum analysis with simultaneous time invariant noise subtraction according to 

Schuck and Demeler (Schuck and Demeler, 1999). After noise subtraction, the data was analyzed 

with the enhanced van Holde-Weischet analysis. All computations were performed on computing 

cluster at the University of Texas Health Science Center at San Antonio and the Texas Advanced 

Computing Center at the University of Texas in Austin. 

6.3.10 Chemical Cross-Linking 

For analysis of Sar1 dimerization in the absence of liposomes, ~ 30 µM Sar1 was incubated in 

presence or absence of 1.5 mM GTP and 0.5 mM cross-linker for 1 hours at room temperature. 

We used three different cross-linking reagents: the heterobifunctional reagent (active with thiol 

and amino groups) N-( -maleimido-caproyloxy)-N-hydroxy-succinimide ester (EMCS) and 

homobifunctional reagent (bis [sulfosuccinimidyl] suberate) (BS3), and the homobifunctional 

thiol reagent Bis-maleimido-hexane (BMH). All three reagents were purchased from Thermo 

Scientific. Incubations were followed by SDS-PAGE and Western blotting using Anti-Sar1 

rabbit polyclonal antibody (AB 135624). For analysis of Sar1 dimerization in the presence of 

liposomes, GUV-binding assay was performed as described above, followed by flotation assay to 

isolate membrane-bound Sar1 fraction. Similarly, cross-linking, SDS-PAGE and Western 

blotting was performed on the isolated fractions.  

6.3.11 Native Gel Electrophoresis 

Native PAGE Novex premade BisTris gels (4–16 %) were used. Notebook #4 page 50 

summarizes the recipes for the buffers used in this technique. Sample (12 µl) was mixed with 5 
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µl (4x) sample buffer and 3 µl (20x) cathode buffer additive. Gel were ran at 150 volts for 2-4 

hours at 4ºC.  

6.4 Methods for Characterizing COPII-Coated Vesicles 

6.4.1 Isolation of Microsomes from Mammalian Cells 

Microsomal fractions were isolated from Chinese hamster ovary (CHO) cells using a modified 

protocol for subcellular fractionation described by Kim et al., 2005 (Kim et al., 2005). Figure 6.3 

shows a scheme for isolation of microsomes from CHO cell cultures. 

 

Figure 6.3 Scheme for microsome extraction from CHO cells. Cells are grown to confluency 
and then pelleted. Subcellular fractionation separates microsomes from other cellular 
components by gradual centrifugation. 
 

Cells were grown to 70-80 % confluency in T-225 flasks then transferred to 850 cm2 roller 

bottles (RB) in γ0 ml mediaμ αεEε (minimum essential medium), 10% calf serum, 1 % 

Antibiotics, and 20 % HEPES (added for RB cultures to regulate CO2 levels). RB cultures were 

incubated at 37ºC with spinning at 0.3 rounds per minute. On the second day, replace media with 

70 ml fresh media. Maintain for four more day and change media every day. On day six, collect 

the cells and freeze pellets at -80ºC.  

One RB CHO pellet was used at a time (108 cells/RB) for microsome extraction. A summary of 

the protocol is shown in Figure 6.3. In brief, resuspend the CHO pellet in 4 ml 1x PBD then 
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distribute into 4x 1 ml Eppendorf tubes. Wash the cells twice with 1x PBS (phosphate buffered 

saline): 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4; each time 

spin at 1000 x g, at 4ºC for 5 minutes. Resuspend the pellet in each Eppendorf with 500 µl buffer 

F: 10 mM HEPES-KOH (pH 7.2), 250 mM sorbitol, 10 mM KOAc, 1.5 mM MgOAc, and 

protease inhibitor mixture. Pass the cell suspension 20 x through 271/2 G needle to lyse the cells. 

