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 The COPII coat is essential for ER-Golgi transport and consists of four subunits: the 

inner adaptor proteins Sec23 and Sec24, and the outer shell proteins Sec13 and Sec31. Transport 

is initiated when activated Sar1-GTP in the ER membrane recruits the COPII coat by directly 

binding the Sec23 subunit; together these proteins catalyze vesicle formation. Vesicles are then 

tethered to the Golgi by TRAPPI, Ypt1, and Uso1, allowing SNAREs to subsequently catalyze 

fusion of the vesicle and Golgi membranes. These basic concepts of ER-Golgi transport are 
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introduced and further detailed in chapter one. Recently an interaction between Sec23 and 

TRAPPI was shown to be required for vesicle tethering to the Golgi, implying the COPII coat 

regulates trafficking events downstream of budding. It was unclear how long the coat remained 

bound to vesicles and how this prolonged association might influence tethering and fusion events.  

Experiments in this dissertation delineate numerous roles of the COPII coat in ER-Golgi 

transport. Chapter two demonstrates COPII vesicles remain coated after they form and until they 

are tethered to the Golgi, but appear to uncoat prior to fusion. It also shows the conserved kinase 

Hrr25 binds and phosphorylates Sec23 and Sec24 at the Golgi after displacing TRAPPI. Hrr25 

indirectly inhibits vesicle budding by phosphorylating Sec23, which disrupts its ability to bind 

Sar1-GTP. Finally, we describe how sequential interactions of Sar1-GTP, TRAPPI, and Hrr25 

with Sec23 spatially and temporally regulate vesicle traffic. Chapter three examines the role of 

Hrr25 in vesicle fusion. Hrr25 appears to partially stimulate the essential process of uncoating, 

likely by decreasing the affinity of phosphorylated Sec24 with vesicle cargo. Casein kinase II 

(CKII) is also shown to regulate ER-Golgi transport, potentially by phosphorylating and 

inhibiting Hrr25. The fourth and final chapter examines the significance of these findings in 

relation to other trafficking events and proposes experiments to better understand the roles of 

COPII phosphorylation, Hrr25, and CKII in ER-Golgi traffic.    



 

1 

 

CHAPTER 1 – 

ER-Golgi transport is mediated by COPII-coated vesicles that tether and fuse with the 

Golgi 

1.1 Summary 

Almost all membrane-bound and secreted proteins are synthesized by co-translational 

translocation through or into the ER membrane. Unless proteins are residents of the ER, they 

must be properly sorted from this organelle to their correct cellular destination. These protein 

cargos are nearly always first transported to the Golgi, an essential process mediated by vesicle 

intermediates. Vesicles are small membrane-bound spheres, typically with a diameter of 60-80 

nm in vitro (Barlowe et al. 1994), that form when part of the ER membrane pinches off along 

with specific cargo. Incorporation of cargo into vesicles enclosed by a lipid bilayer is essential to 

separate them from the cytosol during transport. Vesicles are then directed to the Golgi, where the 

vesicle membrane fuses with that of the Golgi, consuming the vesicle and completing the 

trafficking process.  

There are four main essential events in ER-Golgi transport: vesicle budding, physical 

transport to the Golgi, tethering, and fusion. Budding refers to formation of the vesicle from the 

ER membrane, and is largely dependent on the small GTPase Sar1 and COPII coat proteins 

(Barlowe et al. 1994). Together these factors select specific cargo for export and help deform the 

ER membrane to promote vesicle production. Cargo is next physically transported to the Golgi. In 

metazoans cargo is first trafficked through an ER-Golgi intermediate compartment (ERGIC), and 

then requires microtubule function to transport to the Golgi (Presley et al. 1997; Ben-Tekaya et 

al. 2005). COPI, a separate coat complex, seems to regulate the ERGIC-Golgi trafficking step 

(Pepperkok et al. 1993). In the yeast Saccharomyces cerevisiae, vesicle transport is cytoskeleton 

independent and appears to largely depend on diffusion. Once physically near the Golgi the 

vesicles are tethered, which is defined as the initial interaction of a vesicle with its target 
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membrane. Essential tethering factors include the COPII subunit Sec23, the multi-subunit 

tethering complex TRAPPI, its Rab GTPase substrate Ypt1 (Rab1), and the long coiled-coil Ypt1 

effector Uso1 (p115) (Cai et al. 2007; Sacher et al. 2001; Cao et al. 1998). These factors ensure 

vesicles stably bind to the Golgi, allowing for the final fusion event to occur. Fusion is regulated 

by SNARE proteins, which are membrane proteins found on both the vesicle and Golgi. When 

SNAREs on opposing membranes come in close enough contact they bind one another to form a 

trans-SNARE complex that catalyzes the fusion process. Fusion allows the release of cargo into 

the Golgi lumen or membrane and concludes transport. Bet1, Bos1, Sec22, and Sed5 are the 

SNAREs that regulate ER-Golgi transport (Parlati et al. 2000).  

 

1.2 The COPII coat regulates vesicle budding from the ER   

1.2.1 The COPII coat is recruited to the ER by Sar1-GTP 

The port of entry into the secretory pathway is the endoplasmic reticulum (ER). 

Approximately one-third of the eukaryotic proteome traffics from this multifunctional organelle 

(Huh et al. 2003). This diverse set of cargo is translocated into the ER, folded, and modified 

before traveling to the Golgi where further modifications occur. From the Golgi, cargo is sorted 

to other subcellular compartments to perform a variety of cellular functions. The highly 

conserved machinery required for these transport events was initially identified through genetic 

screens in the yeast Saccharomyces cerevisiae, and insights into the function of this machinery 

were provided through the use of in vitro transport assays. Advances in microscopy, in particular 

the use of GFP fusion proteins and live cell imaging, have also played a critical role in 

understanding the dynamics of membrane traffic. The mechanistic advances that have helped us 

determine how diverse cargo correctly traffics from the ER to the Golgi complex in lower and 

higher eukaryotes will be described in this chapter. Even though these mechanisms are largely 

conserved, they are more complex at the molecular and organizational level in metazoans. 
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Our understanding of the molecular basis of vesicle-mediated ER export has been built 

on the isolation and characterization of conditional lethal yeast secretory mutants that accumulate 

ER membranes at their restrictive growth temperatures (Novick et al. 1980; Novick et al. 1981). 

This genetic approach, coupled with subsequent biochemical characterization of ER-Golgi 

transport events, ultimately defined the vesicle coat proteins themselves, which are known as the 

COPII coat (Baker et al. 1988; Ruohola et al. 1988; Barlowe et al. 1994). The four highly 

conserved cytosolic proteins that define this complex represent the minimal machinery required 

for generating and populating spherical transport vesicles from the ER membrane (Barlowe et al. 

1994; Matsuoka et al. 1998a; Matsuoka et al. 1998b). On synthetic liposomes the COPII coat 

assembles in a hierarchical manner, driven by the initial recruitment and activation of the small 

G-protein Sar1, which exists in a soluble, cytoplasmic form when in its GDP-bound state 

(Nakano and Muramatsu 1989; Barlowe et al. 1993). Exchange of GDP for GTP is catalyzed by 

the ER membrane protein Sec12, which activates Sar1 (Nakano et al. 1988; Barlowe and 

Schekman 1993). Activation of Sar1 triggers a structural rearrangement that exposes an 

amphipathic -helix that shallowly embeds in the lipid bilayer and likely induces initial 

membrane curvature by locally expanding the cytoplasmic leaflet relative to the lumenal leaflet 

(Bielli et al. 2005; Lee et al. 2005). Membrane-bound GTP-loaded Sar1 subsequently recruits a 

heterodimer composed of Sec23 and Sec24, which stably associate with each other to form a 

bow-tie shaped structure that exhibits a concave surface that may face the membrane (Matsuoka 

et al. 1998b; Bi et al. 2002). The Sec23/Sec24 complex provides two functions. Sec23 is the 

GTPase-activating protein (GAP) for Sar1, contributing to GTP hydrolysis via an “arginine 

finger” that inserts into the GTP-binding pocket (Yoshihisa et al. 1993; Bi et al. 2002). Sec24 is 

the cargo-binding platform, interacting with multiple different ER export motifs via a variety of 

surface-localized domains (Miller et al. 2002; Miller et al. 2003; Mossessova et al. 2003; Mancias 
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and Goldberg 2008). Sec23/Sec24 also provides for the recruitment of the outer layer of the 

COPII coat, a heterotetramer formed by Sec13 and Sec31.  

The Sec13/Sec31 complex has the intrinsic capacity to self-assemble into cage-like lattice 

structures that can adopt different geometries (Stagg et al. 2006; Stagg et al. 2008). Crystal 

structures of fragments of Sec31 complexed with Sec13 suggest that the COPII cage assembles 

largely by inter-molecular interactions between Sec31 molecules. Sec31 dimerizes tail-to-tail in 

the middle of the rod-shaped “edge” element via C-terminal -solenoid domains; four N-terminal 

-barrel domains of Sec31 interact to drive assembly of the “vertex” region where four rods come 

together; sandwiched between these two domains lies Sec13. In addition to providing a 

membrane bending force, Sec31 also contributes to GTP hydrolysis via an unstructured loop 

within the proline-rich domain that lies across the surface of Sec23/Sar1 to optimize the position 

of catalytic residues (Bi et al. 2007) and thereby stimulate the GTPase activity of the coat 

approximately 10-fold (Antonny et al. 2001). Mammalian Sec31 is ubiquitinated, an event that is 

critical for efficient collagen traffic (Jin et al. 2012). ER export of collagen represents a unique 

challenge in that assembled collagen rods are too large to fit into a canonical COPII vesicle. It is 

tempting to speculate that ubiquitination may facilitate recruitment of an accessory factor that 

would change the geometry of the COPII cage, or alter the rigidity of the coat to more effectively 

capture this large, unwieldy cargo.  

 

1.2.2 The incorporation of specific cargo into vesicles and their formation from the ER 

 Vesicle formation can be separated into three distinct events. First, membrane curvature 

is required to transform a planar ER membrane into a curved vesicle (60-80nm in vitro). Second, 

the capture of appropriate cargo molecules is needed to ensure efficient ER egress of key 

proteins. Third, scission of the membrane drives vesicle release from the donor membrane. As 

described above, membrane curvature likely stems from multiple physical properties of each of 
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the COPII coat proteins. Sar1 can drive tubulation of synthetic liposomes upon insertion of its 

amphipathic -helix (Bielli et al. 2005; Lee et al. 2005). Ectopic recruitment of a truncated form 

of Sar1 that lacks this domain still results in the formation of a spherical bud-like structure upon 

the addition of Sec23/Sec24 and Sec13/Sec31 (Lee et al. 2005), suggesting additional membrane 

bending capacity derives from the rest of the coat. The spherical structure of the Sec13/Sec31 

cage is suggestive of a central role for the outer coat in generating membrane curvature, either by 

direct scaffolding or by organizing and concentrating the curvature induced by the underlying 

inner coat proteins (Stagg et al. 2006; Stagg et al. 2008). Recent biochemical and genetic 

dissection of the molecular function of Sec13 in yeast has further defined a structural role for 

Sec13/Sec31 in generating vesicles from cargo-rich membranes, which may represent a 

significant barrier to membrane curvature induced by the coat (Copic et al. 2012).  

 Unlike membrane curvature, which seems to be driven by multiple coat elements, cargo 

recruitment into nascent vesicles is driven largely by the Sec24 subunit. A role for Sec23/Sec24 

was initially proposed when a minimal “pre-budding” complex composed of Sar1, Sec23 and 

Sec24 was shown to interact with cargo proteins (Aridor et al. 1998; Kuehn et al. 1998) and the 

SNARE machinery that drives downstream membrane fusion (Springer and Schekman 1998). 

Although some evidence exists for a direct role for Sar1 in the capture of cargo molecules 

(Giraudo and Maccioni 2003; Tabata et al. 2009), the overwhelming genetic, biochemical, and 

structural data support a primary role for Sec24 in this process (Miller et al. 2002; Miller et al. 

2003; Mossessova et al. 2003; Mancias and Goldberg 2007; Mancias and Goldberg 2008). 

Furthermore, most eukaryotes express multiple paralogs of Sec24 that have distinct cargo-binding 

capacities, which likely serves to diversify the repertoire of cargo molecules recognized by the 

coat (Roberg et al. 1999; Shimoni et al. 2000; Miller et al. 2002; Mancias and Goldberg 2008). 

Again, the transport of large cargo proteins seems to require additional functionality, linked either 

to the coat itself or to accessory proteins that facilitate uptake. The yeast Sec24 paralog Lst1 is 
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required for efficient transport of the plasma membrane protein Pma1, which forms a dodecamer 

of ~ 1MDa (Roberg et al. 1999; Lee et al. 2002). Vesicles formed with Lst1 are intrinsically 

larger in size, suggesting that vesicle architecture is in part dependent on coat composition 

(Shimoni et al. 2000). Similarly, collagen requires an accessory factor, TANGO1, which binds 

both collagen (in the lumen) and Sec23/Sec24 (in the cytosol) and may alter vesicle architecture 

or regulate the coat to prevent premature vesicle scission (Saito et al. 2009; Malhotra and 

Erlmann 2011). cTAGE5, a TANGO1 homolog, binds both TANGO1 and Sec23/Sec24 and is 

also required for collagen export from the ER (Figure 1.1). 

 Once a nascent vesicle bud has formed and been adequately populated, the membrane at 

the bud neck must undergo scission to release the free vesicle and close the ER membrane. In 

other vesicle scission events this step can be driven by members of the dynamin family, large 

GTPases that couple GTP hydrolysis to membrane remodeling events. There is no evidence for a 

dynamin-like protein in ER export and instead this function is thought to be driven by Sar1 itself, 

with the GTPase activity driving membrane remodeling via insertion and removal of the 

amphipathic -helix (Pucadyil and Schmid 2009). Indeed, in budding experiments that are driven 

either by a GTP-locked form of Sar1 (Bielli et al. 2005) or by a truncated form that lacks the -

helix (Lee et al. 2005), vesicle buds form but are not released from the donor membrane, 

confirming a role for Sar1 in vesicle scission. However, it is becoming clear that additional layers 

of regulation broadly act on the process of vesicle formation and scission in particular. Recent 

biochemical dissection of the essential, but enigmatic protein Sec16 uncovered a GTPase 

inhibitory function for a central domain that likely works by preventing the efficient recruitment 

of Sec31 to the Sar1/Sec23 complex, thereby reducing the GTPase activity of the coat in situ. 

Surprisingly, this function of Sec16 was impaired by a surface mutation on Sec24, and one effect 

of the increased GTPase activity of the coat in the context of the Sec24-m11 mutant was the 

release of smaller vesicles, confirming that GTPase activity of the coat is intimately linked to 



7 
 

 

 

vesicle scission (Kung et al. 2012). These findings highlight the need for a deeper understanding 

of the complexity of inter-molecular interactions that the coat proteins undergo in the complex 

environment of a cargo-rich membrane. 

 

1.2.3 Specific regulation of vesicle budding in metazoans 

 Although the fundamental machinery that drives COPII vesicle formation is conserved 

across all eukaryotes, metazoans have amplified the repertoire of COPII isoforms and also 

employ additional accessory factors to modulate vesicle traffic in poorly understood ways. In 

some cases this diversity likely reflects the specific challenges associated with the particular 

secretory needs of an individual cell. For example, collagen trafficking requires the accessory 

factors, TANGO1 and cTAGE5, described above, but also seems to be particularly sensitive to 

perturbations in the level of Sec13/Sec31 (Townley et al. 2008). Similarly, uncoupling 

Sec13/Sec31 from the inner COPII coat by mutation of Sec23 causes a craniofacial development 

defect, presumably resulting from defects in collagen secretion (Fromme et al. 2007). This 

dependence on Sec13/Sec31 may reflect a need for significant membrane-bending force to 

encapsulate a collagen rod, or may stem from altered GTPase activity of the coat under depletion 

conditions. As our understanding of the molecular basis of genetic disease increases, it is 

becoming increasingly apparent that COPII-mediated traffic can be linked to a growing number 

of different disease conditions. Some of these are cargo-specific: mutations in the cargo receptor 

ERGIC-53 cause blood clotting diseases as the result of inefficient ER export of clotting factors 

(Nichols and Ginsburg 1999). Others cause broader cellular dysfunction: Sec16 interacts with a 

protein called TFG-1, which was originally identified as a gene fusion associated with thyroid 

cancer and in this state drives recruitment of a kinase to ER exit sites, improperly phosphorylating 

unknown substrates and thereby causing a propensity for transformation (Witte et al. 2011). 

These budding events are summarized and diagrammed in Figure 1.1.  
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1.3 Physical transport of cargo to the Golgi 

1.3.1 The role of the ERGIC in higher eukaryotes 

In addition to the molecular regulation described above, ER export in both budding yeast 

and mammalian cells is subject to higher-level organization. Cargo exits the ER from a 

specialized domain where COPII vesicles form, known as the transitional ER or ER exit sites 

(ERESs) (Palade 1975). These domains serve in part to segregate different classes of cargo 

molecules (Muniz et al. 2001; Watanabe and Riezman 2004) and also participate in ER quality 

control by excluding misfolded proteins (Mezzacasa and Helenius 2002). Precisely how these 

discrete domains are generated and maintained remains unclear, although Sec16 seems to be a 

key player, perhaps via its scaffolding function (Ivan et al. 2008; Hughes et al. 2009). In 

mammalian cells, cargo is subsequently transported to the pre-Golgi or ER-Golgi intermediate 

compartment, called the ERGIC (also referred to as vesicular tubular clusters or VTCs; Figure 

1.2), which corresponds to the first post-ER compartment where sorting occurs (Bannykh et al. 

1996). It is unclear exactly how this happens, though it likely involves a combination of 

homotypic COPII vesicle fusion and heterotypic fusion with the ERGIC. While it is unknown if 

homotypic fusion occurs in vivo, it has been observed using in vitro assays (Xu and Hay 2004).  

The ERGIC resides near ER exit sites and has different properties than either the ER or 

Golgi (Schweizer et al. 1991). Early live cell imaging studies on the trafficking of the viral 

glycoprotein VSV-G suggested that the ERGIC might be a transient pre-Golgi intermediate that 

fuses with the cis-Golgi (Presley et al. 1997). A more recent study using GFP-ERGIC-53 as a 

marker, however, demonstrated that ERGIC-53 localizes to stationary membranes that correspond 

to ERGIC clusters. GFP-ERGIC-53 did not display any net movement from these clusters, 

whereas the anterograde cargo marker, VSV-G-GFP, moved toward the Golgi. Cargo sorting 
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from ERGIC-53 positive structures back to the ER was also observed, implying that ERGIC-53 

marks a stable organelle (Ben-Tekaya et al. 2005).  

The ERGIC has two main functions: to concentrate cargo that leaves the ER and to 

transport cargo onward toward the Golgi or back to the ER (Aridor et al. 1995; Martínez-

Menárguez et al. 1999). Both of these cargo sorting events are regulated by defined protein 

sequences. For example, a hydrophobic motif in GAT1, a transmembrane GABA transporter that 

traffics to the plasma membrane, regulates exit from the ERGIC towards the cis-Golgi (Farhan et 

al. 2008). The identification of a positive sorting signal to drive anterograde traffic from the 

ERGIC is consistent with the model of the ERGIC as a stable compartment, although the 

molecular mechanism by which such signals are recognized remains unknown. Retrograde traffic 

back to the ER is driven by different sorting sequences, such as KDEL (Munro and Pelham 1987) 

and dilysine (Jackson et al. 1990) motifs, which function either by direct interaction with the 

COPI coat (dilysine signals) or by indirect engagement via the KDEL receptor (Erd2 in yeast). 

COPI is a second coat complex that acts sequentially with the COPII complex on this 

pathway in metazoans (Aridor et al. 1995) and is recruited to the ERGIC to mediate anterograde 

traffic to the Golgi and retrograde traffic back to the ER (Pepperkok et al. 1993; Scales et al. 

1997; Stephens and Pepperkok 2002). The COPI coat, also known as coatomer, consists of the 

following seven subunits: α-, β-, β’-, γ-, ∂-, ε-, and ζ-COP (Waters et al. 1991; Serafini et al. 

1991). COPI vesicle formation is catalyzed by small Arf GTPases that function in a similar 

capacity to Sar1 (Letourneur et al. 1994; Donaldson et al. 1992). While there is ample evidence 

demonstrating COPI is required to transport cargo from the ERGIC or Golgi back to the ER 

(Letourneur et al. 1994), there is also some indication the COPI coat complex regulates the late 

stages of ER-Golgi traffic in mammalian cells. For example, injection of antibodies against the 

COPI subunit β-COP blocks ER-Golgi transport and causes cargo to accumulate in the ERGIC 

(Pepperkok et al. 1993). The COPI coat has also been visualized co-localizing with VSV-G as it 
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exits the ERGIC en route to the Golgi (Shima et al. 1999), suggesting it regulates budding from 

the ERGIC. It is currently unclear exactly how the COPI coat simultaneously regulates both 

anterograde and retrograde trafficking events from the ERGIC. Specificity may be controlled by 

different Arf GTPases that have preferences for particular cargo, or potentially by the cargo 

proteins themselves, which contain distinct sorting motifs.  

These mammalian trafficking events are summarized in Figure 1.2, which display the 

basic requirements for each sorting pathway. Yeast appear to lack a distinct ERGIC and instead, 

the first post-ER compartment where sorting occurs is the early Golgi. Traffic from the ER to the 

Golgi is mechanistically similar to ER-ERGIC traffic, with COPII vesicles rapidly diffusing 

within the cell and fusing directly with the early Golgi (Cao et al. 1998; Lord et al. 2011). Due to 

the absence of an ERGIC compartment, COPI-mediated retrograde traffic in yeast begins at the 

early Golgi (Letourneur et al. 1994).  

 

1.3.2 Cytoskeletal-mediated transport of cargo in metazoans 

Microtubule function is necessary for late events in metazoan ER-Golgi traffic, as their 

disruption by the depolymerizing agent nocodazole inhibits the transport of VSV-G from the 

ERGIC to the Golgi without affecting its entry into the ERGIC (Presley et al. 1997). The large 

physical distance between the ERGIC and Golgi may require microtubule function for the 

efficient transport of cargo between these two compartments (Figure 1.2). Microtubule-driven 

traffic from the ERGIC to the Golgi also requires the minus-end-directed motor dynein and its 

adaptor complex, dynactin, which links dynein to membranes (Presley et al. 1997; Kardon and 

Vale 2009). The COPII coat subunit Sec23 interacts with the dynactin subunit p150
glued

 (Watson 

et al. 2005). Overexpression of the domain of p150
glued

 that binds to Sec23 inhibits the export of 

VSV-G from the ER, suggesting that this interaction may anchor vesicles to the dynein motor 

(Watson et al. 2005). Although not essential for ER-ERGIC trafficking, microtubules may 
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stimulate the export of cargo from the ER (Watson et al. 2005). It is also possible that dynein is 

recruited to COPII vesicles to regulate a later microtubule-dependent step in ER-Golgi transport. 

TRAPPC9, a subunit of the mammalian TRAPP complex described below (Yamasaki et al. 

2009), also interacts with p150
glued

 (Zong et al. 2012) and may help link vesicles to microtubules. 

Retrograde traffic from the ERGIC to the ER is driven by microtubules, but utilizes the 

microtubule-plus-end-directed motor protein kinesin (Lippincott-Schwartz et al. 1995). The dual 

activities of dynein and kinesin may play a role in positioning the ERGIC on the ER-Golgi 

pathway. Unlike mammalian cells, there are no cytoskeletal requirements for ER-Golgi traffic in 

yeast. This is likely because diffusion is sufficient to physically transport vesicles to the Golgi, 

which is fairly close to the ER in Saccharomyces cerevisiae. 

 

1.4 Tethering factors regulate the initial interaction of a vesicle with its target 

membrane 

1.4.1 Sec23 recruits TRAPPI to COPII vesicles, where it activates its Rab GTPase 

substrate Ypt1. 

Vesicles need to be properly directed and physically linked to their target compartment 

prior to fusion, events which are regulated by tethering factors. Highly-conserved tethering 

factors required for ER-Golgi transport include the TRAPPI complex, Ypt1 (the yeast ortholog of 

Rab1), and Uso1 (the yeast ortholog of p115). The COPII subunit Sec23 is another conserved 

essential tethering factor, as competitive inhibition by excess amounts of soluble Sec23 prevents 

yeast COPII vesicles from tethering to the Golgi (Cai et al. 2007) and disrupts homotypic 

tethering of mammalian COPII vesicles (Cai et al. 2007). Consistent with its role in this 

trafficking event, the COPII coat remains associated with vesicles until they are tethered to the 

Golgi in yeast (Lord et al. 2011). Sec23 initiates tethering by serving as a receptor for the 

TRAPPI subunit Bet3, which binds to Sec23 in vitro  (Cai et al. 2007). This causes recruitment of 
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both TRAPPI and Ypt1 to a vesicle, which helps prime it for tethering in the cytosol before 

reaching the Golgi. Importantly, Bet3 recruitment is dependent on the release of Sar1-GTP from 

the vesicle membrane. These proteins compete for binding to Sec23 (Lord et al. 2011), suggesting 

their functions are spatially and temporally separated. When the non-hydrolyzable GTP analog 

GMP-PNP is used to produce mammalian COPII vesicles in vitro, locking Sar1 on the membrane, 

Bet3 recruitment is completely inhibited (Lord et al. 2011). This ensures tethering is only initiated 

once Sar1 is no longer required in the budding process.  

The TRAPPI complex consists of 6 subunits in yeast, including Bet3, Bet5, Trs20, Trs23, 

Trs31, and Trs33 (Sacher et al. 1998; Jiang et al. 1998; Lynch-Day et al. 2010). A variety of 

experiments have demonstrated the essential subunit Bet3 is required for vesicle tethering in both 

yeast and mammalian cells (Barrowman et al. 2000; Yu et al. 2006). TRAPPI primarily appears 

to function as a GEF for the yeast Rab GTPase Ypt1 (Wang et al. 2000) and its metazoan 

ortholog Rab1 (Yamasaki et al. 2009a), although it may also interact with factors on the Golgi to 

physically link vesicles to the membrane. Rabs are a class of conserved GTPases that coordinate 

different intracellular membrane trafficking pathways; there are at least 60 Rabs in mammalian 

cells and 11 Ypt proteins in the yeast Saccharomyces cerevisiae (Hutagalung and Novick 2011). 

