


 
 

Abstract 

 

Characterization of Proteins Involved in Intracellular  

Membrane Fusion- Atlastin and Munc18c 

by 

Avani Verma 

Membranes provide a barrier to cells and organelles, and allow the 
selective transport of molecules between compartments. Membrane fusion is 
essential for organelle biogenesis as well as trafficking of molecules between 
cellular compartments. 

Membrane fusion is also required for the formation of the branched 
network of tubules that make up the Endoplasmic Reticulum (ER). One protein 
implicated in ER fusion is Atlastin, a dynamin like GTPase. Mutations in Atlastin-
1, among others, cause Hereditary Spastic Paraplegias (HSP), a group of 
neurological disorders that cause progressive weakness of lower extremities. We 
have shown that the C-terminal tail of atlastin is necessary for membrane fusion. 
The requirement of the C-terminal tail can be partially abrogated in an unstable 
lipid environment. This implies that the C-terminal tail of Atlastin plays a role in 
perturbing the lipid bilayer to allow membrane fusion. Understanding the 
molecular details of how Atlastin drives membrane fusion may help elucidate the 
pathogenesis of HSP. 

Intracellular fusion at the plasma membrane is SNARE mediated and 
regulated by Sec1p/Munc18 (SM) proteins. Increased rate of glucose transport 
into fat and muscles cells by translocation of glucose transporter GLUT4 in 
response to insulin is a SNARE regulated fusion process. Recent reports have 
linked Munc18c and Syntaxin4 with obesity and Type 2 diabetes. We 
characterized the function of Munc18c, an SM protein, in regulating GLUT-4 
containing vesicle fusion with the plasma membrane. We have shown that 
Munc18c directly inhibits membrane fusion by interacting with its cognate 
SNARE complexes. Characterization of membrane fusion in a minimal system as 
the in vitro liposome fusion assay offers a powerful tool with which to finely 

dissect the mechanistic basis of SM protein function.
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 Chapter 1 

Introduction 

1.1 Overview of Biological Membranes 

Biological membranes are crucial to life. Plasma membranes enclose 

cells, define boundaries, and maintain the differences between the cytosol and 

the extracellular environment. They serve not only to protect the chemical 

composition of the cell, but also to initiate communication with the surrounding 

environment. Additionally, characteristic differences are maintained between the 

cytosol and organelles such as the endoplasmic reticulum, mitochondria, and 

Golgi by membranes. Certain viruses are also enveloped by plasma membranes. 

Regardless of the functional differences between various lipid 

membranes, they all share a basic structure. They are composed of amphipathic 

lipids that spontaneously form bilayers in an aqueous environment to protect the 

non-polar tails and expose the polar head groups to water. This lipid bilayer 

serves as a semipermeable membrane that has a fluid structure and allows for 

the transfer of compartmental material. Essential to transfer of this 

compartmental material is membrane fusion.  

Membrane fusion is defined as the mixing of two phospholipid bilayers 

followed by content mixing. When two discrete lipid bilayers are brought into 

close proximity, their outer leaflets mix first leading to the formation of a 

hemifusion stalk intermediate. This further leads into mixing of the inner leaflets 
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and to finally the mixing of the aqueous contents of the compartments (Figure 

1.1). 

 

Figure 1.1: Steps for membrane fusion. Two lipid bilayers come into close 
apposition. The outer leaflets merge to form hemifusion intermediates further leading to 
mixing of the inner leaflets to allow for content mixing. Adapted from (McNew, 2008).  

 

In biological systems, membrane fusion is not a spontaneous process and 

requires overcoming of several energy barriers before lipid and content mixing. 

Membranes do not fuse spontaneously due to van der Waals attractive forces 

between the opposing lipid bilayers as well as repulsive electrostatic forces 

between negatively charged phospholipids (Martens and McMahon, 2008).  

There is a free energy barrier that prevents the lipid bilayers from coming close 

enough for fusion to occur. A high membrane curvature may help overcome 

some of the energy barrier, but the remaining energy is provided by fusion 

proteins (Ungermann and Langosch, 2005). It is now widely accepted that 

membrane fusion is catalyzed by fusion proteins (Martens and McMahon, 2008; 

Hemifusion Intermediates 
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McNew, 2008). Membrane fusion can be divided in three categories: viral fusion, 

cell to cell fusion, and intracellular fusion. 

1.2 Viral Fusion 

Enveloped viruses are surrounded by a lipid bilayer which is derived from 

their host cells. These membranes serve to anchor viral glycoproteins, and  also 

protect the viral genetic material required for the next host infection (Kielian and 

Rey, 2006). Viral glycoproteins have two functions: to anchor the virus to the host 

cell membrane and to mediate fusion between the two membranes. The fusion 

peptides of these glycoproteins go through conformational rearrangements either 

upon interacting with the plasma membrane or upon being internalized by the 

endosomal membrane. The peptides serve as tethering proteins and play a role 

in destabilizing the host cell membrane to allow fusion. Influenza hemagglutinin 

protein (HA) goes through conformational changes in the acidic environment of 

the endosome and generates energy, which together by its action of perturbing 

the lipid environment, leads to membrane fusion (Hughson, 1997; Kielian and 

Rey, 2006). Many other enveloped viral proteins fuse with the help of fusion 

peptides, such as retroviruses, filoviruses, and coronaviruses (Hughson, 1997). 
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1.3 Cell to Cell Fusion 

 Fertilization of an egg by a sperm is one of the key cell to cell fusion 

events necessary to maintain life. Yeast mating, formation of multinucleated 

osteoclasts in bone homeostasis, and formation of skeletal muscles by fusion of 

precursor myoblasts are only a few examples of cell to cell fusion which 

illustrates the importance of this phenomenon in the eukaryotic system 

(Väänänen et al., 2000; Wakelam, 1985). However, it is still unclear how cell to 

cell fusion events occur. 

1.4 Intracellular Fusion 

  Intracellular membrane fusion is largely divided into two categories: 

homotypic fusion, where the same type of compartments fuse to each other, and 

heterotypic fusion, where dissimilar compartments fuse and exchange contents. 

Intracellular communication at the plasma membrane is largely mediated 

by vesicles, which bud from internal organelles to fuse with the plasma 

membrane (exocytosis) or merge with the plasma membrane to enter the 

cytoplasm (endocytosis). Synaptic transmission, granule release and signaling 

are a few examples of exocytic heterotypic, SNARE dependent fusion. Another 

form of intracellular fusion is non-vesicular or SNARE independent fusion which 

largely occurs in organelle biogenesis and maintenance. For example, homotypic 

fusion between mitochondria is a highly conserved mechanism from yeast to 

mammals. Insights into organelle membrane fusion have established large 

GTPases of the dynamin related protein family as key players. 
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1.4.1 Vesicular Fusion 

Proteins central to vesicular membrane fusions include SNAREs (Soluble 

N- ethylmaleimide-sensitive factor Attachment Protein Receptor) and 

Sec1/Munc18 (SM proteins) (Söllner et al., 1993a; Weber et al., 1998). 

SNARE proteins are known to be the minimal machinery required for 

fusion (Weber et al., 1998). They are found at the membranes of organelles and 

cells. Most SNARE proteins have a trans-membrane domain (TMD) at the C 

terminus, while the N terminal domain varies according to the SNARE proteins 

(Söllner et al., 1993a). All SNARE proteins share a characteristic ~ 60 amino acid 

core complex domain (SNARE motif) that is arranged in heptad repeats and 

tends to form coiled coils upon oligomerization with other SNARE proteins 

(Weimbs et al., 1998) (See Figure 1.2). 

1.4.1.1. Members of the SNARE Family 

The SNARE proteins are operationally of two types: those primarily found 

on target membrane are called t-SNAREs and those on the transport vesicles are 

called v-SNAREs.  Heterotypic fusion occurs between transport vesicles and 

membranes of another organelle such as the ER, Golgi or the plasma 

membrane. While, homotypic membrane fusion occurs between two 

vesicles/organelles that are similar to each other and it is here that t and v-

SNAREs are difficult to separate.  

Syntaxins, t-SNARE proteins, generally have a transmembrane domain at 

their carboxy terminus to anchor them to the membrane, a SNARE motif to 



17 
 

interact with other SNARE proteins and a flexible N-terminal domain (See Figure 

1.2) (Weimbs et al., 1997). Syntaxin can be found in a “closed” conformation 

when the N-terminal domain reversibly associates with its own SNARE motif 

(Dulubova et al., 1999), or it can be found in an “open” conformation when the N-

terminal domain is not interacting with its own SNARE motif, allowing for 

interaction with other SNARE proteins (Figure 1.2A). In mammals, there are 15 

genes in the syntaxin family which encode for 18 different syntaxin proteins that 

may be expressed in different cells or at different organelles and may have 

different functional roles in membrane trafficking (Teng et al., 2001). Syntaxin1-4 

are present at the plasma membrane and are involved in exocytosis, but their 

localization varies with the type of cell (Teng et al., 2001). For instance, 

Syntaxin1 is primarily found in neuronal and neuro-endocrine cells and is 

involved in neurotransmission (Blasi et al., 1993), while Syntaxin2, Syntaxin3 and 

Syntaxin4 are ubiquitous in expression. Syntaxin2 is found at the apical as well 

as the basolateral plasma membrane of polarized epithelial cells (Quiñones et 

al., 1999). It is known that Syntaxin3 is involved in fusion of vesicles containing 

aquaporin 2 (AQP2) transporters in the apical plasma membrane of renal cells 

(Procino et al., 2008). Syntaxin4 is involved in transportation of vesicles 

containing GLUT4 transporters in adipocytes (Volchuk et al., 1996).  

Synaptosome associated protein 25 (SNAP) is another t-SNARE protein 

that has two SNARE motifs linked together with a flexible linker, which may be 

palmitoylated to anchor it to the membrane (Figure 1.2A) (Oyler et al., 1989; Veit 

et al., 1996).The SNAP25 gene family has three isoforms found in mammals: 
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SNAP25, SNAP23 and SNAP29. SNAP25 is primarily found in neuronal cells, 

while SNAP23 and SNAP29 are ubiquitously expressed and are involved in non-

neuronal plasma membrane fusion (Procino et al., 2008; Steegmaier et al., 

1998). SNAP25 is known to interact with Syntaxin1A (Söllner et al., 1993b), 

SNAP23 is known to bind Syntaxin2, Syntaxin3 and Syntaxin4 (Ravichandran et 

al., 1996) and SNAP29 is known to bind to multiple Syntaxins (Steegmaier et al., 

1998). 

When the SNARE motifs of SNAP25 and Syntaxin interact, they form a t-

SNARE complex. The t-SNARE complex on the plasma membrane then interacts 

with the SNARE protein present at the vesicle, VAMP (Vesicle Associated 

Membrane Protein). VAMP has a single SNARE motif and a C-terminal TMD to 

anchor it to the vesicle membrane (Veit et al., 1996). Different VAMP isoforms 

found include: VAMP 2, VAMP3, VAMP4, VAMP8, etc. VAMP2 is involved in 

neurotransmission (Söllner et al., 1993b), while VAMP8 and VAMP3 are involved 

in granule exocytosis (Polgár et al., 2002; Ren et al., 2007). 

1.4.1.2. SNARE Proteins Drive Membrane Fusion 

Interaction of the t-SNARE complex with the v-SNARE protein leads to 

assembly of a parallel four helix bundle in which one SNARE motif is provided by 

the Syntaxin, one by the VAMP and two by SNAP25 family protein. This complex 

brings the two opposing membranes into close proximity and may also provide 

the energy to drive fusion (Weber et al., 1998). During the fusion reaction, trans 

SNAREs (present on different membranes) become cis SNAREs (present on 
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same membrane) forming an inactive complex. This SNARE complex is then 

disassembled by the ATPase activity of NSF (N- ethylmaleimide-Sensitive 

Factor) and binding of the SNAP protein to the SNARE complex (McNew et al., 

2000) (Figure 1.2B). Distinct SNARE proteins are localized in different organelles 

and they form distinct complexes depending on the location leading to specificity. 

This assembly of SNARE proteins into exclusive complexes could be the 

underlying mechanism by which vesicle fusion is regulated. 

At the plasma membrane of neuronal cells, for instance, there are two t-

SNARE proteins, Syntaxin1a (Bennett et al., 1992) and SNAP25 (Oyler et al., 

1989), and one v-SNARE protein-VAMP2 (Veit et al., 1996). 

1.4.1.3. SNARE Function is Regulated by SM (Sec1p/Munc18) Proteins  

SNARE proteins do not work alone. Many SNARE protein regulators have 

been identified, but the focus of this section will be on SM proteins. Sec1/Munc18 

(SM) proteins play a diverse regulatory role in membrane fusion.  They are highly 

conserved and have been identified in various organisms such as plants, 

invertebrates and mammals (Dresbach et al., 1998; Pevsner et al., 1994a; 

Salzberg et al., 1993).The first SM protein gene, Unc-18 (for uncoordinated 

phenotype), was discovered in a Caenorhabditis elegans screen. Gene deletion 

of unc-18 leads to total paralysis in C. elegans (Brenner, 1974). 
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A. 

 
 
 
 
 
 
 
 
 
 
 

 

B. 

Figure 1.2: SNARE protein structure and basic fusion reactions. A) SNARE protein 
domain structure. In red and black is Syntaxin1A, in green is SNAP25 and in blue is 
VAMP2.  B) Basic membrane fusion reaction. Syntaxin is in closed conformation. 
SNAP25 is unstructured and palmitolayted so it is embedded in the plasma membrane 
but Syntaxin is now in open complex; t-SNARE complex forms and VAMP2 embedded 
vesicle approaches the plasma membrane; trans-SNARE complex forms which leads to 
hemifusion and ultimately full fusion occurs. Color scheme matches the SNARE proteins 
as shown in A (McNew, 2008). 
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In Drosophila, ROP is the only SM protein at the plasma membrane which 

regulates neurotransmission, while in yeast Sec1p regulates plasma membrane 

fusion. However, there are three isoforms of plasma membrane SM proteins in 

mammals:  Munc18-1 (Munc18a), Munc18-2 (Munc18b) and Munc18-3 

(Munc18c). It is interesting that mammals have three Munc18’s. It could be that 

these proteins are tissue specific as Munc18a is localized to brain, while 

Munc18b and Munc18c are widely expressed,  but not in the neurons (Pevsner et 

al., 1994a; Weimer and Richmond, 2005). Alternatively, different Munc18 

proteins could interact with different SNARE protein partners to control 

membrane fusion specificity, which may serve as an in vivo control.  

SM protein interaction with SNARE proteins is essential for membrane 

fusion (Rizo and Südhof, 2002). However, different proteins have different modes 

of SNARE binding and hence, different functions. The SM protein can interact 

with closed syntaxin where the SM protein may bind to the closed syntaxin such 

that it prevents other proteins to interact with the SNARE motif (Munc18a 

interaction with syntaxin1a in mammals as in Figure 1.2B Rodkey et al., 2008)). 

The SM protein may move the N-terminal away from the SNARE motif of 

syntaxin, allow other SNARE motifs to interact and form a SNARE core complex 

(SM protein Sly1p interacts with Syntaxin protein Sed5p in yeast as in Figure 

1.2B Bracher and Weissenhorn, 2002)). SM protein can also interact via the 

assembled t-SNARE complex such that it allows VAMP protein to interact easily 

to form a core complex or it may prevent its binding to the VAMP (Munc18a 
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interaction with Syntaxin1a in mammals as in Figure 1.2B Rodkey et al., 2008)). 