Spin at 1000 x g, at 4ºC for 5 minutes to pellet the cell debris. Collect the supernatant and spin at 

6000 x g, 4ºC for 10 minutes to sediment the microsomes. Wash the microsome pellets 2 x with 

buffer G: 20 mM HEPES-KOH (pH 7.2), 250 mM sorbitol, 150 mM KOAc, 0.5 mM MgOAc, 

and protease inhibitor mixture. Resuspend the final microsome pellets with 60 µl/Eppendorf 

buffer G. Measure the absorbance and store at -80ºC until use. The integrity of the microsomes is 

evaluated using negative stain TEM of plastic embedding and sectioning followed by TEM. 

6.4.2 Budding Assays for Human COPII Vesicles 

Human COPII-coated vesicles: mammalian ER microsomes and human COPII proteins are 

mixed in a 350 µl total volume reaction: 200 µl microsomes (6.6 mg/ml), 15 µl Sec23 (2 mg/ml), 

75 µl Sec24 (0.4 mg/ml), 24 µl Sec13/31 (2.5 mg/ml), 1.5 µl Sar1H79G (1.5 mg/ml), and 10 µl 

GTP (10 mg/ml). Add the same volume 350 µl of buffer B88 (20 mM HEPES pH 6.8, 250 mM 

sorbitol, 150 mM KOAc, 5 mM Mg(OAc)2). Incubate at room temperature for 30 minutes. Spin 

at 15,000 rpm for 20 minutes and collect the supernatant which contains the vesicles. Vesicles 

can be collected by centrifugation at 50,000 rpm in TLS-55 rotor for 20 minutes at 4ºC and 

further processed for embedding and sectioning or SDS-PAGE to assess binding.   

Another method that we used to generate human COPII-coated vesicles involves mixing ER and 

COPII as above and dialyzing overnight in cage-forming buffer: 25 mM EHPES pH 7.2, 700 

mM KOAc, 1 mM Mg(OAc)2, 1 mM DTT. This is followed by dialysis into lower salt 

concentration buffer (150 mM KOAc instead of 700 mM KOAc).  

6.4.3 Budding Assay for Yeast COPII Vesicles 

Yeast COPII proteins and microsomes were provided by a collaborator’s lab (the lab of Dr. 

Elizabth Miller). In brief, yeast COPII-coated vesicles were generated by mixing: Sar1 10 µg/ml, 

Sec23/24 10 µg/ml, Sec13/31 20 µg/ml, GMPPNP 0.1 mM, 50 µl microsomes (~1.5 mg), and 
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250 µl B88. Then the reaction mixture was incubated at room temperature for 30 minutes and 

spun at 15,000 rpm for 20 minutes in a refrigerated centrifuge. The supernatant which contains 

the vesicles is collected. Vesicles can be collected by centrifugation at 50,000 rpm in TLS-55 

rotor for 20 minutes at 4ºC and further processed for embedding and sectioning or SDS-PAGE. 

6.4.4 COPII-Microsome Binding Assay 

Binding of COPII proteins to the ER microsomes is assayed by sedimentation over a sucrose 

cushion. After mixing and incubation for the desired amount of time, the reaction mixture 

(Sec13/31, Sec23, Sec24, Sar1, nucleotides, and ER microsomes) was laid over a sucrose 

solution (0.3 M) prepared in buffer G: 20 mM HEPES-KOH (pH 7.2), 250 mM sorbitol, 150 mM 

KOAc, 0.5 mM MgOAc. The gradient was spun at 50,000 rpm (in TLS-55 rotor) for 15 minutes 

at room temperature. The pellets was resuspended in buffer G and the supernatant and the pellet 

were analyzed by SDS-PAGE. If needed, the reaction can be scaled up and the pellets can be 

processed for TEM by embedding and sectioning. 

 

6.5 Electron Microscopy Methods  

6.5.1 Negative Staining Electron Microscopy 

In electron microscopy, staining is done with heavy metal salts which interact with the electron 

beam to generate contrast in the image. The stain surrounds the specimen and it is excluded from 

the volume occupied by the specimen itself (Figure 6.4). Therefore, in an electron micrograph, 

since the specimen is transparent to the electron beam, it appears white on a dark background; 

hence the use of the term 'negative stain'. 