Exchange of GTP for GDP activates Ypt1/Rab1 and recruits it to the coated COPII vesicle by 

insertion of a hydrophobic, prenylated tail that anchors it to the membrane (Hutagalung and 

Novick 2011). When bound to GDP, the hydrophobic tails of Rabs are sequestered in the cytosol 

by guanine nucleotide dissociation inhibitor (GDI), which controls recycling of Rabs and 

prevents their insertion into non-specific membranes (Wilson et al. 1996). Like other tethering 

factors, disrupting Ypt1 function blocks the ability of vesicles to initially bind the Golgi (Cao et 

al. 1998). Rab1 is also required for ER-Golgi transport (Moyer et al. 2001; Plutner et al. 1991). 

Consistent with the localization of the TRAPP subunit Bet3 to the transitional ER (Yu et al. 

2006), Rab1 is recruited to COPII vesicles (Allan et al. 2000) and regulates COPII homotypic 
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vesicle tethering (Bentley et al. 2006). Additionally, both Rab1 and Ypt1 also localize to the 

Golgi and regulate transport through this compartment (Plutner et al. 1991).  

As described above, TRAPPI functions as a GEF to activate Ypt1 and recruit it to 

vesicles. In vitro assays demonstrated the GEF activity of TRAPPI is dependent on multiple 

subunits of the complex, specifically Bet3, Bet5, Trs23, and Trs31 (Kim et al. 2006). A recent 

crystal structure of the nucleotide-free form Ypt1 complexed with these subunits yielded insights 

into the precise mechanism of nucleotide exchange by TRAPPI. This revealed Ypt1 largely binds 

to the highly conserved surface of Trs23 (Cai et al. 2008). Key to the catalytic activity of TRAPPI 

is the interaction of the C-terminus of Bet3 with the switch I and II regions in the nucleotide-

binding pocket of the Rab. Like other Rabs, the conformation of these switch regions changes 

depending on the nucleotide-binding state of Ypt1; when Ypt1 is bound to Bet3, the switch 

regions adopt a conformation that leads to the opening of the nucleotide-binding pocket, 

promoting release of GDP. Bet5 appears to play a structural role in these events, facilitating the 

interaction of Trs23 with the C-terminus of Bet3. The role of Trs31 in exchange may largely be 

allosteric. Together these molecular interactions catalyze the release of GDP from Ypt1. 

 

1.4.2 Long coiled-coil proteins mediate vesicle tethering 

Rab1/Ypt1 exerts its function through effectors, which are defined by their ability to 

preferentially bind the active form of Rabs. One of the best-characterized Rab1 effectors is the 

Golgin p115. Golgins are a family of coiled-coil proteins that play a role in structuring the Golgi 

(Barr and Short 2003). Consistent with its function as an effector, p115 is recruited to COPII 

vesicles by activated Rab1 (Allan et al. 2000), where it mediates COPII vesicle tethering (Bentley 

et al. 2006) and appears to play a role in organizing transitional ER sites (Kondylis and Rabouille 

2003). p115 also resides on the ERGIC (Alvarez et al. 1999) and Golgi (Nelson et al. 1998). In 

addition to regulating ER-ERGIC traffic, it was demonstrated p115 is required for ERGIC-Golgi 
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transport (Alvarez et al. 1999), where it works in conjunction with another Golgin and Rab1 

effector, GM130. Additional players in this late ER-Golgi trafficking event include the Golgin 

GRASP-65 (Moyer et al. 2001) and the COPI coat subunit β-COP, which interacts with p115 

during tethering events at the Golgi (Guo et al. 2008). Since COPI-coated vesicles appear to 

regulate anterograde transport of cargo from the ERGIC, p115 may also physically tether these 

vesicles once they reach the Golgi. 

Uso1, the yeast ortholog of p115, mediates the tethering of COPII vesicles to the Golgi 

(Cao et al. 1998). Its recruitment to membranes is affected in a ypt1-3 mutant, consistent with the 

fact Uso1 functions as an effector (Cao et al. 1998). While their amino acid sequence is not 

highly conserved, Uso1 and p115 share structural characteristics that are essential for their 

tethering functions. Electron microscopy analysis demonstrated that both Uso1 and p115 are long 

coiled-coil dimers with two globular head regions, similar to the motor protein myosin 

(Sapperstein et al. 1995; Yamakawa et al. 1996). The N-terminal head region of p115 contains 12 

armadillo-like alpha-helical repeats, termed tether repeats (TRs), which are also found in other 

tethering factors (An et al. 2009); the conserved H1 TR is required for the interaction of p115 

with Rab1-GTP (An et al. 2009). The C-terminal tail of p115 binds to the Golgins GM130 

(Nakamura et al. 1997) and giantin (Lesa et al. 2000; Linstedt et al. 2000), which compete for 

binding to p115 (Linstedt et al. 2000). The first coiled-coil region (CC1) binds to ER-Golgi 

SNAREs, suggesting these proteins may also regulate the tethering event (Shorter et al. 2002).  

Based on these interactions, it suggests Uso1/p115 essentially acts as a physical link 

between a COPII vesicle and its target compartment (Figure 1.3). It binds the vesicle through 

interactions with activated Ypt1-/Rab1-GTP, and binds the target compartment through 

interactions with giantin, GM130, and SNAREs (Figure 1.3). Since giantin and GM130 compete 

for binding to p115, it may initially engage the longer protein giantin, subsequently binding the 

shorter GM130 and SNAREs once the vesicle is closer to the target membrane (Sonnichsen et al. 
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1998; Allan et al. 2000). In yeast the Golgin orthologs Bug1 (GM130) and Grh1 (GRASP65) 

interact with both Uso1 and the Sec23/Sec24 complex, suggesting conserved interactions drive 

vesicle tethering. A yeast ortholog for giantin has not been identified thus far (Behnia et al. 2007). 

The coiled-coil region of Uso1 has an average length of 154 nm that can bend in defined regions 

(Yamakawa et al. 1996), and this long length may facilitate the tethering of vesicles that are a 

considerable distance away from the Golgi. Bending would allow Uso1 to bring the bound vesicle 

closer to the Golgi where fusion occurs.  

 

1.5 Vesicle fusion is the final event in ER-Golgi transport 

1.5.1 SNARE pairing catalyzes vesicle fusion  

Once tethered, the vesicle can fuse with its target membrane. Fusion is catalyzed by a 

class of proteins called SNAREs, which are generally type two membrane proteins that are 

anchored via a C-terminal transmembrane domain or a hydrophobic posttranslational 

modification (Veit et al. 1996; McNew et al. 1997). They bind to each other through a conserved 

60-70 amino acid heptad repeat, called the SNARE motif (Fasshauer et al. 1998; Weber et al. 

1998), and are divided into four subgroups: R-, Qa-, Qb-, and Qc-SNAREs. This subgrouping is 

based on the SNARE domain sequence and the presence of a glutamine or asparagine at a 

conserved site in the protein (Fasshauer et al. 1998; Bock et al. 2001). In vivo (Newman et al. 

1990) and in vitro (Lian and Ferro-Novick 1993; Cao and Barlowe 2000) studies suggest that the 

ER-Golgi SNAREs Sec22 (R), Sed5 (Qa), Bos1 (Qb), and Bet1 (Qc) regulate fusion in yeast. 

Their orthologs, Sec22, syntaxin 5 (Sed5), membrin (Bos1), and Bet1 appear to act in both ER-

ERGIC and ERGIC to Golgi traffic (Hay et al. 1997; Hay et al. 1998; Bentley et al. 2006). ER-

ERGIC traffic may use a long isoform of syntaxin-5 (Hay et al. 1997; Hui et al. 1997). A second 

SNARE complex, syntaxin-5, Bet1, GOS-28, and Ykt6, also functions in the late stages of ER-

Golgi traffic in mammalian cells (Zhang and Hong 2001). The fact syntaxin-5 appears to form 
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two distinct SNARE complexes is consistent with the fact SNAREs often regulate multiple 

trafficking events. 

The localization and structure of SNAREs are critical for their function in membrane 

fusion. In vitro liposome studies suggest fusion occurs when Bos1, Sec22, and Sed5 are 

topologically restricted from Bet1 (Parlati et al. 2000). Fusion requires the formation of a trans-

SNARE complex, which occurs when the SNARE motifs on opposing membranes bind to each 

other to form a highly stable parallel helical bundle (Sutton et al. 1998). Formation of this bundle 

proceeds like a zipper (Lin and Scheller 1997), starting at the N-terminus of each SNARE. 

Zippering is thought to provide the mechanical force necessary to overcome the significant 

energy barrier required to fuse two membranes together. Once fusion is complete, the SNAREs 

remain associated in a cis-SNARE complex at the target membrane. This cis-SNARE complex is 

disassembled by SNAP/Sec17 and the AAA+ ATPase NSF/Sec18 in an ATP-dependent manner. 

Disassembly is essential to re-prime the SNAREs for further rounds of membrane fusion (Mayer 

et al. 1996). 

 

1.5.2 Other factors that regulate SNAREs and vesicle fusion 

Other factors associated with the SNAREs regulate membrane fusion. For example, p115 

not only binds to the SNAREs (Allan et al. 2000), it also catalyzes SNARE complex formation in 

vitro (Shorter et al. 2002). Sly1, a Sec1/Munc18 (SM) family member that binds the Qa-SNARE 

syntaxin 5/Sed5 (Dascher and Balch 1996), is required for ER-Golgi transport (Cao and Barlowe 

2000; Williams et al. 2004) and has been implicated in SNARE pairing (Flanagan and Barlowe 

2006). Its precise role in membrane fusion, however, is still unclear. Sly1 may increase the rate of 

SNARE pairing (Kosodo et al. 2002), however, another study found it primarily prevents the ER-

Golgi SNAREs from pairing promiscuously with other SNAREs acting at different stages of 
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membrane traffic (Peng and Gallwitz 2002). This latter study suggested Sly1 may only function 

to promote the specific binding of Sed5 with Bet1, Bos1, and Sec22.  

The yeast kinase Hrr25 and its mammalian homolog CK1∂ were recently shown to 

regulate COPII vesicle fusion. Both Hrr25 and CK1∂ had been previously implicated in ER-Golgi 

transport, as a kinase-dead hrr25 allele was shown to rescue a temperature sensitive growth 

defect in sec12-4 mutants (Murakami, Kimura, and Nakano), and CK1∂ was shown to localize to 

the Golgi (Milne, Looby, and Meek) as well as regulate ER-Golgi traffic (Yu and Roth). 

Inhibition of Hrr25/CK1∂ function using the ATP competitor IC261 caused a vesicle fusion 

defect in vitro and decreased ER-Golgi transport of VSV-G in vivo (Lord et al.). In vitro kinase 

assays showed it phosphorylates the COPII subunits Sec23 and Sec24. Hrr25 can also displace 

TRAPP from Sec23 in vitro (Lord et al.), suggesting a potential mechanism to remove this 

tethering factor from the COPII coat once tethering is complete. 

 

1.6 Conclusion 

 

In vitro assays and microscopy experiments have provided significant insights into 

factors that regulate ER-Golgi transport in both yeast and metazoans. Vesicle budding is the 

initial event in this trafficking process. Sar1-GTP and the COPII coat cooperate to deform the ER 

membrane to promote vesicle formation, while Sec24 and its homologs regulate the incorporation 

of specific cargo into vesicles. Finally, Sar1-GTP hydrolysis appears to promote vesicle scission, 

releasing a COPII-coated vesicle from the ER. This is diagrammed in Figure 1.1. In yeast these 

vesicles are directly targeted to the Golgi, which is near the ER membrane. In metazoans, cargo is 

initially directed to the ERGIC. From there it can be trafficked back to the ER or onwards to the 

Golgi in a COPI- and microtubule-dependent manner. These metazoan-specific events are 

summarized and diagrammed in Figure 1.2. 
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Tethering and fusion events are summarized in Figure 1.3. The COPII coat remains on 

vesicles following Sar1-GTP hydrolysis, allowing Sec23 to recruit TRAPPI to the vesicle to 

initiate tethering. TRAPPI, and therefore tethering, are only initiated once Sar1 is released from 

the vesicle membrane following budding. TRAPPI then activates its substrate Ypt1/Rab1 GTPase 

through the exchange of GDP for GTP. Activated Ypt1-/Rab1-GTP bind Uso1/p115 on vesicles, 

which physically tethers and links them through interactions with the giantin, GM130, and 

SNAREs on the target membrane. The COPII coat remains associated with the vesicle and is 

phosphorylated by Hrr25/CK1∂. Following phosphorylation the COPII coat is released, allowing 

SNARE pairing to catalyze fusion. The cis-SNARE complex is then disassembled by Sec17 and 

Sec18 to ensure they are re-primed for further fusion events.  
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Figure 1.1: The COPII coat drives vesicle formation from the ER. COPII vesicle formation is 

initiated by the guanine nucleotide exchange factor, Sec12, which recruits and activates Sar1. 

Sar1-GTP in turn recruits the Sec23/Sec24 dimer, which binds cargo molecules, including the 

SNARE proteins that drive vesicle fusion. These pre-budding complexes then recruit a 

heterotetramer of Sec13/Sec31, which drives membrane bending and vesicle formation. The 

peripheral protein, Sec16, functions as both a regulator and scaffold in this process, localizing to 

discrete ER exit sites that, in metazoan cells, form cup-shaped domains. Some large cargo 

proteins, like collagen, cannot fit into a canonical COPII vesicle but instead rely on accessory 

factors like TANGO1 and its homologue, cTAGE5, to modify this process to generate a carrier 

competent for transport. 
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Figure 1.2: Vesicle traffic between the ER and Golgi complex. Vesicle traffic from the ER is 

initiated when the COPII coat complex sorts cargo into a budding vesicle from the transitional ER 

(tER). Cargo then moves from the ER to the ER-Golgi intermediate compartment (ERGIC). This 

event does not require microtubules. Traffic from the ERGIC to the Golgi is dependent on 

microtubules and the motor protein dynein, and appears to be mediated by COPI-coated vesicles. 

Non-resident ERGIC cargo recycles back to the ER.  Recycling is COPI-dependent and requires 

microtubules, as well as the motor protein kinesin. 

  



21 
 

 

 

 

 

Figure 1.3: Vesicle tethering and fusion at the Golgi. The TRAPPI complex is recruited to 

COPII vesicles by the coat subunit Sec23 where it activates Ypt1. On the vesicle, activated Ypt1-

GTP binds to its effector Uso1. Uso1 is a long coiled-coil tether that can bend. When Uso1 bends 

it may bring the vesicle closer to the Golgi. At the target membrane, the TRAPPI complex is 

displaced from the vesicle by the serine/threonine kinase Hrr25/CK1∂. Hrr25/CK1∂ then 

phosphorylates the Sec23/Sec24 complex, the inner shell of the COPII coat. The coat is 

subsequently released, allowing the SNAREs to pair, which catalyzes membrane fusion. The 

vesicle does not uncoat until it reaches its acceptor compartment, ensuring that fusion only takes 

place at the correct membrane. These events appear to be conserved in mammalian cells. 
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CHAPTER 2 – 

COPII coat dynamics and the regulation of ER-Golgi transport by Hrr25 

 

2.1  Summary 

 The COPII subunit Sec23 physically interacts with the TRAPPI complex to regulate 

vesicle tethering (Cai et al. 2007). This implies the COPII coat remains associated with vesicles 

after budding from the ER, potentially regulating other downstream trafficking events. We sought 

to determine when vesicles uncoat during ER-Golgi transport in order to understand more about 

the possible functions of COPII in tethering and fusion. Experiments in this chapter demonstrate 

the COPII coat remains associated with vesicles until they are tethered to the Golgi. Initially we 

showed vesicles generated in vitro remain coated after Sar1-GTP hydrolysis. To determine when 

vesicles uncoat, we blocked in vitro ER-Golgi transport reactions at specific tethering and fusion 

steps and then tested whether the accumulated vesicles remained coated. The presence of coated 

vesicles was assayed by modification and optimization of a TRAPPI-vesicle binding assay 

(Sacher et al. 2001), which measures the amount of Sec23-positive COPII vesicles that can bind 

TRAPPI immobilized on beads (Cai et al. 2007). These experiments showed vesicles remain 

coated until they are tethered to the Golgi by TRAPPI, Ypt1, and Uso1, but they appear to uncoat 

prior to SNARE-mediated fusion. This data suggested the COPII coat regulates vesicle trafficking 

at the Golgi. 

 We hypothesized the COPII coat might be a substrate of a Golgi-localized kinase since 

Sec24 and Sec31 are known phosphoproteins (Salama et al. 1997; Dudognon et al. 2004). 

Analysis of the yeast kinome identified Hrr25, the yeast ortholog of casein kinase 1 delta (CK1∂), 

as a candidate due to physical interactions with Sec23 and the Sec24 paralog Lst1 in high-

throughput screens (Ho et al. 2002), as well as genetic interactions with the vesicle budding factor 

SEC12 (Murakami et al. 1999). Fluorescence microscopy and sucrose velocity gradients 
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demonstrated Hrr25 localizes to the Golgi, consistent with the localization of mammalian CK1∂ 

(Behrend et al. 2000; Milne et al. 2001). In vitro transport assays showed Hrr25 is required for 

vesicle fusion. Binding assays confirmed Hrr25 interacts with Sec23, as well as Sec24 and its 

paralog Lst1. This suggested these proteins were also Hrr25 substrates, which was verified using 

in vitro kinase assays. Additionally, the phosphorylation of Sec23 and Sec24 in vivo is dependent 

on the activity of Hrr25. Together these experiments indicated the COPII coat is phosphorylated 

by Hrr25 at the Golgi. 

 We also wanted to examine the functional consequences of COPII phosphorylation. Mass 

spectrometry identified two conserved residues in the Sar1-GTP-binding domain of Sec23 that 

are phosphorylated by Hrr25. Phosphomimetic mutations of these residues disrupted binding to 

Sar1-GTPγS and caused in vitro budding and ER-Golgi transport defects. Consistent with this 

result, we found Hrr25 inhibits vesicle budding from the ER and decreases the affinity of Sec23 

for membranes in vivo. Finally, the relationship between the binding of Sar1-GTP, TRAPPI, and 

Hrr25 to Sec23 was examined. In vitro assays determined these three proteins competitively bind 

the same site on Sec23, suggesting they all interact with Sec23 at different stages of ER-Golgi 

transport. TRAPPI cannot be recruited to vesicles until Sar1-GTP is released from the membrane, 

and is itself displaced from Sec23 by Hrr25 at the Golgi. These experiments showed sequential 

interactions of Sar1-GTP, TRAPPI, and Hrr25 with Sec23 regulate the direction of ER-Golgi 

vesicle traffic.   

 

2.2 Introduction 

 Vesicle budding from the ER is regulated by the COPII coat complex and the small 

GTPase Sar1. The COPII coat consists of an inner adaptor layer formed by heterodimers 

composed of Sec23 and Sec24, which are recruited through direct interactions between Sec23 and 

activated Sar1-GTP (Barlowe et al. 1994). Sec23 functions as a GTPase-activating protein (GAP) 
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for Sar1-GTP (Yoshihisa et al. 1993), while Sec24 regulates the incorporation of cargo into 

vesicles as they bud (Miller et al. 2003; Mossessova et al. 2003). The GAP activity of Sec23 is 

stimulated by the outer COPII subunits Sec13 and Sec31, which form an outer cage layer and are 

subsequently recruited to the ER (Barlowe et al. 1994). In vitro assays have shown the GTPase 

activity of Sar1 is greatest when Sec23 and a short fragment of Sec31 are present (Bi et al. 2007), 

essentially meaning the GTP on Sar1 is hydrolyzed during vesicle formation or immediately 

following this process. In vitro light-scattering experiments using liposomes and purified Sar1, 

Sec23/Sec24, and Sec13/31 suggested the COPII coat is also rapidly released from vesicles once 

budding is complete (Antonny et al. 2001). When these proteins were incubated together with 

GTP and liposomes, vesicles were produced. Due to the combined activity of Sec23 and Sec31, 

Sar1-GTP was hydrolyzed and released from the vesicle during its formation. Concurrent with the 

release of Sar1, the COPII coat proteins also dissociated from membranes. Replacing GTP with 

the non-hydrolyzable analog GMP-PNP promoted vesicle formation, but inhibited coat release, 

suggesting Sar1-GTP hydrolysis is necessary and sufficient for vesicle uncoating. 

 It was recently shown Sec23 also directly binds the Bet3 subunit of TRAPPI (Cai et al. 

2007). Since TRAPPI is essential for vesicle tethering (Sacher et al. 2001; Barrowman et al. 

2000), this result suggested Sec23 might also regulate this trafficking event. Addition of excess 

soluble GST-Sec23 decreases tethering of vesicles to Golgi membranes in yeast lysates and also 

inhibits homotypic tethering of mammalian COPII vesicles (Cai et al. 2007), indicating a 

conserved requirement for Sec23 in vesicle tethering. This is consistent with an earlier report 

showing an in vitro transport defect with the Golgi in lysates derived from a sec23 mutant 

(Ruohola et al. 1988). It also implies Sec23 and the COPII coat remain associated with the vesicle 

after budding is complete in order to regulate tethering. This is inconsistent with a model whereby 

vesicles uncoat immediately following their formation. It is likely earlier experiments suggested 
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such a model because they were performed with purified COPII subunits and liposomes, lacking 

other factors that could further regulate COPII release. 

 We wanted to further explore COPII coat dynamics and its potential association with 

vesicles following budding. We hypothesized vesicles remain coated after they form and COPII 

release would not at least occur until Sec23 interacted with TRAPPI. We designed a set of 

experiments to test this hypothesis and further define when uncoating occurs during ER-Golgi 

transport. This would allow us to determine exactly what processes might be regulated by the 

COPII coat and give insights into its function in tethering and fusion events.  

 

2.3 Results  

2.3.1 COPII vesicles remain coated after they form 

We hypothesized vesicles would remain stably coated after they form, since binding of 

Sec23 to the TRAPPI complex is essential for tethering (Cai et al. 2007). This was tested by 

incubating donor cells with cytosol for increasing amounts of time to generate vesicles in vitro, 

which were then gel-filtered and pelleted to partially purify them from the cytosol (Groesch et al. 

1990; Cai et al. 2007). The vesicles were blotted with anti-Sec13 to detect outer COPII coat 

levels. If the COPII coat stably binds vesicles, then the amount of Sec13 on the vesicles should 

not decrease over time. An apyrase reaction was included as a negative control, which inhibits 

vesicle budding by consuming any ATP present in lysates (Ruohola et al. 1988). Blots 

demonstrated Sec13 levels remained fairly constant as vesicle generation time increased (Figure 

2.1; A). The presence of Sec13 was dependent on vesicle formation, as there was no significant 

amount in the apyrase reaction (compare lanes 1 and 5 with 2-4 and 6-8). Additionally, in one 

reaction, we separated the vesicles from the donor cells for 2 hours on ice prior to their isolation 

(lane 8). This ensured we were not simply blotting vesicles that were constantly being re-

generated in vitro. Even in this sample the levels of Sec13 remained high, suggesting the ER-
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derived vesicles remain coated after they form. Coated vesicles were also blotted to determine 

whether TRAPPI and its substrate Ypt1 (Wang et al. 2000) are recruited (Figure 2.1; B). We 

predicted this might be a possibility since Sec23 binds to the Bet3 subunit of TRAPPI (Cai et al. 

2007). Blotting indicated there were significantly greater levels of the TRAPPI subunit Trs33 and 

Ypt1 in the ATP reactions compared to the apyrase sample, suggesting both are recruited to 

coated vesicles in vitro.     

 

2.3.2 Developing an assay to determine when vesicles uncoat in vitro 

The addition of purified cytosol to donor cells in vitro produces COPII vesicles (Groesch 

et al. 1990). The COPII vesicles can be monitored because they incorporate a radiolabeled cargo 

protein (α-factor) when they bud from the ER. Previously it was shown these vesicles can bind to 

TRAPPI-coated beads in vitro (Sacher et al. 2001), as addition of COPII vesicles increases the 

amount of radiolabeled α-factor present on the beads. Vesicle binding is dependent on the Sec23 

subunit of the COPII coat, since addition of excess Sec23 impairs binding in a dose-dependent 

manner (Cai et al. 2007). Additionally, stripping the vesicles of their coat inhibits binding to the 

TRAPPI beads (Cai et al. 2007). This means COPII vesicles can only bind the TRAPPI beads if 

the Sec23 subunit of the COPII coat is present on the vesicles. We wanted to exploit this 

important fact to determine when the COPII coat is shed during ER-Golgi transport.  

When Golgi membranes are incubated with the cytosol and donor cells in vitro, some of 

the COPII vesicles tether and fuse with the Golgi (Groesch et al. 1990). Since there are fewer free 

vesicles remaining in such a reaction, incubating these products with TRAPPI beads should lead 

to decreased levels of binding. Testing this prediction required the modification of the existing 

TRAPPI binding assay, as they previously were only performed in the absence of Golgi 

membranes. This required extensive optimization, but ultimately the assay was successfully 

adapted with the addition of a high-speed pellet fraction containing Golgi membranes. As 
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predicted, when the products of a reaction containing both cytosol and Golgi were incubated with 

TRAPPI beads, binding decreased about 60% compared to a reaction lacking Golgi membranes 

(Figure 2.2; A, left two bars). Importantly, this indicates the addition of Golgi decreases the 

affinity of transport products for TRAPPI beads. This likely is caused by a reduction in free 

vesicles available to bind due to fusion with the Golgi. Alternatively, there could be a 

modification of the coat that inhibits binding of the TRAPPI beads with vesicles in the presence 

of the Golgi.  

Blocking specific tethering and fusion factors in vitro causes an accumulation of vesicles 

(Barrowman et al. 2000). We hypothesized coated vesicles would accumulate when proteins 

required for uncoating were inhibited, while uncoated vesicles would accumulate when factors 

that functioned after uncoating were inhibited. The vesicles could subsequently be incubated with 

TRAPPI beads to assess relative binding levels. Since the COPII coat is required for binding to 

the beads (Cai et al. 2007), only those vesicles that remain coated should effectively bind. The 

modified assay was initially tested to ensure COPII-coated vesicles could bind TRAPPI beads in 

the presence of Golgi membranes. Since the interaction of the TRAPPI subunit Bet3 with Sec23 

is required for vesicle tethering (Cai et al. 2007), we hypothesized vesicles would remain coated 

if Bet3 were inactivated during in vitro transport reactions. Lysates derived from bet3-1 cells 

have both tethering and ER-Golgi transport defects in vitro (Barrowman et al. 2000), providing a 

simple mechanism to inactivate this protein. Vesicles generated using cytosol and Golgi fractions 

derived from the bet3-1 mutant were incubated with TRAPPI beads. Compared to the reaction 

with bet3-1 cytosol alone, vesicle binding in the presence of bet3-1 Golgi membranes did not 

significantly decrease (Figure 2.2; A). To ensure binding was dependent on the COPII coat, 

vesicles produced from transport reactions containing bet3-1 cytosol and Golgi were incubated 

with TRAPPI beads in the presence of increasing amounts of either GST-Sec23 or GST. The 

addition of GST-Sec23, but not GST alone, significantly decreased binding to the TRAPPI beads 
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in a dose-dependent manner, indicating the interaction required Sec23 (Figure 2.2; D). These 

experiments revealed two conclusions. First, the modified assay could be used to detect the 

accumulation of coated vesicles with Golgi membranes. Second, consistent with previous results 

(Cai et al. 2007), Bet3 function is required for COPII vesicle uncoating.   