SM proteins may bind to the ternary SNARE complex to stop fusion at 

hemifusion or to bring membranes even closer to allow faster fusion (SM protein 

Sec1p binds with Ssop, Sncp, Sec9p in yeast as in Figure 1.2B Carr et al., 

1999)), or may interact with the VAMP and prevent t-SNAREs to bind with the 

SNARE motif (Vps45p binds to the v-SNARE Snc1p in yeast Carpp et al., 2006)). 

However, the effect of these interactions is mostly speculations. 

In synaptic exocytosis, SNARE proteins Syntaxin1A, SNAP25 and VAMP2 

interact with Munc18a  (also known as neuronal Sec1) to allow neurotransmitter 

release (Pevsner et al., 1994a). However, contradictory results have been 

observed for the function of Munc18a. Munc18a null mutant mice die after birth 

due to decreased synaptic activity and apoptosis in the brain (Verhage et al., 

2000). Also, it has been shown that Munc18a binds to the closed conformation of 

Syntaxin1a, which prevents the SNARE motif of Syntaxin1a to be involved in t-

SNARE complex assembly and inhibits membrane fusion (Dulubova et al., 1999; 

Yang et al., 2000). But, a report of Munc18a crystal structure shows that 

Munc18a binds to both closed and open form of Syntaxin1a; i.e., SNAP25 can 

enter the binary Munc18a-Syntaxin1a complex to form a ternary complex (Zilly et 

al., 2006). Also, our lab has characterized the specific interactions between 

Munc18a and its cognate SNARE proteins and has demonstrated that Munc18a 

enhances fusion in vitro (Rodkey et al., 2008). 
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Munc18b is also a ubiquitously expressed SM protein and is largely found 

in the apical plasma membrane of epithelial cells. Munc18b is known to regulate 

mucin secretion in murine airway secretory cells and regulates fusion of AQP2 

containing vesicles in the renal collecting duct (Davis and Dickey, 2008; Procino 

et al., 2008). Munc18b interacts with Syntaxin3 at the apical plasma membrane 

(Lehtonen et al., 1999) and may interact with Syntaxin2 as well (Kauppi et al., 

2002) to regulate membrane trafficking.  

Munc18c is a widely expressed SM protein found largely in adipocytes 

and muscle cells (Tellam et al., 1995). Munc18c regulates movement of vesicle 

containing GLUT4 glucose transporters to cell membranes upon stimulus by 

insulin (Thurmond et al., 1998). The Kasuga lab has shown that Munc18c-/- mice 

die in utero, but adipocytes from Munc18c null mice show enhanced 

externalization of GLUT4 containing vesicles, i.e. increased membrane fusion 

(Kanda et al., 2005). Recent studies show that Munc18c binds to Syntaxin4a in 

closed conformation as well as open conformation (Hu et al., 2003; Latham et al., 

2006).  

1.4.2 Intracellular Fusion: Non Vesicular Fusion  

Besides the SNARE mediated vesicular fusion, intracellular fusion allows 

for diverse non-vesicular fusion events that help in organelle biogenesis and 

maintenance. Recently, membrane dynamics of organelles like mitochondria and 

the ER have been given closer attention. 
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1.4.2.1. Mitochondrial Fusion 

Mitochondria are dynamic organelles that participate in fission and fusion 

events that play a central role in survival and maintenance of the cells. The 

mitochondrial dynamics involves communication between the cytosol and the 

mitochondria, mitochondrial shape dynamics, and content exchange (Chen and 

Chan, 2009). The loss of any of these functions can lead to cellular dysfunction, 

which may manifest in diseases like Charcot-Marie-Tooth Type 2A and Optic 

Atrophy (Chen and Chan, 2009). 

Proteins involved in membrane fusion of the mitochondria are Mitofusins 

for the outer membrane fusion and Opa1 for the inner membrane fusion (Hoppins 

and Nunnari, 2009). Even though fusion at the inner and the outer membrane are 

separate events, they are coordinated (Hoppins and Nunnari, 2009; Meeusen et 

al., 2006). Both Mitofusins and Opa1 are GTPases that belong to the Dynamin 

super family (Hoppins and Nunnari, 2009). 

1.4.2.1. Endoplasmic Reticular Fusion 

The endoplasmic reticulum (ER) is also a very dynamic organelle, 

interconnected via tubes and sheets that are rearranged through fusion and 

fission of the membranes (Voeltz et al., 2002).These extensive tubular 

extensions play a role in non-vesicular transport of the ER synthesized lipids and 

sterols. Membrane fusion allows the ER to preserve lumen continuity while 

adapting to cytoplasmic environment. It has been suggested that BNIP, the p97 

protein complex, or SNARE proteins are involved in ER membrane fusion (Kano 
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et al., 2005; Nakajima et al., 2004). However, ER fusion requires GTPase 

activity, which none of these proteins exhibit. Until recently, ER homotypic 

membrane fusion was largely uncharacterized. Now, membrane fusion in the ER 

has been attributed to atlastin (Orso et al., 2009). 

 

Figure 1.3: Endoplasmic reticulum network in Cos-7 cells. Localization of GFP 
sec61, an ER marker, was examined by confocal microscopy. 

1.5. Conclusion 

In this thesis, Chapter 2 focuses on the ER resident protein atlastin and 

examines the mechanistic basis for nucleotide-dependent membrane fusion by 

atlastin using a structure function analysis of truncated proteins. The role of the 

C-terminal tail and the 3 helix bundle of atlastin protein are studied in detail. 

 Chapter 3 characterizes the functional relationship of Munc18c in 

membrane fusion with Sx4/SNAP23/VAMP2. Characterization of membrane 

fusion in a minimal system as the in vitro liposome fusion assay offers a powerful 

tool with which to finely dissect the mechanistic basis of SM protein function. 



26 
 

 In the Appendix, major vertebrate peroxisomal pathways in Drosophila 

were identified and localization of five candidate enzymes was also identified. 

 This body of work focused on proteins involved in the eukaryotic 

membrane- ranging from elucidating the role of different domains in ER 

membrane fusion protein, atlastin to the function of Munc18 -c, an SM protein. 
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Chapter 2 

Structure-Function Analysis of Atlastin C-

terminal tail and 3 Helix Bundle 

2.1 Atlastin 

Atlastin is an integral ER membrane protein and a member of the dynamin 

superfamily of GTPases (Hu et al., 2009; Orso et al., 2009; Zhu et al., 2003). 

Atlastin is thought to be involved in vesicle trafficking between the ER and Golgi, 

Golgi morphogenesis (Namekawa et al., 2007), as well as fusion of the ER 

membranes (Orso et al., 2009; Rismanchi et al., 2008). 

2.1.1 SPG3A and Hereditary Spastic Paraplegia 

Atlastin is encoded by the gene SPG3A (Spastic Gait 3A) in humans 

(Zhao et al., 2001). Mutations in the SPG3A gene cause Hereditary Spastic 

Paraplegias (HSP or Strümpell-Lorrain disease), a heterogeneous class of 

neurodegenerative disorders characterized by progressive weakness of lower 

extremities and spasticity (Hedera, 2010). Spasticity in lower limbs alone is 

known as “pure” HSP, while “complicated” HSP accompanies spasticity with 

mental retardation, epilepsy, deafness, skin lesions and other neurological 

abnormalities (Park et al., 2005). The neuropathological basis for compromised 

motor dysfunction in HSP is likely length-dependent axonopathy of the 

corticospinal tract (Salinas et al., 2008). HSP can occur in infancy. 
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Twenty HSP gene products have been identified, and their molecular 

analysis has suggested three general causations of HSP, including intracellular 

trafficking, mitochondrial function, and axonal path finding and myelination 

(Soderblom and Blackstone, 2006). More than half of all HSP cases are caused 

by mutations in ER-resident or ER-associated proteins like Spastin, Atlastin-1 

(Atl-1) and Receptor Expression Enhancing Protein-1(REEP-1) (Hazan et al., 

1999; Namekawa et al., 2006; Park et al., 2010). Spastin accounts for 40% of all 

cases of HSP, while 10% of all cases of HSP are caused by mutations in the 

atlastin gene (Park et al., 2005). This observation places the ER at the nexus of 

HSP pathology. 

ER dysfunction is one of the main reasons for HSP (Depienne et al., 

2007). Hence, a proper functioning ER is essential as most secreted and 

membrane proteins first enter the ER before localizing to the plasma membrane. 

Loss of a functional ER can also prevent proper protein folding and transport of 

the proteins leading to ER misfunction that may lead to a neurodegenerative 

disorder. Loss of ER integrity due to perturbed membrane fusion by pathological 

mutations in atlastin suggests that HSP may be consequence of ER stress. 

Understanding the molecular basis of atlastin function may help in diagnostic and 

prognostic applications and may explain HSP pathogenesis. 
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2.2. Atlastin Subfamily 

2.2.1. Human Atlastin 

The SPG3A gene encodes the 558 amino acid (aa), multi-domain, Human 

Atlastin-1 (Atl-1) protein. Atl-1 is abundant in the brain and is present at lower 

levels in other tissues including lungs, smooth muscle, adrenal gland and kidney 

(Zhu et al., 2003). Immunocytochemistry in rat brain sections have localized Atl-1 

to lamina V pyramidal neurons in the cerebral cortex. Atl-1 knockdown in primary 

rat cerebral cortical neurons showed reduced axonal length, increased number of 

neurons without axons and reduced number of dendrites per cell (Zhu et al., 

2006). RNAi of Atl-1 in HELA cells resulted in abnormal Golgi morphology 

(Rismanchi et al., 2008).In cell culture, Atl-1 has been localized to Golgi and the 

endoplasmic reticulum (Namekawa et al., 2007; Zhu et al., 2003). 

Two additional paralogs have been identified in humans: Atlastin-2 and 

Atlastin 3 (Zhu et al., 2003). Atl -2 and -3 are also found in the ER (Namekawa et 

al., 2007; Rismanchi et al., 2008). They are expressed at higher levels in the 

peripheral tissue and at lower levels in the brain (Rismanchi et al., 2008; Zhu et 

al., 2003). RNAi of atlastin-2 in HELA cells also resulted in abnormal Golgi 

morphology (Rismanchi et al., 2008). RNAi of atlastin-2 or -3 did not affect the 

ER morphology, but the double knockdown showed more tubular and less 

reticular ER (Rismanchi et al., 2008). Similarly, overexpression of atlastin 

paralogs had no effect on the ER but fragmented the Golgi.  
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2.2.2. Drosophila Atlastin 

Recently, atlastin function has been examined in the model organisms 

(Fassier et al., 2010; Orso et al., 2009), specifically in the fruit fly Drosophila 

melanogaster. The Drosophila genome produces a single atlastin protein. 

Drosophila atlastin (atl) is 541 aa long and has a predicted molecular mass of 61 

kDa (Figure 2.2).  The atl sequence is highly homologous with all three human 

isoforms, ranging between 44% and 49% identical (61% and 68% similar) over 

the entire length of the protein (Figure 2.1).  

Flies with null mutation of atl gene atl1 are viable but smaller in body size 

and sterile in comparison to wild type flies (Lee et al., 2008). Atlastin null flies 

also have a shorter life span than wild type flies and have motor dysfunction (Lee 

et al., 2008; Orso et al., 2009). Loss of atl results in progressive degeneration of 

dopaminergic neurons in aging flies (Lee et al., 2008). Orso et al showed that 

knockdown of atl in flies resulted in ER fragmentation, which was confirmed by 

FLIP analysis by luminal discontinuity. Electron microscopy on larval brains 

yielded enlarged ER structures in atl overexpressed cells. These studies strongly 

suggest that atlastin is involved in membrane fusion of the ER (Orso et al., 2009). 
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Figure 2.1: Alignment of the Human and Drosophila atlastin sequence. The 
sequences were aligned by ClustalW2. The species abbreviations are Homo Sapiens 
(Atl1) and Drosophila melanogaster (Datl).  

 

2.3. Atlastin Structure 

Atlastin resides on the ER membranes with the help of its two 

transmembrane domains and ER retention signal. It has a highly conserved 

GTPase domain that allows for its GTPase activity, a 3 helix bundle (3HB) that 
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may help in oligomerization (Figure 2.2) (Zhu et al., 2003). Both the N and C 

terminal regions are exposed to the cytoplasm. 

Figure 2.2: Domain structure of atlastin. At the N terminus (blue) is the GTPase 
domain, red depicts the 3 HB of unknown function, and the two transmembrane domains 
(gray) position the GTPase domain and the C-terminal tail to face the cytoplasm.  

 

The structure of N-terminal cytoplasmic domain of human Atl-1 (1-446 aa) 

has been solved by X-ray crystallography (Bian et al., 2011; Byrnes and 

Sondermann, 2011). Two crystal forms were identified that may suggest one 

being in a pre-fusion conformation and the other being in a post-fusion 

conformation when bound to GDP. The GTPase domain of Atl-1 bears 

resemblance to the GTPase domains of GBP1 and dynamin and is connected by 

a flexible linker to the middle domain that folds into a three helix bundle (3HB). 

Residues were identified in the GTPase domains through which dimerization 

could occur. These crystal studies suggested that homo-dimerization of two 

atlastin monomers occur upon GTP binding, similar to dynamin and GBP1 

proteins, reflecting a conserved mechanism (Bian et al., 2011; Byrnes and 

Sondermann, 2011). 

2.3.1. Atlastin GTPase Domain 

Our lab in collaboration with Dr. Andrea Daga’s lab in Italy has shown that 

atlastin drives fusion of membranes in vitro. Drosophila atlastin protein when 

reconstituted in liposomes, catalyzes membrane fusion in the presence of GTP 
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and magnesium (Orso et al., 2009). This fusion is dependent on the GTPase 

activity of atlastin. A GTPase domain mutant, K51A, which lacks GTPase activity, 

is unable to self-assemble and does not support membrane fusion (Orso et al., 

2009). We were further able to demonstrate that GTP binding and GTP 

hydrolysis are two separate roles by studying another GTPase domain mutant, 

R48A. Unlike wild type Drosophila atlastin, this mutation abolishes fusion activity, 

but does not affect the GTP binding or oligomerization of atl (Pendin et al., 2011).  

2.3.2. Atlastin 3-Helix Bundle 

Our lab has shown that the middle domain of Drosophila atlastin is 

involved in oligomerization and tethering to membranes (Pendin et al., 2011). 

Mutations in the 3HB region inactivate atlastin and prevent oligomerization. Upon 

changing the length of the flexible linker connecting the GTPase domain and the 

3HB, oligomerization properties of atl are not disrupted; however the protein 

loses its fusogenic properties suggesting that the distance between the atlastin 

complex formation and the membrane is important for fusion (Pendin et al., 

2011).  Our lab identified that the 3HB of atl mediates self-association and that 

GTP binding is necessary and sufficient for atl oligomerization. 

2.2.5. Atlastin C-terminal Tail 

 The C-terminal tail of atlastin is an amphipathic helix that  plays an 

important role in atl mediated membrane fusion (Liu et al., 2012; Moss et al., 

2011). We and the Rapoport group have shown that the C-terminal tail is 

necessary for membrane fusion as C-terminal tail truncations abolish fusion in 
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vitro. We hypothesize that the C-terminal tail may play a role in perturbing the 

lipid bilayer to allow fusion and we have results to show that the truncations that 

were deemed non fusogenic can fuse heterotypically in a destabilizing lipid 

environment. This chapter will further discuss the importance of the C-terminal 

tail and its role in membrane fusion. 