Sar1-coated tubes were prepared as described above. Carbon-coated copper grids were glow-

discharged for 8-10 seconds using a Gatan Solarus plasma cleaner (Gatan, Pleasanton, CA). The 

samples were adsorbed onto the grids for 1-2 minutes, washed with MSB, then stained with 2% 

uranyl acetate for 1-2 minutes and allowed to air dry before visualization using transmission 

electron microscopy (TEM). 
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Figure 6.4 Sample preparation methods for electron microscopy. (Top) sample is deposited 
on a holey carbon film.  Specimen in the holes is embedded in a thin layer of vitreous ice. 
(Bottom) specimen is deposited on a thin carbon film and coated with heavy metal (stain). 

 

6.5.2 Embedding and Sectioning 

A modified version of a published protocol was used for embedding and sectioning specimen 

(Matsuoka and Schekman, 2000). Samples are fixed/stained with 4 % osmium tetroxide (OsO4) 

for 15-30 minutes then sup in the ultracentrifuge (rotor TLS-55) at 50,000 rpm for 30 minutes at 

4ºC. The pellet is scarped and carefully handled to be kept intact. The pellet was refixed with 2 

% OsO4  in 50 mM sodium cacodylate (pH 7.0) for 30 minutes then rinsed 2 x with 50 mM 

sodium cacodylate (pH 7.0). Then the pellet was washed 2 x with 0.1 % tannic acid in 50 mM 

sodium cacodylate (pH 7.0) then incubated with same tannic acid solution for 15 minutes for 

staining. The sample was then rinsed with water and incubated in 2 % uranyl acetate (UAc) for 2 

hours – overnight. The sample was rinsed again with water before starting the dehydration steps 

in cold acetone series (10 – 100 %) 5 minutes each.  This is followed by 3 x 100 % acetone at 

room temperature. Infiltration with a 1:1 mix of acetone and epoxy resin (2 hours with rotation) 

was then performed followed by 1 hour 100 % resin which was replaced with fresh resin for 5 

hours to overnight.  
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Embedding reagents were purchased from Electron Microscopy Sciences (EMS). For embedding 

we used a mixture of: 5 ml EMBed-812 (#14900) + 2.25 ml DDSA (#13710) + 3 ml NMA 

(#19000) + 225 µl DMP-30 (#90-72-2). The mixture is incubated in a ~ 50 - 60 ºC water bath to 

ensure homogeneity ad reduce viscosity. The embedding mixture is added to the embedding 

tubes that contain the pellet (which is now black). The mixture is incubated at 60 ºC overnight 

then 4 hours at room temperature before it is ready to be sectioned. Ultra-microtomy and 

mounting of thin sections (~ 100 nm thick) on copper grids for TEM was performed by Dr. Xixi 

Jia at the Department of Psychology at FSU.  

6.5.3 Cryogenic Electron Microscopy: Sample Preparation 

Samples for cryogenic EM (cryoEM) were prepared by rapid plunging into liquid ethane using 

FEI Vitrobot Mark IV at 100% humidity and 4°C (Figure 6.5). Samples were prepared on plasma 

cleaned C-flat CF-β/β−4C-50 holey carbon grids (Electron Microscopy Sciences). After 

incubation, 3-5 l of the reaction mixture were applied to the grid, blotted for β.5 s, and then the 

grid was plunged into liquid ethane. Grids were transferred under liquid nitrogen to a Titan Krios 

(FEI) transmission electron microscope. 