 

2.3.3 COPII vesicles remain coated until tethered to the Golgi and uncoat prior to fusion 

 This optimized vesicle binding assay was then used to determine how long the COPII 

coat associates with vesicles, initially testing whether they remain coated when the essential 

tethering factors Ypt1 and Uso1 (Cao et al. 1998) are inhibited. Anti-Ypt1 was affinity purified 

and tested using in vitro transport assays; addition of 12 μg of this antibody to reactions 

containing wild type cytosol and Golgi membranes nearly completely blocked transport to the 

Golgi (Figure 2.2; B). When the products of this reaction were incubated with TRAPPI beads, 

there was only about a 20% decrease in vesicle binding compared to the reaction with cytosol and 

IgG (Figure 2.2; B). Importantly, binding was significantly higher than a control reaction 

containing cytosol, Golgi, and 12 μg IgG. This indicates COPII vesicles remain coated until Ypt1 

is activated. Uso1 function was blocked using the temperature sensitive uso1-1 strain. In vitro 

transport assays showed lysates derived from this mutant had a significant defect at 17 °C, which 

became more pronounced at 27 °C (Figure 2.2; C). Next these reaction products were assayed for 

their ability to bind TRAPPI beads at both 17 and 27 °C in the absence or presence of the Golgi. 

Relative to the sample containing only cytosol, about 70% of the vesicles bound the beads at 17 

°C in the presence of Golgi membranes. When the assay was performed at 27 °C, 90% of the 

reaction products with Golgi bound the beads compared to those only containing cytosol (Figure 

2.2; C). This indicates there is a temperature sensitive increase in binding to TRAPPI beads with 

uso1-1 lysates, suggesting Uso1 function is necessary for vesicle uncoating. Together these 
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experiments indicate COPII vesicles must be tethered to the Golgi by TRAPPI, Ypt1, and Uso1 

before they uncoat. 

 Next Sec22 and Sly1 were inhibited to determine if coat release occurs prior to vesicle 

fusion. Sec22 is one of the four SNAREs required for ER-Golgi transport (Parlati et al. 2000), 

while Sly1 is an SM protein that binds Sed5 and regulates SNARE pairing (Flanagan and 

Barlowe 2006; Kosodo et al. 2002). In vitro transport of wild type lysates was blocked by the 

addition of either 12 μg of affinity purified anti-Sec22 or 20 μg of affinity purified anti-Sly1 

(Figure 2.3). The accumulated vesicles from these reactions were then incubated with TRAPPI 

beads to measure binding. When either Sec22 or Sly1 was inhibited using antibody in the 

presence of Golgi membranes, there was a 60-65% decrease in vesicle binding compared to the 

reaction with cytosol and 20 μg IgG (Figure 2.3). Since this binding was not greater than the 

background amounts from wild type reactions with Golgi membranes, these experiments suggest 

vesicles uncoat prior to SNARE-mediated fusion.  

 Collectively this data indicated COPII vesicles require Uso1 function in order to uncoat, 

and this process occurs before SNARE function. One possible explanation is that Uso1 catalyzes 

vesicle uncoating. Two experiments were performed in order to formally test this possibility. 

First, COPII vesicles were produced in vitro by incubating cytosol with donor cells. These 

vesicles were incubated with beads coated with either Uso1 or the conserved oligomeric Golgi 

(COG) complex, and then bound to TRAPPI beads. If Uso1 uncoats COPII vesicles, then binding 

to the TRAPPI beads should decrease when pre-incubated with the Uso1 beads. COG is an 

octameric complex that is thought to regulate intra-Golgi vesicle tethering (Miller and Ungar 

2012) and served as a negative control. Vesicles bound TRAPPI beads effectively when they 

were pre-incubated with Uso1 or COG, suggesting Uso1 does not catalyze uncoating (Figure 2.4). 

In the second experiment purified p115, the mammalian ortholog of Uso1, was also incubated 

with isolated mammalian COPII vesicles in vitro. The vesicles were then blotted with anti-Sec23 
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to determine if the addition of p115 caused coat release. Sec23 levels remained constant on 

vesicles incubated with or without p115, again suggesting it does not catalyze uncoating (data not 

shown).  

 

2.3.4 Identification of Hrr25/CK1∂ as a potential COPII binding factor at the Golgi 

 Since the COPII coat remains on vesicles until they are tethered to the Golgi, we 

predicted there might be a factor there that regulates its function. We hypothesized this factor 

could be a kinase because previous experiments have demonstrated COPII proteins are 

phosphorylated. For example, the mammalian Sec24C isoform is phosphorylated during mitosis 

(Dudognon et al. 2004). Sec24C phosphorylation is concurrent with de-O-glycosylation and 

causes a decrease in the ability of Sec24C to bind membranes in vitro (Dudognon et al. 2004). 

Sec31 is also phosphorylated, which regulates its ability to catalyze vesicle budding in vitro 

(Salama et al. 1997). Additionally, the protein kinase A inhibitor H89 blocks the recruitment of 

Sar1 and COPII subunits to the ER and prevents cargo export (Lee and Linstedt 2000; Aridor and 

Balch 2000), indicating phosphorylation can regulate ER-Golgi traffic.  

The yeast kinome was therefore analyzed to identify any kinases that had been shown to 

localize to the Golgi and interact either physically or genetically with COPII proteins. Hrr25, the 

Saccharomyces cerevisiae ortholog of casein kinase 1∂ (CK1∂), was identified as a potential 

candidate based on two main factors. First, high-throughput proteomic screens identified Hrr25 as 

a binding partner of Sec23 and the Sec24 paralog Lst1 (Ho et al. 2002). Additionally, an hrr25-2 

allele was also isolated as a suppressor of both growth and secretory defects in sec12-4 cells 

(Murakami et al. 1999). Sec12 is the GEF for Sar1 (Barlowe and Schekman 1993), and is 

responsible for both activation and recruitment (d’ Enfert et al. 1991) of Sar1 to the ER. Analysis 

of the hrr25-2 allele showed a mutation in the conserved kinase domain, which alters threonine 

176 to isoleucine and inhibits its kinase activity (Murakami et al. 1999). The fact the less active 
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hrr25-2 allele rescues the loss-of-function sec12-4 mutation suggests Hrr25-mediated 

phosphorylation inhibits the budding process. Additionally, CK1∂ regulates ER-Golgi traffic in 

mammalian cells, as inactivation of CK1∂ using the chemical inhibitor IC261 or a dominant-

negative mutation causes a block in ER-Golgi transport (Yu and Roth 2002).  

In addition to its putative role in vesicle trafficking, Hrr25 regulates other cellular 

processes. An hrr25 allele was initially identified in a screen for mutants sensitive to double-

stranded DNA breaks (Hoekstra et al. 1991). hrr25 mutants are also sensitive to the DNA-

damaging agents methyl methane-sulfonate and hydroxyurea (Ho et al. 1997), suggesting it 

regulates a DNA damage response, likely by phosphorylating and activating the transcription 

factor Swi6 (Ho et al. 1997). Hrr25 is also a component of the monopolin complex (Petronczki et 

al. 2006); this complex regulates the attachment of kinetochores to microtubules during meiosis I 

(Watanabe 2006). Inhibition of Hrr25 activity causes defects in meiosis I nuclear division and 

prevents biorientation of sister kinetochores during this division step (Petronczki et al. 2006). 

Finally, Hrr25 also inhibits calcineurin signaling by phosphorylating the Crz1 transcription factor 

(Kafadar et al. 2003). Overexpression of HRR25 causes decreased levels of Crz1 in the nucleus 

(Kafadar et al. 2003), suggesting phosphorylation by Hrr25 prevents Crz1 from accumulating in 

the nucleus to promote gene transcription.  

 

2.3.5 Hrr25 localizes to the Golgi 

 We hypothesized Hrr25 localizes to the Golgi in order to phosphorylate COPII subunits 

following vesicle tethering. Previous analysis of Hrr25 and CK1∂ suggested it does localize to the 

Golgi, although not exclusively to this organelle. GFP-Hrr25 localizes throughout the cytosol and 

nucleus, and also appears to concentrate in the bud neck in interphase cells (Kafadar et al. 2003). 

Immunofluorescence microscopy of endogenous CK1∂ in numerous cell types displays staining 

of perinuclear structures that are reminiscent of the Golgi in mammalian cells (Behrend et al. 
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2000; Milne et al. 2001). Co-localization of these perinuclear structures with the COPI subunit 

β’-COP (Milne et al. 2001) and the clathrin adaptor γ-adaptin (Behrend et al. 2000) strongly 

suggests CK1∂ associates with the Golgi. Similar to other Golgi markers, the perinuclear staining 

of CK1∂ becomes more punctate by the addition of brefeldin A (BFA) (Behrend et al. 2000), 

which disrupts Golgi morphology by inhibiting certain Arf GEFs (Casanova 2007). Hrr25 and 

CK1∂ localization also changes depending on the cell cycle and in response to particular stimuli. 

For example, Hrr25 associates with the spindle pole body marker Spc42 during mitosis (Lusk et 

al. 2007). This appears conserved in metazoans,  as mitotic CK1∂-GFP co-localizes with the 

spindle pole body marker γ-tubulin (Milne et al. 2001). During meiosis Hrr25 associates with 

DNA, consistent with its role in this essential process (Petronczki et al. 2006). 

 The chromosomal copy of HRR25 was tagged with an RFP epitope in strains expressing 

either Vrg4-GFP or Sec7-GFP to determine if Hrr25 localizes to the Golgi in Saccharomyces 

cerevisiae. Vrg4 is a Golgi GDP-mannose transporter that regulates glycosylation and localizes to 

the cis-Golgi (Abe et al. 2004), while Sec7 is an Arf GEF that localizes to the trans-Golgi 

compartment (Richardson et al. 2012). Fluorescence microscopy was then used to determine if 

Hrr25-RFP co-localized with either marker. Visualization of the RFP channel showed multiple 

punctate structures, similar to the appearance of Golgi membranes in Saccharomyces cerevisiae 

(Figure 2.5; A). Quantification of the RFP and GFP channels showed eighty percent of the Hrr25-

RFP punctae co-localized with Vrg4-GFP, and about seventy percent of the Hrr25-RFP punctae 

co-localized with Sec7-GFP (Figure 2.5, B). Consistent with previous reports (Lusk et al. 2007; 

Kafadar et al. 2003), some of the Hrr25-RFP appeared to localize to the bud neck. It is likely 

some of the Hrr25-RFP punctate structures that did not co-localize represented spindle pole 

bodies, which also form punctae in the cell. This analysis suggests Hrr25 can localize to the 

Golgi.  
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A potential problem with any epitope tag is that it can alter the function or localization of 

a protein. Sucrose velocity gradients analyzing the fractionation of wild type Hrr25 were used to 

independently assess the subcellular localization of this kinase. While gradients are not 

necessarily as precise as visualizing epitope-tagged proteins, this seemed a practical method to 

ensure localization of Hrr25-RFP to the Golgi was not caused by the epitope tag. Lysates 

generated from wild type yeast cells were centrifuged over a sucrose gradient to separate 

membranes based on their density. Eleven 1-ml fractions were collected from the top of the 

gradient and blotted with anti-Hrr25 and a selection of antibodies that mark different yeast 

membranes. The blots were then quantified and represented as graphs in Figure 2.5. The majority 

of Hrr25 was found in the early fractions, with a peak in 2 (Figure 2.5; C). Trs33, a subunit of 

TRAPPI that marks the Golgi (Barrowman et al. 2000), has a similar profile with a peak in 

fraction 2. Hrr25 neither co-fractionates with the ER marker Bos1, which peaks in fractions 8, nor 

with the plasma membrane protein Snc1 (Lewis et al. 2000), which largely peaks in fraction 9. 

There is no overlap with Hrr25 and the spindle pole body marker Spc42-GFP (Ishihara et al. 

2001), suggesting Hrr25 does not associate with this structure during normal growth conditions. 

The co-fractionation of Hrr25 with Trs33 suggests Hrr25 localizes to the Golgi, consistent with 

the fluorescence microscopy data. 

 

2.3.6 Hrr25 is required for fusion at the Golgi 

 The CK1∂ inhibitor IC261 was added to in vitro transport reactions to determine if Hrr25 

is required for ER-Golgi transport. IC261 is an ATP competitor with an IC50 of about 1 μM for 

human CK1∂ at an ATP concentration of 10 μM; IC50 concentrations for other CK1 isoforms are 

at least one or two magnitudes greater (Mashhoon et al. 2000). Increasing amounts of this 

inhibitor decreased transport to the Golgi in a dose-dependent manner, suggesting Hrr25 is 

essential for ER-Golgi trafficking (Figure 2.6; A). It is likely our assays required higher 
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concentrations of IC261 for inhibition because they are supplemented with ATP to promote 

vesicle formation. Similar in vitro experiments were performed with HRR25 and hrr25-5 mutant 

fractions and donor cells to ensure the IC261 was not inhibiting an off-target kinase. The hrr25-5 

allele contains 3 point mutations in its C-terminus, one of which is a nonsense mutation that 

results in a truncated protein; it also contains 3 point mutations in its conserved kinase domain. In 

vitro assays with this truncated protein indicate its activity is significantly inhibited compared to 

the wild type kinase (data not shown). Transport to the Golgi was about eighty percent lower in 

the hrr25-5 reaction compared to that of the wild type (Figure 2.6; B). The transport defects were 

partially rescued by the addition of 30 μM of purified His6-Hrr25, which caused about a fifty 

percent increase in transport compared to the hrr25-5 reaction. The partial rescue suggests the 

transport defects in the hrr25-5 mutant are a direct result of impaired Hrr25 activity. Together 

these experiments indicate Hrr25 is required for ER-Golgi transport in vitro.  

In vitro transport blocks can either be caused by defects in vesicle tethering or fusion. 

These possibilities can be distinguished by centrifuging in vitro transport reactions over sucrose 

velocity gradients. Running membranes through particular gradients separates them based on 

their relative densities. Since untethered vesicles have a different density than those that tether or 

fuse with the Golgi, they separate into distinct peaks on these gradients. Peaks are identified by 

precipitating fractions with the lectin Concanavalin A-Sepharose, which binds the radiolabeled 

vesicle cargo glycoprotein α-factor. Two gradients were initially setup as controls: reactions with 

COPII vesicles in the presence or absence of Golgi membranes. The reaction without Golgi 

produced untethered vesicles that peaked in fraction 4 (Figure 2.7, solid line, top graph). The wild 

type reaction containing Golgi produced a vesicle peak in fraction 7 (Figure 2.7, solid line, 

bottom graph), which corresponds to vesicles tethered or fused with the Golgi. Finally, an in vitro 

reaction containing both COPII vesicles and Golgi supplemented with 400 μM IC261 was 

separated using the sucrose gradient (dotted line, bottom graph) to determine the function of 
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Hrr25. This reaction had a major peak in fractions 6 and 7, as well as a minor peak in fraction 3. 

Since the major peak largely co-fractionates with tethered vesicles, this suggests Hrr25 is 

specifically required for COPII vesicle fusion at the Golgi. Together these experiments show 

HRR25 regulates ER-Golgi vesicle fusion.  

 

2.3.7 Hrr25 phosphorylates the COPII subunits Sec23, Sec24, and Lst1. 

 Since Hrr25 is a kinase and binds Sec23 and Lst1 in high-throughput assays (Ho et al. 

2002), it seemed likely it phosphorylated these proteins as well. Lst1 is a Sec24 homolog that is 

incorporated into COPII vesicles and binds a different subset of cargo proteins (Shimoni et al. 

2000). Initially, in vitro binding reactions were performed with purified His6-Hrr25 and GST, 

GST-Sec13, GST-Sec23, GST-Sec24, and GST-Lst1 to confirm the results of the high-throughput 

binding assays and test whether Hrr25 also interacts with other COPII subunits. These assays 

showed GST-Sec23, GST-Sec24, and GST-Lst1 all bound specifically to His6-Hrr25 (data not 

shown). GST-Sec13 did not bind His6-Hrr25 more effectively than GST, suggesting it is likely 

not a target of this kinase. Next GST-Sec23, GST-Sec24, and GST-Lst1 were incubated alone, 

with His6-Hrr25, or with a kinase-dead His6-Hrr25 K38A mutant and [γ-
32

P]-ATP to determine if 

these proteins are in vitro kinase substrates. The products of the reactions were then analyzed 

using SDS-PAGE and autoradiography. GST-Sec23 and GST-Lst1 were efficiently 

phosphorylated by His6-Hrr25, as high levels of [γ-
32

P]-ATP were incorporated into these 

proteins only when active His6-Hrr25 was added (Figure 2.8; A). GST-Sec24 was also 

phosphorylated by Hrr25, but less efficiently. The differing amounts of phosphorylation could be 

due to relative affinities of the substrates for His6-Hrr25. The affinity of Lst1 and Sec23 for His6-

Hrr25 is greater than that of Sec24, and Hrr25 may simply bind these two proteins more tightly in 

solution resulting in greater levels of phosphorylation. 
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  A GAL-HA-HRR25 turnoff strain (Kafadar et al. 2003) was next used to determine if the 

phosphorylation of Sec23 and Sec24 in vivo is dependent on Hrr25 activity. In this strain the 

genomic copy of HRR25 is deleted and the sole copy is HA-tagged and expressed from a plasmid 

under the GAL promoter. HA-HRR25 is expressed when these cells are grown in media 

supplemented with galactose; when cells are grown in glucose, HA-HRR25 expression is 

inhibited and the total protein level of HA-Hrr25 decreases significantly over time. Blotting 

lysates at different time points indicated there was about a 20-fold difference in HA-Hrr25 levels 

after growth in glucose for 10 hours (data not shown). Lysates were produced from these cells 

grown for 10 hours in either galactose or glucose. Anti-Sec24 antibody was then used to 

immunoprecipitate the Sec23-Sec24 complex, which was blotted with anti-Sec23, anti-Sec24, and 

anti-phospho-serine/threonine antibodies. The anti-Sec23 and anti-Sec24 blots indicated total 

protein levels were similar when the cells were grown in either carbon source (Figure 2.8; B, 

compare lanes 1 and 3). The anti-phospho-serine/threonine blots indicated phosphorylation of 

both Sec23 and Sec24 significantly decreased when the cells were grown in glucose (compare 

lanes 1 and 3), indicating their phosphorylation is dependent on Hrr25. Since both proteins are 

also targets of this kinase in vitro, it strongly suggests these COPII subunits are directly 

phosphorylated by Hrr25 in vivo.  

 

2.3.8 Hrr25-mediated Sec23 phosphorylation inhibits binding to Sar1-GTP. 

  We next sought to identify phosphosites on these COPII proteins in order to understand 

the functional consequences of Hrr25 phosphorylation. Soluble GST-Sec23 or GST-Sec24 were 

incubated with His6-Hrr25 and then analyzed using mass spectrometry to identify phosphorylated 

residues. GST-Sec24 was not phosphorylated efficiently enough to detect any residues, but three 

amino acids were identified as high confidence sites on GST-Sec23. The three residues are T555, 

S742, and T747. Alignment of the yeast and metazoan forms of Sec23 indicated the S742 and 
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T747 residues are highly conserved, suggesting they are critical for its function. We focused our 

analysis on these two residues since T555 was not conserved in higher eukaryotes.  

 A previously-determined crystal structure of yeast Sec23 complexed with Sec24 and a 

fragment of Sar1 (Bi et al. 2002) was used to identify the location of the S742 and T747 residues. 

Both amino acids were in the Sar1-binding domain of Sec23, suggesting they mediated the 

interaction between these two proteins. Phosphate groups were added to these residues in 

Molsoft-ICM software and their orientations were modified using multiple rounds of Monte Carlo 

optimization, which showed phosphorylation of T747 would cause steric clashes with Sar1. It 

was difficult to analyze the effects of S742 phosphorylation because it is located within a small 

disordered loop. Overall this suggested Hrr25-mediated phosphorylation may inhibit the binding 

of Sec23 to Sar1-GTP, a hypothesis that could be tested using phosphomimetic forms of Sec23 in 

binding assays. These mutant forms of GST-Sec23 were constructed by altering the S742 and 

T747 residues to aspartate and glutamate, respectively. They were then incubated with His6-∆23-

Sar1-GTPγS to determine if their affinity decreased relative to the wild type. The non-

hydrolyzable GTP analog GTPγS was used to lock the Sar1 in its active form; a partially 

truncated form of Sar1 was used to prevent insoluble aggregates that form when full-length Sar1 

is purified without liposomes. The binding assays indicated the single S742D and S747E point 

mutants had significant binding defects to His6-∆23-Sar1-GTPγS, while the double S742D/S747E 

form bound even less effectively than either of the single mutants (data not shown). Binding to 

Sec24 was unaffected in the phosphomimetic mutants, indicating they fold correctly and the 

defect is specific to Sar1-GTP. These assays demonstrate phosphorylation of the S742 and T747 

residues by Hrr25 impedes binding to Sar1-GTP in vitro, consistent with the predicted results 

from the structural analysis. Since Hrr25 primarily localizes to the Golgi, it suggests Sec23 

phosphorylation inhibits binding to Sar1-GTP only after vesicle fusion.  
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2.3.9 Hrr25 inhibits COPII vesicle budding 

 Binding of Sec23 to activated Sar1-GTP at the ER membrane is essential for COPII 

vesicle budding (Barlowe et al. 1994). Since Hrr25 phosphorylation impedes the binding of 

Sec23 to Sar1-GTP, we hypothesized this kinase might also inhibit budding of COPII vesicles at 

the ER. This was tested using a variety of complementary in vitro assays. Budding can be directly 

measured by determining the amount of radiolabeled α-factor released from donor cells into 

vesicles following the addition of cytosol. Initially budding was measured in the presence 0, 100, 

or 300 μM of the CK1∂ inhibitor IC261 (Figure 2.9; A). There was a dose-dependent and 

statistically significant increase in budding as greater amounts of IC261 were added to the in vitro 

reactions. This result suggests Hrr25 inhibits COPII vesicle budding in vitro, consistent with the 

in vitro binding assays using phosphomimetic Sec23 mutants.  

This hypothesis was also tested using the GAL-HA-HRR25 strain to confirm the budding 

defect caused by IC261 was specifically due to Hrr25 inhibition. Lysates and donor cells were 

produced from wild type and GAL-HA-HRR25 cells grown for 10 hours in glucose media in order 

to assay vesicle budding (Figure 2.9; B). As previously described, most of the HA-Hrr25 was 

degraded in the GAL-HA-HRR25 strain at this time point. Compared to the wild type cells, 

budding in the GAL-HA-HRR25 reaction increased about 30%. Interestingly, there was no 

significant difference in transport to the Golgi (data not shown). This is likely because the small 

amount of HA-Hrr25 left in the donor cells and lysates is probably sufficient to catalyze the 

fusion event. Budding therefore appears to be significantly more sensitive to Hrr25 levels. 

Overall this experiment demonstrates the budding increase in the IC261-treated reaction is likely 

due to a specific inhibition of Hrr25. 

Next purified full-length His6-Hrr25 was added to in vitro reactions. We hypothesized 

addition of this kinase might decrease budding from the Golgi because it would catalyze 

phosphorylation of Sec23. Addition of 30 nM His6-Hrr25 decreased budding nearly 30% 
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compared to the control reaction, while 60 nM His6-Hrr25 decreased budding about 50% (Figure 

2.9; C). Increasing the His6-Hrr25 concentrations further did not yield any greater effects on 

budding. This effect was dependent on the kinase activity of His6-Hrr25, as the addition of the 

kinase-dead K38A mutant caused no significant decrease in vesicle budding (Figure 2.9; C). 

There was no significant increase in transport to the Golgi when the active His6-Hrr25 was added 

(data not shown). It is therefore likely endogenous levels of Hrr25 maximally catalyze fusion at 

the Golgi. Importantly these in vitro experiments show Hrr25 phosphorylation inhibits COPII 

vesicle budding. They are consistent with the genetic suppression of sec12-4 growth defects in 

hrr25-2 cells (Murakami et al. 1999). Based on the localization of Hrr25, Hrr25-mediated 

inhibition of budding appears to be an indirect effect of phosphorylating Sec23 at the Golgi, 

which subsequently reduces its affinity for Sar1-GTP. 

 We also wanted to test if the specific sites on Sec23 phosphorylated by Hrr25 were 

responsible for these budding defects. Yeast strains were constructed so the sole copy of SEC23 

was the wild type, S742D/T747E, or S742A/T747A form present on a centromeric (CEN) vector. 

These strains were first grown on YPD plates at various temperatures to determine if these 

mutants caused any growth defects. The phosphomimetic S742D/T747E mutant grew 

significantly slower than the wild type strain at all temperatures tested, but particularly at 33 °C 

(Figure 2.10; A). This means disrupting the interaction of Sec23 and Sar1-GTP in vivo inhibits 

cell growth; it additionally suggests Sec23 must be dephosphorylated after interacting with Hrr25 

at the Golgi as constitutive phosphorylation causes growth defects. The S742A/T747A mutant 

showed no obvious growth defects at temperatures ranging from 25-37 °C indicating 

phosphorylation of these residues is not essential for Sec23 function. While phosphorylation of 

S742 and T747 may promote vesicle fusion, it is not sufficient for this process. Other amino acids 

on Sec23 or Sec24 are likely Hrr25 targets that help regulate vesicle fusion.  
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 Lysates from these strains were next assayed for in vitro budding and ER-Golgi transport 

defects (Figure 2.10; B). The S742D/T747E lysates displayed about a 55% decrease in budding 

compared to those derived from wild type cells. This indicates budding defects caused by 

addition of exogenous His6-Hrr25 is at least partially due to phosphorylation of these two 

residues. Unexpectedly, the phosphomimetic lysates also had a nearly complete block in ER-

Golgi transport. We suspect phosphorylation may inhibit the Sec23-dependent recruitment of 

TRAPPI to vesicles, which would cause tethering and fusion defects (Cai et al. 2007). In support 

of this possibility, in vitro binding assays showed GST-Sec23 S742D/T747E bound less 

effectively to purified TRAPPI than wild type GST-Sec23 (data not shown). Additionally, 

TRAPPI and Sar1-GTP competitively bind Sec23, meaning Sec23 phosphorylation could also 

affect TRAPPI binding. The significance of this interaction will be discussed in more detail in 

section 2.3.11. The S742A/T747A mutant lysates had small, yet significant defects in both vesicle 

budding and transport. The small transport block suggests phosphorylation of S742 and T747 is 

somehow involved in, but not sufficient, for vesicle transport. The budding inhibition may be 

caused by COPII coat recycling deficiencies associated with these mutations after vesicle fusion 

at the Golgi. 