2.4. Atlastin Oligomerization 

Atlastin is involved in homotypic membrane fusion of the ER membranes. 

Homotypic membrane fusion means fusion of two membranes that are similar in 

lipid and protein content. This means that functional atl must be present in both 

the membranes to promote fusion and that atl must self-associate to form homo-

oligomers. 

In the presence of non-hydrolysable GTP, the N-terminal cytoplasmic 

domain of Atl-1 shifts from a monomer to a size corresponding to a dimer 

(Byrnes and Sondermann, 2011). However, gel filtration experiments have 

suggest that atlastin is a homo-tetramer (Zhu et al., 2003). This may suggest that 

either the transmembrane domain and the C-terminal tail change oligomerization 

or that immunoprecipitated material can acquire additional mass that may not be 

due to atlastin oligomerization. 

In vivo oligomerization data from our lab confirm that Drosophila atlastin 

oligomerizes. Coimmunoprecipitation experiments of HeLa cells cotransfected 

with atlastin-myc and atlastin-HA, demonstrated that atlastin molecules self-

associate. Additionally, microsomes were prepared from HeLa cells transfected 
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with atlastin-myc and atlastin-HA separately. When anti-myc antibodies were 

used to precipitate atlastin-myc harboring vesicles, atlastin-HA was recovered. 

These results again demonstrate that under lysis conditions atlastin may 

oligomerize between two different membranes (Pendin et al., 2011).  

However, there are no direct in vivo visualization experiments for atlastin 

oligomerization.  

2.5. Atlastin Interacting Proteins 

HSP is a neurodegenerative disease caused by mutations in more than 40 

genes, making it one of the most genetically heterogeneous diseases (Fink, 

2002). The hallmark clinical symptom of HSP is degradation of the corticospinal 

tract leading to spastic leg paralysis. This may imply there is a central pathway 

that leads to pathogenesis of HSP. HSP associated proteins and the interactions 

between these proteins are under intensive study. 

Spastin, a microtubule severing protein, the most common cause of HSP, 

interacts with Atl-1 (Evans et al., 2006; Park et al., 2010; Sanderson et al., 2006). 

Spastin is an AAA ATPase and may also be involved in membrane trafficking. 

Sanderson et al., 2006 identified atlastin as an interacting partner of Spastin in a 

yeast two hybrid scren of fetal brain c-DNA library. They further probed Spastin 

and atlastin interaction via GST-pull down experiments, co-immunoprecipitation 

and confocal microscopy, and identified that the N-terminal 80 amino acids of 

Spastin are necessary for atlastin interaction (Sanderson et al., 2006).  
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In another study, yeast two hybrid screen recognized Atl-1(408-558aa) as 

a binding partner when full length Spastin was used as bait (Evans et al., 2006). 

However, a C-terminal domain truncation of atlastin was unable to bind to 

Spastin. Co-immunoprecipitation of HeLa cells detected an interaction of full 

length HA-tagged Spastin and His-tagged Atl-1. Furthermore, atlastin and 

Spastin were colocalized in Cos-7 African Green Monkey Kidney cells. These 

results combined demonstrate that atlastin and Spastin are interacting partners. 

Atl-1 is also known to interact with ER tubule forming proteins in the 

Reticulon and REEP/Yop/DP1 family (Hu et al., 2009; Park et al., 2010). REEP1 

has been recently shown to associate with both Spastin and atlastin. It 

colocalized with Spastin and Atl-1 in rat cerebral cortical neurons and upon 

overexpression in Cos-7 cells, formed protein complexes with both the HSP 

causing proteins (Park et al., 2010). This study indicated that the interaction of 

these three proteins occurs via their inter-membrane hydrophobic domains.  

Further, NIPA-1 (non-imprinted gene in Prader-Willi/Angelman syndrome) 

is also an integral membrane protein that causes HSP. NIPA-1 serves as a 

magnesium transporter on cell surface (Botzolakis et al., 2011).  In cultured rat 

cortical neurons, NIPA-1 and atlastin-1 colocalize. Knockdown of NIPA-1 

reduced the expression of Atl-1 in neurons and HSP associated mutations in 

both Atl-1 and NIPA-1 caused reduced axonal processes. 
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These protein-protein interactions support the thought that HSP may be 

caused by a convergent mechanism of different proteins. However, the 

significance of these interactions needs to be further explored.  

 In this chapter, we examine the mechanistic basis for nucleotide-

dependent membrane fusion by atl using a structure function analysis of 

truncated proteins. We studied the role of the C-terminal tail and the 3HB in 

membrane fusion. 

2.6. Results and Discussion 

Atlastin is a multi-domain protein. It has a short N-terminal variable 

domain, followed by a conserved GTPase domain, a middle domain that may be 

involved in oligomerization, two tandem transmembrane domains, and a C-

terminal cytoplasmic domain (Figure 2.2). It has been previously documented, 

that atlastin requires GTPase activity for membrane fusion in vitro (Orso et al., 

2009). This chapter will discuss a systematic structure-function analysis of 

atlastin with the Drosophila homolog.  

2.6.1. The Atlastin C-terminal Cytoplasmic Tail is Required for Membrane 

Fusion 

The GTPase activity is absolutely required for membrane fusion (Orso et 

al., 2009). We hypothesized that significant N-terminal deletions would abolish 

fusion activity by impairing GTPase activity given that atl contains only a 14 

residue N-terminal extension beyond the boundary of the GTPase domain. We 

began our analysis by determining the region of atl required for membrane fusion 
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by producing C-terminal truncations. We produced truncations that removed the 

entire C-terminal cytoplasmic domain (residues 472-542) and the second 

transmembrane domain as well as the C-terminal cytoplasmic domain (residues 

451-542).  Both atl (1-450) and atl (1-471) retained an intact GTPase domain and 

at least one transmembrane anchor.  We expressed these proteins in E. coli, 

reconstituted them into synthetic PCPS liposomes, and measured membrane 

fusion by lipid mixing (Orso et al., 2009).  When either of these two proteins was 

reconstituted into liposomes, no fusion was observed (Figure 2.3B).  The 

functionality of these enzymes was confirmed by examining GTPase activity 

(Figure 2.3C).  Both atl (1-450) and atl (1-471) were able to cleave GTP at rates 

that were within ~30% of wild type, yet were incapable of driving membrane 

fusion. 

The inability of these proteins to produce a functional atlastin was further 

explored in a tissue culture model in vivo.  When functional atl is overexpressed 

in mammalian cells, it correctly sorts to the ER and causes the formation of an 

enlarged ER compartment and redistributes Golgi resident proteins to the ER in 

much the same way as overexpression in intact animals (Orso et al., 2009; 

Pendin et al., 2011).  Figure 2.4A-C shows the result of expressing wild type 

Drosophila atlastin in Cos7 cells.  Atl colocalizes with the ER marker Sec61 and 

produces significant changes in ER (Figure 2.4B) and Golgi (not shown) 

morphology.  However, overexpressing ER localized Atl (1-471) does not disrupt 

ER morphology demonstrating that it is non-functional protein in vivo (Figure 

2.4D-E).   



39 
 

 

Figure 2.3: The atlastin C-terminal cytoplasmic tail is required for membrane 
fusion in vitro. A) Domain structure of atl and C-terminal truncations. The GTPase 
domain is represented as a cylinder, the middle domain 3HB is shown as a helix, and 
the transmembrane domains are cylinders labeled “TM.” Relevant domain boundaries 
are indicated by residue numbers above the diagram. B) Kinetic fusion graph of 
unlabeled atl acceptor proteoliposomes fused with equimolar amounts of fluorescently 
labeled atl donor proteoliposomes. NBD fluorescence was measured at 1-min intervals, 
and detergent was added at 60 min to determine maximum fluorescence. wild type GST-

atl-His8, ●; GST-atl(1–450)-His8, ■; GST-atl(1–471)-His8, ◆; GST-atl(1–497)-His8, ○; 

control reaction in the absence of GTP, gray line. In all cases, the same atl mutant is 
reconstituted into both liposome populations. (Inset) The average extent of fusion at 60 
min is represented in tabular form as percentage of wild type fusion for all mutants. wild 
type GST-atl-His8 (n = 28) was set to 100 ± 0.42%. GST-atl(1–450)-His8 (n = 17) was 
4.85 ± 0.53%, GST-atl(1–471)-His8 (n = 17) was 4.86 ± 1.52%, and GST-atl(1–497)-
His8 (n = 8) was 68.8 ± 2.22%. C) GTPase activity is represented as a histogram for all 
mutants. All activity is reported as μM Pi/min per μM enzyme. wild type GST-atl-His8 (n 
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= 47) was 0.71 ± 0.03, GST-atl(1–450)-His8 (n = 12) was 0.61 ± 0.03, GST-atl(1–471)-
His8 (n = 19) was 0.48 ± 0.01, and GST-atl(1–497)-His8 (n = 6) was 0.88 ± 0.11. (Error 
bars: SEM. Numbers in histograms = number of replicates.) 

 

These results suggest that the C-terminal cytoplasmic domain of atlastin is 

critical for membrane fusion.  However, this region of atlastin is among the most 

divergent between atlastin homologs and paralogs.  Closer inspection of the 

sequences that comprise the C-terminal cytoplasmic domain revealed an 

approximately 25 amino acid stretch of more highly conserved residues 

membrane proximal to the second transmembrane domain, followed by a very 

divergent extreme C-terminus.  We further subdivided the C-terminal cytoplasmic 

domain to add back the more conserved juxtamembrane region (residues 471-

497).  The resulting construct, atl (1-497), was also expressed, reconstituted, and 

assayed for membrane fusion.  Figure 2.3B and C demonstrate that the 

reintroduction of these 27 residues restores approximately 70% of wild type 

fusion activity.  Additionally, overexpression of atl (1-497) in Cos7 cells results in 

a phenotype similar to the overexpression of wild type atlastin, confirming that atl 

(1-497) is functional in vivo (Figure 2.4G-I). 

The activity of this C-terminal domain may be accomplished by forming 

new associations with the dimeric 3HB or by direct interaction with lipid. We favor 

the direct interaction with lipid hypothesis, based on the amphipathic nature of 

this protein sequence. An interaction between the membrane surface and the 

amphipathic C-terminal tail could destabilize the bilayer and provide the driving 

force for outer leaflet mixing, resulting in a hemifusion intermediate that resolves 

by inner leaflet mixing to full fusion.  
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A recent paper from the Rapoport lab suggests that the C-terminal tail is 

not absolutely important. When the “tailless” atlastin (1-476 aa) is added to 

liposomes at a higher concentration of 1:400, they observed fusion in comparison 

to liposomes that had 1:2000 protein to lipid composition (Liu et al., 2012). There 

are two critical differences between our experiments and theirs. First, we 

consider tailless atlastin mutant as 1-471, but the Rapoport group considered 1-

476 as their tailless truncation. We have shown in our recent paper that adding 

back 25 amino acids to 1-471 leads to restored fusion activity. Adding even 5 

amino acids (i.e. a helical turn) may be sufficient to restore fusion function. 

Second, our liposomes typically have 1:400- 1:500 protein to lipid ratio, and yet 

we do not see an increased fusion activity in the 1-471 tailless atlastin mutant in 

PCPS liposomes. 
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Figure 2.4: Deletion of the atlastin C-terminal cytoplasmic tail results in a 
nonfunctional protein in vivo. Cos7 cells were cotransfected with wild type atlastin-
myc (A–C), atl(1–471)-myc (D–F), or atl(1–497)-myc (G–I) and GFP-Sec61β. Wild type 
atlastin and atl(1–497) show an abnormal, punctate ER, indicating a functional atl 
protein, whereas atl(1–471) localizes to a normally reticular ER, suggesting that it is a 
nonfunctional protein. (Scale bar: 10 μm.) 
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2.6.2. Mutations in the Hydrophobic Face of C-terminal tail Inactivates 

Atlastin 

To further examine the amphipathic helix of the C-terminal tail, we tested 

two point mutations that may affect the fusion activity of atlastin, L482K and 

F478K. The L482K mutation is on the hydrophobic face of the amphipathic helix. 

We hypothesized that this mutation would decrease the hydrophobicity of the tail 

and may reduce its fusion ability. We have found that the L482K mutation in atl 

decreases fusion activity (Figure 2.5A), but its GTPase activity is intact (Figure 

2.5D). Another mutation, F478K, which is also in the hydrophobic face of the C-

terminal tail, did not have a similar effect as the L482K mutation. Its fusion 

activity was similar to wild type atlastin. We also cloned a double mutant, 

L482K/F478K, and determined it did not have any fusion activity, but the GTPase 

activity was similar to wild type atlastin (Figure 2.5, C and D).  

Additionally, we studied the effect of heterotypic membrane fusion for the 

C-terminal tail point mutants. Heterotypic fusion, as stated earlier, means fusion 

of dissimilar compartments, in this case, vesicles containing different proteins. 

This experiment would demonstrate if a functional tail is necessary for fusion in 

both membranes. Figure 2.5B shows that when L482K mutant is heterotypically 

fused with either the acceptor or the donor wild type proteoliposomes, overall 

fusion increases. We observed that when unlabeled wild type acceptor liposomes 

were fused with labeled atl (L482K) donor liposomes (red filled dot trace in Figure 

2.5B), fusion increased by 2.5 fold, while when donor wild type liposomes were 

fused with acceptor atl (L482K) liposomes (red open dot trace in Figure 2.5B), 
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there was a 2 fold increase in fusion. These results suggest that presence of a 

functional tail in even one membrane is sufficient to allow fusion.  

 

 

Figure 2.5: Effect of C-terminal cytoplasmic 

tail point mutations on membrane fusion. A) 

Kinetic fusion graph of unlabeled atl acceptor 

proteoliposomes fused with equimolar amounts 

of fluorescently labeled atl donor 

proteoliposomes. NBD fluorescence was 

measured at 1-min intervals and detergent was 

added at 60 min to determine maximum 

fluorescence. wild type atl in black, atl (F478K) 

in green, atl (L482K) in red, atl (f478K;L482K) in 

blue and control reaction in the absence of GTP 

in black dotted line. All fusion experiments are 

n=6. B) Kinetic fusion graph of heterotypic 

fusion of L482K mutant in comparison with wild 

type atl. Asterisk represents labeled liposomes.  

E 

D C 

B A 
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Red filled dots trace represent wt unlabeled fusion with atl(L482K) labeled liposome 

fusion; red empty dots trace represent atl(L482K) unlabeled liposomes and wt labeled 

liposomes.C) The average extent of fusion is represented in a histogram for wild type 

and mutant atl. D)  GTPAse activity is represented as a histogram for all mutants. All 

activity is reported as µM Pi/min per µM enzyme. Error bars: SEM) E) Helical wheel 

projection of C-terminal tail of atlastin representing point mutations by the program 

HeliQuest (http://heliquest.ipmc.cnrs.fr/). The termini are indicated and hydrophobic, 

negatively charged, and positively charged residues are shown in yellow, red, and blue, 

respectively. 

2.6.3. Function of the C-terminal tail is Conserved Across Species 

 
Figure 2.6: Role of C-terminal cytoplasmic tail is conserved across species. A) 
Kinetic fusion graph of unlabeled atl acceptor proteoliposomes fused with equimolar 
amounts of fluorescently labeled atl donor proteoliposomes comparing human tail 
chimeras. Black trace is wild type atl, green trace is atl (atl-1 tail), red trace is atl (atl-3 
tail) and black dashed trace is the negative wild type atl control without GTP. B) The 
extent of fusion at 60 min is represented in a histogram as the percentage of fusion. 
Error bars: SEM. 