 

Figure 6.5 Cryo-freezing using FEI Vitrobot. (Left) Sketch of cryo-freezing setup. Sample is 
deposited on the grid and plunged in liquid ethane at liquid nitrogen temperature. (Right) FEI 
Vitrobot Mark IV automates the vitrification process and controls freezing conditions (humidity, 
temperature, etc) to provide reproducible sample preparation. 
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6.5.4 Single Particle Data Collection 

The Titan Krios TEM is equipped with a Gatan Ultrascan 4096 × 4096 CCD camera which was 

used for data collection. Sar1 tubes data were collected using Leginon package for automated 

cryoEM image acquisition (Suloway et al., 2005, 2009). CryoEM images for tubulated GUVs 

were collected at 1β0 keV at a magnification of γ7,000x and a defocus of -5.0 m. At this 

magnification, the pixel size at the specimen level is 2.23 Å. CryoEM images for Sar1-coated 

GalCer tubules were collected at 120KeV using the same software package at a magnification of 

5λ,000 x, a dose of 14.8 e−/Åβ and a defocus of -1.λ7 m. At this magnification, the pixel size at 

the specimen level is 1.5 Å. 

6.5.5 Cryogenic Electron Tomography of GalCer Tubes 

In electron tomography, a transmitted beam of electrons is passed through the sample at 

incremental degrees of tilting along the axis perpendicular to the electron beam (single-axis tilt 

method). The information collected is called a tilt series and is then used to assemble a 3D image 

of the particle of interest.  

The tomography application of Leginon was used to acquire single-axis tilt series through a 

range of ±64° with an angular increment of 2°. Images in the tilt series were aligned by cross 

correlation in the PROTOMO software package (Winkler, 2007; Winkler and Taylor, 2006). 

Tomograms were reconstructed using weighted back projection. Pixelsize: 4.4 Å; defocus of -

1.59 m; dose: 0.74 e–/Å2; magnification: 33,000x.  

6.5.6 Cryogenic Electron Tomography of COPII-Coated Vesicles 

Similarly, the tomography application of Leginon was used to acquire single-axis tilt series. An 

angular range of +45° to -60 with an angular increment of 3° was used. Images in the tilt series 

were aligned by cross correlation in the PROTOMO software package (Winkler, 2007; Winkler 

and Taylor, 2006). Tomograms were reconstructed using weighted back projection. Session: 

14sep04a (yeast COPII vesicles): Pixelsize: 3.32 Å; defocus of -5.03 m; dose: 2.07 e–/Å2; 

magnification: 11,000x. 
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6.5.7 Subvolume Averaging: Overview 

One of the challenges to processing electron tomography data is due to the limitations in the 

angular tilt range. Typically, tilting to 90º would be required in order to generate a complete data 

set; however at this high angular tilt, the specimen becomes too thick which negatively 

influences the resolution of the tomogram. Therefore, a commonly used angular tilt range is ±60º 

with 2º increments. In reciprocal (Fourier) space, each image is represented by a central plane 

oriented orthogonal to the viewing direction. The empty regions represent the ‘missing wedge’ 

resulting from limitations in tilt. Therefore, as a consequence of the physical limitation in data 

collection leading to a missing information, which is a where structural details in some regions in 

reciprocal space cannot be reconstructed experimentally using traditional ET methods. 

ET data collection geometries have developed in order to provide higher coverage in the Fourier 

space. In addition to the most commonly used single-axis and double-axis methods, other tilting 

methods such as random conical tilting and orthogonal tilting methods were developed 

(Leschziner and Nogales, 2006; Radermacher et al., 1987). However, this comes on the expense 

of total increase in electron dose.  

Typically, ET data is processed by first extracting subvolumes from the raw tomograms, 

followed by subvolume alignment and classification, and finally class-averaging, which results 

in enhancing the signal-to-noise ratio (Figure 6.6) (Winkler et al., 2009).  

6.5.8 Subvolume Averaging of GalCer Tubes  

Subvolume averaging of GalCer tubes was performed using Dynamo (Castano-Diez et al., 2012). 