 

2.3.10 Hrr25 inhibits the membrane association of Sec23 

Since binding of Sec23 to Sar1-GTP is disrupted by Hrr25-mediated phosphorylation, 

Hrr25 could inhibit the ability of Sec23 to associate with membranes, specifically the ER. This 

was initially tested using wild type and GAL-HA-HRR25 strains, which were grown for 10 hours 

to mid-log phase in media supplemented with either galactose or glucose. Lysates were then 

centrifuged to separate supernatant and pellet fractions and then blotted with anti-Sec23, anti-HA, 

and anti-Bos1. Bos1 is a SNARE and served as a control to ensure membranes pelleted during the 

centrifugation. The anti-HA blot revealed there was no detectable HA-Hrr25 from the GAL-HA-
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HRR25 cells grown in glucose nor in the wild type cells grown in either glucose or galactose 

(Figure 2.11; A, lanes 1-3 and 7-12); consistent with our localization data, the HA-Hrr25 largely 

fractionated in the pellet of the lysate from the GAL-HA-HRR25 cells, indicating it mainly 

associates with membranes (lanes 4-6). There were significant levels of Sec23 in the supernatant 

fraction in the wild type cells grown in glucose or galactose, as well as the HA-Hrr25 cells grown 

in galactose (lanes 2, 5, and 8). Nearly all the Sec23 associated with the pellet fraction in the HA-

Hrr25 cells grown in glucose (lane 12), indicating Hrr25 inhibits the association of Sec23 with 

membranes. This defect was specifically due to a decrease in HA-Hrr25 levels, as there was no 

similar distribution change in the wild type cells grown in glucose (compare lanes 8 and 11). 

Differential centrifugations were also performed with wild type, hrr25-5, and hrr25-6 cells 

shifted to 37 °C for 2 hours to confirm this phenotype (Figure 2.11; B). Defects associated with 

the hrr25-6 allele are likely the result of lower levels of Hrr25 expression (data not shown). In 

both the hrr25-5 and hrr25-6 cells, there was significantly less Sec23 in the supernatant fraction 

compared to the wild type cells (compare lanes 2 and 5 with 8). Together these results indicate 

Hrr25 inhibits the binding of Sec23 to membranes, consistent with the hypothesis Sec23 

phosphorylation disrupts its interaction with Sar1.  

 

2.3.11 Sequential interactions with Sec23 control the direction of vesicle traffic 

 Hrr25, TRAPPI, and Sar1-GTP all bind Sec23 (Cai et al. 2007; Yoshihisa et al. 1993) to 

regulate different ER-Golgi transport events. We investigated the relationships between these 

interactions, initially using competition assays to determine if any were mutually exclusive. Sar1-

GTP and TRAPPI competed for binding to Sec23, as did TRAPPI and Hrr25 (data not shown). 

The fact these three factors all bind the same site on Sec23 has significant implications for 

vesicle-mediated trafficking. This implies there should be little or no overlap between the binding 

of these proteins to COPII vesicles, and since each protein regulates a specific transport event, 
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there should also be at least some separation of these functions. Based on this information we 

predicted TRAPPI would not be recruited to vesicles until Sar1-GTP was released from the 

membrane. This was tested using mammalian COPII vesicles produced in vitro (Xu and Hay 

2004). Vesicles were generated in the presence of either GTP or the non-hydrolyzable GTP 

analog GMP-PNP, which artificially locks Sar1 on Sec23 and the vesicle membrane (Antonny et 

al. 2001). The vesicles were isolated by immunoprecipitating the myc-tagged cargo protein VSV-

G and then blotted with anti-Bet3. Vesicles produced using untagged VSV-G were 

immunoprecipitated as a negative control. There was about a three-fold increase in Bet3 levels in 

the GTP reaction compared to the untagged control reaction (Figure 2.12; A), while there was no 

Bet3 above background levels in the GMP-PNP sample. This means Bet3 cannot be recruited by 

Sec23 to until Sar1-GTP is released from the vesicle. This experiment also suggests tethering 

cannot be initiated until vesicle budding is complete. 

 The functional significance of Hrr25 and TRAPPI binding was next analyzed. We 

hypothesized Hrr25 might displace TRAPPI from Sec23 once vesicles are stably tethered to the 

Golgi. This was assayed in vitro by pre-incubating GST-Sec23 beads with saturating amounts of 

purified TRAPPI; the beads were next incubated with increasing levels of His6-Hrr25 and then 

the beads and supernatant were blotted with antibodies against Hrr25 and the TRAPPI subunit 

Trs33. Blotting the beads showed an increase of bound His6-Hrr25 as its concentration was 

increased in the secondary incubation, along with a concurrent decrease in Trs33 (Figure 2.12; 

B). The supernatant showed an increase in Trs33 levels proportional to the level of His6-Hrr25, 

indicating it was being displaced from the beads by His6-Hrr25. This is consistent with the 

hypothesis Hrr25 displaces TRAPPI at the Golgi. This likely helps release TRAPPI from vesicles 

once its function is no longer required. 
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Figure 2.1: COPII vesicles remain coated after they form. A: Vesicles were generated in vitro 

for increasing amounts of time and then partially purified using gel filtration as described in 

section 2.5.2. The vesicles were then blotted with anti-Sec13. In lane 8 the vesicles were 

incubated for 2 hours on ice before their isolation. B: Gel-filtered vesicles were blotted with anti-

Trs33 and anti-Ypt1.  

  

B: A: 
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Figure 2.2: COPII vesicles remain coated until tethered to the Golgi by TRAPPI, Ypt1, and 

Uso1. A-C: Vesicles were formed in vitro using conditions listed under each bar, and then 

incubated with TRAPPI beads as described in section 2.5.3. COPII binding was measured by 

determining the amount of radiolabeled cargo bound to the beads. Maximal binding was 

determined by reactions lacking Golgi, and other samples in each experiment were normalized to 

this value. In vitro transport reactions, described in section 2.5.1, were performed simultaneously 

for each reaction, and relative transport levels are listed above bars. Student’s t-Test was used to 

determine p-values. D: Vesicle binding assays were performed using bet3-1 cytosol and Golgi in 

the presence of increasing amounts of GST or GST-Sec23. Maximal binding was set using the 

condition without any GST competitor; the other values were normalized to this sample.   

B: A: 

C: D: 
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Figure 2.3: COPII vesicles uncoat prior to vesicle fusion. Vesicles were formed in vitro using 

conditions listed under each bar, and then incubated with TRAPPI beads. COPII binding was 

measured by determining the amount of radiolabeled cargo bound to the beads. Maximal binding 

was determined by the reaction lacking Golgi, and other samples in each experiment were 

normalized to this value. In vitro transport reactions were performed simultaneously for each 

condition, and are listed above bars. Student’s t-Test was used to determine p-values. 
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Figure 2.4: Uso1 does not catalyze vesicle uncoating. Vesicles were generated in vitro using 

cytosol and donor cells. The vesicles were incubated with beads coated with either Uso1 or COG, 

and then bound to TRAPPI beads. Relative levels of TRAPPI binding are graphed, with the COG 

reaction considered to have a basal 100% level of binding. 
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Figure 2.5: Hrr25 localizes to the Golgi. A: Representative fluorescence microscopy images of 

cells expressing Hrr25-RFP and either Vrg4-GFP (top) or Sec7-GFP (bottom). Methods are 

detailed in section 2.5.5. B: Quantification of punctae co-localization in both strains listed in A. 

C: Graphs of quantified blots from sucrose velocity gradients performed as described in section 

2.5.6. Graphs were plotted as a percentage of antigenic material for each marker.   

A: B: 

C: 
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Figure 2.6: Hrr25 is required for ER-Golgi transport. A: In vitro transport assays, described 

in section 2.5.1, were performed with increasing amounts of the CK1∂ inhibitor IC261. The 

reaction lacking IC261 was considered to have maximal transport, and other samples were 

normalized to this value. B: HRR25 and hrr25-4 lysates were tested using in vitro transport 

assays; 30 μM purified His6-Hrr25 was included hrr25-4 reactions. Samples were normalized to 

the HRR25 reaction, which was set as the maximal transport value. A and B: Student’s t-Test was 

used to determine p-values.  

A: B: 
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Figure 2.7: Hrr25 is required for COPII vesicle fusion. An in vitro transport reaction 

containing cytosol, Golgi, and 400 μM IC261 (dotted line, lower graph) was centrifuged over a 

sucrose velocity gradient as described in section 2.5.4 and compared with samples containing 

cytosol (solid line, top graph) and cytosol with Golgi membranes (solid line, bottom graph). 

Concanavalin A-precipitable counts were measured for each fraction and graphed. 
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Figure 2.8: Hrr25 phosphorylates Sec23, Sec24, and Lst1. A: 5 μg GST-Sec23, GST-Sec24, 

and GST-Lst1 were incubated with alone, with His6-Hrr25, or with His6-Hrr25 K38A as 

described in section 2.5.10. Autoradiography was used to visualize phosphorylation. 0.5 μg from 

each reaction were also run and Coomassie-stained to visualize total protein levels. B: Anti-Sec24 

or IgG was used to immunoprecipitate Sec24 and Sec23 from lysates derived from GAL-HA-

HRR25 cells grown in either glucose or galactose for 10 hours. The immunoprecipates were 

blotted with anti-Sec23, anti-Sec24, and anti-phospho-serine/threonine.  

  

B: A: 
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Figure 2.9: Hrr25 inhibits COPII vesicle budding. A: In vitro budding reactions were 

performed with increasing amounts of the Hrr25/CK1∂ inhibitor IC261. B: Lysates and donor 

cells derived from wild type or GAL-HA-HRR25 cells grown for 10 hours in glucose were 

analyzed using in vitro budding assays. C: In vitro budding reactions were performed in the 

presence of 0, 30, or 60 μM His6-Hrr25 or His6-Hrr25 K38A. A-C: P-values were determined 

using Student’s t-Test.  

B: A: 

C: 
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Figure 2.10: Phosphomimetic Sec23 mutants have growth and transport defects. A: SEC23, 

SEC23 S742D/S747E, and SEC23 S742A/S747A strains were grown on YPD plates for 2 days at 

33 °C and photographed. B: Strains listed in A were analyzed using in vitro transport and budding 

assays. Wild type SEC23 reactions were considered to have maximal budding and transport 

levels, to which the other samples were normalized. Dark grey bars represent budding, while light 

gray bars represent transport. p-values were calculated using Student’s t-Test. 

  

B: A: 
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Figure 2.11: Hrr25 inhibits the membrane association of Sec23. A: Lysates derived from wild 

type or GAL-HA-HRR25 cells grown for 10 hours in either glucose or galactose were centrifuged 

to separate supernatant and pellet fractions as described in section 2.8.9. Fractions were then 

blotted with anti-Sec23, anti-HA, and anti-Bos1. Anti-Bos1 served as a total protein control and 

to show membranes pelleted during the centrifugation. B: Differential centrifugations were 

performed with lysates from HRR25, hrr25-5, and hrr25-6 cells shifted for 2 hours at 37 °C. 

Fractions were blotted with anti-Sec23, anti-Hrr25, and anti-Sec22. Sec22 was a control similar to 

Bos1 in A.  

  

B: 

A: 

hrr25-6 

 

hrr25-5 

 

HRR25 
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Figure 2.12: Competitive interactions with Sec23 regulate sequential events in ER-Golgi 

transport. A: Mammalian COPII vesicles were generated in vitro (Xu and Hay 2004) from donor 

cells expressing VSV-G-myc in the presence of either GTP or GMP-PNP. Anti-myc was used to 

immunoisolate the tagged vesicles, which were blotted with anti-Bet3. Vesicles produced from 

untagged donor cells were used a negative control. The GTP sample was considered to have a 

maximal amount of Bet3, and other reactions were normalized to this value. B: Saturating 

amounts of purified TRAPPI were pre-incubated with GST and GST-Sec23 beads. Increasing 

amounts of His6-Hrr25 were added to the beads, which were then blotted with anti-His and anti-

Trs33. The supernatant fractions from each reaction were also blotted with anti-Trs33.  

  

B: A: 
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Figure 2.13: A model of ER-Golgi transport based on sequential interactions of different 

binding partners with Sec23. Activated Sar1-GTP initiates budding from the ER by recruiting 

Sec23/Sec24 heterodimers through a direct interaction with Sec23. Sec24 sorts specific cargo into 

pre-budding complexes. Next the outer COPII subunits Sec13 and Sec31 are recruited, which 

polymerize the pre-budding complexes and promote vesicle formation. During the budding 

process the GTP on Sar1 is hydrolyzed, which is stimulated by the GAP Sec23 and Sec13/31. 

Sar1 release allows Sec23 to recruit TRAPPI to the coated vesicle, where it initiates tethering 

through activation of its Rab substrate Ypt1, exchanging GDP for GTP. The vesicle is tethered to 

the Golgi when the long coiled-coil protein Uso1 binds Ypt1-GTP on the vesicle and a Golgin or 

SNARE on the target compartment. Uso1 likely bends to bring the vesicle closer to the Golgi. 

There, Hrr25 displaces TRAPPI from Sec23 and phosphorylates Sec23 and Sec24, which is 

essential for fusion. Following phosphorylation the COPII coat is released, allowing for SNARE 

pairing. Hrr25 also indirectly inhibits COPII vesicle budding because phosphorylated Sec23 does 

not effectively bind Sar1-GTP at the ER.   
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2.4 Discussion 

2.4.1 A model for ER-Golgi transport based on regulation by Sec23 

 This analysis of COPII coat dynamics indicates a model for ER-Golgi transport based on 

sequential interactions of Sar1-GTP, TRAPPI, and Hrr25 with Sec23. Activated Sar1-GTP in the 

ER membrane directly binds Sec23 to recruit the inner and outer COPII coat subunits (Barlowe et 

al. 1994; Matsuoka et al. 1998). Sec24 mediates incorporation of cargo into vesicles (Miller et al. 

2003, 24), while Sec13/31 promotes deformation of the membrane to catalyze budding . During 

the budding event or immediately following vesicle formation, Sar1-GTP hydrolysis is stimulated 

by the combined action of Sec23 and the outer COPII subunits (Antonny et al. 2001; Yoshihisa et 

al. 1993), releasing Sar1 from the membrane. Hydrolysis essentially provides a spatial and 

temporal mechanism to signal the conclusion of vesicle budding. Tethering, which is initiated by 

binding of the TRAPPI subunit Bet3 to Sec23 (Cai et al. 2007), can only begin following 

completion of the budding process. In Saccharomyces cerevisiae, inhibition of TRAPPI 

recruitment by Sar1-GTP ensures tethering factors are not recruited to the ER by Sec23. 

TRAPPI then catalyzes exchange of GDP for GTP on its Rab substrate Ypt1 (Wang et al. 

2000). This activates Ypt1 and causes insertion of its hydrophobic prenylated tail into the vesicle 

membrane. The vesicle is tethered to the Golgi through a direct interaction of activated Ypt1-GTP 

with its effector Uso1, which also binds to a factor on the Golgi, likely a Golgin or potentially a 

SNARE. Uso1 can actually bend in vitro (Yamakawa et al. 1996) and likely does so to physically 

bring the vesicle closer to the Golgi membrane for the fusion event. There Hrr25 first functions to 

displace TRAPPI from Sec23. Removal of TRAPPI appears to signal the end of the tethering step 

and initiation of fusion, again demonstrating how successive interactions with Sec23 regulate ER-

Golgi trafficking events. Hrr25 phosphorylates the inner COPII subunits Sec23 and Sec24. 

Phosphorylation is required for vesicle fusion and also indirectly blocks budding at the ER by 

inhibiting the interaction of Sec23 with Sar1-GTP. At some point after Uso1-mediated tethering 
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and prior to SNARE function the vesicle uncoats, allowing fusion to occur. These events are 

represented in figure 2.13. 

 

2.4.2 Inhibition of budding by Hrr25 phosphorylation 

 In addition to regulating fusion at the Golgi, Hrr25 appears to indirectly inhibit COPII 

vesicle budding because Hrr25-mediated phosphorylation of Sec23 impairs its ability to bind 

Sar1-GTP, an essential event in vesicle formation. This was confirmed using a variety of in vitro 

and in vivo assays. This is particularly interesting as it explains the functional significance of the 

genetic suppression of a sec12-4 mutant with a kinase-dead hrr25-2 allele (Murakami et al. 

1999). The sec12-4 mutant causes decreased levels of activated Sar1-GTP at the ER, making 

these cells particularly sensitive to the cellular pool of Sec23 able to bind Sar1. In these cells 

HRR25 is active and phosphorylation of Sec23 following vesicle fusion limits the size of this 

available pool. The hrr25-2 mutation in the sec12-4 cells likely leads to greater levels of non-

phosphorylated Sec23, providing more opportunities for the low amount of Sar1-GTP to bind 

Sec23 and catalyze vesicle budding. Presumably this generates enough ER-Golgi transport to 

allow the cells to survive at non-permissive temperatures.   

 The fact the Sec23 S742D/T747E double mutant exhibits a growth defect indicates these 

two residues must be dephosphorylated in order for Sec23 to function correctly. Since 

phosphorylation of these amino acids blocks Sar1-GTP binding and vesicle budding, S742 and 

T747 likely must be dephosphorylated so Sec23 can be recycled and used in subsequent budding 

events. This suggests the existence of a phosphatase to catalyze this process. Theoretically this 

could be isolated by analyzing Sec23 distribution phenotypes in phosphatase mutants. When 

Hrr25 was inactivated it caused decreased levels of cytosolic Sec23. If a phosphatase is 

functioning antagonistically to Hrr25, then inhibiting its activity should result in greater cytosolic 
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levels of Sec23. Currently the Ferro-Novick lab is in the process of screening non-essential 

deletion strains for such a phenotype. 

 

2.4.3 Coat retention likely inhibits vesicle fusion with non-specific membranes 

 Sec24 mediates the incorporation of SNAREs into vesicles. In vitro assays demonstrated 

Sec24 binds Bet1 through a direct interaction with part of the SNARE domain (Mossessova et al. 

2003), which binds to other SNAREs to mediate vesicle fusion (Jahn and Scheller 2006). When 

Bet1 is in a trans-SNARE complex with Sed5, Sec22, and Bos1, it cannot interact with Sec24 

(Mossessova et al. 2003), indicating SNAREs and Sec24 compete for binding to Bet1. This 

competitive binding is functionally important for two reasons. First, it suggests Sec24 will not 

incorporate non-fusogenic trans-SNARE complexes into budding vesicles, which would impair 

ER-Golgi transport. Second, it also implies SNAREs cannot pair when bound to Sec24. Since our 

experiments demonstrate ER-derived vesicles remain coated until tethered to the Golgi by 

TRAPPI, Ypt1, and Uso1, this means trans-SNARE complex formation will also only occur at 

the Golgi. Retention of the COPII coat therefore helps ensure vesicle-associated SNAREs (v-

SNAREs) only pair with their cognate target membrane SNAREs (t-SNAREs) on the Golgi. 

 The COPII coat is likely required to inhibit SNARE-mediated fusion with non-specific 

membranes as vesicles physically move toward the Golgi. Such non-specific fusion events could 

be caused by promiscuous SNARE interactions or by the fact SNAREs can localize to multiple 

intracellular compartments. Promiscuous interactions occur when SNAREs that regulate one 

trafficking pathway non-specifically bind to those that regulate other transport events; these have 

been documented to occur both in vitro and in vivo. Binding assays were used to show the 

endosomal mammalian SNAREs syntaxin 1 and SNAP25 can form SDS-resistant complexes with 

the ER-Golgi SNARE sec22 (Yang et al. 1999). These non-cognate complexes are relatively 

thermally stable compared to their cognate counterparts (Yang et al. 1999), suggesting their 
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formation might occur if these SNAREs encountered one another inside a cell. The plasma 

membrane and endosomal SNARE Snc2 binds many different potential t-SNAREs when 

immunoprecipitated from yeast lysates (Grote and Novick 1999), consistent with the fact Snc2 

regulates multiple trafficking events. Some SNAREs are redundant, indicative of their non-

specific nature. Deletion of Sec22 in yeast causes increased levels of Ykt6, which functions 

redundantly in vitro and in vivo (Liu and Barlowe 2002). 

 SNAREs also can localize to multiple intracellular compartments, often because they 

regulate separate membrane transport pathways. For example, mammalian and yeast Sec22 is 

required for both ER-Golgi and Golgi-ER trafficking (Jahn and Scheller 2006). Consistent with 

its dual functions, Sec22 localizes to the ER and Golgi. Snc1 regulates both exocytic and 

endocytic events, and thus localizes to the plasma membrane and endosome (Lewis et al. 2000; 

Grote and Novick 1999). Some C-terminal tail-anchored SNAREs such as Sed5, Tlg2, and Sec22 

are initially inserted into membranes at the ER by the GET complex (Schuldiner et al. 2008) and 

then trafficked to their correct destination. This means at any given time there will be some of 

these proteins on the ER. This is particularly important for Sed5, which is typically thought to 

function as a t-SNARE at the Golgi (Cao and Barlowe 2000).  

Overall these facts explain the necessity to limit SNARE function at the Golgi. If a 

vesicle uncoated immediately after it formed and encountered either a cognate SNARE on 

another membrane, such as Sed5 at the ER, or even a non-cognate SNARE, it is possible the 

vesicle would non-specifically fuse with this membrane. A coated vesicle, however, would 

simply transiently interact with the membrane and then continue moving to the Golgi. It is highly 

probable situations like this occur, especially in Saccharomyces cerevisiae where vesicles appear 

to simply diffuse to the Golgi. This also provides a mechanism to prevent the back-fusion of 

vesicles with the Golgi after they form, offering at least a partial answer to an important question 

in the field of ER-Golgi transport. 
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2.5 Materials and Methods 

2.5.1 In vitro transport assays 

 In vitro transport assays were performed essentially as previously described (Ruohola et 

al. 1988; Groesch et al. 1990; Lian and Ferro-Novick 1993). Donor cells were produced by 

incubating 75 OD599 units of yeast cells grown overnight in YPD to mid-log phase in 25 ml 

spheroplasting buffer (1X YP, 0.2% dextrose, 1.4M sorbitol, 50 mM potassium phosphate pH 

7.5, 0.015 mg/ml zymolyase 100-T, 0.4% 2-mercaptoethanol) for 30 min at 37 °C. The cells were 

re-suspended in recovery media (1X YP, 1M sorbitol, 0.2% dextrose) for 90 min at 37 °C. The 

pelleted cells were washed with 5 ml cold permeabilization buffer (20 mM HEPES pH 7.2, 200 

mM sorbitol, 100 mM potassium acetate, and 2 mM magnesium chloride) and then pelleted. The 

pelleted cells were re-suspended in 50 μl CB+DTT (20 mM HEPES pH 7.4, 250 mM sucrose, 4 

mM dithiothreitol, and 1 mM EDTA) and 12 μl was incubated with 100 μl radiolabeled α-factor 

produced in vitro for 30 min at 20 °C with 20 mM creatine phosphate, allowing the α-factor to 

translocate into the donor ER membranes. The donor cells were washed twice with 200 μl TBPS 

(25 mM HEPES pH 7.2, 115 mM potassium acetate, 2.5 mM magnesium acetate, 250 mM 

sorbitol, and 1X protease inhibitor cocktail (PIC) and re-suspended in 100 μl TBPS. For each 

reaction, 25 μl of the donor cell/TBPS suspension was incubated with 800 μg of HSS, 0 or 200 μg 

HSP (described below) and either 40U/ml apyrase or an ATP mix (170 mM ATP, 17 mM GTP, 

31 mM creatine phosphate, and 62 mM creatine phosphokinase) for 90 min at 20 °C unless 

otherwise noted. Reactions with IC261 were supplemented with only 17 mM ATP. Once the 

incubation was complete, the reactions were centrifuged for 1 min at 16,000 rcf at 4 °C to pellet 

donor cells. To measure budding the supernatant and pellet fractions from each reaction were 

each trypsinized and then incubated with Concanavalin A-Sepharose beads overnight. The beads 

were washed with 900 μl TBPS and then boiled 5 min at 95 °C in 70 μl 1X Laemmli sample 

buffer. Equal amounts of the reaction were measured using a scintillation counter; budding was 
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calculated by dividing the amount of counts in the supernatant compared by the total counts in the 

supernatant and pellet fractions. Transport was assayed by re-immunoprecipitating 20 μl of the 

boiled sample with antibody against a Golgi-specific modification. The Protein A-Sepharose 

beads in the IP were boiled in 50 μl 1X Laemmli sample buffer; 40 μl were measured in a 

scintillation counter. Transport was calculated by multiplying these counts by 1.25 and then 

dividing by the counts in the supernatant fraction. 

Production of high-speed supernatant (HSS) and high-speed pellet (HSP) fractions is 

briefly described. 3000 OD599 units of spheroplasted and recovered yeast cells were pelleted and 

re-suspended in 6.5 ml 20 mM HEPES pH 7.2 on ice. The cells were lysed by pipetting the 

suspension up-and-down 30 times followed by vortexing, and then the lysate was centrifuged for 

10 min at 4 °C at 1000 rcf. An “S1” fraction was isolated by transferring the supernatant to a new 

tube while discarding the pellet. To generate the HSS fraction, the S1 was centrifuged for 4 hr at 

4 °C at 213,000 rcf. The lipid layer was removed from the supernatant, which was transferred to a 

new tube and saved as the HSS. The HSP fraction was generated by centrifuging the S1 for 

157,000 rcf for 1 hr at 4 °C. The supernatant was discarded and the pellet was re-suspended in 

300 μl of 20 mM HEPES pH 7.2. A concentrated salt and sorbitol solution was added to these 

fractions to adjust the buffer to TBPS prior to freezing them.  

 

2.5.2 Gel filtration of COPII vesicles 

 Gel filtration of vesicles was performed essentially as previously described (Cai et al. 

2007). Donor cells and cytosol were incubated for 90 min to produce radiolabeled vesicles in 

vitro. The reaction was centrifuged for 1 min at 13,200 rpm in a microfuge at 4 °C to pellet the 

donor cells, and the supernatant was added to a 13 ml Sephacryl S-300 HR column equilibrated 

with column buffer (25 mM HEPES pH 7.2, 115 mM potassium acetate, 2.5 mM magnesium 

acetate, 200 mM sorbitol, 1 mM dithiothreitol, and 1X protease inhibitor cocktail). 35 0.5 ml 
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fractions were collected, and 10 μl of each fraction was counted in a liquid scintillation counter. 