Furthermore, we examined the C-terminal tail sequence of many atlastin 

proteins across species and found that the juxtamembrane C-terminal tail 

sequence is significantly conserved. We proposed that generalizing the C-

terminal tail with another species tail would allow atlastin to retain its ability of 

http://heliquest.ipmc.cnrs.fr/
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membrane fusion. To test these C-terminal tail chimeras, we made Drosophila 

tail domain swaps with human Atlastin-1 tail and human Atlastin-3 tail. We found 

that both chimeras allow membrane fusion. These results suggest that the role of 

the C-terminal tail is conserved across species (Figure 2.6). 

2.6.4. The C-terminal tail of Atlastin Destabilizes the Lipid Bilayer 

To test our hypothesis that the function of the C-terminal tail is to 

destabilize the lipid bilayer, we tested the influence of bilayer destabilizing lipids. 

Our lipid mix typically contains either 100% POPC (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine) or 85 mole% POPC and 15 mole% DOPS (1,2-

dioleoyl-sn-glycero-3-phospho-L-serine). These lipid mixes are relatively stable 

and resist fusion in the absence of fusogenic proteins.  

Our lab has previously shown that weak SNARE proteins can fuse when 

destabilizing lipids are used in proteoliposomes (Liu et al., 2007). Phosphatidic 

acid, when inserted in lipid bilayers, increased the fusogenic capacity of all t-

SNAREs, including those that weakly interact. Following this line of thought, we 

decided to test our hypothesis that the role of the C-terminal tail of atlastin is to 

perturb the lipid bilayer. Therefore, increasing the instability of the lipid bilayer 

would eliminate the requirement of having a C-terminal tail during fusion.  

We tested the lipid destabilizing effect on atlastin by adding 1,2-dioleoyl-

sn-glycero-3-phosophotidylethanolamine (DOPE) or 1-Palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE) to the lipid bilayer. 

Phosphotidylethanolamine forms non-bilayer hexagonal phase II structures that 
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create an unstable lipid environment. Liposomes do not fuse spontaneously due 

to van der Waals attractive forces between the opposing lipid bilayer as well as 

repulsive electrostatic forces between negatively charged phospholipids.  There 

is a free energy barrier that prevents the lipid bilayers from coming close enough 

for fusion to occur. Therefore, fusion proteins help in overcoming this energy 

barrier by bringing the liposomes close together and thus, reducing the hydration 

layer. Phosphatidylethanolamine lipids are less hydrated, and liposomes 

containing them fuse readily (Gennis, 1989, pg 347).  

We tested 10 and 20 mole% of PE in the lipid background of POPC and 

DOPS. We observed that the tail truncation atl (1-471) regained its fusion ability 

in the presence of PE.  

Homotypically, in PCPS, atl (1-471) did not fuse and at 10 mole% DOPE, 

there was a ~10% increase in fusion. We saw in a homotypic reaction, at 20 

mole% DOPE, atl (1-471) fusion improved by 30% (Figures 2.7 and 2.8A). 

However, fusion was not as good as wild type. This result strongly suggests the 

function of the C-terminal tail is to destabilize the lipid bilayer. 

To further test our hypothesis that the function of the C-terminal tail can be 

replaced by the destabilizing the lipid bilayer, we decided to heterotypically fuse 

wild type atlastin proteoliposomes with liposomes reconstituted with atl (1-471) 

truncation. 
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Figure 2.7: Increase in DOPE increases rate and extent of fusion for atl (1-471). A) 
Kinetic fusion graph of wild type and atl (1-471) proteoliposomes in PCPS background. 
B) 10 mole% DOPE background and C) 20 mole% DOPE background. (n=3; error bars: 
SEM) 

A 

B 

C 
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In Figure 2.8B, we compared the extent of fusion for heterotypic reactions 

in different lipid backgrounds. We showed that as the amount of PE increased, 

%end point fusion also increased for heterotypic reactions. When we fused a wild 

type unlabeled liposome with a labeled atl (1-471) liposome, in PCPS, we did not 

observe a significant increase in fusion (Figure 2.8B); however at 10 mole% 

DOPE the end point fusion was increased by almost 80% (Figure 2.8B, green 

lined histogram). At 20 mole% DOPE, we made a striking observation that the 

fusion of labeled atl (1-471) liposomes with unlabeled wild type atlastin liposomes 

(Figure 2.8B blue line histogram) resulted in fusion as good as wild type atlastin 

homotypic fusion.  

The rate of fusion for homotypic wild type atl was faster in 20 mole% PE 

when compared to PCPS lipid background. This may occur because the 

destabilization of the lipid has an enhancing effect on the already functional 

fusion. However, the heterotypic fusion of atl (1-471) was slower than homotypic 

wild type fusion because atl (1-471) is non-functional due to absence of the tail, 

and only the unstable lipid is allowing the initial destabilization of the lipid bilayer 

needed for fusion. This observation shows that the C-terminal tail plays a role in 

destabilizing the lipid bilayer, because even tailless truncation allows fusion in an 

unstable lipid environment. 

During these heterotypic fusion reactions, we observed differences in 

fusion when atlastin truncation liposomes were fused with either labeled (donor) 

or unlabeled (acceptor) wild type liposomes. When a fusion reaction occurs, 

labeled and unlabeled liposomes fuse with each other and also among 
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themselves, but as we measure NBD emission, we only measure the fusion 

between labeled and unlabeled liposomes. One possible explanation of why we 

see a difference between heterotypic fusions may be that in a fusion reaction 

with wild type unlabeled liposomes and labeled truncation liposomes, wild type 

liposomes fuse with each other to form a larger liposome, but the truncation 

liposomes are unable to fuse with each other. Therefore, when a larger unlabeled 

liposome fuses with smaller labeled liposome, there is a greater FRET relief as 

NBD and rhodamine get diluted. However, in a reaction where small mutant 

unlabeled liposome fuses with a largeg wild type labeled liposome, there is 

reduced FRET relief, hence the difference in end point fusion (Figure 2.8C). 

From these lipids destabilizing experiments we conclude that an increase 

in concentration of the destabilizing lipid increases the % end point and the rate 

of fusion. Heterotypic fusion of the tail truncation with the wild type unlabeled 

liposomes results in an overall increased fusion.   
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Figure 2.8: Heterotypic membrane fusion of atl and atl (1-471). A and B) The extent 
of fusion t 60 min is represented in a histogram as the percentage of fusion for different 
lipid mixes containing DOPE. A represents homotypic fusion and B represents 
heterotypic fusion. Asterisk represents labeled liposomes. Error bars: SEM. wild type atl 
PCPS (n=20) was set to 100± 6.76%, wild type atl PE 10 (n=17) was set to 100± 4.27% 
and wild type atl PE 20 (n=6) was set to 100± 7.34%, atl (1-471) PCPS (n=20) was 4.10 
± 1.11%, atl (1-471) PE10 (n=17) was 7.83 ± 0.62%, atl (1-471) PE 20 (n=6) was 30.26 
± 0.96%, wild type atl* + atl(1-471) PCPS (n=11) was 17.65 ± 2.54%, wild type atl* + 
atl(1-471) PE10 (n=14) was 51.77 ± 4.88%, wild type atl* + atl(1-471) PE 20 (n6) was 
96.08 ± 7.89%, wild type atl(1-471)* + atl PCPS (n=11) was 20.47 ± 3.14%, wild type C 

A B 

C 
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atl(1-471)* + atl PE10 (n=14) was 86.67 ± 4.80%, and wild type atl(1-471)* + atl PE 20 
(n6) was 103.3 ± 5.36%. C) Cartoon Diagram of Heterotypic Fusion. In red are the 
labeled liposomes with NBD and Rhodamine, while in black are the unlabeled 
liposomes. In a fusion reaction, labeled and unlabeled liposomes fuse with each other 
and they also fuse among themselves. Functional wild type liposomes fuse with each 
other while mutant liposomes (truncations) are unable to fuse to each other. When an 
unlabeled wild type liposome fuses with a small mutant labeled liposome, greater FRET 
is relief is observed in comparison to vice versa. 

 

2.6.5. The C- tail Peptide Transactivates Fusion of Tailless Atlastin   

We tested two synthetic peptides to see if the peptides corresponding to 

the tail helix would rescue the fusion activity of the 1-471aa Drosophila 

truncation. A synthetic peptide of 23 amino acids (470- 492 aa) of Drosophila 

atlastin corresponded to the region right after the tailless mutant atl (1-471). The 

29 amino acid peptide corresponding to residues 479- 507 was used by the 

Rapoport group to show significant improvement in the rate of fusion for their 

tailless truncation 1-476 (Liu et al., 2012). 

The 23 amino acid peptide (CT23) did not result in any significant fusion 

improvement (data not shown). However, 29 amino acid peptide (CT29), showed 

significant improvement for 1-471 truncation and in trans, it increased the rate of 

fusion even for the wild type atlastin. There was ~9 times improvement in the 

extent of fusion for 1-471 truncation with the CT29 peptide. This shows that the 

CT29 can recover fusion activity when added in trans to a nonfunctional atlastin 

truncation.  

CT23 peptide did not show any fusion improvement, while CT29 did; this 

could be an effect of the length of the peptide instead of the region it covers 
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along the C-terminus of the tail. However, this result strengths our conclusion 

that the function of the C-terminal tail is to destabilize the lipid bilayer.  

CT23             RYSGELSDFGGKLDDFATLLWEK 
CT29             GGKLDDFATLLWEKFMRPIYHGCMEKGIH 29 
                         

 

Figure 2.9: Tailless mutant atl( 1-471) is transactivated in the presence of a 
synthetic peptide. Kinetic fusion graph of wild type and atl (1-471) proteoliposomes in 
PCPS background in the presence or absence of a 29 residue synthetic peptide. Peptide 
was added at the time of setup of the fusion reaction. “-“ indicates without GTP reaction. 
Error bar: SEM; n=3. 

 

2.6.6 Soluble N-Terminal Cytoplasmic Domain of Atlastin Is a Concentration 

Dependent Inhibitor of ER Membrane Fusion 

All membrane fusion proteins characterized to date require membrane 

integration. However, liberated soluble domains that retain the ability to 

productively interact with membrane integral components are often inhibitors of 
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fusion. This is the case for SNARE proteins as inclusion of a soluble fragment of 

either v-SNARE or t-SNARE will inhibit fusion (McNew et al., 2000; Weber et al., 

1998).  We tested atl (1-422) that encompassed the entire N-terminal 

cytoplasmic domain, atl (1-303), which contains the isolated GTPase domain, 

and the soluble C-terminal fragment atl (472-542) (Figure 2.10A).  When atl (1-

422) was titrated into a fusion reaction containing wild type atlastin in the 

membrane, progressive inhibition of both the rate and extent of membrane fusion 

was seen (Figure 2.10B).  Inhibition was concentration dependent and fusion 

was completely inhibited with an 8-fold molar excess of the atl (1-422) soluble 

domain (Figure 2.10C).  While the full-length N-terminal cytoplasmic domain was 

potent inhibitor, neither the isolated GTPase domain (atl (1-303), Figure 2.10C, 

gray column) nor the soluble C-terminal tail (atl (471-542), Figure 2.10C, white 

column) inhibited fusion (Moss et al., 2011). The ability of the isolated N-terminal 

cytoplasmic domain to inhibit fusion was further explored by co-overexpressing 

atl (1-422) in Cos7 cells with wild type atl.  As shown in Figure 2.11A, 

overexpressing wild type atlastin in Cos7 cells disrupts ER morphology, 

presumably due to inappropriate and excessive ER fusion.  However, 

simultaneously overexpressing the soluble N-terminal cytoplasmic domain of 

atlastin (atl (1-422)) reduces the severity or largely prevents the aberrant ER 

structures generated by wild type atl (Figure 2.11).  A spectrum of inhibition is 

seen with atl (1-422), which presumably reflect the relative degree of 

overexpression.  When cells were subjectively binned into three groups defined 

as normal ER morphology (Figure 2.11, open triangle), fused ER (Figure 2.11, 
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filled triangles) and partially fused ER (Figure 2.11, gray-filled triangles), more 

than half (56%) of the cells expressing atl (1-422) exhibited a normal ER 

morphology while 43% displayed a partially fused ER (Figure 2.11 J).  We 

interpret these results to suggest that atl (1-422) productively and preferentially 

interacts with full length wild type atlastin to inhibit its fusion activity in vivo.  

 

Figure 2.10: The middle domain is required for the in vitro inhibition of fusion by 
the N-terminal cytoplasmic domain of atl. (A) Domain structure of atl and the soluble 
atl fragments added acutely to fusion reactions between wild type atlastin 
proteoliposomes. (B) Kinetic fusion graph of unlabeled atl acceptor proteoliposomes 
fused with equimolar amounts of fluorescently labeled atl donor proteoliposomes (black) 
with increasing amounts of GST-atl(1–422)-His8 (shades of gray) added to the reaction. 
(C) The extent of fusion at 60 min is represented in a histogram as the percentage of 
fusion without any soluble domains added to the reaction. 
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Figure 2.11: Variable overexpression of the atlastin N-terminal cytoplasmic 
domain dominantly inhibits wild type atlastin function in vivo. Cos7 cells 
overexpressing wild type, HA-tagged atl, and myc-tagged atl(1–422) show a reduction in 
a punctate, fused ER morphology phenotype. (A–C) Cos7 cells expressing both full-
length atl and atl(1–422) show a relatively normal ER phenotype (empty arrowheads). 

J 
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Asterisk indicates a cell expressing full-length atl only and shows an abnormal, punctate 
ER phenotype. (D–F) Cos7 cells expressing full-length atl and varying levels of atl(1–
422) show a mix of a normal ER phenotype (empty arrowheads) and a fused ER 
phenotype (white arrowheads). (G–I) Cos7 cells coexpressing atl and atl(1–422) 
representing a fused ER phenotype (white arrowhead) and a partially fused ER (gray 
arrowhead). Insets in A and D give a magnified view and increased color contrast of the 
outlined region of a cell showing the normal ER phenotype. Empty arrowheads indicate 
wild type ER, where wild type atlastin is inhibited by coexpression of atl(1–422). Gray 
arrowheads show the partially fused ER phenotype, where wild type atlastin activity is 
partially inhibited by atl(1–422). White arrowheads illustrate fully fused ER, where there 
is minimal or no effect of atl(1–422). (Scale bar: 10 μm.) (J) The data shown in (A-I) are 
quantified as fused ER (green, white-filled triangle), partially fused ER (blue; gray-filled 
triangle), or normal ER (red; empty triangle). Note that 100% of the cells present a fused 
ER morphology when expressing only wild type atlastin. Data from seven independent 
transfections and ~700 cells were counted for this analysis.  

2.6.7. Atlastin Dimerization is Required For Enzymatic Activity 

While we know that atlastin GTPase activity is required for membrane 

fusion, we know very little regarding the enzymatic properties of atlastin.  To 

address this issue, we measured Michaelis-Menten kinetics for full-length GST-

Datl in detergent and reconstituted into proteoliposomes using a coupled 

enzymatic assay that quantifies inorganic phosphate production (EnzChek)  

Figure 2.12A shows a plot of initial velocity versus GTP concentration.  