33 straight tubes of diameter ~60 nm were chosen from 19 tomograms that had been aligned 

using Protomo (Winkler and Taylor, 2006). From the 33 tubes, the center of each subvolume was 

identified by tracing the center of each GalCer tube and then creating a filament mesh using 

dynamo_tomoview and dynamo_model_edit, respectively. 10,660 subvolumes of sidelength 84, 

pixelsize 3.5 Å/pixel, and with ~50% overlap with nearest neighbors were extracted from the 33 

tubes. Eight alignment iterations were performed using Dynamo running in parallel on 12 Nvidia 

Tesla M2050 GPUs. Classification was performed on a random subset of 750 subvolumes using 

Dynamo. Of the 50 eigenvolumes generated, the first four were analyzed based on the 
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prominence of their eigenvalues (117, 40, 29, 8) compared to the remaining eigenvalues (6 to 2), 

which trailed off into noise. 

6.5.9 Sar1 Tubes: Data Processing 

Preliminary processing, such as particle picking and contrast transfer function (CTF) estimation, 

was performed using Appion online processing tool (Lander et al., 2009). Particles were picked 

manually along the length of the tubes using the helical picking option. The CTF was estimated 

using the ACE software package in Appion. Individual particles were CTF-corrected by phase 

flipping using CTFIT of EMAN based on the defocus value reported from ACE (Ludtke et al., 

1999). The stacks of images created were aligned and classified using XMIPP reference-free 

maximum likelihood (Scheres et al., 2005a, 2005b).  

6.5.10 Three-Dimensional Reconstruction Using sshelix 

The 3D reconstruction of GalCer tubes and Sar1-coated GalCer tubes was performed using an in-

house software ‘sshelix’ which is based on the itrerative helical real space reconstruction 

(IHRSR) software package (Egelman, 2000, 2007a, 2007b) combined with Electron Micrograph 

Analysis (EMAN) software package (Ludtke et al., 1999). The EM density maps generated were 

visualized using UCSF Chimera (Eric F Pettersen, 2004). 
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CHAPTER SEVEN 

CONCLUSIONS AND FUTURE PERSPECTIVES 

Various structures of COPII assemblies, including COPII-coated synthetic lipids have been 

published, yet nothing is known about the nature and the details of interaction among COPII 

proteins and the packaged cargo. We set out to characterize the structure of ER-budded COPII-

coated vesicles which will likely provide deeper insights on the process of packaging and 

budding in vivo. We adopted a reductionist approach where we started by investigating the 

requirements for vesicle formation in vitro.  

A major gap in the literature still exists regarding the mechanism by which vesicle scission or 

separation from a donor membrane occurs. Studies have suggested that the GTPase Sar1 plays 

specific role in efficient vesicle release; however the mechanism by which this happens was 

poorly understood. Our investigation showed that Sar1 deforms synthetic liposomes into a 

variety of tubular structures including flexible tubes, rigid tubules, and pseudo-vesiculated tubes 

which appear as vesicles attached by narrow necks. Rigid Sar1 tubes displayed a wide diameter 

range between ~ 45 nm and up to 200 nm with a median diameter of 100 nm. The ability of Sar1 

to form tubular extensions of different morphologies is dependent on the concentration of Sar1 

occupying the membrane which is regulated by the nucleotide-bound state. The different tubular 

structures observed in vitro were also observed in cell-based systems (Aridor et al., 2001). Long 

tubular elements that range in diameter between 40–80 nm have been previously observed 

extruding from the ER upon addition of Sar1 to permeabilized normal rat kidney (NRK) cells 

(Aridor et al., 2001). In addition, multi-budded vesicles resembling “beads-on-a-string” 

structures were observed in permeabilized mammalian cells upon incubation with a GTP-

restricted form of Sar1 and cytosol (Bannykh et al., 1996). Therefore, Sar1 has a capacity to 

modify membranes into a multitude of structures in vitro as well as in vivo. How does this notion 

relate to the regulation of membrane constriction in vivo? 