The first radioactive peak, typically in 3 fractions, corresponded to the vesicle fraction. These 3 

fractions were pooled and centrifuged for 1 hr at 213,000 rcf at 4 °C to pellet the vesicles. The 

supernatant was removed and the vesicles were re-suspended in 45 μl 1X Laemmli sample buffer 

and boiled 5 min at 95 °C.  

 

2.5.3 Vesicle binding assays 

 Vesicle binding assays were performed essentially as previously described (Cai et al. 

2007; Sacher et al. 2001). In vitro transport reactions were performed with donor cells, 800 μg of 

HSS, in the absence or presence of 200 μg HSP for 90 min to generate vesicles in vitro. Reactions 

were centrifuged for 1 min at 16,000 rcf to pellet the donor cells and the supernatant was 

transferred to a new tube. Each vesicle binding reaction used the supernatant from one in vitro 

transport reaction, which was typically 80 μl. The 80 μl of supernatant was then incubated with 

40 μl of a 50% slurry of TRAPPI beads and the final concentration was adjusted to 500 μl with 

TBPS. If a protein competitor was included in the reaction, the protein was pre-incubated with the 

TRAPPI beads for 20 min on ice prior to adding the transport assay supernatant. These reactions 

were rotated for 2 hr at 4 °C and the beads were washed 3 times with 750 μl TBPS. Finally 

radioactive counts on the beads were measured using a liquid scintillation counter. 

 TRAPPI beads were generated by lysing 4500 OD599 of spheroplasted yeast cells 

expressing Protein-A-tagged Bet3 in 40 ml 20 mM HEPES pH 7.4 and 1X PIC using a Dounce 

homogenizer. Phenylmethylsulfonyl (PMSF), dithiothreitol, and EDTA were added to a final 

concentration of 1 mM, while sodium chloride was added to a final concentration of 300 mM. 

The lysate was centrifuged for 30 min at 4 °C at 61,500 rcf and the supernatant was transferred to 

a new 50 ml conical tube after removing the lipid layer. This was incubated with 400 μl of a 50% 

slurry of sepharose beads for 1 hr at 4 °C to pre-clear the lysate. This suspension was run through 
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a Bio-rad Econo-column to remove the beads from the eluted lysate. The lysate was next 

incubated for 2-4 hr at 4 °C with 400 μl of a 50% slurry of IgG sepharose swelled in 1 mg/ml 

BSA and 20 mM HEPES pH 7.4. The beads were washed 3 times with 25 ml 20 mM HEPES pH 

7.4 and then with 10 ml of TBPS before re-suspending the beads in 200 μl TBPS. 

 

2.5.4 Vesicle tethering assays  

The supernatant from 5 in vitro transport reactions, usually 400 μl, was loaded onto a step 

gradient consisting of the following weight/weight (w/w) layers of sucrose dissolved in TBPS: 

0.5 ml of 50% sucrose, 0.5 ml of 46% sucrose, 1 ml of 42% sucrose, 1.5 ml of 38% sucrose, 1.5 

ml of 34% sucrose, 1.5 ml of 30% sucrose, 1.5 ml of 26% sucrose, 1.5 ml of 22% sucrose and 1.5 

ml of 18% sucrose. The gradient was centrifuged for 2 hr 20 min at 4 °C at 173,000 rcf. 1 ml 

layers were removed, starting from the top of the gradient, and transferred to new tubes. 200 μl of 

each fraction was trypsinized, boiled with 0.5% SDS, and then 900 μl of 1X PBS was added. 900 

μl of this was incubated with 90 μl of 20% slurry of Concanavalin A-sepharose overnight. The 

beads were re-suspended in 70 μl of 1X Laemmli sample buffer and boiled 5 min at 95 °C after 

washing the samples 4 times in 1X PBS. 20 μl of the sample buffer was measured using a liquid 

scintillation counter; the fractions were then graphed to determine α-factor peaks. 

 

2.5.5 Fluorescence Microscopy 

 Cells expressing Hrr25-RFP and either Vrg4-GFP or Sec7-GFP were grown to an 

OD599 of 0.5–1.5 in YPD. One to two OD599 units were re-suspended in 25 μl of YPD. Cells were 

then examined with a Carl Zeiss Observer Z.1 spinning-disk confocal fluorescence microscope 

using DIC, GFP, or RFP filters with a 100X oil-immersion objective. Images were captured with 

a Zeiss AxioCam MRm and analyzed using AxioVision Rel. 4.7 software. At least 300 punctae 

(and 100 cells) were examined in three separate experiments. 
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2.5.6 Subcellular Fractionation Using Sucrose Velocity Gradients 

The fractionation was performed essentially as described previously (Barrowman et al. 2000) 

with a few minor modifications. Cells were grown overnight in minimal media containing 

essential amino acids to early log phase (OD599 = 0.5-1). 400 OD599 units of yeast cells were 

washed in 20 ml cold azide buffer (10 mM sodium azide) and then re-suspended in 10 ml of 

spheroplasting buffer (1.4M sorbitol, 50 mM potassium phosphate pH 7.5, 10 mM sodium azide, 

0.4% 2-mercaptoethanol, and 1 mg/ml zymolyase 100-T) and incubated at 37 °C while gently 

shaking for 1 hour. The spheroplasted cells were centrifuged through 8 ml of a sorbitol cushion 

(1.7M sorbitol, 50 mM potassium phosphate pH 7.5) at 600 rcf for 12 min at 4 °C. The cells were 

then lysed by pipetting cells 7-10 times through a 25 gauge needle in 6 ml of lysis buffer (20 mM 

HEPES pH 7.5, 12.5% w/w sucrose, 1 mM EDTA, and 1X protease inhibitor cocktail). The lysate 

was centrifuged for 3 min at 500 rcf at 4 °C to pellet unbroken cells. 1 ml of the cleared lysate 

was then loaded onto a sucrose gradient consisting of 11 1 ml steps (18, 22, 26, 30, 34, 38, 42, 46, 

50, 54, and 60% w/w sucrose dissolved in 10 mM HEPES pH 7.5 and 1 mM magnesium 

chloride). The gradient was then centrifuged for 2 hr 20 min at 173,000 rcf. 1 ml fractions were 

collected, beginning at the top of the gradient, and then mixed with 500 μl 3X sample buffer and 

boiled 5 min at 95 °C. The fractions were then analyzed using western blotting. Quantification of 

bands was performed using ImageJ, which were plotted to give fractionation profiles. 

 

2.5.7 GST Purifications 

 1L cultures of GST fusions were grown for 2 hr at 37 °C starting at an OD599 of 0.1. The 

cells were grown at 20 C for 30 min and then isopropyl β-D-1-thiogalactopyranoside was added 

to a final concentration of 0.5 mM before growing the cells overnight at 20 °C. The cells were 

centrifuged for 10 min at 1500 rcf at 4 °C. The pelleted cells were re-suspended in 25 ml cold 1X 
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PBS and then 25 μl 1M dithiothreitol, 25 μl 1000X protease inhibitor cocktail, and 250 μl 200 

mM phenylmethylsulfonyl were added to the suspension, which was sonicated for a total of 2 min 

with 15 sec on/off cycles on ice. The lysate was centrifuged for 15 min at 27,000 rcf at 4 °C and 

the supernatant was incubated with 0.5 ml of glutathione sepharose beads at 4 °C for 1 hr. The 

beads were pelleted and washed four times with 30 ml cold 1X PBS. If the protein was eluted 

from the beads, the beads were next added to a Bio-rad Econo-column and incubated for 3 min 

with 1 ml 50 mM Tris pH 8.0, 15 mM L-glutathione (reduced), and 1 mM DTT. The eluate was 

collected and the beads were re-incubated this way 4 more times. The total 5 ml eluate was then 

buffer exchanged into 1X PBS and 20% glycerol. 

 

2.5.8 Differential centrifugations 

100 OD599 units of cells grown overnight to mid-log phase in YPD were centrifuged 5 

min at 3000 rpm at 4 °C and re-suspended 10 ml azide buffer (20 mM Tris pH 7.5, 10 mM 

sodium azide). The cells were re-pelleted and re-suspended in 2 ml of spheroplasting buffer 

(1.4 M sorbitol, 100 mM potassium phosphate pH 7.5, 10 mM sodium azide, 0.35% 2-

mercaptoethanol and 0.5 mg/ml zymolyase 100-T) for 30 min at 37 °C with gentle shaking. Cells 

were then centrifuged for 5 min at 3000 rpm at 4 °C over a sorbitol cushion (1.7 M sorbitol, 

100 mM potassium phosphate pH 7.5), then re-suspended in 1 ml lysis buffer (100 mM HEPES 

pH 7.2, 5 mM magnesium chloride, 1 mM EGTA, 1 mM dithiothreitol, 1 mM 

phenylmethylsulfonyl fluoride and protease inhibitors) and lysed using a Dounce homogenizer. 

The lysate was centrifuged for 2 min at 500 rcf at 4 °C to pellet cell debris, and the supernatant 

was transferred to a new tube. A 100 μl aliquot was removed and mixed with 50 μl of 3X 

Laemmli sample buffer (187.5 mM Tris pH 6.8, 15% 2-mercaptoethanol, 6% sodium dodecyl 

sulfate, 30% glycerol, and 0.12% bromphenol blue), boiled 5 min at 95 °C, and saved as the 

“total” fraction. 600 μl of the remaining lysate was then centrifuged 60 min at 70,000 rcf in a 
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Beckman TLA-120.2 rotor at 4 °C. Following the centrifugation the lipid layer was removed. 100 

μl of the supernatant was mixed with 50 μl of 3X Laemmli sample buffer, boiled 5 min at 95 °C, 

and saved as the “supernatant” fraction. The remaining supernatant was removed and the pellet 

was re-suspended in 600 μl of lysis buffer. 100 μl of this suspension was saved as the “pellet” 

fraction after mixing with 50 μl of 3X Laemmli sample buffer and boiling 5 min at 95 °C. 

Bradford assays were used to determine protein concentrations of the total fractions, and equal 

amounts of each total fraction were blotted. An equivalent volume of total, supernatant, and pellet 

fractions were blotted for each sample. 

 

2.5.9  In vitro kinase assays 

 10 μl of 0.5 mg/ml GST-Lst1, GST-Sec23, or GST-Sec24 beads were mixed with 12.5 μl 

2X kinase buffer (40 mM Tris pH 7.5, 20 mM magnesium chloride, 4 mM EDTA, 2 mM 

dithiothreitol, 10 mM ATP, 200 μM sodium orthovanadate, 20 mM sodium fluoride, 20 mM 

sodium pyrophosphate, and 2X protease inhibitor cocktail) and 1 μl of 250 ng/μl His6-Hrr25, 250 

ng/μl His6-Hrr25 K38A, or 1 μl ddH20. The volume was adjusted to 24.5 μl with ddH20 and then 

0.5 μl of 2 mCi/ml [γ-
32

P]-ATP was added. The reaction was incubated for 1 hr at 30 °C and the 

beads were washed 3 times with 750 μl cold 1X PBS. The beads were re-suspended in 25 μl 1X 

Laemmli sample buffer and boiled 5 min at 95 °C before autoradiographic analysis.  
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CHAPTER 3 – 

The function of Hrr25 in vesicle fusion and regulation of ER-Golgi traffic by casein kinase 

II 

 

3.1 Summary 

 As described in chapter 2, our analysis of Hrr25 determined it is required for fusion at the 

Golgi. A variety of experiments were then performed to understand its precise role in this 

trafficking event. We predicted Hrr25 might regulate COPII uncoating since this is an essential 

process in vesicle fusion and Hrr25 binds Sec23 and Sec24 at the Golgi. Full-length Hrr25 did not 

appear to catalyze the release of the COPII coat, so a truncated form of Hrr25 (1-394 amino 

acids) lacking a C-terminal autoinhibitory domain was next tested. This Hrr25 1-394 construct 

was active and partially stimulated the release of Sec24 from vesicles generated in vitro. Since the 

stimulation was not complete, it suggests other factors are likely necessary to fully promote 

vesicle uncoating.  

A potential mechanism to release the COPII coat through phosphorylation would be 

disrupting binding of Sec24 to vesicle cargo, because Sec24-cargo interactions help retain the 

coat on membranes after the GTP is hydrolyzed on Sar1 (Sato and Nakano 2005). Mass 

spectrometry was used to identify phosphosites near Bet1-and Sed5-binding domains from Sec24 

purified from Saccharomyces cerevisiae. Phosphomimetic and non-phosphorylatable Sec24 

mutants were generated to test the effects of phosphorylation on cargo binding using in vitro 

assays, which demonstrated interactions with these cargos is affected in the phosphomimetic 

mutants. Since binding of Sec24 to SNAREs is essential for their incorporation into COPII 

vesicles and therefore fusion (Miller et al. 2003), we predicted these mutants would also have in 

vitro transport defects. Assays showed some of the phosphomimetic mutants had reduced levels 
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of transport to the Golgi, consistent with the hypothesis that phosphorylation of Sec24 by Hrr25 

affects binding to cargo. 

We also performed experiments to determine if another kinase, casein kinase II (CKII), 

worked with Hrr25 to stimulate vesicle uncoating. This seemed likely because Hrr25 substrates 

are often first phosphorylated by other kinases (Knippschild et al. 2005) and CKII subunits 

interact physically with Hrr25 and COPII subunits in high-throughput screens (Ho et al. 2002; 

Breitkreutz et al. 2010; Gavin et al. 2002). We showed the CKII inhibitor 4,5,6,7-

tetrabromobenzotriazole (TBB) blocks ER-Golgi traffic in vitro, and that mutations in CKII 

subunits impair ER-Golgi transport in vivo. These mutant strains had greater amounts of cytosolic 

Sec23 and increased levels of phosphorylated COPII subunits in vivo, suggesting CKII inhibits 

COPII phosphorylation and actually functions antagonistically to Hrr25. We demonstrated CKII 

phosphorylates Hrr25, and may regulate transport by inhibiting the function of Hrr25. 

Importantly, this suggests there are factors that affect the activity of Hrr25 in ER-Golgi transport. 

 

3.2 Introduction 

Our previous analysis of Hrr25 demonstrated it phosphorylates the COPII subunits Sec23 

and Sec24 (Figure 2.8), which remain associated with vesicles until they are tethered to the Golgi 

(Figure 2.2). Hrr25 phosphorylation indirectly inhibits budding of COPII vesicles through 

phosphorylation of Sec23, which prevents it from binding Sar1-GTP on the ER membrane 

(Figure 2.9). While in vitro assays showed Hrr25 regulates vesicle fusion at the Golgi, these 

experiments neither delineated the mechanistic functions of Hrr25 in the fusion event, nor 

determined the effects of Sec24 phosphorylation. We therefore designed experiments to better 

understand the precise functions of Hrr25 in these trafficking events. 

 We hypothesized Hrr25 might catalyze vesicle uncoating. This appeared to be a likely 

possibility since uncoating is necessary for vesicle fusion (Barlowe et al. 1994; Oka and Nakano 
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1994), Hrr25 binds the COPII coat at the Golgi (Figure 2.5), and because the COPII coat is 

released prior to SNARE function (Figure 2.3). This uncoating requirement was demonstrated 

using in vitro transport assays and the non-hydrolyzable GTP analog GTPγS, which artificially 

locks the coat on vesicles. The coat is retained in the presence of this analog because it prevents 

GTP hydrolysis on Sar1, which is necessary for coat release (Antonny et al. 2001). In vitro 

transport to the Golgi is blocked when reactions are supplemented with GTPγS (Barlowe et al. 

1994; Oka and Nakano 1994; Ruohola et al. 1988), suggesting vesicle uncoating is required for 

the fusion event. This transport block is likely due to the inhibition of SNARE pairing by the coat 

subunit Sec24. In vitro binding assays demonstrated the Sec24-binding site on Bet1 partially 

overlaps with its SNARE domain (Mossessova et al. 2003), which binds other SNAREs to 

catalyze vesicle fusion (Sutton et al. 1998). As described in more detail in section 2.4.3, this 

suggests that Bet1 cannot catalyze vesicle fusion when bound to Sec24.   

Phosphorylation may catalyze vesicle uncoating by disrupting the binding between Sec24 

and vesicle cargo. This hypothesis is based on the observation that cargo proteins retain COPII 

subunits on membranes following Sar1-GTP hydrolysis. This was demonstrated using 

fluorescence resonance energy transfer (FRET), which monitored the association of YFP-tagged 

Sec24/Sec23 complex with wild type or mutant CFP-tagged Bet1 on liposomes in the presence of 

Sar1-GTP (Sato and Nakano 2005). After Sar1-GTP hydrolysis a substantial amount of YFP-

Sec24/Sec23 remained associated with wild type CFP-Bet1 on liposomes. In a reaction using a 

CFP-Bet1-LXXAA construct, which contains mutations in the Sec24-binding site (Mossessova et 

al. 2003), there was no interaction between YFP-Sec24/Sec23 and CFP-Bet1-LXXAA following 

Sar1-GTP hydrolysis. This suggests interactions between Sec24 and cargo proteins retain the 

COPII coat on vesicles after Sar1 is released. Hrr25 may phosphorylate Sec24 near cargo-binding 

domains, which would likely affect the ability of Sec24 to bind cargo. This could also occur if 

Sec24 phosphorylation induced a conformational change in a location not directly near any cargo-



85 

 

 

 

binding sites. This would not only explain the role of Hrr25 in vesicle fusion, but would also 

elucidate its function in phosphorylating Sec24. We used these experiments as a starting point to 

explore the regulation of Sec24 phosphorylation by Hrr25 at the Golgi.  

 

3.3 Results 

3.3.1 Purified His6-Hrr25 1-394 is active in vitro 

We initially tested whether Hrr25 catalyzes COPII vesicle uncoating by incubating His6-

Hrr25 or His6-Hrr25 K38A with vesicles produced in vitro using donor cells and cytosol. The 

vesicles were then gel-filtered and blotted with anti-Sec24 and anti-Sec22. There did not seem to 

be a noticeable decrease in the amount of Sec24 on vesicles after incubation with either protein 

(data not shown), suggesting His6-Hrr25 does not stimulate coat release. We hypothesized this 

negative result could have been caused by a few different possibilities. One is that Hrr25 does not 

regulate vesicle uncoating, or if it does, it is not sufficient for this process. Another possibility is 

the His6-Hrr25 was not maximally active in the reaction due to contaminants present in the 

purification, or because full-length Hrr25 contains a C-terminal autoinhibitory region. To address 

the potential contaminant and autoinhibitory complications of full-length His6-Hrr25, we 

expressed and purified a construct containing the first 394 amino acids of His6-Hrr25 (His6-Hrr25 

1-394) with or without a K38R mutation from bacteria. This truncated protein lacks the last 100 

C-terminal amino acids, some of which encompass the autoinhibitory domain, and was a gift 

from Kevin Corbett at UCSD. Like the K38A mutation, K38R abolishes kinase activity in vitro 

(Rivers et al. 1998; Corbett and Harrison 2012) and was used as a negative control in 

experiments. Coomassie staining of the purified products indicated they largely contained active 

or kinase-dead His6-Hrr25 1-394, along with a few contaminants present at lower levels (Figure 

3.1; A, lanes 8-13). Importantly, there were far fewer contaminants in these preparations 

compared to those found in full-length His6-Hrr25 purifications. Typically the His6-Hrr25 1-394 
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band appeared smeared and migrated higher than the K38R mutant, which itself migrated as a 

single band (Figure 3.1; A, compare lanes 8-10 with 11-13). The smearing pattern likely results 

from autophosphorylation of the active form of the kinase, which is inhibited in the K38R mutant.  

To formally test the activity of both proteins, I performed in vitro kinase assays using 

purified dephosphorylated casein as a substrate. Wild type and kinase-dead His6-Hrr25 1-394 

were incubated either alone or with casein, and the products of each reaction were run on 11% 

polyacrylamide gels with (Figure 3.1; C) and without (Figure 3.1; B) 50 μM Mn
2+

 Phos-tag.  

Phos-tag is a proprietary chemical that inhibits the mobility of phosphorylated proteins when 

added to polyacrylamide gels (Kinoshita et al. 2006); it was used in these assays to help 

differentiate between dephosphorylated and phosphorylated forms of casein. On polyacrylamide 

gels lacking Phos-tag there was no apparent difference in the migration of casein in the K38R 

reaction compared to the control (Figure 3.1; B, compare lanes 2, 5, and 6), however, an extra 

less intense band migrating above the dephosphorylated casein appeared in reactions with the 

active kinase (compare lanes 2-4). This was concurrent with decreased levels of the 

dephosphorylated band, suggesting the lighter band was a modified form of casein. When 

electrophoresed on Phos-tag gels, a significantly higher-migrating band appeared in the reaction 

with His6-Hrr25 1-394 and casein (Figure 3.1; B, compare lanes 2-4). Due to the large mobility 

shift on the Phos-tag gels, it is highly likely this is a phosphorylated form of casein. These 

experiments indicated His6-Hrr25 1-394 is active in vitro, and would therefore be useful in 

uncoating assays.  

  

3.3.2 His6-Hrr25 1-394 stimulates vesicle uncoating in vitro 

 The His6-Hrr25 1-394 and His6-Hrr25 1-394 K38R constructs were tested for uncoating 

activity by incubating them with vesicles produced in vitro using donor cells and cytosol. Each 

reaction was gel filtered to isolate vesicles, which were finally blotted with antibodies against 
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Sec23, Sec24, and Sec22. Addition of His6-Hrr25 1-394 did seem to catalyze release of Sec23 

and Sec24 from vesicles, though the results were variable when the experiment was repeated 

(data not shown). This was likely caused by the inconsistent isolation of vesicles during gel 

filtration, which had to be performed separately for each reaction. We therefore developed a more 

efficient method to isolate COPII vesicles and then incubated the same vesicle preparation with 

active or kinase-dead His6-Hrr25 1-394. Large amounts of vesicles were generated in vitro by 

incubating donor cells and purified cytosol. The reaction was next centrifuged at a low speed to 

pellet the donor cells. The supernatant was then removed and centrifuged at a high speed to pellet 

COPII vesicles, which were gently re-suspended in a kinase buffer. A negative control reaction 

containing apyrase was also included; apyrase consumes any ATP present in the cytosol fraction 

and inhibits vesicle production (Ruohola et al. 1988). High-speed pellets generated from ATP and 

apyrase reactions were blotted with anti-Sec24 and anti-Sec22 to determine whether ATP-

dependent COPII-coated vesicles were produced (Figure 3.2; A). The levels of Sec22, an ER-

Golgi SNARE incorporated into vesicles, were significantly greater in the ATP reaction, 

indicating their formation was ATP-dependent. The high amounts of Sec24 present in the ATP 

reaction showed the pelleted vesicles remained coated and would therefore be good substrates to 

test the uncoating activity of Hrr25.     

These purified vesicles were incubated with active His6-Hrr25 1-394, the kinase-dead 

mutant, or alone for 30 minutes at 30 °C in a low-salt buffer supplemented with ATP to enhance 

activity of the Hrr25. Once complete the reactions were centrifuged at high speeds to re-pellet the 

vesicles. The supernatants were transferred to a new tube while the pellets were re-suspended in 

the low-salt buffer; each fraction was then blotted with anti-Sec24 and anti-Sec22 antibodies to 

detect the COPII coat and vesicles. Uncoating activity was measured by determining the amount 

of Sec24 released from the pellet and into the supernatant during the reaction. In addition to 

comparing the same vesicles within the same experiment, we assumed this assay would also be 
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superior to using gel-filtered vesicles because blotting both the supernatant and pellet fractions 

would allow an accurate measurement of the amount of coat release. In the mock-treated reaction 

there was a low amount of Sec24 released into the supernatant, suggesting a small amount of coat 

proteins sheared off the membrane (Figure 3.2; B, lanes 2 and 3). This appeared to be at least 

partially dependent on the amount of salt in the buffer, as higher salt concentrations caused 

greater amounts of Sec24 shearing (data not shown).  

Addition of 900 nM His6-Hrr25 1-394 caused an increase in the amount of Sec24 in the 

supernatant relative to the pellet, consistent with the hypothesis Hrr25 facilitates vesicle 

uncoating (Figure 3.2; B, compare lanes 2 and 3 with 4 and 5). Each reaction was quantified by 

comparing the ratio of Sec24 in the supernatant and pellet fractions, with the mock-treated sample 

considered to have a 100% ratio. This showed there was a consistent 15% increase in the ratio of 

Sec24 in the His6-Hrr25 1-394 reaction, indicating Hrr25 can partially stimulate vesicle uncoating 

in vitro (Figure 3.2; C). This was dependent on the kinase activity of Hrr25, as the His6-Hrr25 1-

394 K38R reaction showed no significant difference compared to the mock sample. This suggests 

that while Hrr25 phosphorylation can stimulate vesicle uncoating at the Golgi, it is not sufficient 

for this process. It is likely Hrr25 requires additional factors to completely stimulate COPII 

release to regulate fusion at the Golgi. This would be consistent with regulation of AP-1 

uncoating, which requires the dual activities of a phosphatase and chaperone protein (Ghosh and 

Kornfeld 2003), and is discussed further in section 4.3.3. While it is possible our conditions were 

not ideal for Hrr25 activity, this seems unlikely because the buffer and incubation temperatures 

used in the uncoating assay were almost identical to those used to test the kinase activity of His6-

Hrr25 1-394 on dephosphorylated casein. Hrr25 immunoprecipitated from yeast lysates was also 

tested in this assay to determine if it enhanced COPII release. We hypothesized 

immunoprecipitated Hrr25 might also bind other uncoating factors not present with Hrr25 

purified from bacteria. While the immunoprecipitated Hrr25 did stimulate uncoating as much as 
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the purified His6-Hrr25 1-394, it did not do so further (data not shown), suggesting additional 

uncoating factors were not pulled-down in the Hrr25 immunoprecipitation.  

 

3.3.3 COPII phosphorylation inhibits binding to vesicle cargo 

Since interactions between vesicle cargo and Sec24 help retain the COPII coat on 

vesicles following Sar1-GTP hydrolysis (Sato and Nakano 2005), we predicted the Hrr25-

mediated stimulation of vesicle uncoating could be caused by disrupting these Sec24-cargo 

interactions. In order to test this hypothesis, we first determined if cargo-binding sites are 

phosphorylated. Sec24 was purified in a complex with Sec23 from yeast and analyzed using mass 

spectrometry to identify phosphosites. Mass spectrometry was also performed to detect 

phosphorylated amino acids on Iss1, a nonessential Saccharomyces cerevisiae Sec24 paralog with 

overlapping vesicle cargos such as SNAREs (Kurihara et al. 2000). This analysis identified a 

multitude of phosphorylated residues in both Sec24 and Iss1, some of which are near cargo-

binding domains. We focused our attention on three conserved amino acids identified as 

phosphosites in both Sec24 and Iss1 near cargo-binding regions: S580, S730, and S735. We 

predicted conservation of these phosphosites likely meant they were essential to regulate 

interactions between Sec24 or Iss1 and their shared cargo. Additionally, S730 and S735 fit the 

criteria as Hrr25/CK1∂ consensus motifs, as they are a few amino acids downstream from another 

serine or threonine (Knippschild et al. 2005). Analysis of crystal structures of Sec24 complexed 

with the binding domains of Sed5 and Bet1 (Mossessova et al. 2003) indicated S580 is near the 

Bet1-binding site on Sec24, while S730 and S735 are in the Sed5-binding domain.  