Surprisingly, we observed that reconstitution significantly improved the maximum 

velocity of this enzyme even though the amount of enzyme assayed in 

proteoliposomes is half (0.5 µM) of that in detergent (1 µM) (Figure 2.12 C).  We 

interpret this increased activity as an improved ability of atlastin to dimerize in the 

confines of a membrane, rather than within or between detergent micelles.   
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Protein Km, µM Vmax, µM Pi/min 

GST-atl (liposomes) 4.5    0.5 1.7    0.5 

GST-atl (TX-100) 7.5     0.5 1.1    0.5 

atl (1-422)        0.4 2.2    0.5 

atl (1-328) 218        0.3    0.11 

 

Figure 2.12: The atlastin middle domain is required for nucleotide-dependent 
atlastin dimerization and normal GTP activity. A) Graph of the initial velocities of GTP 
hydrolysis versus GTP concentration of wild type atlastin solubilized in detergent or 
reconstituted into synthetic liposomes. The turnover number (Kcat) is increased about 
threefold when atl is reconstituted into liposomes, whereas the nucleotide affinity is 
largely unaffected. B) Initial velocities of GTP hydrolysis by the N-terminal cytoplasmic 
domain, atl(1–422), and the isolated GTPase domain, atl(1–328). The maximum velocity 
of atl(1–422) is greater than full-length atlastin in detergent. The GTPase activity is 
almost completely eliminated in atl(1–328), which lacks the middle domain. The data are 
fitted with the Michaelis–Menten equation. (Error bars: SEM; n = 3.) C) Table for kinetic 
parameters for atlastin GTPase activity. (TX-100 refers to protein in detergent). 

 

Next, we examined the activity of the N-terminal cytoplasmic domain (Atl 

(1-422).  The N-terminal cytoplasmic domain was even more active than the 

reconstituted full length protein (Figure 2.12B and C) suggesting that the regions 
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of atlastin responsible for oligomerization and enzymatic activation reside in this 

domain.  Given that other large GTPases like dynamin and GBP1 dimerize 

through contacts within the GTPase domain, we produced an additional construct 

that expressed the isolated GTPase domain (Atl (1-328).  However, we found 

that the GTPase domain alone was not sufficient to produce an active enzyme at 

the same concentration (0.5 µM) as the other protein examined (Figure 2.12B).  

The Atl (1-328) protein is not simply a misfolded protein because it shows a 

concentration dependent increase in activity at very high GTP concentrations (up 

1 mM). These results suggest that the GTPase domain alone is not sufficient to 

provide a stable interaction platform for GTP hydrolysis.  

These (in vivo and in vitro) data show that the GTPase domain as well as 

the 3HB domain is required for atlastin oligomerization. 

2.6.8 Atlastin Oligomerization in vivo 

 Little is known about the oligomeric state of atlastin in vivo. We attempted 

to use Bimolecular Fluorescence Complementation assay (BiFC) to validate the 

oligomerization results attained from various techniques like gel filtration, 

coimmunoprecipitation and analytical centrifugation (Moss et al., 2011; Pendin et 

al., 2011; Zhu et al., 2003). BiFC has been used in many cell types and 

organisms to visualize protein-protein interactions in their cellular environment 

(Kerppola, 2006). The BiFC approach is based on the interaction of two non-

fluorescent fragments of Yellow Fluorescent Protein (YFP) fused to proteins of 

interest. If the proteins interact, the YFP fragments will interact and fluoresce. 
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Location and intensity of the BiFC complex has been used to study a variety of 

interactions including membrane proteins, transcription factors, and nuclear 

proteins (Kerppola, 2006).  

The Regan lab at Yale University has shown that YFP fragment 

interactions can be used to detect transient and weak interactions (Magliery et 

al., 2005). YFP fragments have been successfully used in living Cos-7 cells to 

study the interaction of bZIP and Rel family transcription factors (Hu et al., 2002). 

In HEK293 cells, it was shown that the fragments of venus, a variant of YFP, do 

not associate with each other without the interaction of proteins fused to the 

fragments (Hoff et al., 2009). Dr. Joff Silberg was very kind in providing us with 

constructs of venus fragments.  

We also studied the effect of different concentrations of full length of 

atlastin in Cos-7 cells by live cell imaging. Atlastin has been found to be present 

in ER tubules and at three way junctions. Overexpression of atlastin results in 

aberrant sheet like structures (Hu et al., 2009). However, a careful study on 

different phenotypes of atlastin and its mutants had not been previously done. 

We observed that the level of expression of atlastin changed the structure of the 

ER in most cells from reticular to aggregate like structures. As the expression of 

atlastin decreased, more cells had reticular ER with punctate dots at three way 

junctions in comparison to low level expression of Drosophila atlastin in Cos-7 

cells. We hypothesized that the punctate dots may be a result of overexpression 

of an ER protein causing stress. Therefore, we overexpressed mCherry-Sec61, 

but did not see a punctate phenotype in the ER (data not shown). 
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We analyzed BiFC of the N-terminal half of venus (1-173aa; N173) and C-

terminal venus (155-243aa; C155) fused to atlastin in Cos-7 cells. Cells 

transiently co-transfected for 48 hours with both venus-atlastin fusion proteins 

resulted in punctate fluorescence of the ER showing that atlastin is homo-

oligomerizing (Orso et al., 2009; Zhu et al., 2003). We interpreted this result 

based on the observation that wild type atlastin was disrupting the ER and the 

punctate dots were the expected phenotype. We confirmed that the venus-

fragments were not fluorescent when expressed alone. As another control, we 

expressed N173-atl and C155 tag alone, yet we still saw fluorescence. In 

HEK293 cells, it was shown that the fragments of venus do not associate with 

each other without the interaction of proteins fused to the fragments (Hoff et al., 

2009). Fluorescence between tagged and untagged fragments may indicate that 

the proteins are expressed in a very high concentration, above cellular level and 

therefore, the possibility of false positives is high. 

Non-specific interaction issues were tested by DNA titration of C155-

atl/N173-atl and C155 tag/N173-atl to ensure the control does not fluoresce. 

Untagged C155/N173-atl resulted in fluorescence as well, this may be because 

C155 is not anchored to a protein, potentially interacting nonspecifically with 

N173. Spontaneous interaction between C155 and N173 may decrease if they 

are fused to proteins that did not interact with each other. Therefore, we used 

C155-Sec61β as a negative control as there is no known interaction between 

atlastin and Sec61β. We performed a DNA titration for C155-atl/N173-atl and 

C155-Sec61β/N173-atl and learned that passage number of cells affects the 
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transfection efficiency. Also, as venus complex formation is a relatively quick 

process, decreasing the incubation time after transfection from 48 hours to 16 

hours also reduced non-specific interactions. At 60,000 cells/mL, cells passage 

numbers of 3-12 and at 200 ng total DNA concentration, BiFC was observed in 

cells transfected with C155-atl and N173-atl, but not in the control. 

As a positive control and to compare BiFC results, we decided to use wild 

type atl tagged with intact venus. We titrated venus-atl in Cos-7 cells. We show 

that Drosophila atlastin expressed in Cos-7 cells has a wide variety of 

phenotypes. Three different concentrations of DNA were tested for wild type 

Drosophila atlastin in live cells. The highest DNA concentration (1000 ng DNA) 

transfections showed some cells that had punctate spots on reticular ER, 

probably three way junctions, while other cells showed aggregate like structures 

which may be due to hyper fusion (Figure 2.13 (A-C)). Also, there were a small 

percentage of cells that had a complete reticular ER. A medium concentration 

(666 ng) of wild type atlastin DNA showed a higher percentage of cells that had 

reticular ER with punctate spots (Figure 2.13 (D-F)). The lowest concentration 

(333ng) of wild type atlastin DNA showed reticular ER throughout (Figure 2.13 

(G-I)).  This data is also supported by in vitro fusion assay where increased 

concentration of wild type protein in the liposomes resulted in increased fusion 

(Orso et al., 2009). Hence, atlastin mediated fusion is concentration dependent. 
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Figure 2.13: Mammalian cell expression of Drosophila atlastin. Cos-7 cells 
transfected with wild type atlastin 1000ng (A-C), 666ng (D-F), 333ng (G-I), and mCherry 
Sec-61 β. (Scare bar: 10µm.) 

 

After noting that venus-atlastin has a concentration dependent phenotype, 

we decided not to use BiFC to study oligomerization due to the high 

concentration of the non-fluorescent fragment partners resulting in non-specific 

interactions. Therefore, we needed to decrease the expression levels, and 

decreasing expression levels of atlastin results in reticular ER. Also, BiFC study 

is finicky as the fluorescence as the fluorescence is dependent on the passage 

number of the cells. 
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2.7. Conclusion 

We have developed a working hypothesis describing how atlastin may 

function in the membrane fusion (Figure 2.14). An atlastin cis-oligomer (possibly 

a dimer) sits in the same ER membrane, the oligomer dissociates (perhaps due 

to nucleotide binding) resulting in a monomer. The monomer atlastin can now 

bind to another monomer atlastin on the adjacent membrane forming a trans-

oligomer, which may also be dependent on nucleotide binding. The 3HB allows 

for this dimerization and the C-terminal tail causes bilayer perturbation. As a 

result, the two ER membranes fuse and cis-atlastin oligomer is again formed. 

 

Figure 2.14: Proposed mechanism of membrane fusion with atlastin. Atlastin is 
embedded in the membrane with the two transmembrane domains, GTPase domain 
(green) and C-terminal tail facing the cytosol. This is a working model for membrane 
fusion mediated by atlastin.  a) Prefusion monomers of atlastin (form 2) in lipid bilayer. b) 
GTP bound monomers. c) Docking through GTPase domain. d) GTPase domain rotation 
and 3HB interaction to form stable atlastin dimer. e) Hemifusion. f) Postfusion atlastin 
(form 1) in a single membrane. (Moss et al., 2011) 

 

This chapter tested the function of C-terminal tail during membrane fusion. 

We now know that the C-terminal tail is important through truncations and 

mutants, but its role can be superseded by an unstable lipid environment. We 
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also studied the importance of the 3HB and showed that it is necessary in 

dimerization of atlastin monomers through atl truncations and mutations.  

Recent years have revealed many insights for the mechanism of atlastin 

function based on structural and biochemical experiments. However, many 

questions do remain unanswered, for example, how is atlastin regulated, if it is 

regulated? When does GTP hydrolysis occurs? Is it a monomer or a dimer or 

even a tetramer before fusion? What causes atlastin to fuse? More indepth study 

is needed to understand the fusion cycle of atlastin.  

Atlastin-1 belongs to a group of genes that causes Hereditary Spastic  

Paraplegia. It’s is a neurodegenerative disorder that causes paralysis of the 

lower limbs due to axonal degeneration.  Atlastin belongs to the dynamin 

superfamily GTPases that is localized to the ER. ER dysfunction is one of the 

main reasons for HSP (Depienne et al., 2007). Loss of a functional ER can cause 

misfolding of proteins, disruption in protein transport, and it can also lead to 

disordered calcium homeostatis leading to leading to ER stress that may lead to 

a neurodegenerative disorder. Loss of ER integrity due to perturbed membrane 

fusion by pathological mutations in atlastin suggests that HSP may be 

consequence of ER stress. Understanding the molecular basis of atlastin function 

may help in diagnostic applications and may explain HSP pathogenesis. 
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2.8. Materials and Methods 

2.8.1. Molecular Biology 

pJM 830 (venus-atl in pMTa): atl gene was cut and pasted from pJM678 into 

pJM816. Venus gene was PCR generated from pJM 793 using oligos 740 

(venus-Spe-5’-GCACTAGTATGGGCCCAGCCTT-3’) and 732 (KpnI venus A- 5’-

CGGGTACCATGGTGAGCAAG-3’) and inserted into pJM 816.  

pJM 810 (C155-atl in pMTa): pJM 794 was used to PCR C155 with primer 724- 

(C155 forward-5’- CGGGTACCATGGACAAGCAGAAGAAC) and primer 729 

(linker GCN4 SpeI reverse- 5’-GCACTAGTCAGTTTGCCGCT). The PCR product 

was digested with KpnI and SpeI and ligated into pJM 816 digested with the 

same enzymes. 

pJM 811 (N173-atl in pMTa): pJM 795 was used to PCR N173 with primers 725-

(N173 forward- CCGGTACCATGGAAACCGTGAGC-3’) and primer 729. The 

PCR product was digested with KpnI and SpeI and ligated into pJM 816 digested 

with the same enzymes. 

pJM 850 (venus-atl in pCDNA 3.1): pJM 830 was digested with KpnI and XhoI 

and inserted into pJM 682 digested with the same enzymes. 

pJM 844(C155-atl in pCDNA 3.1): pJM 810 was digested with KpnI and XhoI and 

inserted into pJM 682 digested with the same enzymes. 

pJM 845 (N173-atl in pCDNA 3.1): pJM 811 was digested with KpnI and XhoI 

and inserted into pJM 682 digested with the same enzymes. 
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pJM 879 (mCherry-Sec61 in pCDNA3.1): Sec61 Beta was PCRed using oligos 

780 (5’ EcoRI sec61-5’-CGAATTCATGCCTGGTCCGACC-3’) and 781 (3’ 

Sec61stop xhoI-5’ GCCTCGAGTTACGAACGATGTTA-3’) and digested with 

EcoRI and XhoI. The Sec61 PCR was pasted in an intermediate clone(mCherry-

pJM 682 clone-mCherry PCRed from pJM 644 using oligos 782 (3’-mcherry 

ecoRI-5’- ATGAATTCCTTGTACAGCTCGTCCATGCCGCCG-3’) and 763 (KpnI 

mCherry-5’-ATGGTACCCGCCACCATGGTGAGCAA-3’) and then cut and 

pasted with EcoRI and KpnI into pJM 682. 

pJM 869 (C155 stop in pCDNA3.1) : PCR C155 from pJM 844 with primers 724 

and 776 (C155 reverse stop xhoI-5’- GCCTCGAGCTACAGTTTGCGGCTG-3’). 

Digested the PCR product with Kpni and XhoI and insert into pJM 844 digested 

with the same enzymes. 

To generate pJM 882 (atl L482K in modified pGEX4T3), point mutation L482K 

was generated by overlap PCR using primers atl L482K_FWD 

(CGACTTTGGCGGCAAGAAGGATGACTTTGCAAC) and atl L482K_RVS 

(GTTGCAAAGTCATCCTTCTTGCCGCCAAAGTCG). The point mutation PCR 

product was further amplified by PCR using primers BamHI-Dm_Atl 

(CCGGATCCATGGGCGGATCGGC) and Dm_Atl-XhoI (w/ostop) 

(ATCTCGAGTGACCGCTTCACC). The PCR product was then digested with 

BamHI and XhoI and ligated into pJM 681 cut with the same enzymes. 

To generate pJM 863 (atl F478K in modified pGEX4T3), point mutation F478K 

was generated by overlap PCR using primers atl F478K_FWD 
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(GGAGAGCTCAGCGACAAAGGCGGCAAGTTGGATG) and atl F478K_RVS 

(CATCCAACTTGCCGCCTTTGTCGCTGAGCTCTCC). The point mutation PCR 

product was further amplified by PCR using primers BamHI-Dm_Atl 

(CCGGATCCATGGGCGGATCGGC) and Dm_Atl-XhoI (w/ostop) 

(ATCTCGAGTGACCGCTTCACC). The PCR product was then digested with 

BamHI and XhoI and ligated into pJM 681 cut with the same enzymes. 