In order to answer this question, we performed structural investigation of Sar1-bound on lipid 

membranes using cryoEM. Our structural investigation of Sar1 coats on different lipid substrates 

showed that the formation of an ordered Sar1 lattice is sensitive to membrane curvature. A 
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continuous Sar1 lattice was only observed on membranes that have shallow curvature, such as 

large tubes (diameter between 60 nm and 200 nm) and 2D lipid sheets. Higher-curvature 

substrates, such as tubules of diameter between 25 nm and 60 nm and GalCer tubules, supported 

the formation of partial Sar1 arrays that were only locally ordered. These data suggest a function 

for Sar1 scaffolds in (1) initiating deformation of low-curvature membranes during the early 

stages of bud formation and (2) mediating vesicle scission at the highly constricted bud necks. 

Our results suggest a model for the mechanism of membrane deformation and vesicle scission by 

Sar1 (Figure 7.1). According to this model Sar1 facilitates scission by forming ordered arrays at 

the level of the bud neck on the parent membrane. Binding of the remaining COPII proteins 

further enhance the curvatures and curves the membrane into a spherical bud. Then the 

propagation of the Sar1 lattice would act to squeeze the bud at the level of the neck to ultimately 

facilitate vesicle scission. 

 

 

Figure 7.1 Model for Sar1-mediated membrane deformation and vesicle scission. (1) 
Membrane-directed self-assembly of Sar1 into dimers drives the formation of an ordered lattice 
that initiates efficient membrane bending. (2) Increased membrane curvature triggers lattice 
dissociation. Recruitment of the remaining COPII components further enhances membrane 
bending and sculpting of a bud. (3) Sar1 lattice assembles at the level of the bud necks where 
curvature is relatively low. Propagation of Sar1 lattice assembly facilitates vesicle scission in 
coordination with the COPII coat. 
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At the subcellular level, a higher level of complexity governs membrane deformation and vesicle 

scission during COPII vesicle biogenesis. COPII bud formation is confined to specific sites 

known as ER exit sites (ERES) where the COPII proteins are concentrated (Hong and Tang, 

1993). Although the expression levels of Sar1 are not high enough to solely catalyze membrane 

transformations that lead to vesicle scission, the localization of the Sar1 guanine exchange factor, 

Sec12, to the ERES may function in increasing the local concentration of Sar1 at the sites of bud 

formation (Futai et al., 2004). 

An important aspect for the mechanism of vesicle scission by Sar1 is the ability of Sar1 to form 

higher molecular weight species, specifically dimers which were observed on lipid membranes 

by cryoEM (Figure 4.2). Self-assembly of Sar1 has been mentioned in the literature but the 

functional significance has never been reported. This behavior is not unique to Sar1. Another 

GTPase protein Arf1 that functions in COPI vesicle formation has also been reported to form 

dimers in solution. Recently, it was reported that dimerization of Arf1 is not random and that it is 

essential for vesicle scission. Similarly, we predict that Sar1 dimer formation is essential for 

COPII vesicle scission. 

In this study we have already established a functioning assay to detect Sar1-mediated vesicle 

scission under different conditions. Our future efforts will be directed towards utilizing this 

knowledge in order to investigate the vesicle scission ability of dimerization-defective Sar1 

mutants. Adopting a similar approach to the Arf1 study, we have performed cross-linking and 

mass spectrometry analysis and identified two residues that are likely essential for Sar1 

dimerization. Next, site-directed mutagenesis and morphological analysis of membrane 

modifications by these mutants must be performed.  

Another promising route for identifying the contact sites among Sar1 molecules in the lattice 

with high resolution would be improving the 2D lipid sheets data set. We observed, on rare 

occasions, Sar1 coated 2D lipid sheets which could be either large tubes or coated GUVs that 

have ruptured or collapsed. We have demonstrated that high resolution information can be 

attained from such data by using 2D crystallography processing methods. Future efforts must be 

centered on developing a strategy to enhance the 2D sheets data to make it more optimal for 2D 

analysis. 
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