To determine if phosphorylation of these sites causes decreased affinity for cargo in vitro, 

the following phosphomimetic and non-phosphorylatable GST-Sec24 mutants were produced: 

S580D, S580A, S730D, S735D, S730D/S735D, and S730A/S735A. Since they are near the Bet1-

binding site, the S580 mutants were incubated with purified Bet1-His6 and relative binding levels 
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were assessed with western blots. The S580D mutation caused a significant decrease in Bet1- 

His6 binding. The S580A mutant also impaired binding to Bet1-His6; this is likely due to the fact 

any modification of the serine affects in vitro binding (data not shown). The other mutants were 

incubated with Sed5-His6 and Sec22-His6 to determine their relative affinities. The single S730D 

and S735D and the double S730A/S735A mutants bound as efficiently to Sed5-His6 and Sec22-

His6 as wild type Sec24. The double S730D/S735D phosphomimetic mutant only displayed 

defects in binding to Sed5-His6 (data not shown). Overall these results indicated phosphorylation 

of S580 inhibits interactions of Sec24 to Bet1, while phosphorylation of both S730 and S735 

impedes binding to Sed5. 

It seemed likely the phosphomimetic forms of Sec24 would have fusion defects because 

these mutants could not properly bind and incorporate SNAREs into budding vesicles. Since 

these specific SNAREs are required for fusion (Parlati et al. 2000), the lack of Bet1 or Sed5 

might then inhibit this downstream trafficking event. While depletion of SNAREs from COPII 

vesicles does not always yield fusion defects (Miller et al. 2005), positive results would 

strengthen our hypothesis. Yeast strains were constructed that lacked the endogenous copies of 

SEC24 and ISS1. ISS1 was also deleted due to genetic and functional redundancies with SEC24. 

Different forms of SEC24 were then expressed on a plasmid, ensuring the only copy of SEC24 

present was introduced on the vector. In addition to the Sec24 mutations listed above, triple 

S580A/S730A/S735A and S580D/S730D/S735D mutants were tested. Growth of the S580D and 

580D/S730D/S735D mutants was significantly impaired compared to wild type strains, 

suggesting constitutive phosphorylation of these sites is detrimental to the function of Sec24. 

Donor cells and lysates from each strain were used to assay COPII budding and fusion in 

vitro. None of the mutant strains showed any significant differences in budding compared to the 

wild type Sec24 (Figure 3.3; B). This is consistent with other experiments showing budding is not 

dependent on the incorporation of cargo into COPII vesicles by Sec24. Interestingly, both the 
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S580D and triple S580D/S730D/S735D mutants had significant in vitro transport defects. The 

S580D reaction impaired transport about 50% relative to wild type Sec24, while transport was 

nearly completely blocked in the S580D/S730D/S735D reaction (Figure 3.3; A). This was 

dependent on the negative charge supplied by the aspartate, as the alanine mutants functioned as 

well as wild type Sec24 (Figure 3.3; A). These results suggest a few different conclusions. First, 

phosphorylation of S580 likely impairs the recruitment of Bet1 into vesicles, inhibiting SNARE-

mediated fusion at the Golgi. Second, defects in Sed5 incorporation from the S730D/S735D 

mutant are not strong enough to cause fusion inhibition on their own. When combined with the 

S580D mutation, however, these two phosphomimetic mutations severely inhibit ER-Golgi 

transport. This suggests cargo-loading defects in both Bet1 and Sed5 causes a synergistic block in 

fusion. These results are consistent with a model where Hrr25 phosphorylation partially 

stimulates uncoating by releasing Sec24 and its homologs from vesicle-associated cargo.  

 

3.3.4 Identification of CKII as a potential regulator of ER-Golgi traffic 

Based on our uncoating assay, we predicted Hrr25 may require the function of an 

additional factor to help promote COPII release. We hypothesized this factor might be another 

kinase due to a property of some Hrr25 substrates. The Hrr25/CK1∂ consensus motif is S/T(P)-

X1–2-S/T, and often phosphorylation of the N-terminal serine or threonine stimulates 

phosphorylation of the latter residues by Hrr25 (Knippschild et al. 2005). The yeast kinome was 

searched for candidates that interact either physically or genetically with Hrr25 and COPII coat 

proteins. Subunits of casein kinase II (CKII) have been identified as binding partners of Hrr25, 

Sec23, and Sec31 in high-throughput proteomic screens (Ho et al. 2002; Breitkreutz et al. 2010; 

Gavin et al. 2002). CKII has already been shown to phosphorylate p115, the mammalian ortholog 

of the tethering factor Uso1 (Dirac-Svejstrup et al. 2000). In addition to regulating vesicle 

tethering, p115 mediates Golgi fragment reassembly following mitosis (Shorter and Warren 
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1999). Inhibition of CKII activity caused defects in Golgi reassembly and p115 functioned as a 

CKII substrate in vitro (Dirac-Svejstrup et al. 2000), suggesting CKII-mediated phosphorylation 

of p115 is essential for Golgi reassembly. Phosphorylation also promoted p115 binding to 

GM130 and giantin, two other mammalian tethering factors (Dirac-Svejstrup et al. 2000). This 

data suggests CKII interacts with Hrr25 and phosphoregulates an essential ER-Golgi transport 

factor, suggesting it would be a good candidate for further analysis.  

Casein kinase II regulates a variety of cellular processes including the cell cycle (Hanna 

et al. 1995), apoptosis suppression (Ahmad et al. 2008), transcription, and DNA damage repair 

(Ghavidel and Schultz 2001). It consists of four subunits in Saccharomyces cerevisiae: Cka1, 

Cka2, Ckb1, and Ckb2. Cka1 and Cka2 are redundant essential catalytic α subunits that provide 

kinase activity (Padmanabha et al. 1990), while Ckb1 and Ckb2 are redundant essential β 

regulatory subunits that provide target specificity (Bidwai et al. 1993) and stimulate the activity 

of the α subunits (Grankowski et al. 1991). All four are present in the active holoenzyme (Bidwai 

et al. 1994), which appears to localize throughout the nucleus and cytoplasm in both yeast (Huh et 

al. 2003) and mammalian cells (Faust and Montenarh 2000), consistent with its diverse cellular 

functions.  

 

3.3.5 CKII regulates ER-Golgi transport 

 We initially tested whether CKII regulates ER-Golgi transport in vitro. In vitro transport 

assays were performed with increasing amounts of the chemical CKII inhibitor TBB (Prudent and 

Cochet 2009). The relative amounts of transport to the Golgi decreased as the concentration of 

TBB was increased (Figure 3.4; A), suggesting CKII regulates ER-Golgi transport in vitro. To 

test if this is also true in vivo, pulse-chase experiments of carboxypeptidase Y (CPY) were 

performed in cka1∆ CKA2 (wild type), and cka1∆ cka2-13 cells shifted to 37 °C for 2 hours. 

Since CKA1 and CKA2 are redundant, the function of both genes must be inhibited in order to 
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detect significant defects associated with impaired CKII activity (Hanna et al. 1995). The cka2-13 

allele is temperature sensitive and effectively blocks CKII function (Hanna et al. 1995). CPY 

traffics through the early stages of the secretory pathway before being transported to its 

destination in the vacuole (Conibear and Stevens 1998). It is synthesized as a p1 form (67 kDa) in 

the ER and from there is transported to the Golgi, where it is modified into a higher molecular 

weight p2 (69 kDa) form. It is finally trafficked to the vacuole and cleaved into a smaller mature 

(61 kDa) active form. Accumulation of the p1 form is therefore indicative of an ER-Golgi 

transport defect. There were greater amounts of p1 CPY in cka1∆ cka2-13 cells compared to 

cka1∆ CKA2 cells at all time points tested (data not shown), indicating CKII function is required 

for ER-Golgi transport in vivo. 

  

 

 

3.3.6 CKII inhibits COPII phosphorylation in vivo 

 We predicted CKII mutants would display similar in vivo defects as hrr25 mutants if 

both proteins function synergistically to regulate ER-Golgi transport. These shared defects should 

include a decrease in phosphorylation of COPII coat subunits, as well as an increase in the 

amount of Sec23 bound to membranes (Figure 2.11). To test whether CKII also regulated the 

binding of Sec23 to membranes, differential centrifugations were performed with lysates derived 

from cka1∆ CKA2 (wild type), cka1∆ cka2-8, and cka1∆ cka2-13 cells shifted to 37 °C for 2 

hours. The fractions from each lysate were blotted with antibodies against Sec23 as well as the 

Sec22, which was used as a control to ensure membranes were properly pelleted. Unexpectedly, 

there was an increase in the amount of Sec23 in the supernatant in both mutant lysates compared 

with the control (Figure 3.5; A, compare lane 2 with 5 and 8). This indicates CKII promotes the 
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association of Sec23 with membranes, and suggests Hrr25 and CKII actually function 

antagonistically.  

    If CKII and Hrr25 act antagonistically, cka1∆ cka2 temperature sensitive mutants 

should have elevated levels of phosphorylated COPII proteins. Our analysis of the Sec24 paralog 

Lst1 has indicated this protein is highly phosphorylated in yeast cells, and this phosphorylation is 

dependent on HRR25 function. Additionally, purified Lst1 is a strong substrate for Hrr25 using in 

vitro kinase assays (Figure 2.8; A). Since the phosphorylation of Lst1 can actually affect its 

migration on polyacrylamide gels, it seemed like a useful COPII substrate to test in the cka1∆ 

cka2 temperature sensitive mutants. When the differential centrifugations were blotted using anti-

Lst1 antibody, multiple forms of the protein were detected in both the control and mutant lysates. 

The cka1∆ CKA2 total fraction largely consisted of a lower-migrating form of Lst1, along with a 

smaller amount of an intermediately-migrating Lst1 band (Figure 3.5; A). Most of the Lst1 was 

bound to membranes since it largely fractionated in the pellet. Both the cka1∆ cka2-8 and cka1∆ 

cka2-13 total fractions mostly contained the intermediate form of the protein, with a small 

amount of a higher-migrating form. There was also some of the lower-migrating Lst1 in the total 

samples, though it was not the most abundant species. While the majority of the Lst1 fractionated 

in the supernatant in the cka1∆ cka2-8 and cka1∆ cka2-13 lysates, a significant amount must have 

degraded during the centrifugation since the amounts in the supernatant and pellet fractions do 

not equal the total levels. Since the Sec22 blot demonstrates the pellets remained intact during the 

centrifugation, the decreased levels of Lst1 are likely due to instability and protein degradation. 

This suggests phosphorylation of Lst1 causes it to become less stable. 

cka1∆ CKA2 and cka1∆ cka2-13 lysates were then formally tested for phosphorylated 

Lst1 levels using a phosphatase assay. The lysates were incubated with or without calf intestinal 

phosphatase (CIP), and then blotted with anti-Lst1 antibody. If the Lst1 is phosphorylated, it 

should appear as a lower-migrating and less-smeared band in samples treated with CIP. In the 
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cka1∆ CKA2 lysate there appeared to be a small shift of the Lst1 in the CIP-treated lane (Figure 

3.5; B), suggesting there is some basal level of Lst1 phosphorylation under normal conditions. 

There was a significantly larger shift of a smeared Lst1 band in the cka1∆ cka2-13 lysate with 

CIP treatment, indicating larger levels of phosphorylated Lst1 accumulate when CKII is 

inactivated. The difference in the banding patterns of Lst1 in the CIP and differential 

centrifugation experiments is likely due to differences in lysis conditions and that CIP samples 

were incubated at 37 °C for 15 minutes. The CIP treatment of lysates indicates there is an 

accumulation of phosphorylated Lst1 when CKII is inactivated in yeast cells, again suggesting 

CKII and Hrr25 function antagonistically to regulate ER-Golgi transport.     

 

3.3.7 CKII binds and phosphorylates Hrr25 

 Based on these experiments we hypothesized CKII may be somehow negatively 

regulating the activity of Hrr25. Initially lysates derived from cka1∆ CKA2 and cka1∆ cka2-13 

shifted to 37 °C for 2 hours were blotted to determine if CKII regulates total Hrr25 levels. The 

blots indicated the total amount of Hrr25 was unaffected in the mutant cells (Figure 3.6; A). Anti-

Sec22 was used as a loading control, indicating total protein levels were equal. The ability of 

CKII to phosphorylate Hrr25 in vivo was next analyzed by blotting these lysates using Mn
2+

 

Phos-tag gels. As previously described in section 3.3.1, Phos-tag inhibits the mobility of 

phosphorylated proteins in polyacrylamide gels. Since CKII is a kinase, it seemed likely CKII 

could phosphorylate Hrr25 to regulate its activity. We therefore predicted Hrr25 would migrate 

lower in cka1∆ cka2-13 lysates compared to cka1∆ CKA2 lysates. The Hrr25 was shifted slightly 

lower in the cka1∆ cka2-13 lysates (Figure 3.6). The minor shift is likely due to the fact Hrr25 is 

autophosphorylated, so even when CKII is inactivated the mobility of Hrr25 is still impaired on 

Phos-tag gels. This suggests Hrr25 is a substrate of CKII in vivo, consistent with the hypothesis 

Hrr25 is negatively regulated via phosphorylation. Kinase assays were used to confirm this in 
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vitro by incubating the mammalian CKII holoenzyme with mammalian GST-CK1∂ K38R and [γ-

32
P]-ATP. The K38R mutation was used to inhibit CK1∂ autophosphorylation, which would 

likely prevent detection of CKII kinase activity. Addition of CKII caused a significant increase in 

[γ-
32

P]-ATP incorporation compared to reactions with heat-inactivated CKII (Figure 3.6; B, 

compare lanes 1 and 2), indicating CKII phosphorylates CK1∂ in vitro. 

If CKII phosphorylates Hrr25 to inhibit its activity, CKII should bind Hrr25 in vivo. This 

binding was tested using co-immunoprecipitations of the two proteins. Strains expressing either 

CKA1-myc or CKB1-myc from their respective genomic loci were constructed to efficiently 

immunoprecipitate endogenous levels of Cka1 or Ckb1 from yeast lysates. These, in addition to 

lysates from an untagged strain, were incubated with anti-myc antibody. The products were then 

blotted with anti-myc and anti-Hrr25. If Hrr25 binds CKII, it should specifically be detected in 

immunoprecipitates from the strains expressing the tagged copies of each CKII subunit. Based on 

comparison with inputs, the anti-myc appeared to isolate nearly all the Cka1-myc or Ckb1-myc in 

each reaction. Importantly, Hrr25 was only efficiently pulled-down in the strains expressing 

either tagged subunit (Figure 3.7; A and B, compare lanes 1 and 2). Both the Cka1-myc and 

Ckb1-myc strains immunoprecipitated about 0.3% of the total Hrr25. Of note, similar results were 

found with CKA2-myc and CKB2-myc strains (data not shown). These results are consistent with 

the hypothesis CKII binds Hrr25 to inhibit its activity.  
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Figure 3.1: His6-Hrr25 1-394 is active in vitro. A: His6-Hrr25 1-394 and His6-Hrr25 1-394 

K38R were purified and analyzed using PAGE and Coomassie-staining. B: and C: Purified His6-

Hrr25 1-394 or His6-Hrr25 1-394 K38R was incubated with or without dephosphorylated casein 

as described in section 3.5.3. The products of the reactions were run on 11% polyacrylamide gels 

supplemented with (C) or without (B) 50 μM Mn
2+

 Phos-tag and Coomassie-stained. 

  

B: 

A: 

C: 



98 

 

 

 

 

 

 

Figure 3.2: Hrr25 stimulates vesicle uncoating in vitro. A: In vitro transport reactions 

supplemented with apyrase or ATP were pelleted as described in section 3.5.4. The resulting 

pellets were blotted with anti-Sec24 and anti-Sec22. B: COPII vesicles were incubated with or 

without 900 nM His6-Hrr25 1-394 for 30 min at 30 °C. The reaction was then centrifuged to 

separate supernatant and pellet (vesicle) fractions, which were blotted with anti-Sec24 and anti-

Sec22 and compared to a total sample. This is described in more detail in section 3.5.4. C: 

Reactions performed as in B with His6-Hrr25 1-394 K38R were quantified along with multiple 

His6-Hrr25 1-394 uncoating assays. The graphs were plotted as Sec24 supernatant:pellet ratios. 

The reaction lacking kinase was considered to have a 100% ratio, to which the other samples 

were normalized. p-values were calculated using Student’s t-Test.   

B: A: 

C: 
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Figure 3.3: Phosphomimetic Sec24 mutants have in vitro transport defects. A: In vitro ER-

Golgi transport assays were performed with lysates and donor cells derived from sec24∆ lst1∆ 

cells transformed with plasmids expressing wild type Sec24, S730A/S735A, S730D/S735D, 

S580A, S580D, S580A/S730A/S735A, or S580D/S730D/S735D mutants. Values were 

normalized to the reaction with wild type Sec24, which was considered to have maximal levels of 

transport. p-values were determined using Student’s t-Test. B: Same as in A, except in vitro 

budding was measured for mutants.   

B: 

A: 
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Figure 3.4: CKII is required for ER-Golgi transport. Increasing amounts of the CKII inhibitor 

TBB were added to in vitro transport reactions to measure relative levels of transport. The 

reaction without TBB was considered to have maximal transport, to which the other samples were 

compared. Student’s t-Test was used to calculate p-values. 
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Figure 3.5: CKII regulates Lst1 phosphorylation and the membrane association of Sec23. A: 

Lysates derived from cka1∆ CKA2, cka1∆ cka2-8, and cka1∆ cka2-13 cells shifted to 37 °C for 2 

hours were centrifuged to separate supernatant and pellet fractions. Fractions were then blotted 

with anti-Sec23, anti-Lst1, and anti-Sec22. Anti-Sec22 was used as a loading control and to 

ensure membranes were pelleted during the centrifugation. B: Lysates derived from cka1∆ CKA2 

and cka1∆ cka2-13 cells shifted to 37 °C for 2 hours were incubated at 37 °C for 15 minutes in 

the presence or absence of calf intestinal phosphatase (CIP) and then blotted with anti-Lst1 and 

anti-Sec22 antibodies. Anti-Sec22 was used as a loading control.  

  

B: 

A: 
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Figure 3.6: CKII phosphorylates Hrr25/CK1∂. A: cka1∆ CKA2 and cka1∆ cka2-13 cells were 

shifted to 37 °C for 2 hours and then lysed as described in section 3.5.7. The lysates were run on 

gels with or without 50 μM Mn
2+

 Phos-tag and blotted with anti-Sec22 and anti-Hrr25. B: 

Purified recombinant human CKII was incubated with GST-CK1∂ K38R and [γ-
32

P]-ATP as 

described in section 3.5.3, and then analyzed using PAGE. Autoradiography was used to detect 

[γ-
32

P]-ATP incorporation and the gel was Coomassie-stained. Heat-inactivated (H.I.) CKII was 

used as a negative control. 

  

B: 

A: 
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Figure 3.7: CKII binds Hrr25 in vivo. A: Wild type or Ckb1-myc lysates were 

immunoprecipitated with anti-myc antibody. The immunoprecipitates were then blotted using 

anti-myc and anti-Hrr25. B: Experiment was performed as in A, except Cka1-myc lysates were 

analyzed. 

  

B: A: 
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Figure 3.8: A model for CKII regulation of ER-Golgi transport. CKII localizes throughout 

the cytosol in addition to the nucleus, while Hrr25 primarily associates with the Golgi. At the 

Golgi Hrr25 catalyzes vesicle fusion and appears to function in vesicle uncoating. Any Hrr25 that 

is released from the Golgi into the cytosol is phosphorylated by CKII, which may inhibit its 

activity. This would ensure vesicles only uncoat at the Golgi instead of in the cytosol. 
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3.4 Discussion 

3.4.1 Regulation of fusion and uncoating by Hrr25 at the Golgi 

 Data presented in this chapter sheds further light on the roles of Hrr25 in fusion. In vitro 

assays suggest Hrr25 stimulates the release of the COPII coat from vesicles at the Golgi. Since it 

did not completely catalyze vesicle uncoating, there is likely another factor that works with Hrr25 

to enhance this activity. These potential factors and methods to aid in their isolation are further 

discussed in section 4.2.2. This is an important finding because several studies have shown the 

necessity to uncoat vesicles prior to fusion (Ruohola et al. 1988; Barlowe et al. 1994; Oka and 

Nakano 1994). Determining at least one of the proteins involved in this essential process is 

therefore significant to understanding more about the dynamics of the COPII coat in ER-Golgi 

transport. Since Hrr25 localizes to the Golgi, it also provides further evidence the COPII coat 

remains associated with vesicles until they are tethered. Phosphorylation of the Sec24 residues 

S580, S730, and S735 affect binding to the vesicle cargos Sed5 and Bet1. Phosphomimetic 

mutations decrease the incorporation of these SNAREs into vesicles, and also cause in vitro 

transport defects. These phenotypes are consistent with a model where phosphorylation of Sec24 

inhibits binding to cargo proteins.  

This information also allows an updated model for Hrr25 function. As described in 

chapter 2, Hrr25 displaces TRAPPI from coated vesicles after they are tethered to the Golgi by 

Uso1. Subsequently the inner COPII subunits Sec23 and Sec24 are phosphorylated by Hrr25. 

Phosphorylation of Sec23 causes an indirect block in vesicle budding by disrupting its ability to 

bind Sar1-GTP at the ER. Hrr25 likely phosphorylates residues on Sec24 near cargo-binding 

sites, specifically S580, S730, and S735. This decreases the affinity of Sec24 for vesicle cargo 

such as Bet1 and Sed5. Since interactions between Sec24 and cargo proteins retain the coat on 

vesicles following Sar1-GTP hydrolysis (Sato and Nakano 2005), phosphorylation helps 

stimulate uncoating. Other residues are probably also phosphorylated that promote fusion. Once 
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the coat is released, the v-SNAREs become fusogenic and are able to bind cognate t-SNAREs at 

the Golgi.   

 

3.4.2 Inhibition of Hrr25 activity in the cytosol by CKII 

Together these results indicate CKII regulates ER-Golgi transport and impairs 

phosphorylation of the COPII coat. CKII appears to inhibit the activity of Hrr25/CK1∂ through 

phosphorylation, explaining the opposing phenotypes of cka1∆ cka2 and hrr25 mutants. 

Consistent with growth and in vitro defects associated with Sec23 S742D/T747E (Figure 2.9) and 

Sec24 S580D/S730/S735D mutant cells (Figure 3.3), this suggests hyper-activation of 

Hrr25/CK1∂ is detrimental to ER-Golgi transport. Interestingly, CKII and Hrr25 localize in 

different areas of the cell. Yeast CKII subunits localize in the nucleus and diffusely throughout 

the cytosol (Huh et al. 2003), while endogenous Hrr25 largely associates with the Golgi (Figure 

2.5). The differing localization of these two factors suggests CKII does not regulate Hrr25 at the 

Golgi, consistent with the fact Hrr25 activity there promotes COPII vesicle fusion. It seems likely 

CKII may phosphorylate any Hrr25 released from the Golgi into the cytosol to prevent it from 

phosphorylating the COPII coat.  

Cytosolic Hrr25 activity could be detrimental to ER-Golgi transport for two reasons. 

First, continued phosphorylation of Sec23 would result in decreased COPII vesicle budding. It is 

likely this could be somewhat offset by dephosphorylation of Sec23 by a cytosolic phosphatase. 

Perhaps more importantly, phosphorylation in the cytosol may lead to premature stimulation of 

vesicle uncoating. Early loss of Sec23 from a vesicle would cause less TRAPPI recruitment and 

therefore less tethering. It would also make non-specific vesicle fusion more likely, since the coat 

appears to inhibit these events. Unlike budding, misregulation of vesicle uncoating could not 

simply be reversed by dephosphorylation and instead must be prevented from occurring. Based 
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on the data presented in this chapter, it seems likely CKII functions to inhibit Hrr25-mediated 

phosphorylation of the COPII coat in the cytosol.  

The predicted role of CKII is summarized in figure 3.8. COPII vesicles bud from the ER 

and remain coated so that they are properly targeted to the Golgi membrane. There is a low 

amount of Hrr25 present in the cytosol, which is inhibited by CKII phosphorylation. This ensures 

Hrr25 does not prematurely phosphorylate the COPII subunits Sec23 and Sec24. Only at the 

Golgi, where the local concentration of Hrr25 is high enough so that its function is not 

significantly impaired by CKII, will tethered vesicles encounter active Hrr25 that stimulates coat 

release and fusion. If CKII activity is inhibited, this would lead to greater levels of 

phosphorylated COPII subunits and decreased ER-Golgi transport; both of these phenotypes were 

observed in cka1∆ cka2 mutants. More experiments are necessary to fully validate this model, 

which will be described in more detail in chapter 4, but these results are consistent with this 

hypothesis.   

 

 

3.5 Materials and Methods 

3.5.1 In vitro transport assays 

 In vitro transport assays were performed essentially as previously described (Ruohola et 

al. 1988; Groesch et al. 1990; Lian and Ferro-Novick 1993). Donor cells were produced by 

incubating 75 OD599 units of yeast cells grown overnight in YPD to mid-log phase in 25 ml 

spheroplasting buffer (1X YP, 0.2% dextrose, 1.4M sorbitol, 50 mM potassium phosphate pH 

7.5, 0.015 mg/ml zymolyase, 0.4% 2-mercaptoethanol) for 30 min at 37 °C. The cells were re-

suspended in recovery media (1X YP, 1M sorbitol, 0.2% dextrose) for 90 min at 37 °C. The 

pelleted cells were washed with 5 ml cold permeabilization buffer (20 mM HEPES pH 7.2, 200 

mM sorbitol, 100 mM potassium acetate, and 2 mM magnesium chloride) and then pelleted. The 
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pelleted cells were re-suspended in 50 μl CB+DTT (20 mM HEPES pH 7.4, 250 mM sucrose, 4 

mM dithiothreitol, and 1 mM EDTA) and 12 μl was incubated with 100 μl radiolabeled α-factor 

produced in vitro for 30 min at 20 °C with 20 mM creatine phosphate. The donor cells were 

washed twice with 200 μl TBPS (25 mM HEPES pH 7.2, 115 mM potassium acetate, 2.5 mM 

magnesium acetate, 250 mM sorbitol, and 1X protease inhibitor cocktail) and re-suspended in 

100 μl TBPS.  