To generate pJM 928 (atl F478K;L482K in modified pGEX4T3), point mutations 

F478K;L482K was generated by overlap PCR using primers atl F478K L482K 

FWD (CTCAGCGACAAAGGCGGCAAGAAGGATGACTT) and atl F478K 

L482K_RVS (AAGTCATCCTTCTTGCCGCCTTTGTCGCTGAG). The point 

mutation PCR product was further amplified by PCR using primers BamHI-

Dm_Atl (CCGGATCCATGGGCGGATCGGC) and Dm_Atl-XhoI (w/ostop) 

(ATCTCGAGTGACCGCTTCACC). The PCR product was then digested with 

BamHI and XhoI and ligated into pJM 681 cut with the same enzymes. 

Constructs pJM 705 and pJM 706 have been described previously (Moss et al., 

2011). 

2.8.2. Protein Expression and Purification 

GST-tagged proteins were purified starting by transforming E. coli 

BL21(DE3) (Stratagene) cells with the respective expression plasmid.  Colonies 

grown overnight were picked to start pre-precultures in 5 ml LB + Amp.  The pre-

precultures were used to start 50 ml precultures that were grown overnight at 

25°C.  The cells from the 50 ml precultures were pelleted at 3,000 rpm 
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(~2,000xg) for 15 min using an Allegra tabletop centrifuge at room temperature.  

The cell pellet was used to seed 2 to 4 L cultures with a starting density of about 

0.1 to 0.2 optical density (OD) at 600 nm.  The cultures were maintained at 25°C 

up to a desirable density (OD = 0.4 to 0.5) at which time the culture was moved 

to a 16°C incubator.  After 10 mins at 16°C, protein expression was induced with 

0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and the cultures were 

grown overnight (~16 hours) at 16°C.  The cells were harvested, washed with 25 

mM HEPES (pH 7.4) and 200 mM KCl and lysed in breaking buffer (25 mM 

HEPES (pH 7.4), 200 mM KCl, 10% glycerol, 2 mM 2-mercaptoethanol (βME), 

4% Triton X-100 and 1X complete protease inhibitor cocktail (Roche)) by 

passage through an Emulsiflex C-3 high pressure homogenizer (Avestin) twice at 

15,000- 20,000 psi.  Cell extracts were cleared by centrifugation at 125,000 x 

(~186,000xg) for 30 min using a Type 45-Ti rotor in an Optima LE-80K 

ultracentrifuge (Beckman) at 4°C.  Cleared extracts were incubated with Ni Fast 

Flow beads for 30 mins at 4˚C. The Ni bead-bound protein was washed with 

10mL of 25 mM HEPES (pH 7.4), 400 mM KCl, 10% glycerol, 2 mM βME and 1% 

Triton X-100. The cells were then washed with 10mL of 25 mM HEPES (pH 7.4), 

100 mM KCl, 10% glycerol, 2 mM βME and 1% Triton X-100 and then washed 

again with 10 mL of 25 mM HEPES (pH 7.4), 100 mM KCl, 10% glycerol, 2 mM 

βME, 1% Triton X-100 and 0.1 M Imidazole. The Ni bound protein was then 

eluted with 25 mM HEPES (pH 7.4), 100 mM KCl, 10% glycerol, 2 mM βME, 1% 

Triton X-100 and 0.5M Imidazole twice. The elutions were combined and 

incubated with 90 mg of swelled glutathione (GSH)-agarose beads (Sigma) for 1 
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hr at 4˚C. GST-tagged proteins that have at least one transmembrane domain 

(pJM681, -705, -706, -863, -866, -868, and -882) were purified as follows.  The 

GSH bead-bound protein was washed with 25 mM HEPES (pH 7.4), 100 mM 

KCl, 10% glycerol, 2 mM βME, 1% Triton X-100, and 1 mM EDTA .  The protein 

was washed 5 more times with 10 ml of 25 mM HEPES (pH 7.4), 100 mM KCl, 

10% glycerol, 2mM βME, 0.1% anapoe X-100, and 1mM EDTA.  The protein was 

eluted from GSH-agarose with 25 mM HEPES (pH 7.4), 100 mM KCl, 10% 

glycerol, 2 mM βME, 0.1% anapoe X-100, 1 mM EDTA, and 10 mM GSH.  

The proteins were analyzed by SDS-PAGE and Coomassie stain and the 

protein concentration was determined by amido black protein assay33.  Frozen 

aliquots were stored at -80°C. 

2.8.3. Production of Atlastin proteoliposomes 

Purified atlastin protein was inserted into preformed liposomes to 

determine its fusion capacity. 

Liposomes were prepared by extrusion method. Unlabeled lipid mixes 

(POPC: DOPS, 85:15 mole ratio), unless otherwise stated, and labeled lipid 

mixes (POPC:DOPS: Rhodamine-DPPE: NBD-DPPE, 83:15:1.5:1.5 mole ratio), 

unless otherwise stated,  in cholorform were dried under a stream of N2 gas for 

15 min and then were further dried using in a vacuum chamber for 30 min. The 

lipid films were then resuspended in A100 buffer (25mM HEPES pH 7.4, 100mM 

KCL, 10% Glycerol, 2mM BME and 1mM EDTA) to final lipid concentration of 

about 10mM. Larger Unilamelar Vesicles (LUVs) were formed by 10 repeated 
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freeze-thaw cycles in liquid N2 and room temperature water. Liposomes of 

100nm were formed by extruding the LUVs through polycarbonate filters with a 

100nm pore size (Avanti Polar Lipids). All of the lipid mixes included trace 

amounts of 3H-lipid to determine the lipid concentrations by liquid scintillation 

counting. 

Atlastin proteoliposomes were prepared by reconstituting purified GST 

tagged atlastin in both labeled and unlabeled 100nm liposomes by detergent 

assisted insertion method. Preformed liposomes were added to protein in 

detergent at an effective detergent to lipid concentration of 1. The effective 

detergent to lipid ratio (Reff) was determined by the following equation: 

            
      

       
 

Equation 2.1: Detergent saturation of liposomes. 

Where Dtotal is the total detergent concentration and Dwater is the monomeric 

detergent concentration (0.18mM) in the presence of detergent (Rigaud and 

Lévy, 2003). The protein and lipid were mixed for 1 hour at 4°C. Detergent was 

removed by BioBeads®SM-2 adsorbant (BioRad) overnight at 4°C and the 

BioBeads were periodically exchanged with fresh ones. Insoluble protein 

aggregates were pelleted by 16,000xg for 10 min or for 2 min at 16,000xg, for 

liposomes with PE lipid, in a microfuge at 4°C. Final lipid and protein 

concentrations were determined by liquid scintillation counting and amido black 

protein assay, respectively. These proteoliposomes were used for measuring 
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membrane fusion. 

2.8.4. In vitro Fusion Assay 

 Fusion assays were based on previously described method (Scott et al., 

2003) used for analyzing SNARE-mediated fusion in vitro with the following 

modifications. Labeled and unlabeled populations of atlastin proteoliposomes 

(0.15mM each) were mixed in the presence of 1mM GTP and brought to a total 

volume of 45uL with A100 buffer in a well of 96-well Fluoronunc polysorp plate 

(Nunc). The samples in the plate were incubated at 37°C in fluorescent plate 

reader (Infinited m200, TECAN) for 5 min. To each well 5µL of 50 mM Mg2+ was 

added and NBD (7-nitrobenzo-2-oxa-1,3-diazole) fluorescence was measured 

(excitation 460nm, emission 538nm) at 1 min intervals for 60 min with 1s shaking 

after every read. To determine the absolute NBD fluorescence 10 µL of 2.5% 

(w/v) n-dodecylmaltoside was added at 60 min. Data was normalized to total 

fluorescence. 

 The fusion measurement depends upon head group labeled lipids in the 

labeled populations of liposomes. The NBD and rhodamine labeled lipids are at a 

concentration (1.5 mole% each) where the fluorescence of NBD is quenched by 

the rhodamine. Under fusion conditions when liposomes fuse and mix their lipids 

the fusion of labeled liposomes with unlabeled liposomes dilutes the 

concentration of the labeled lipids 2 fold resulting in a relief of FRET and increase 

in NBD fluorescence. We measure an increase in NBD fluorescence over time as 

a representation of membrane fusion. 
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The data are normalized to maximum fluorescence after addition of detergent 

and are represented as a plot of percent of maximum fluorescence intensity (% 

of maximum) over time. 

2.8.5. GTPase Assay 

 Atlastin is a GTPase protein. To determine its GTPase activity, EnzChek® 

Phosphate assay kit (Invitrogen) was used. A standard protocol for GTPase 

measurements involved mixing recombinant atlastin in a 100 µL reaction volume 

with 1U/mL purine nucleoside phosphorylase (PNP), 200 µM 2-amino-6-

mercapto-7-methylpurine riboside (MESG) and GTP in a transparent 96 well half 

area plate. The plates were warmed at 37°C in a microplate reader (Infinite 

M200, TECAN) and 5 mM Mg2+ was added to start the reaction. In the presence 

of inorganic phosphate, PNP catalyzes the conversion of MESG to ribose 1-

phosphate and 2-amino-6-mercapto-7-methylpurine resulting in a 

spectrophotometric shift in absorbance from 330nm to 360nm. The absorbance 

increase at 360nm was measure in real time every 30 sec over 20 min. 

 GTPase assay data were analyzed by determining the initial rates of 

phosphate release as measured by the increase in absorbance at 360nm and 

normalizing the data to a phosphate standard.  

 

  
          

        
 

Equation 2.2: Michaelis-Menten equation 
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2.8.6. Cell Culture 

2.8.6.1. Thawing Cells 

Frozen Cos-7 cells (ATCC) were thawed in a 37°C water bath.The cell 

suspension from the vial was removed and added drop wise to 10mL pre-

warmed Cos-7 medium (DMEM 10% FBS and Penicillin 100IU, Streptomycin 

100µg/mL). The cells were pelleted by centrifugation at 1000rpm for 5 minutes in 

Allegra X22. Medium was aspirated and the cells were gently resuspended in 

fresh Cos-7 medium. Cell suspension was placed overnight at 37°C, 5% CO2, in 

T-25 flask and media was replaced the next day. Cells were passaged after they 

reached 70% confluency. 

2.8.6.2. Maintenance 

Cells were passed when they are at 70-80% confluency until passage 

number 25. Old media was aspirated from the flask (T-25) and cells were 

washed with 1X PBS to remove any residual medium. Cells were then incubated 

with trypsin/EDTA solution at 37°C for a few minutes to allow cells to detach from 

the surface of the flask. Fresh media was then added to stop Trypsin’s activity. 

The cells were spun at 1000rpm for 5 min in Allegra X22. The media was 

replaced with 1X PBS to wash away any trypsin. The cells were spun again and 

fresh media was added to obtain desired seeding density. The cells are then 

placed in a T-25 ventilated flask to grow further. Cells were passed every 3 days 

depending on the confluence. 
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2.8.6.3. Freezing Cells 

Old media was aspirated from cell culture flasks and washed cells with 1X 

PBS. Cells were trypsinized in the flask and fresh media was added and pipetted 

up and down to make sure the cells were not clumped. Cells were pelleted by 

centrifuging at 1000 rpm for 5 min and supernatant was removed. Cells were 

resuspended in pre-chilled freezing media (7.5% DMSO in Cos-7 cells media) 

such that the concentration was between 1 and 5X106 cells per mL and 

dispensed cell suspension in freezer vials and placed the vials in Mr. Frosty (that 

is at room temperature) and kept at -80°C. After one day, the vials were placed in 

liquid nitrogen. 

2.8.6.4. Transfections 

Plasmids were transfected into COS7 (ATCC) cells using TransIT-COS 

(Mirus) transfection reagent as per manufacturer’s protocol. The cells were 

plated at 60,000 cells per mL (unless otherwise indicated) the day before 

transfection on a coverslip in a 24-well plate and grown in DMEM with 10% FBS 

and penicillin 100IU/streptromycin 100 µg/mL. Cells were imaged after 16 -18 

hours of transfection unless otherwise indicated. 

 

2.8.6.5. Imaging 

Live cells were imaged on a Zeiss LSM 710 confocal microscope using a 

100X oil immersion objective. mCherry was excited with a 543 helium-neon laser. 

The emission was filtered with a main beam splitter 458/543 and 578-696nm 
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wavelengths were collected. GFP was excited at 488nm. The emission was 

filtered with a main beam splitter 488 and 493-598nm wavelengths were 

collected.  

Images were processed in Fiji (http://fiji.sc) and Illustrator (Adobe). 
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Chapter 3 

Regulation of SNARE Proteins by Munc18 

Family in vitro 

3.1. SNARE Hypothesis 

Studies in a variety of eukaryotic systems have led to the identification of a 

family of proteins that function in membrane fusion using a mechanism highly 

conserved through evolution (Jahn and Scheller, 2006). In its simplest form, the 

SNARE hypothesis states that the fusion of a donor membrane with its target is 

mediated by the specific pairing of target (t)-SNAREs with a cognate vesicle (v)-

SNARE (Jahn and Scheller, 2006). Specific v- and t-SNARE combinations are 

involved in all membrane trafficking events in eukaryotic cells (Jahn and Scheller, 

2006). Multiple lines of evidence indicate that SNARE proteins constitute the 

minimal machinery required for bilayer fusion (Jahn and Scheller, 2006). 

Importantly, reconstitution of t-SNARE and v-SNARE proteins in synthetic donor 

and acceptor liposomes drives fusion of the two populations (Weber et al., 1998). 

Although the use of this in vitro fusion assay clearly indicates that the formation 

of specific SNARE complexes is sufficient to catalyze membrane fusion, this 

fusion occurs at a rate far slower than that observed in physiological 

systems (Weber et al., 1998). Biochemical and genetic approaches have 
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implicated other proteins as being required for the regulation of SNARE complex 

formation. One such family is the Sec1p/Munc18 (SM) proteins (Jahn, 2000). 

3.2. SM proteins regulate SNARE proteins 

Sec1/Munc18 (SM) proteins play a diverse regulatory role in membrane 

fusion.  They are highly conserved and have been identified in various organisms 

such as plants, invertebrates and mammals (Dresbach et al., 1998; Pevsner et 

al., 1994a; Salzberg et al., 1993).The first SM protein gene, Unc-18 (for 

uncoordinated phenotype), was discovered in a Caenorhabditis elegans screen. 

Gene deletion of unc-18 leads to total paralysis in C. elegans (Brenner, 1974).  

In Drosophila, ROP is the only SM protein at the plasma membrane which 

regulates neurotransmission, while in yeast Sec1p regulates plasma membrane 

fusion. However, in mammals there are three isoforms of plasma membrane SM 

proteins: Munc18-1 (Munc18a), Munc18-2 (Munc18b) and Munc18-3 (Munc18c). 

The question that arises is why mammals need three different SM proteins at the 

plasma membrane when other organisms have only one. It could be that these 

proteins are tissue specific: Munc18a is localized to the brain while Munc18b and 

c are widely expressed except not in the neurons (Pevsner et al., 1994a; Weimer 

and Richmond, 2005). Or, these SM proteins could interact with different SNARE 

protein partners to control membrane fusion specificity, which may serve as an in 

vivo control.  
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3.2.1. Regulation by Munc18a 

Like the SNAREs, SM proteins are highly conserved through evolution, 

and understanding their precise role in membrane fusion represents an important 

question in cell biology (Jahn, 2000). Munc18a was originally identified as a 

Syntaxin1A (Sx1A)-binding protein whose binding to Sx1A precludes SNARE 

complex formation (Hata et al., 1993; Pevsner et al., 1994b). Consistent with this, 

crystallographic studies have revealed that Munc18a is an arch shaped molecule 

that cradles monomeric Sx1A in a closed conformation that is incompatible with 

the entry of Sx1A into SNARE complexes (Misura et al., 2000). These data 

support a model in which SM proteins hold their cognate syntaxins in a closed 

conformation and thus regulate SNARE complex assembly, perhaps by 

facilitating the switch of syntaxins from their closed to a more open 

conformation (Dulubova et al., 1999). The Munc18a/Sx1A crystal structure 

reveals contacts between the inner arch of Munc18a and almost the entire length 

of Sx1As cytosolic domain (Misura et al., 2000). 