For each reaction, 25 μl of the donor cell/TBPS suspension was incubated with 1000 μg 

S1 (described below) and either 40U/ml apyrase or an ATP mix (17 mM ATP, 17 mM GTP, 31 

mM creatine phosphate, and 62 mM creatine phosphokinase) for 90 min at 20 °C unless 

otherwise noted. Once the incubation was complete, the reactions were centrifuged for 1 min at 

16,000 rcf at 4 °C to pellet donor cells. To measure budding the supernatant and pellet fractions 

from each reaction were each trypsinized and then incubated with Concanavalin A-Sepharose 

beads overnight. The beads were washed with 900 μl TBPS and then boiled 5 min at 95 °C in 70 

μl 1X Laemmli sample buffer. Equal amounts of the reaction were measured using a scintillation 

counter; budding was calculated by dividing the amount of counts in the supernatant compared by 

the total counts in the supernatant and pellet fractions. Transport was assayed by re-

immunoprecipitating 20 μl of the boiled sample with antibody against a Golgi-specific 

modification. The Protein A-Sepharose beads in the IP were boiled in 50 μl 1X Laemmli sample 

buffer; 40 μl were measured in a scintillation counter. Transport was calculated by multiplying 

these counts by 1.25 and then dividing by the counts in the supernatant fraction. 

Production of S1 is briefly described. 3000 OD599 units of spheroplasted and recovered 

yeast cells were pelleted and re-suspended in 6.5 ml 20 mM HEPES pH 7.2 on ice. The cells were 

lysed by pipetting the suspension up-and-down 30 times followed by vortexing, and then the 

lysate was centrifuged for 10 min at 4 °C at 1000 rcf. An S1 fraction was isolated by transferring 
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the supernatant to a new tube while discarding the pellet. A concentrated salt and sorbitol solution 

was added to these fractions to adjust the buffer to TBPS.  

 

3.5.2 His6-protein purifications 

Rosetta(DE3) cells were transformed with a vector expressing a 1-394 amino acid 

truncated form of His6-tagged Hrr25 with or without a K38R mutation that inhibits in vitro kinase 

activity (gifts from Kevin Corbett, UCSD). Transformed cells were then grown overnight in 50 

ml LB-Amp at 37 °C to a stationary phase. 100 OD599 units of stationary cells were then diluted 

in 1L of LB-Amp and grown for 2 hr at 37 °C. The temperature was then shifted to 20 °C for 30 

min before adding isopropyl β-D-1-thiogalactopyranoside to a final concentration of 0.5 mM to 

induce protein expression overnight. The next day the cells were centrifuged 10 min at 1500 rcf at 

4 °C and then re-suspended in cold 25 ml sonication buffer (20 mM Tris pH 8.0, 300 mM NaCl, 

10 mM imidazole, 10% glycerol, 0.1% 2-mercaptoethanol) along with 2 mM 

phenylmethylsulfonyl fluoride. The cells were sonicated a total of 2 min with a 15 sec on/off 

cycle on ice, and then centrifuged at 34500 rcf in a Sorvall SS-34 rotor for 30 min at 4 °C. The 

supernatant was moved to a new tube along with 1 ml of Ni-NTA agarose and incubated 1 hr at 4 

°C while shaking. The lysate-agarose mixture was loaded into a Bio-rad Econo column, and then 

washed with 50 ml of sonication buffer. It was next washed with 25 ml of wash buffer (20 mM 

Tris pH 8.0, 300 mM sodium chloride, 45 mM imidazole, 10% glycerol, 0.1% 2-

mercaptoethanol). Finally the agarose was washed 5 times with 1 ml elution buffer (20 mM Tris 

pH 8.0, 80 mM NaCl, 300 mM imidazole, 10% glycerol, 0.1% 2-mercaptoethanol) to elute 

protein from the agarose. The eluate was buffer exchanged 3 times with 20 mM HEPES pH 7.4 

and 30% glycerol and concentrated to a final volume of 50-150 μl. 
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3.5.3 In vitro kinase assays 

The following protocol applies to casein kinase assays. 0.5 μl of 10 mg/ml 

dephosphorylated casein dissolved in 1M sodium hydroxide was incubated with 12.5 μl of 2X 

kinase buffer (40 mM Tris pH 7.5, 20 mM MgCl2, 4 mM EDTA, 2 mM dithiothreitol, 10 mM 

ATP, 200 μM sodium orthovanadate, 20 mM sodium fluoride, 20 mM sodium pyrophosphate, 

and 2X PIC) and 1 μl of 1 mg/ml His6-Hrr25 1-394, 1 mg/ml His6-Hrr25 1-394 K38R, or ddH20. 

The final volume was adjusted to 25 μl with ddH20 and the reactions were incubated for 1 hr at 30 

°C. 12.5 μl of 3X Laemmli sample buffer was added and the reactions were boiled 5 min at 95 °C 

before loading 14 μl of each on 11% acrylamide gels polymerized in the presence or absence 50 

μM Mn
2+

 Phos-tag. 

 This section describes in vitro kinase assays with purified recombinant human CKII. 10 

μl of 0.2 mg/ml GST-CK1∂ beads were mixed with 12.5 μl 2X CKII buffer (40 mM Tris pH 7.5, 

50 mM potassium chloride, 20 mM magnesium chloride, 400 μM ATP, and 1X protease inhibitor 

cocktail) and 1 μl ddH20. 1 μl of 500 U/μl purified CKII (NEB) and 0.5 μl of 2 mCi/ml [γ-
32

P]-

ATP were added to reactions, which were incubated 2 hours at 30 °C. 12.5 μl of 3X Laemmli 

sample buffer was added and the reactions were boiled 5 min at 95 °C. 20 μl of the reactions were 

run on polyacrylamide gels and analyzed using autoradiography and Coomassie stains. A heat-

inactivated CKII sample was used as a control by boiling the 500 U of CKII for 5 min at 95 °C 

before adding it to the reaction.  

 

3.5.4 Vesicle uncoating assay 

50 in vitro budding reactions were performed by incubating 40 mg of high speed 

supernatant (HSS), 150 OD599 units of permeabilized yeast cells (PYCs), and 400 μl 10X ATP 

mix (31 mg/ml creatine phosphokinase, 3.1M creatine phosphate, 170 mM ATP, and 17 mM 

GTP) in a final volume of 4 ml TBPS (250 mM sorbitol, 25 mM HEPES pH 7.2, 115 mM 
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potassium acetate, 2.5 mM magnesium acetate, 1X protease inhibitor cocktail) to produce coated 

COPII vesicles. PYCs and HSS were produced as previously described (Ruohola et al. 1988; Lian 

and Ferro-Novick 1993) and in these methods. The budding reactions were centrifuged for 1 min 

at 16,000 rcf to pellet the PYCs, and then the supernatant was centrifuged 1 hour at 76,000 rcf in 

a Beckman TLA 120.2 rotor at 4 °C to pellet the vesicles. The supernatant was removed and then 

the vesicles were gently re-suspended in 250 μl kinase buffer (250 mM sorbitol, 25 mM HEPES 

pH 7.4, 10 mM ATP, 10 mM magnesium chloride, 2.5 mM magnesium acetate, and 5X protease 

inhibitor cocktail, with the pH adjusted to 7.4 with potassium hydroxide), which was aliquoted 

into 2 100 μl reactions and a 50 μl reaction. 900 nm of wild type Hrr25 1-394 or Hrr25 1-394 

K38R was then added to one of the 100 μl reactions. All 3 reactions were incubated at 25 °C for 

30 min. 25 μl of 3X sample buffer was added to the 50 μl reaction, which was then boiled to 95 

°C for 5 minutes to save as the “total” sample. The other two reactions were then centrifuged for 

1 hour at 76,000 rcf in a Beckman TLA 120.2 rotor at 4 °C. The supernatant of each reaction was 

removed and mixed with 50 μl of 3X sample buffer. The pellet was then re-suspended in 100 μl 

of kinase buffer and then mixed with 50 μl 3X sample buffer. Both supernatant and pellet 

fractions were boiled at 95 °C for 5 minutes. Equal amounts of each fraction were western blotted 

to compare levels of Sec24p and Sec22p in the supernatant and pellet fractions under the different 

conditions. 

 

3.5.5 Co-immunoprecipitations 

100 OD599 units of yeast cells grown overnight to mid-log phase in YPD were centrifuged 

5 min at 3000 rpm at 4 °C and re-suspended 10 ml azide buffer (20 mM Tris pH 7.5, 10 mM 

sodium azide). The cells were re-pelleted and re-suspended in 2 ml of spheroplasting buffer 

(1.4 M sorbitol, 100 mM potassium phosphate pH 7.5, 10 mM sodium azide, 0.35% 2-

mercaptoethanol and 0.5 mg/ml zymolyase) for 30 min at 37 °C with gentle shaking. Cells were 
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then centrifuged for 5 min at 3000 rpm at 4 °C over a sorbitol cushion (1.7 M sorbitol, 100 mM 

potassium phosphate pH 7.5), then re-suspended in 1 ml IP buffer (20 mM HEPES pH 7.4, 150 

mM sodium chloride, 0.5% Triton X-100, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride and 

1X protease inhibitor cocktail) and lysed using a Dounce homogenizer. The lysate was 

centrifuged 15 min at 16,000 rcf at 4 °C and the supernatant was transferred to a new tube. 50 μl 

of the lysate was mixed with 25 μl 3X Laemmli sample buffer to determine immunoprecipitation 

yields. Bradford assays were used to determine the protein concentration of lysates, and 8 mg of 

lysate was incubated with 20 μl anti-myc 9E10 ascities fluid for 2 hr at 4 °C while rotating. 50 μl 

of a 50% slurry of protein A-sepharose was then added to the reaction and further incubated at 4 

°C while rotating. The sepharose was then washed 3 times with 750 μl IP buffer and then the 

beads were boiled in 50 μl of 1X Laemmli sample buffer for 5 min at 95 °C.  

 

3.5.6 Differential centrifugations 

100 OD599 units of cells grown overnight to mid-log phase in YPD were centrifuged 5 

min at 3000 rpm at 4 °C and re-suspended 10 ml azide buffer (20 mM Tris pH 7.5, 10 mM 

sodium azide). The cells were re-pelleted and re-suspended in 2 ml of spheroplasting buffer 

(1.4 M sorbitol, 100 mM potassium phosphate pH 7.5, 10 mM sodium azide, 0.35% 2-

mercaptoethanol and 0.5 mg/ml zymolyase) for 30 min at 37 °C with gentle shaking. Cells were 

then centrifuged for 5 min at 3000 rpm at 4 °C over a sorbitol cushion (1.7 M sorbitol, 100 mM 

potassium phosphate pH 7.5), then re-suspended in 1 ml lysis buffer (100 mM HEPES pH 7.2, 5 

mM magnesium chloride, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl 

fluoride and protease inhibitors) and lysed using a Dounce homogenizer. The lysate was 

centrifuged for 2 min at 500 rcf at 4 °C to pellet cell debris, and the supernatant was transferred to 

a new tube. A 100 μl aliquot was removed and mixed with 50 μl of 3X Laemmli sample buffer 

(187.5 mM Tris pH 6.8, 15% 2-mercaptoethanol, 6% sodium dodecyl sulfate, 30% glycerol, and 
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0.12% bromphenol blue), boiled 5 min at 95 °C, and saved as the “total” fraction. 600 μl of the 

remaining lysate was then centrifuged 60 min at 70,000 rcf in a Beckman TLA-120.2 rotor at 4 

°C. Following the centrifugation the lipid layer was removed. 100 μl of the supernatant was 

mixed with 50 μl of 3X Laemmli sample buffer, boiled 5 min at 95 °C, and saved as the 

“supernatant” fraction. The remaining supernatant was removed and the pellet was re-suspended 

in 600 μl of lysis buffer. 100 μl of this suspension was saved as the “pellet” fraction after mixing 

with 50 μl of 3X Laemmli sample buffer and boiling 5 min at 95 °C. Bradford assays were used 

to determine protein concentrations of the total fractions, and equal amounts of each total fraction 

were blotted. An equivalent volume of total, supernatant, and pellet fractions were blotted for 

each sample. 

 

3.5.7 Glass bead lysates 

7 OD599 units of yeast cells grown overnight in YPD were centrifuged 30 s at 16,000 rcf, 

and then re-suspended in 75 μl 1X Laemmli sample buffer. The cells were boiled 5 min at 95 °C 

and glass beads were added to the mixture. Samples were vortexed at high speed for 2 min. Then 

75 μl of 1X Laemmli sample buffer was added, the samples were briefly vortexed again, and 

boiled for 2 min at 95 °C prior to loading on 10% polyacrylamide gels supplemented with or 

without 50 μM Mn
2+

 Phos-tag. 

 

3.5.8 CPY pulse-chase assays 

25 ml of yeast cells were grown overnight to mid-log phase in minimal media 

supplemented with necessary amino acids. 16 OD599 units of the cells were then re-suspended in 4 

ml minimal media and amino acids and grown at 37 °C for 30 min. 400 uCi of L-[
35

S]-

Methionine was then added to the media. After 2 minutes, 750 μl of the media was removed and 

mixed with 750 μl 20 mM sodium azide/20 mM sodium fluoride on ice. The cells were 
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immediately centrifuged for 15 s at 16,100 rcf at 4 °C and re-suspended in 1 ml 10 mM sodium 

azide/10 mM sodium fluoride on ice. 750 μl of the media was removed 3 more times at 2.5 min 

intervals and processed the same way. Cells from each time point were then centrifuged at 16,100 

rcf at 4 °C for 1 min and re-suspended in 150 μl spheroplasting buffer (1.4M sorbitol, 50 mM 

potassium phosphate pH 7.5, 0.1% 2-mercaptoethanol, 0.5 mg/ml zymolyase) and incubated 45 

min at 37 °C. The spheroplasts were then centrifuged 5 min at 6400 rpm at 4 °C and re-suspended 

in 100 μl 0.1% SDS. The samples were boiled 5 min at 95 °C. 900 μl of 1X PBS/1% Triton X-

100 was added to the reaction, which was centrifuged at 16,100 rcf for 15 min at 4 °C. 900 μl was 

then transferred to a new tube along with 8 μl of anti-CPY and incubated at 4 °C for 1 hr while 

rotating; 10 μl of each remaining sample was analyzed using a liquid scintillation counter to 

determine the total counts. 50 μl of a 50% Protein A-Sepharose slurry was added to the 

immunoprecipitations, which were further incubated at 4 °C for 1 hr while rotating. The 

sepharose was then washed 2 times with cold urea wash (2M urea, 100 mM Tris pH 7.6, 200 mM 

sodium chloride, and 1% Triton X-100) and 2 times with cold 1% 2-mercaptoethanol before they 

were re-suspended in 70 μl 1X Laemmli sample buffer and boiled 5 min at 95 °C. 

Immunoprecipitations were loaded so the total counts would be equal for all the samples. The 

samples were run on a large 8% polyacrylamide gel and then analyzed using autoradiography. 
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CHAPTER 4 – 

Future Directions and conclusions 

 

4.1 Summary of past chapters 

 Studies have demonstrated the necessity of the COPII coat in vesicle production from the 

ER (Matsuoka et al. 1998; Barlowe et al. 1994). Sec23/Sec24 heterodimers, which form the inner 

adaptor layer of the coat, are recruited to the ER membrane through direct interactions of Sec23 

with activated Sar1-GTP (Barlowe et al. 1994). Sec24 regulates the incorporation of specific 

cargo into budding vesicles (Miller et al. 2003; Mossessova et al. 2003). Sec23 also functions as a 

GAP for Sar1-GTP (Yoshihisa et al. 1993), and this GAP activity is stimulated in the presence of 

the outer cage subunits Sec13/31 (Antonny et al. 2001), which are subsequently recruited to 

catalyze vesicle formation. Previously it was assumed COPII vesicles uncoated immediately after 

they formed, which was primarily based on in vitro experiments using purified Sar1, Sec23/24, 

and Sec13/31 to generate vesicles from liposomes. Sar1-GTP was rapidly hydrolyzed and 

released upon vesicle formation, which was catalyzed by the addition of Sec13/31 to 

Sar1/Sec23/Sec24 pre-budding complexes (Antonny et al. 2001). COPII coat proteins also 

dissociated from membranes during Sar1-GTP hydrolysis. Addition of the non-hydrolyzable 

analog GMP-PNP promoted vesicle formation, but inhibited release of Sar1 and COPII proteins. 

Together these experiments suggested hydrolysis of Sar1-GTP is both necessary and sufficient for 

COPII uncoating.   

 Evidence began accumulating that the COPII coat might remain associated with vesicles 

after their formation. Immunoelectron microscopy of the TRAPPI subunit Bet3 showed it co-

localized with the COPII subunit Sec31 on vesicles in mammalian cells (Yu et al. 2006), 

suggesting the COPII coat is not immediately released following vesicle production. Since these 

protein complexes co-localized with one another, in vitro binding assays were performed to 
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identify subunits that might interact. These showed Bet3 directly and specifically bound to the 

Sec23 inner adaptor subunit (Cai et al. 2007). Because Bet3 is an essential tethering factor in both 

yeast and mammalian cells, it seemed possible Sec23 might also be involved in vesicle tethering. 

This was confirmed using in vitro assays, which showed excess soluble GST-Sec23 inhibits the 

tethering of COPII vesicles produced in yeast and mammalian cells (Cai et al. 2007). In addition 

to showing Sec23 is an essential tethering factor, this implied the COPII coat remains associated 

with vesicles after they form, at least long enough for them to interact with TRAPPI.  

 My project focused on determining when vesicles uncoat during ER-Golgi transport. This 

was important because it provided insights into the functions of the COPII coat in later trafficking 

events. Initially we confirmed vesicles remain coated after they form by directly blotting those 

generated in vitro with antibody against the COPII subunit Sec13. TRAPPI and its substrate Ypt1 

are also present on these coated vesicles; TRAPPI is likely recruited by its direct physical 

interaction with Sec23 (Cai et al. 2007). Our results likely differ from those in earlier experiments 

because liposomes in these prior assays lacked essential factors that might regulate COPII release. 

This includes cargo proteins, which were shown to help retain COPII proteins on vesicle 

membranes after GTP hydrolysis on Sar1 (Sato and Nakano 2005). A modified and optimized 

version of a vesicle binding assay, which measures the amount of coated COPII vesicles that can 

bind TRAPPI beads (Sacher et al. 2001; Cai et al. 2007), was used to determine when vesicles 

uncoat. Since vesicles will only bind to the TRAPPI beads if Sec23 is present (Cai et al. 2007), 

this assay can be used to measure relative levels of coated vesicles generated in vitro. We blocked 

transport at specific tethering and fusion events, which caused an accumulation of vesicles that 

were subsequently incubated with TRAPPI beads. Vesicles that remained coated efficiently 

bound the TRAPPI beads, while those that had already uncoated did not effectively bind. Vesicles 

bound efficiently when TRAPPI, Ypt1, and Uso1 were inactivated, but not when the fusion 

factors Sec22 and Sly1 were inhibited. This suggests uncoating occurs after vesicle tethering and 
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prior to fusion. It is likely retention of the COPII coat prevents SNARE-mediated vesicle fusion 

because the coat subunit Sec24 appears to inhibit the ability of SNAREs to bind to one another 

(Mossessova et al. 2003). This ensures SNARE pairing will only occur once vesicles are tethered 

to the Golgi, instead of on non-specific membranes a vesicle might encounter en route to its target 

compartment, which is likely given the promiscuous nature of SNARE interactions (Grote and 

Novick 1999; Yang et al. 1999). These results also implicated the COPII coat in the regulation of 

tethering and fusion events at the Golgi.  

 Our research also delineated novel roles for the serine/threonine kinase Hrr25 in ER-

Golgi transport. We hypothesized this kinase might be regulating COPII function at the Golgi due 

to physical interactions with Sec23 and the Sec24 homolog Lst1 in high-throughput screens (Ho 

et al. 2002). Previous work had also implied this kinase inhibits vesicle budding from the ER, as 

an inactive hrr25 mutant allele rescued growth defects of sec12-4 mutant cells (Murakami et al. 

1999), which are deficient in COPII vesicle production. Additionally, studies on its mammalian 

ortholog CK1∂ showed it localizes to the Golgi (Behrend et al. 2000; Milne et al. 2001) and a 

dominant negative mutation blocks ER-Golgi transport in COS-1 cells (Yu and Roth 2002). 

Fluorescence microscopy and sucrose velocity gradients demonstrated Hrr25 localizes to the 

Golgi, consistent with our hypothesis. Using the chemical inhibitor IC261 and an hrr25-5 allele, 

we demonstrated the kinase activity of Hrr25 is required for vesicle fusion in vitro.  

 We confirmed Hrr25 binds Sec23 and Sec24, and showed both proteins were Hrr25 

substrates using in vitro kinase assays. Since the phosphorylation of Sec23 and Sec24 in vivo is 

also dependent on Hrr25, it strongly suggests these COPII subunits are direct targets of Hrr25. 

We wanted to determine the functional consequences of Hrr25 phosphorylation, and detection of 

Hrr25 phosphosites on Sec23 was accomplished using mass spectrometry. This identified two 

substrate residues, S742 and T747, that are highly conserved among metazoans. These amino 

acids are near the Sar1-GTP binding site on Sec23, and when mutated to aspartates and 
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glutamates to mimic negatively-charged phosphate groups, inhibit interactions between these two 

proteins. Since Sar1-GTP directly recruits Sec23 to the ER to promote vesicle formation, this 

suggested Hrr25 may inhibit COPII vesicle budding. This was confirmed in vitro using purified 

Hrr25, hrr25 mutant strains, and IC261. Inhibition of Hrr25 also led to decreased levels of 

cytosolic Sec23. These results are important because they functionally explain the genetic result 

implicating Hrr25 as a negative regulator of vesicle budding (Murakami et al. 1999). Since Hrr25 

primarily localizes to the Golgi, budding inhibition is likely an indirect effect of Sec23 

phosphorylation during the fusion event. 

 Our analysis of the COPII coat and Hrr25 also led to a better understanding of how 

competitive, sequential interactions of Sec23 with different binding partners dictate the flow of 

ER-Golgi transport. In vitro assays demonstrated Sec23 competitively binds Sar1-GTPγS and 

TRAPPI. Since TRAPPI and Hrr25 also compete for binding to Sec23, it suggests these three 

proteins all bind the same site on Sec23 at different times during vesicle transport. Due to the 

combined action of the GAP Sec23 and outer COPII subunits, Sar1-GTP is released during 

vesicle formation or rapidly following completion of this event (Antonny et al. 2001). Our 

competition assays implied TRAPPI cannot be recruited by Sec23 to initiate vesicle tethering 

until Sar1 is released. This was tested using in vitro assays, which showed mammalian COPII 

vesicles produced using Sar1-GTP had greater levels of Bet3 than those produced with Sar1-

GMP-PNP, which prevents the release of Sar1 from vesicle membranes (Barlowe et al. 1994). 

TRAPPI appears to remain associated with Sec23 until vesicles are tethered to the Golgi, where it 

is then displaced by Hrr25. This hypothesis is based on in vitro assays that showed purified Hrr25 

could displace TRAPPI pre-bound to Sec23 in vitro. This is an important result because it 

explains how tethering factors may be released from vesicles once they are no longer required. In 

the case of ER-Golgi transport, TRAPPI is likely dispensable once vesicles are tethered to the 

Golgi through interactions between Ypt1-GTP and Uso1. 
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 In vitro assays suggest the function of Hrr25 in vesicle fusion may be to partially 

stimulate uncoating with an as of yet unidentified factor. Since vesicle uncoating is required for 

fusion (Oka and Nakano 1994), this would help explain the essential function of this kinase in 

this trafficking event. Because interactions between Sec24 and cargo proteins retain the COPII 

coat on vesicles after Sar1-GTP hydrolysis (Sato and Nakano 2005), we hypothesized uncoating 

may be at least partially due to a phosphorylation-dependent decrease in Sec24-cargo binding. 

Mass spectrometry was used to identify three phosphosites near cargo-binding regions of Sec24 

purified from yeast. S580 is near the Bet1-binding site, while S730 and S735 are near the Sed5-

binding domain. Phosphomimetic mutations of these residues caused decreased affinities for their 

respective cargo. In vitro assays showed these same mutations inhibited the loading of cargo into 

vesicles, resulting in downstream fusion defects. Overall these findings are consistent with a 

model where Hrr25 partially stimulates COPII uncoating at the Golgi by disrupting interactions 

between Sec24 and cargo proteins. 

 Finally, we provide evidence that suggests Hrr25 may be negatively regulated by casein 

kinase II (CKII). We initially began studying CKII because we predicted it might be working 

with Hrr25 to regulate vesicle uncoating. In vitro transport assays using the CKII chemical 

inhibitor TBB and pulse-chase assays using cka1∆ cka2 mutants indicated this kinase regulates 

ER-Golgi transport. Mutant cka1∆ cka2 cells had greater levels of cytosolic Sec23, which is the 

opposite phenotype associated with hrr25 mutants. Along with an increase in phosphorylation of 

the Sec24 homolog Lst1 in cka1∆ cka2-13 cells, this suggests CKII inhibits COPII 

phosphorylation and functions antagonistically to Hrr25. Phosphorylation of Hrr25 in vivo is 

dependent on CKII, and due to in vitro experiments demonstrating CK1∂ is a substrate of CKII, 

Hrr25 and CK1∂ are likely direct targets of this kinase. Based on the opposing phenotypes 

associated with inhibition of CKII and Hrr25, we hypothesize CKII phosphorylation impairs the 

activity of Hrr25. While this hypothesis requires further experiments to test its validity, which are 



123 

 

 

 

described later in this chapter, it provides an interesting mechanism to regulate the activity of 

Hrr25 in ER-Golgi transport.  

  

4.2 Future Directions 

4.2.1 Phosphorylation of Sec23 may regulate interactions with Sec31 

 Sec23 binds Sar1-GTP to regulate vesicle budding (Barlowe et al. 1994), and functions as 

a GAP to stimulate its intrinsic GTPase activity (Yoshihisa et al. 1993). Sar1 and Sec23 also 

directly interact with a short proline-rich region of the outer COPII subunit Sec31, which is 

sufficient to further stimulate the GTPase activity of Sar1 (Bi et al. 2007). The manner in which 

these proteins interact was determined using a crystal structure of Saccharomyces cerevisiae Sar1 

and Sec23 complexed with this short fragment of Sec31. Residues 907-919 of Sec31 interact with 

Sar1, while 923-942 bind to Sec23. The three intermediate amino acids of Sec31 appear to 

interact with both proteins. Genetic and biochemical data suggest phenylalanine 380 of Sec23, 

which lies near Sec31-binding interface (Bi et al. 2007), is essential for its proper function and the 

recruitment of the outer COPII coat to the ER during vesicle budding. Mutation of the conserved 

orthologous human phenylalanine residue, F382, causes cranio-lenticulo-sutural dysplasia 

(CLSD), a human disease characterized by sutural cataracts, facial dysmorphisms and skeletal 

defects (Boyadjiev et al. 2003, 2006). In vitro assays subsequently indicated this mutation inhibits 

the recruitment of Sec31 to liposomes, while immunoelectron microscopy showed decreased 

levels of Sec31 at ER exit sites in mutant skin fibroblasts (Fromme et al. 2007). 

 It is possible interactions between Sec23 and Sec31 could be inhibited by 

phosphorylation. In addition to affecting the regulation of budding at the ER, this could also be 

important because it might help explain how Sec31 is released from Sec23 at the target 

membrane. Serine 496 of Sec23, which interacts with valine 939 of Sec31, might be a potential 

Hrr25 phosphosite because it is only a few amino acids downstream of a threonine. If the 
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threonine were phosphorylated, S496 would be a likely Hrr25 target residue (Knippschild et al. 

2005). Complementary approaches could be used to test whether this site on Sec23 is 

phosphorylated. S496 could be mutated to alanine, and in vitro kinase assays using His6-Hrr25 

could be used to test if it is as phosphorylated as the wild type protein. Alternatively, mass 

spectrometry of purified Sec23 could be used to determine if it is phosphorylated in vivo. This 

would also be useful to identify any other phosphosites on the protein that might affect binding to 

Sec31.  

 If the site is phosphorylated by Hrr25, a multitude of experiments could be used to test 

the functional effects of this posttranslational modification. In vitro assays could be used to 

directly analyze if phosphorylation inhibits binding of Sec23 to Sec31 using phosphomimetic and 

non-phosphorylatable Sec23 mutants. Additionally, since mutation of the V939 residue of Sec31 

affects its ability to stimulate the GAP activity of Sar1 bound to Sec23/Sec24 (Bi et al. 2007), the 

phosphomimetic mutant would likely have impaired GAP activity in the presence of Sec31. 

Assuming these mutations were not lethal, strains could be constructed so the sole copy of Sec23 

expressed is the phosphomimetic or non-phosphorylatable form. The phosphomimetic form 

would likely have growth and in vitro budding defects if interactions with Sec31 were impaired. 

These experiments would provide useful insights into the regulation of interactions between 

Sec31 and Sec23.  

 

4.2.2 Possible factors that function with Hrr25 

 Our results indicate Hrr25 stimulates vesicle uncoating in vitro, however, it is not 

sufficient to completely catalyze COPII release. This suggests there is another factor that works 

with Hrr25 to regulate this event. As described later in this chapter, uncoating of the clathrin 

adaptor AP-1 requires both the activity of a phosphatase and an ATPase chaperone protein 

(Ghosh and Kornfeld 2003; Hannan et al. 1998). Since CKII does not appear to work with Hrr25 
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to regulate uncoating, it is possible a chaperone protein may play a role in this process. Ssb1 is a 

cytosolic chaperone that physically interacts with the Sec24 paralog Iss1 in high-throughput 

screens (Gong et al. 2009) and functions as an ATPase. Since it interacts with Iss1, it is possible 

this interaction might occur in the context of its release from the vesicle at the Golgi membrane. 

While Ssb1 localizes to the cytosol, uncoating would still likely be limited to the Golgi if Hrr25 

was also necessary for this event. Initially ssb1∆ ssb2∆ mutant cells, which have growth defects 

(Nelson et al. 1992), could be tested using in vivo and in vitro assays to determine if Ssb1 

regulates ER-Golgi transport. SSB2 functions redundantly with SSB1, so deletion of both genes 

would likely be required to observe any phenotypes. Pulse-chase assays that monitor the 

processing of carboxypeptidase Y (CPY) from the ER to Golgi, which are described in more 

detail in section 3.3.5, could be used to assay in vivo trafficking defects. If these experiments 

indicate ER-Golgi transport is inhibited in ssb1∆ ssb2∆ cells, Ssb1 could be added along with 

Hrr25 in vesicle uncoating assays. If it functions with Hrr25, then there should be greater 

amounts of Sec24 released in the presence of both proteins. These experiments are currently 

being performed in the Ferro-Novick lab to test this hypothesis.  

 While Ssb1 appears to be a good candidate for analysis, it is possible it will not function 

with Hrr25 to catalyze vesicle uncoating. Since Saccharomyces cerevisiae is a suitable genetic 

organism, a screen to isolate alleles producing synthetic lethal defects with the hrr25-5 allele 

could be used to potentially identify other candidate proteins. Factors that work with Hrr25 to 

uncoat vesicles would likely be isolated because uncoating is an essential event in ER-Golgi 

transport (Barlowe et al. 1994; Oka and Nakano 1994), and inhibition of any additional proteins 

in this process would probably produce severe growth phenotypes or lethality. Any mutants 

isolated could next be tested to determine if they cause ER-Golgi trafficking defects using in vitro 

transport and CPY pulse-chase assays, and whether the associated proteins regulate uncoating in 

vitro with and without Hrr25. Such a screen might also identify other proteins that function with 



126 

 

 

 

Hrr25 in ER-Golgi traffic. This would be helpful to determine any other events regulated by this 

kinase. Alternatively, hrr25-5 haploid cells could be crossed to strains with mutations in 

chaperone or kinase genes to identify any synthetic lethal interactions. This would limit hits to 

proteins that we suspect are regulating fusion and vesicle uncoating. 

 Additionally, it is possible Hrr25 functions with another kinase to regulate uncoating. 

This is a significant possibility because Hrr25 substrates are often first phosphorylated by other 

kinases (Knippschild et al. 2005). In addition to using genetic screens, other kinases that 

phosphorylate COPII subunits could be characterized biochemically using in vitro assays with a 

yeast MORF kinase library (Gelperin et al. 2005). This library contains each kinase in the yeast 

genome tagged with His6, HA, and IgG-binding epitopes, which are under the control of an 

inducible GAL promoter. Since these constructs are expressed in yeast cells, they would likely be 

purified with associated factors required for their full activity. Sec13, Sec23, Sec24, and Sec31 

could be incubated with these kinases and [γ-
32

P]-ATP to determine if any COPII subunits are 

substrates. Further analysis of proteins that phosphorylate these subunits would include showing 

their requirement in ER-Golgi transport, as well as testing them with Hrr25 using in vitro 

uncoating assays. Even if these kinases did not function with Hrr25, they would likely reveal 

important insights into the regulation of the COPII coat by phosphorylation.  

 

4.2.3 Determining the significance of other Sec24 phosphosites 

 We detected a multitude of phosphorylated residues on Sec24 using mass spectrometry. 

We focused our analysis on sites near cargo-binding domains to determine the effects of 

phosphorylation on Sec24-cargo interactions. In vitro kinase assays demonstrated S469, which is 

near the positively-charged membrane-binding surface of Sec24, is also phosphorylated by Hrr25. 

This residue was also identified as a phosphosite using mass spectrometry of Sec24 purified from 

yeast lysates. While Sec23 and Sec24 are recruited to the ER by Sar1 (Barlowe et al. 1994), 
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electrostatic interactions of the these inner coat proteins with particular negatively-charged 

phospholipids are also important for their membrane association. This was demonstrated by 

measuring the binding of purified Sar1 and COPII subunits to liposomes with different 

phospholipid compositions in the presence of GMP-PNP. Liposomes were produced with varying 

mixtures of phosphatidylinositol 4-phosphate (PI4P), phosphatidylinositol 4, 5-diphosphate 

(PIP2), and cytidine diphosphate diacylglycerol (CDP-DAG). Sar1 effectively bound liposomes 

regardless of their lipid composition (Matsuoka et al. 1998). COPII proteins, on the other hand, 

bound substantially better when liposomes were composed of PI4P, PIP2, and CDP-DAG 

(Matsuoka et al. 1998). These results are consistent with microscopy results from mammalian 

cells that showed PI4P is produced at ER exit sites (ERESs) and recruitment of Sec23 to these 

sites is dependent on PI4P (Blumental-Perry et al. 2006).  

 Since phosphorylation of S469 in Sec24 would cause this residue to become negatively-

charged, it is possible it could also impair the binding of Sec24 to phospholipids in membranes. 

This could help explain the Hrr25-mediated stimulation of vesicle uncoating, as phosphorylation 

at the Golgi could decrease the affinity of Sec24 with phospholipids and catalyze the release of 

Sec24 from the vesicle membrane. Phosphorylation of S469 might also impair COPII vesicle 

budding from the ER. Assuming these mutations were not lethal, yeast strains could be 

constructed so they only express either the phosphomimetic or non-phosphorylatable form of 

Sec24. Since dephosphorylation of S469 would likely be essential for its proper function, the 

phosphomimetic mutant would likely have growth defects. This mutant strain could then be tested 

using in vitro assays to measure budding from the ER and transport to the Golgi. If binding of 

Sec24 to liposomes is impaired by phosphorylation, there would likely be budding defects in the 

S469D mutant. The capacity of this mutant to bind phospholipid membranes could next be 

measured using standardized assays with liposomes containing PI4P, CDP-DAG, and PIP2 

(Matsuoka et al. 1998). If phosphorylation of S469 affects the binding of Sec24 to these 
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phospholipids, then there should be decreased levels of the phosphomimetic Sec24 mutant 

associated with liposomes than either the wild type or non-phosphorylatable forms. These assays 

might provide more functional insights into the uncoating of vesicles at the Golgi by Hrr25. 

 

4.2.4 Testing the function of CKII 

 We hypothesized CKII may regulate ER-Golgi traffic by inhibiting the function of Hrr25 

through phosphorylation. There are some experiments that could be used to further validate this 

hypothesis. The most convincing evidence would be to show CKII-mediated phosphorylation of 

Hrr25 actually affects its kinase activity on the COPII subunits Sec23 and Sec24. Initially the 

actual CKII site(s) on Hrr25 must be identified, which could be accomplished using a 

combination of methods. It is possible mass spectrometry could be used to isolate phosphosites 

from in vitro kinase reactions between active CKII and kinase-dead CK1∂, like those described in 

section 3.5.3. An alternative and complementary approach could be to identify CKII consensus 

sites in Hrr25 and test whether they affect CKII-mediated phosphorylation of Hrr25. The 

consensus motif for CKII is SXXE/D (Songyang et al. 1996), and there are 3 such sites in Hrr25: 

S31, S360, and S376. All of these could be mutated to alanines to analyze whether this affected 

phosphorylation of Hrr25 in vitro and in vivo, using the assays described in sections 3.5.3 and 

3.5.7. 

 Once Hrr25/CK1∂ phosphosites are identified, phosphomimetic and non-

phosphorylatable mutants could be generated to analyze their effects on Hrr25 activity. If CKII 

phosphorylation inhibits Hrr25 function, then phosphomimetic mutants should have decreased 

levels of Hrr25 activity compared to non-phosphorylatable or wild type forms. A variety of 

assays could be used to test this hypothesis. In vitro kinase assays using Sec23 and Sec24 as 

substrates could directly show whether the phosphomimetic mutants have lower amounts of 

activity. Additionally, strains could be constructed so the sole copy of Hrr25 is one of these 
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mutant forms, assuming they are viable. Since inhibition (Figure 2.6) and overactivity (Figure 

2.8) of Hrr25 causes ER-Golgi trafficking defects, both of these mutant strains should have at 

least some growth and in vitro defects. Since we found the membrane association of Sec23 is 

inhibited by Hrr25, differential centrifugations could be performed on the mutant strains to 

complement the in vitro assays. 

  

4.3 Similar mechanisms in other trafficking events 

4.3.1 COPI vesicles remain coated until they are tethered  

Experiments in this dissertation have demonstrated the COPII coat remains associated 

with vesicles until they are tethered to the Golgi. The COPII coat appears to prevent SNARE-

mediated pairing, ensuring vesicles only fuse when they reach their target compartment. More 

evidence is accumulating that coat retention following budding may be a general mechanism 

conserved in other vesicle-mediated trafficking pathways. One of these pathways is Golgi-ER 

transport, which is mediated by COPI-coated vesicles (Letourneur et al. 1994) and described in 

section 1.3.1. Along with the small GTPase Arf1, the COPI coat regulates formation of vesicles 

from the Golgi and incorporation of specific cargo into these vesicles (Letourneur et al. 1994; 

Donaldson et al. 1992). Similar to early hypotheses about the COPII coat, it was previously 

accepted that COPI was released from vesicles soon after they formed (Bigay et al. 2003). These 

Golgi-derived vesicles are tethered to the ER by the Dsl1 complex, which is comprised of the 

subunits Dsl1, Tip20, and Sec39 (Andag and Schmitt 2003). Together they seem to form a long 

rod-like structure (Ren et al. 2009), consistent with the fact they seem to mediate initial long-

distance interactions with vesicles. The Dsl1 complex also binds the SNAREs Use1 and Sec20 

and can stimulate SNARE pairing in vitro (Ren et al. 2009).  

 It was previously shown Dsl1 directly interacts with the α- and ∂-COP subunits of 

coatomer (Andag and Schmitt 2003). Mutations of amino acids in the ∂-COP-binding domain of 
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Dsl1 cause growth defects, indicating this interaction is physiologically important. Because the 

Dsl1 complex largely localizes to the ER (Meiringer et al. 2011), it suggested the COPI coat 

might be retained until reaching its target membrane. Later, microscopy experiments seemed to 

confirm this possibility. When Dsl1 was depleted from cells, immunoelectron microscopy 

showed a large accumulation of clustered vesicles near the ER containing the COPI cargo protein 

Emp47 (Zink et al. 2009; Schröder et al. 1995). These vesicles appeared to be coated due to the 

presence of COPI (Zink et al. 2009). Interestingly, likely due to their large size, these clusters 

could be visualized using fluorescence microscopy when COPI subunits were tagged with GFP. 

Similar phenotypes occurred when Tip20 was inactivated, suggesting they accumulate as a result 

of tethering defects. This indicates COPI-coated vesicles accumulate when tethering is inhibited, 

suggesting they remain coated until bound to the ER by the Dsl1 complex.  

COPI also regulates intra-Golgi trafficking, likely by vesicular-mediated retrograde 

transport of cargo from trans- to cis-Golgi compartments. These vesicles appear to be tethered to 

the cis-Golgi by the octameric COG complex (Ungar et al. 2002), which is essential for the 

proper localization and function of glycosylation enzymes (Shestakova et al. 2006). In addition to 

binding the tethering factor p115 (Sohda et al. 2007) and the SNARE syntaxin-5 (Shestakova et 

al. 2007), COG also interacts with γ- and β-COP (Suvorova et al. 2002; Zolov and Lupashin 

2005). Interactions between the COG complex and COPI subunits suggest these proteins bind one 

another, potentially at the target membrane. Similar to inhibition of the Dsl1 complex, depletion 

of COG causes an accumulation of vesicles that appear to be coated with COPI (Zolov and 

Lupashin 2005). This was demonstrated using siRNA knockdown of the essential COG subunit 

Cog3 in HeLa cells. Immunofluorescence of Cog3-depleted cells demonstrated the accumulation 

of small punctate structures positive for ε-COP and the retrograde cargo protein GPP130; these 

were confirmed to be vesicles when they were biochemically isolated and analyzed using gel 

filtration and glycerol gradients (Zolov and Lupashin 2005). Importantly, these experiments 
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suggest the COPI coat also remains associated with vesicles until they are tethered to the Golgi by 

COG. Like COPII vesicles, COPI proteins incorporate SNAREs into vesicles as they form to 

regulate fusion at the ER (Letourneur et al. 1994). It is therefore likely the COPI coat serves a 

similar role to prevent fusion of these vesicles with non-specific membranes.   

 

4.3.2 AP-3-coated vesicles accumulate when the HOPS complex is inhibited 

Finally, AP-3 vesicles generated from the trans-Golgi appear to remain coated until they 

are tethered to the vacuole by the homotypic fusion and protein sorting (HOPS) complex (Rehling 

et al. 1999; Angers and Merz 2009). AP-3 is one of four conserved adaptor protein (AP) 

complexes that regulate a variety of endocytic, endosomal, and lysosomal transport events. It 

consists of μ3, β3, σ3, and ∂ subunits that form an inner coat to bind and sort specific cargo such 

as alkaline phosphatase into vesicles at the trans-Golgi (Stepp et al. 1997). HOPS is a hexameric 

protein complex required for the homotypic and heterotypic tethering of vesicles to the vacuole 

(Nickerson et al. 2009). One of its subunits, Vps41, is a Ypt7 effector that links HOPS to this Rab 

protein on the vacuole (Nickerson et al. 2009). The ∂ subunit of AP-3, Apl5, physically interacts 

with Vps41 (Rehling et al. 1999), suggesting AP-3 vesicles might retain their coat until tethered 

to the vacuole. Immunofluorescence microscopy demonstrated Apl5-mCherry transiently 

associates with GFP-Vps41 on the vacuole (Angers and Merz 2009), suggesting coated vesicles 

may tether to this compartment. Additionally, inhibition of Vps41 activity resulted in the 

accumulation of Apl5-GFP punctae, suggesting AP-3-coated vesicles accumulate when tethering 

is inhibited. Differential centrifugations provided more evidence these punctae corresponded to 

vesicles. There was a significant increase of Apl5 and the cargo protein alkaline phosphatase in 

the pellet fraction of a high-speed centrifugation in vps41∆ cells compared to wild type cells 

(Angers and Merz 2009), which was likely the result of vesicle accumulation. The vacuolar 

protein Ypt7 was absent in the high-speed pellet fractions of both cell types, indicating the high-
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speed pellets were an intermediate that formed prior to reaching the vacuole. These are consistent 

with experiments showing the accumulation of Apl5- and alkaline phosphatase-positive 

membranes when the vacuolar t-SNARE Vam3 was inhibited (Rehling et al. 1999). Overall these 

experiments indicate a conserved mechanism to ensure vesicles remain coated until they are 

tethered to their target compartment.  

   Other studies have demonstrated interactions between coat proteins and tethering 

factors. For example, the TRAPPII component Trs130 binds coatomer in both yeast (Cai et al. 

2005; Chen et al. 2011) and mammalian cells (Yamasaki et al. 2009). Like TRAPPI (Wang et al. 

2000), TRAPPII functions as an exchange factor for Rab1 and appears to regulate COPI tethering 

in mammalian cells (Yamasaki et al. 2009). The long coiled-coil protein p115 also binds the 

coatomer subunit β-COP (Guo et al. 2008). This interaction is essential for p115 activity, because 

mutation of only two residues that specifically affect binding to β-COP inhibits biogenesis of the 

Golgi after brefeldin A treatment (Guo et al. 2008). While these interactions could simply mean 

these tethering factors are recruited by coat subunits prior to binding the target membrane, such as 

the Sec23-dependent recruitment of TRAPPI to COPII vesicles, it suggests vesicles likely remain 

coated after their formation. It will be useful to understand the roles of coat proteins in other 

membrane trafficking pathways to determine if such a mechanism is conserved in these events.  

  

4.3.3 Phosphorylation-dependent uncoating 

We also showed Hrr25-mediated phosphorylation partially stimulates COPII vesicle 

uncoating in vitro. This may be due to disruption of interactions between Sec24 and its associated 

cargo. Uncoating of the clathrin adaptor AP-1 also appears to be regulated by phosphorylation-

dependent cargo binding, suggesting this mechanism plays an essential role in multiple uncoating 

events. Clathrin is a coat that regulates endocytosis (McMahon and Boucrot 2011) as well as 

cargo sorting and trafficking at the trans-Golgi and endosomes (Meyer et al. 2000). It is 
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comprised of heavy and light chains that self-polymerize into triskelions and further assemble to 

form the outer cage of endocytic and endosomal vesicles (McMahon and Boucrot 2011). Clathrin 

works in conjunction with a variety of inner adaptor complexes that regulate specific trafficking 

events. One of these adaptor complexes is the AP-1 complex, which binds cargo at the 

endosomes and trans-Golgi and consists of β1, γ, μ1, and σ1 subunits (Traub 2005). The cargo-

binding subunit μ1 is phosphorylated, which enhances binding for certain cargoes (Ghosh and 

Kornfeld 2003). Phosphorylation also promotes cargo binding for μ2 subunit of AP-2 (Fingerhut 

et al. 2001), a separate clathrin adaptor complex that regulates endocytosis (McMahon and 

Boucrot 2011).  

In vitro experiments suggest dephosphorylation of μ1 by protein phosphatase 2A (PP2A) 

regulates the release of AP-1 from clathrin vesicles (Ghosh and Kornfeld 2003). Previously it was 

shown that ATP, the chaperone protein Hsc70, and a cytosolic factor were required for the release 

of AP-1 (Hannan et al. 1998). When PP2A was added along with ATP and Hsc70 to purified 

bovine clathrin vesicles in the absence of cytosol, AP-1 was released (Ghosh and Kornfeld 2003). 

This indicated Hsc70 and PP2A together are sufficient for the uncoating event, which appears to 

be at least partially dependent on a PP2A-mediated decrease in affinity of μ1 for phosphorylated 

cargo. Binding assays showed phosphorylated μ1interacts more effectively with the cargo protein 

cation-dependent mannose-6-phosphate receptor (CD-MPR) (Ghosh and Kornfeld 2003). 

Phosphorylated μ1 is responsible for incorporation of cargo into vesicles, as μ1 isolated from 

clathrin-coated vesicles was more phosphorylated than cytosolic μ1. When phosphorylated μ1 

was treated with PP2A-like phosphatase, there was a significant decrease in binding to CD-MPR, 

suggesting dephosphorylation decreases binding between cargo and AP-1. 

As described above, the chaperone Hsc70 is required for the release of AP-1 from 

vesicles. The release of the outer clathrin coat from these vesicles is also catalyzed by Hsc70 and 

its co-factor auxilin. The requirement for Hsc70 was demonstrated in vitro when the addition of 
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this protein and ATP allowed release of clathrin from purified bovine vesicles (Schlossman et al. 

1984). Maximal stimulation of uncoating requires auxilin (Ungewickell et al. 1995), which 

appears to recruit Hsc70 and stimulate its ATPase activity (Lemmon 2001). Interestingly, an 

antibody against Hsc70 specifically disrupted its ability to uncoat clathrin, but not AP-1, from 

vesicles (Hannan et al. 1998). This suggests Hsc70 functions differently to stimulate uncoating of 

clathrin and the AP-1 adaptor. Overall these results are important to our experiments because they 

indicate phosphatase-dependent release of the adaptor μ1 from cargo is not sufficient for vesicle 

uncoating. This may explain why Hrr25 requires another factor to further stimulate COPII vesicle 

uncoating. These findings also suggest why another ATPase, such as Ssb1, may be a good 

candidate that works with Hrr25 in this capacity.  

 

4.3.4 Regulation of ER-Golgi transport by phosphorylation 

 Experiments in this dissertation indicate the kinase activity of Hrr25 is required for ER-

Golgi transport. Recently a screen was performed in mammalian cells to determine if ER-Golgi 

traffic is regulated by other kinases and phosphatases (Farhan et al. 2010). siRNAs were used to 

separately knockdown all known human kinases and phosphatases in HeLa cells stably 

expressing GFP-tagged ERGIC-53, a marker that primarily localizes to the ERGIC but is also 

slowly cycled back to the ER (Ben-Tekaya et al. 2005). These transfected cells were initially 

screened to isolate those with ERGIC-53 localization defects; positive hits were subsequently 

analyzed for specific ER and Golgi morphology defects, such as a reduction in ERESs. Using this 

screen the authors showed the mitogen-activated protein kinase (MAPK) ERK2 controls the 

number of ER exit sites and also stimulates COPII vesicle budding (Farhan et al. 2010). Further 

experiments suggested ERK2 phosphorylates Sec16, which localizes to the transitional ER and 

mediates its formation (Ivan et al. 2008; Hughes et al. 2009), as described in section 1.2.2. 

Interestingly, inhibition of phospholipid kinases such as PIK4CB caused ER defects, consistent 
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with in vivo and in vitro results suggesting PI4P regulates vesicle budding (Matsuoka et al. 1998; 

Blumental-Perry et al. 2006). In total the screen identified and validated 106 kinases and 16 

phosphatases that act as regulators of ER-Golgi transport (Farhan et al. 2010). This clearly 

indicates there are many factors that may regulate the phosphorylation of essential trafficking 

proteins. Further analysis on these proteins will likely yield useful insights into their function.  

As described in section 2.4.2, our genetic experiments with the phosphomimetic Sec23 

S742D/T747E mutant suggests dephosphorylation of the Sec23 protein is essential for its proper 

function, likely to ensure it is effectively recruited to the ER by Sar1-GTP. This suggests there is 

a cytosolic phosphatase to perform this function. It is possible one or more of the 16 phosphatases 

characterized in the siRNA screen function in this capacity. If the function of such a phosphatase 

were impaired, COPII vesicle budding should be inhibited and the structure of the ER would 

likely be affected. 5 of the 16 identified phosphatases specifically had an accumulation of 

ERGIC-53 at the ER and a decrease in ERESs, suggesting these might be good candidates to 

further analyze with respect to Sec23 function. These 5 phosphatases could be analyzed for 

vesicle budding defects in mammalian cells as well as physical interactions with Sec23 and other 

COPII subunits. This could be performed in conjunction with screening yeast phosphatase 

mutants. As described in section 2.4.2, we predicted phosphatases that act antagonistically with 

Hrr25 would have greater levels of cytosolic Sec23 when inhibited, which is the opposite 

phenotype associated with hrr25-5 mutants. Together these techniques could help reveal how the 

COPII coat is dephosphorylated. Dephosphorylation of Sec23 appears essential so that it can be 

recycled back to the ER to catalyze vesicle budding, so answering this question would help better 

understand the dynamics of the COPII coat.  
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4.4 Conclusions 

 This dissertation shows that the COPII coat regulates tethering and fusion events at the 

Golgi. It also provides mechanistic data about the functional roles of Hrr25 in ER-Golgi transport. 

Hrr25 phosphorylation is required for vesicle fusion, potentially by partially stimulating the 

release of the COPII coat. As described in this chapter, these mechanisms appear to be conserved 

in other membrane trafficking pathways. Other coat complexes, such as COPI and the AP-3 

adaptor complex, remain associated with vesicles until they are tethered to their target 

compartment. Additionally, phosphorylation has been shown to regulate the release of the AP-1 

adaptor complex from vesicles. Conservation of these functions suggests they are important as 

general trafficking mechanisms. While these experiments provided critical insights into ER-Golgi 

transport, there are many questions that still need to be solved. This work sets the stage to answer 

some of these questions, particularly relating to effects of phosphorylation on the COPII coat. 
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