In striking contrast to the interaction between Munc18a and Sx1A, the 

extreme N-terminal region of other syntaxins are both necessary and sufficient to 

capture their cognate SM proteins. For example, the N-terminal 44 residues of 

Sed5p are sufficient to bind the SM protein Sly1p (Bracher and Weissenhorn, 

2002; Yamaguchi et al., 2002). The crystal structure of this interaction reveals 

that the N-terminal peptide of the syntaxin inserts into a hydrophobic pocket on 

the outer face of the SM protein (Bracher and Weissenhorn, 2002). This 
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interaction is consistent with the SM protein binding to either a closed or open 

conformation of the syntaxin. The finding that different SM proteins bind their 

cognate syntaxins via strikingly different mechanisms has severely hampered 

formulation of a unifying hypothesis describing the mechanism(s) by which SM 

proteins regulate SNARE-mediated membrane fusion. Previously it has been 

demonstrated that the SM protein Vps45p uses two distinct modes of binding to 

interact with its cognate SNARE proteins throughout the SNARE complex 

assembly/disassembly cycle (Bryant and James, 2001; Carpp et al., 2006). 

Vps45p dissociates from its monomeric syntaxin prior to formation of trans-

SNARE complexes, and then re-associates following membrane fusion and the 

conversion of trans-SNARE complexes to cis-SNARE complexes (Bryant and 

James, 2001; Carpp et al., 2006). We suggest that all syntaxin/SM pairs interact 

using both of these modes of binding at different stages of the SNARE 

assembly/disassembly cycle. This model would allow the SM protein to prevent 

futile reformation of SNARE complexes following the action of the ATPase NSF, 

and allow the SNARE proteins to recycle for further rounds of membrane fusion. 

Since different syntaxin/SM pairs are likely subject to different levels of 

regulation, the rate-limiting step in the SNARE assembly/disassembly cycle may 

differ for different membrane trafficking pathways. Thus, in the case of 

Sx1A/Munc18a the SNARE complex controls a tightly regulated fusion pathway 

(regulated exocytosis), and Munc18a binds preferentially to Sx1A in the closed 

conformation with high affinity (Dulubova et al., 1999). In contrast, Sed5p/Sly1p 

is involved in constitutive trafficking pathways, and is likely regulated in a distinct 
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manner. The binding seen in vitro possibly reflects the highest affinity interaction, 

with the lower affinity interactions overlooked. 

This may be exemplified by Munc18a that cradles monomeric Sx1A in its 

closed conformation, as shown by the crystal structure described above (Misura 

et al., 2000). Mutant versions of Sx1A that are unable to adopt the closed 

conformation are unable to bind Munc18a in this manner(Dulubova et al., 1999). 

However, it has recently been demonstrated that Munc18a also binds to the 

assembled Sx1A-SNAP25-VAMP complex in which Sx1A is in a more open 

conformation (Shen et al., 2007), and also the N-terminal peptide of Sx1A in 

manner similar to that observed for Munc18c and Sly1p binding to Sx4 and 

Sed5p respectively (Burkhardt et al., 2008; Khvotchev et al., 2007). Similarly, 

Sec1p, which was originally thought to bind exclusively to assembled SNARE 

complexes (Carr et al., 1999), has recently been shown to bind to unassembled 

t-SNAREs (Scott et al., 2004). These observations underscore the need to 

accommodate multiple modes of interaction in any model describing SM protein 

function. 

3.2.2. Regulation by Munc18b 

Another ubiquitously expressed mammalian SM protein is Munc18b and it 

is largely found in the apical plasma membrane of epithelial cells. It is known to 

regulate mucin secretion in murine airway secretory cells and regulates fusion of 

AQP2 containing vesicles in the renal collecting duct (Davis and Dickey, 2008; 

Procino et al., 2008). Munc18b interacts with Syntaxin3, SNAP23 and VAMP8 at 
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the apical plasma membrane (Lehtonen et al., 1999) and may interact with 

Syntaxin2 as well (Kauppi et al., 2002) to regulate membrane trafficking. 

However, not much is known about how Munc18b regulates membrane 

trafficking in the epithelial cells. 

3.2.3. Regulation of Munc18c 

The third mammalian SM protein, Munc18c, regulates GLUT4-containing 

vesicles to the plasma membrane (Bryant et al., 2002). GLUT4-containing 

vesicles are mobilized to the cell surface in response to insulin binding its 

receptor, where they dock and fuse (Bryant et al., 2002). Studies in both fat and 

muscle cells have established that GLUT4-vesicle fusion is mediated by the SM 

protein Munc18c which binds with high affinity to the plasma membrane t-SNARE 

Sx4 (Tellam et al., 1997). Sx4 along with SNAP-23 forms a functional SNARE 

complex with the v-SNARE VAMP2, carried by GLUT4-containing 

vesicles (Tellam et al., 1997). Numerous studies have established the 

importance of these proteins in GLUT4 translocation (Bryant et al., 2002; 

Williams and Pessin, 2008). Homozygous knockout of Munc18c in mice results in 

an increased sensitivity of GLUT4 exocytosis in response to insulin, suggesting 

that Munc18c negatively regulates GLUT4 exocytosis (Kanda et al., 2005). In 

addition, over-production of Munc18c in 3T3-L1 adipocytes has been shown to 

inhibit insulin-stimulated GLUT4 translocation (Thurmond and Pessin, 2000; 

Thurmond et al., 1998, 2000). By contrast, Munc18c heterozygous knockout 

mice exhibit impaired insulin sensitivity (Oh et al., 2005). 
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 This chapter characterizes the functional relationship of Munc18c in 

membrane fusion with Sx4/SNAP23/VAMP2. Characterization of membrane 

fusion in a minimal system as the in vitro liposome fusion assay offers a powerful 

tool with which to finely dissect the mechanistic basis of SM protein function. 

3.3. Results and Discussion 

3.3.1. Munc18c and its Effect on its Cognate SNARE Complex 

Two different SM proteins have recently been shown to stimulate SNARE-

mediated liposome fusion (Scott et al., 2004; Shen et al., 2007). To assess 

whether this phenomenon is widely conserved, we examined the effect of the SM 

protein Munc18c on the liposome fusion assay catalyzed by 

Sx4/SNAP23/VAMP2 SNARE complex formation. Figure 3.1A shows the 

recombinant proteins used in this experiment. Bilayer fusion catalyzed by this 

SNARE complex was found to exhibit similar rates of fusion to that reported for 

the neuronal SNARE complex Sx1A/SNAP25/VAMP and the yeast exocytic 

SNARE complex Sso1p/Sec9p/Snc2p (Figure 3.1B) (Scott et al., 2004; Shen et 

al., 2007). Rates of fusion catalyzed by Sx1A/SNAP25/VAMP2 and 

Sso1p/Sec9p/Snc2p can be significantly enhanced by the addition of their 

cognate SM proteins, Munc18a and Sec1p, respectively (Scott et al., 2004; Shen 

et al., 2007). To investigate the role of Munc18c on Sx4/SNAP23/VAMP2 

mediated fusion, we added purified recombinant Munc18c to the liposome fusion 

assay presented in Figure 3.1B. Addition of Munc18c at molar ratios of either 2:1 

or 10:1 Munc18c:t-SNARE complexes inhibited liposome fusion catalyzed by this 
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SNARE complex in a dose-dependent manner (Figure 3.1C). Importantly, 

addition of an equivalent amount of Munc18a, an SM protein that does not bind 

to Sx4, had no effect on fusion (Figure 3.1D). To further validate this result, 

equimolar amounts of Munc18c and t-SNAREs were incubated prior to 

reconstitution into acceptor liposomes. Unbound Munc18c was removed by 

floatation of liposomes prior to assay. Figure 3.1E shows that pre-binding of 

Munc18c to Sx4/SNAP23 binary complexes in this manner completely abolished 

fusion. 
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Figure 3.1: Munc18c inhibits Syntaxin 4/SNAP-23/VAMP2-mediated bilayer 
fusion in vitro. A,B) VAMP2 and syntaxin 4/SNAP23 form a functional complex capable 
of fusing liposomes. (A) Coomassie blue stained gels of the recombinant proteins used 
in this study. Shown are samples of the t- and v- proteoliposomes used for fusion assay 
(10 µl each), the cytoplasmic domain of VAMP2 (VAMP2-cyto, 5 µg) and 5 µg of purified 
Munc18c were separated by SDS-PAGE and stained with Coomassie Blue. (B) 
Fluorescently labelled donor VAMP2 liposomes, 5 µl, were pre-incubated at 4°C 
overnight with 45 µl of unlabelled acceptor syntaxin 4/SNAP23 liposomes (with the 
addition of 2 µl of A200 to correct for volume) and fusion between the two vesicle 
populations monitored by measuring NBD fluorescence at 520 nm every 2 min (filled 
circles). As a control fluorescence was monitored with the addition of 2 µl of VAMP2-cyto 
(open circles). The fluorescence was converted into rounds of fusion as outlined 
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in (Scott et al., 2004). Data shown is representative of over 6 experiments of this 
type. C) Munc18c added to v-SNARE and t-SNARE vesicles inhibits fusion in a dose 
dependent manner. Munc18c, dialysed against glycerol free A200 buffer, was added 
directly to the fusion assay set up as outlined in panel A and the mixture incubated at 
4°C overnight. Fusion between the two vesicle populations in the absence (filled circles) 
and presence of Munc18c at two different ratios to syntaxin4/SNAP23 (2 1, filled 
triangles, 10 1, filled squares) was monitored by measuring NBD fluorescence at 520 nm 
every 2 min. As a control, fluorescence was monitored in each population in the 
presence of 2 µl of VAMP2-cyto (open circles, open triangles and open squares 
respectively). The fluorescence was converted into rounds of fusion as outlined (Scott et 
al., 2004). The experiment shown was repeated four times with quantitatively similar 
results. D) Munc18a does not inhibit fusion. Unlabeled acceptor liposomes containing 
the syntaxin4/SNAP23 t-SNARE complex (20 µl) were mixed with labelled VAMP2 
liposomes (2.8 µl) in a total reaction volume of 70 µl with or without Munc18a or 
Munc18c. The final concentration of t-SNAREs in the reaction was 3.7 µM protein and 
1.6 µM VAMP2. Munc18a or Munc18c were added at 10 µM. SNARE liposome were 
preincubated with SM proteins for 3 h at 4°C prior to fusion at 37°C and fusion assayed 
as in B. E) Munc18c pre-incubated with t-SNAREs prior to reconstitution inhibits fusion 
facilitated by VAMP2 and syntaxin 4/SNAP23. Equimolar amounts of Munc18c, dialysed 
against A200 buffer, and t-SNARE complex were mixed overnight at 4°C. As a control 
the same amount of t-SNARE was mixed overnight at 4°C with A200 buffer alone. OG 
was added to maintain the concentration at 1%. Reconstitution was then carried out as 
described and aliquots (10 µl) of t-SNARE vesicles analyzed by SDS-PAGE and 
Coomassie staining (left panel) the left hand panel. Fusion was monitored between 
vesicles containing t-SNAREs alone (filled circles) and t-SNAREs premixed with 
Munc18c (filled triangles) with v-SNARE vesicles. Data from a representative experiment 
is shown (right hand panel), repeated three times with quantitatively similar data. As a 
control, fusion was also monitored between vesicles containing t-SNAREs alone and v-
SNARE vesicles in the presence of excess VAMP2-cyto (open squares). N.B. Lower 
quantities of input SNAREs were employed due to dilution of t-SNAREs with Munc18c 
during the reconstitution, hence the fusion rates in this experiment are lower than those 
in B and C. Note that the addition of Munc18c reduced fusion by the same amount as 
VAMP2-cyto in these experiments. 
 
 

3.3.2. Munc18c binds the v-SNARE VAMP2 

Although most research on SM protein function is focused on their 

interaction with their cognate syntaxins, it is becoming apparent that interactions 

with non-syntaxin SNAREs also play an important role in a conserved feature of 

SM protein function. It has been shown that yeast SM protein Vps45p not only 

binds directly to its cognate syntaxin, Tlg2p, but also to the assembled SNARE 

complex as well as the v-SNARE Snc2p (Carpp et al., 2006). Similarly, in 



87 
 

addition to binding Sed5p and the assembled SNARE complex, Sly1p also binds 

directly to the non-syntaxin SNAREs Bet1p, Bos1p, Sft1p and Gos1p (Peng and 

Gallwitz, 2004). Likewise, in addition to its high affinity interaction with 

monomeric Sx1A, Munc18a also binds to the assembled Sx1A/SNAP25/VAMP2 

SNARE complex (Shen et al., 2007) and VAMP2 alone (Rodkey et al., 2008). 

Munc18c has been reported to bind directly to monomeric Sx4, and also to 

the assembled Sx4/SNAP23/VAMP2 SNARE complex (D’Andrea-Merrins et al., 

2007; Hu et al., 2003; Latham et al., 2006). Figure 3.2 demonstrates that 

Munc18c also binds directly to the SNARE motif of the v-SNARE VAMP2. 

Purified recombinant Munc18c binds to GST-fusion proteins harboring the 

cytosolic domains of Sx4 and VAMP2, but not those of the unrelated v-SNAREs 

VAMP4 and VAMP8 (Figure 3.2A). Quantification revealed that Munc18c binding 

to VAMP4 or VAMP8 was consistently less than 14% of that observed for 

VAMP2. The interaction of other SM proteins with v-SNAREs is mediated 

through the SNARE motif (Carpp et al., 2006; Peng and Gallwitz, 2004). 

Similarly, Figure 3.2B shows that Munc18c binds directly to the SNARE motif of 

VAMP2.  

3.3.3. Syntaxin4 Disrupts the Interaction of Munc18c with VAMP2 

The SM:v-SNARE interaction between Vps45p and Snc2p can be 

disrupted by the presence of the syntaxin Tlg2p (Carpp et al., 2006). With this in 

mind, we performed a series of competition experiments using untagged Sx4 and 

VAMP2 cytosolic domains (Figure 3.3). The addition of increasing amounts of 

VAMP2 had no effect on pre-formed complexes of Sx4:Munc18c (Figure 3.3A). 
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Figure 3.2: Munc18c binds directly to the 
cytosolic domains of Syntaxin4 and VAMP2. 
(A) 5 µg of either GST, or GST fused to the 
cytosolic domain of Sx4, VAMP2, VAMP 4 or 
VAMP 8, immobilised on glutathione Sepharose 
were incubated overnight at 4 C with 5 µg His-
tagged Munc18c in a volume of 500 µl. After 
extensive washing in binding buffer, SDS-PAGE 
and immunoblot analysis was used to determine 
which of the GST proteins Munc18c had bound 
to. Upper panel represents a Coomassie 
stained gel of input proteins; lower panel shows 
an immunoblot for bound Munc18c (B) The 
ability of Munc18c to bind to a version of GST-
VAMP2 harboring only the SNARE motif of the 
v-SNARE was assessed as in (A). Data are 
representative of four experiments of this type. 

 

 

 

 

 

 

 

In contrast, addition of Sx4 (but not the non-cognate syntaxin, Sx16) 

readily displaced VAMP2 from VAMP2:Munc18c complexes (Figure 3.3B). 
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Figure 3.3: Syntaxin4 disrupts the interaction of Munc18c with VAMP2. A) 5 µg of 
M18c was immobilised on Ni-NTA agarose and incubated overnight with an excess (10 
µg) of Sx4 cytosolic domain (residues 1–273) (final concentration 0.7 µM Munc18c, 3.3 
µM Sx4 in the initial incubation). After extensive washing, the pre-formed complex was 
subsequently incubated with increasing concentrations of VAMP2 cytosolic domain 
(residues 1–92) as indicated. Upper panel shows a Coomassie stained gel of the input 
proteins; lower panel shows an immunoblot of the beads probed with anti-Munc18c, or 
stained with Coomassie to show levels of Sx4. B) 5 µg of M18c was immobilised on Ni-
NTA agarose and incubated overnight with an excess (10 µg) of VAMP2 cytosolic 
domain (final concentration 0.7 µM Munc18c, 7 µM VAMP2 in the initial incubation). The 
upper panel (input) shows an immunoblot analysis of these beads after extensive 
washing confirming the presence of both Munc18c and VAMP2. This preformed complex 
was then incubated alone or with 250 µg of Sx4 cytosolic domain or (as a control) 250 
µg Sx16 cytosolic domain (residues 1–269) (both t-SNAREs at a final concentration 16.7 
µM), as indicated. Immunoblot analysis was again used to determine the amount of 
Munc18c and VAMP2 that remained bound following this challenge (lower panel). Data 
shown are representative of three experiments of this type. 
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A               B 

 

 

 

 

 

Figure 3.4: Fusion assays with different SNARE proteins to characterize Munc18c 
interaction. The data are represented as percent Maximum Fluorescence Intensity 
versus time. The solid black line is the background fusion; red diamonds are the SNARE 
only control and the blue diamonds are the proteoliposomes with Munc18b at 
stoichiometric concentration.  
 

 
SM proteins clearly play a central role in SNARE-mediated membrane 

traffic. Here we have focused on the SM protein, Munc18c, which regulates 

fusion mediated by the Sx4/SNAP23/VAMP2 complex. This complex regulates 

the delivery of GLUT4-containing vesicles to the surface of insulin-sensitive cells. 

In this study, we have shown that Munc18c inhibits membrane fusion catalysed 

by its cognate SNARE complex. Our findings are consistent with the observation 

that homozygous knockout of Munc18c in mice results in an increased sensitivity 

of GLUT4 exocytosis in response to insulin, suggesting that Munc18c negatively 

regulates GLUT4 exocytosis (Kanda et al., 2005). In addition, over-production of 

Munc18c in 3T3-L1 adipocytes has been shown to inhibit insulin-stimulated 

GLUT4 translocation (Thurmond and Pessin, 2000; Thurmond et al., 1998, 

2000). 
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However, others have reported a positive role for Munc18c in the insulin-

stimulated delivery of GLUT4 to the plasma membrane of adipocytes (Thurmond 

and Pessin, 2000; Thurmond et al., 2000). It is important to note that other SM 

proteins, Munc18a and Sec1p, accelerate fusion catalyzed by their cognate 

SNARE complexes in the liposome fusion assay (Scott et al., 2004; Shen et al., 

2007). Given the structural similarities between SM proteins (Jahn, 2000), it 

seems unlikely that different members of this family perform opposing regulatory 

functions. Hence, our finding that Munc18c inhibits rather than stimulates 

membrane fusion may indicate that Munc18c requires a further level of regulation 

in order to stimulate SNARE-mediated membrane fusion. One possibility is that 

SM proteins adopt distinct conformations within the cell. Indeed, we have 

previously characterised a dominant negative version of the yeast endocytic SM 

protein Vps45p which appears to be locked in a conformation that binds to the 

assembled SNARE complex (Carpp et al., 2006).  

It may be that the recombinant Munc18c used here favors an inactive 

conformation in vitro, whereas the proteins used to demonstrate a stimulatory 

effect of Munc18a and Sec1p favor an active conformation. It is possible that 

Munc18c, like other SM proteins (Gerst, 2003), is subject to post-translational 

modifications which may dictate its conformation. Indeed, Munc18c has been 

shown to be phosphorylated in response to multiple agonists in several cell 

types (Oh and Thurmond, 2006; Schmelzle et al., 2006; Umahara et al., 2008). 

Intriguingly, phosphorylation of Munc18c has recently been shown to decrease 

its interaction with Sx4 and promote an interaction with Doc2β (Jewell et al., 
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2008). Future research will focus on how such regulatory mechanisms operate 

on Munc18c to control the insulin-stimulated delivery of GLUT4 to the plasma 

membrane of adipocytes. 

Overall, we have shown that Munc18c inhibits membrane fusion by 

interacting with the assembled t-SNARE complex and the v-SNARE protein. 

3.3.4. Role of Munc18b in Membrane Fusion 

The goal of this project was to determine the functional relationship of 

Munc18b and other plasma membrane SNARE proteins. We set out to identify 

the key players involved in mucin secretion in the airway epithelium using the 

minimalistic in vitro fusion assay. 

Preliminary experiments with Munc18b, SM protein, indicate successfully 

inhibition of fusion of liposomes containing Syntaxin3a/SNAP23 and VAMP8 

(See Figure 3.5). In a fusion reaction, when 10uM of the total protein was added, 

~50% of the total protein was the degradation product. It was unclear if the 

inhibition observed was due to Munc18b or the degradation product. Therefore, it 

was necessary to have pure protein to be able to understand the effect of 

Munc18b.  

3.3.5. Purification of Munc18b 

To troubleshoot the problem of degradation, we purified Munc18b by 

affinity purification and then cation exchange or anion exchange. However, there 

was no significant improvement in the purity of the protein and due to double 

purification, the protein was even less concentrated. The protein was purified in 
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A200 salt with affinity purification and upon ion exchange, the protein was eluted 

at high salt concentration (A400). When we performed the fusion assay, we did 

not observe any inhibition or stimulation over SNARE only fusion, and we believe 

that the protein activity was lost due to the salt fluctuations during purification. 

 

Figure 3.5: Fusion assay with cognate SNARE proteins to characterize Munc18b 
interaction. The data is represented as percent Maximum Fluorescence Intensity 
versus time. The solid black line is the background fusion; red diamonds are the SNARE 
only and the green circles are the proteoliposomes with Munc18b. 

 

As ion exchange purification did not appear to reduce degradation 

products, we focused on preventing degradation by changing growth conditions. 

To that end, we tried various expression conditions as listed in the table below. 

However, no significant difference in protein purity was observed (Figure 3.6). All 

lanes showed significant levels of degradation. In lanes 1, 2 and 3, there is a 

doublet of similar size as Munc18b. Growth at 25°C and expression at 16°C 
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appeared to be the best condition out of all that were tried, but no significant 

improvement was observed. 

# 200mL 
culture 

Time  4L Time 

1 37°C ON 16°C ON 

2 37°C ON 37°C 4 hours 

3 25°C ON 25°C ON 

4 25°C ON 16°C ON 

 

Figure 3.6: Expression conditions and purification results for Munc18b. The table 
shows various expression conditions of the pre-culture and 4L culture for BL21 (DE3) 
cells. SDS PAGE gel with proteins purified with different expression conditions in BL21 
(DE3). The number on the gel corresponds to the numbers in the table above. Size of 
Munc18b is 67 kDa. There is a doublet that corresponds to the molecular weight of 
Munc18b and several other degradation bands. The gels for these protein purifcations 
were run separately and were put together here to show the difference between different 
expression conditions.” L” stands for Low molecular weight ladder from Biorad. 

 

Since BL21(DE3) cells did not show improvement in protein purity, we did 

small scale purifications with different expression conditions with Rosetta (DE3) 

and KRX cells. Rosetta cells are different from BL21(DE3) cells as they have 
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tRNAs for seven rare codons on a chloroamphenicol plasmid. Munc18b has 

some rare codons (codons rarely used by bacteria), and it is possible that the 

observed degradation products result from poor translation through these 

codons. If that was the case, Rosetta cells would have helped increase the yield 

of full length Munc18b. Like BL21 (DE3) cells, the T7 RNA polymerase is under 

the control of a leaky Lac promoter which is inducible by IPTG. According to the 

Promega notes, KRX cells have T7 RNA polymerase gene controlled by a 

rhamnose promoter. This promoter is very tightly controlled, unlike the IPTG 

induced T7 RNA polymerase in the BL21 (DE3) derived strains.  However, 

variation in different expression conditions in both cell types did not show any 

improvement in protein expression or protein degradation (data not shown). 

Since, different expression conditions and different cells did not produce a 

significant difference in the yield of Munc18b protein. We decided to make a new 

clone with GST tag on the N terminus and His tag on the C terminus, so that we 

could perform a double purification and theoretically get pure protein. The GST 

purification from BL21 (DE3) cells showed that the protein was all in the pellet 

(i.e. was insoluble). Insolubility of a protein can occur when it is translated too 

fast and/or is misfolded.  

However, our efforts to yield clean Munc18b protein were thwarted due to 

low yields and high degradation products even after trying several different 

methods for purification. We decided not to continue this project due to 

purification issues. 
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3.4. Conclusion 

 SM proteins are required for SNARE mediated membrane fusion. 

However, the mechanistic details of how SM proteins influence fusion are under 

study. In this chapter, we have shown that Munc18c inhibits membrane fusion of 

vesicles containing Stx4/SNAP23/VAMP2 in a dose dependent manner and that 

it makes contact with both the t and the v SNARE proteins. It was also shown 

that Munc18b may inhibit fusion of vesicles containing Stx3/SNAP23 and 

VAMP8, however, a cleaner purified protein is needed for results to be 

conclusive.  

SM proteins, Munc18a and Sec1p, accelerate membrane fusion; however, 

we have shown here that Munc18c inhibits fusion. Our findings indicate that 

Munc18c requires a further level of regulation in order to stimulate membrane 

fusion unlike its counterparts. It will be interesting to understand how Munc18c 

operates to control insulin-stimulated delivery of GLUT4 to the plasma membrane 

of adipocytes. 

Munc18c is a conserved SM protein involved in SNARE-mediated GLUT4 

exocytosis. Given the importance of both SNAREs and Munc18c in insulin 

signaling and glucose uptake, it is vital to understand the mechanism governing 

these SNARE-mediated exocytosis events. The molecular details of these 

processes still remain unclear after much study. However, targeting Munc18c 

pharmacologically may help improve glucose homeostatis in the blood and 

prevent obesity and Type 2 diabetes. 



97 
 

3.5. Materials and Methods 

3.5.1. Molecular Biology 

Rat GST-tagged Sx4 and GST-VAMP 2 and 3 were from R. Scheller. 

Human VAMP8 and human VAMP4 were from A. Peden. Munc18a-H6 (pJM546) 

plasmid encoding Munc18a-H6 in the pET28a vector was received from Dr. 

Jingshi Shen (University of Colorado at Boulder). . A mutant of VAMP2 lacking 

the first 30 amino acids was generated by PCR and expressed in pGEX4T-1 as 

an N-terminal GST-fusion protein. Protein A-tagged Sx16 cytosolic domain was 

generated by PCR from human syntaxin 16A (obtained from H. Stenmark) (Millar 

et al., 1999). 

Anti-Sx4, VAMP2, VAMP4 and VAMP8 and Munc18c were from Synaptic 

Systems.  

Lipids were from Avanti Polar Lipids and Triton ×100 and n-octyl-β-D-

glucopyranoside (OG) were from Sigma 

3.5.2. Protein Expression and Purification 

To purify the syntaxin 4/SNAP23 complex, plasmids containing the entire 

coding sequence of syntaxin 4 (pQE30) and an N-terminal GST-SNAP23 fusion 

(pET41a) were co transformed into BL21 DE3 cells and selected on dual 

antibiotic plates. Colonies were used to start an overnight culture, and the next 

day a further culture was grown (containing 500 µg/ml ampicillin and 50 µg/ml 
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kanamycin). This overnight culture was then used to inoculate 12 L of Terrific 

broth containing 200 µg ampicillin and 25 µg kanamycin, and was grown at 37°C 

with shaking at 250 rpm. An additional 100 µg ampicillin was added each hour. 

Protein expression was induced by the addition of IPTG to 1 mM when the cells 

reached an OD600 of approximately 0.6, and incubated overnight at 25°C with 

shaking at 250 rpm. 

The protein complex was purified using glutathione sepharose 

(Amersham). The cells were broken by two passes through a French press at 

950 p.s.i. in buffer A200 (25 mM HEPES pH 7.4, 200 mM KCL, 10% (w/v) 

glycerol and 2 mM β-mercaptoethanol) containing 4% Triton, complete protease 

inhibitors (Roche) and 2 mM PMSF. Insoluble matter was removed by 

centrifugation at 30,000×g for 1 h. The supernatant was incubated with 5 ml of 

pre-equilibrated glutathione sepharose overnight at 4°C. The beads were washed 

with 100 ml of A200 containing 1% Triton. The Triton was then exchanged for 

OG by washing the 10 times with 15 ml of A200 containing 1%OG. The beads 

were resuspended in an equal volume of A200 containing 1% OG and 125 Units 

of thrombin were added. The beads were incubated with rotation for 4 h at room 

temperature, following which the supernatant was collected, aliquoted, snap 

frozen and stored at −80°C until use. 

VAMP2 was expressed as a C-terminally tagged His6-myc fusion protein. 

The culture was grown to an OD600 of 0.8. Protein expression was then induced 

by the addition of 1 mM IPTG for 3 h at 37°C. Cells were resuspended, broken 
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and the cell lysate centrifuged as outlined for syntaxin 4/SNAP23. The VAMP2 

was then purified using Ni-NTA agarose. The beads were then washed once with 

100 ml of A200 containing 1% Triton ×100 and 15 mM imidazole. The Triton 

×100 was then exchanged for OG by washing the beads 10 times with 10 ml of 

A200 containing 1% OG and 15 mM imidazole. The protein was eluted from the 

beads with 3 ml of A200 containing 1% OG and 500 mM imidazole for 30 

minutes at 4°C. The supernatant was collected, aliquoted, snap frozen and 

stored at −80°C until use. 

Munc18c was expressed as an N terminal His6-fusion protein from the 

vector pQE30 in M15 cells co-transformed with a vector encoding GroEL. Cells 

were grown to an OD600 of 0.6 and expression of Munc18c was induced by 

adding 0.2 mM IPTG overnight at 25°C. Cells were broken by sonication in A400 

buffer (25 mM HEPES pH 7.4, 400 mM KCl, 10% (w/v) glycerol, 2 mM β-

mercaptoethanol) containing 10 mM Imidazole, EDTA-free complete protease 

inhibitors and 2 mM PMSF. Insoluble matter was removed by centrifguation. The 

supernatant was incubated with pre equilibrated Ni-NTA Agarose for 2 h. The 

beads were washed with 150 ml of A400 containing 15 mM Imidazole. Protein 

was eluted in A400 buffer with 500 mM imidazole for 1 h then dialysed against 

A200 without glycerol overnight. 

Munc18b was purified similarly as Munc18c unless otherwise stated. 

Munc18a (pJM 546) was expressed in BL21 cells. Cells were grown at 

37°C in 4L of SuperBroth (TekNova) to an OD600 of ~0.6 to 0.8. Protein was 



100 
 

induced with 1mM IPTG while shaking at 37°C. Cells were lysed in A150(25mM 

HEPES pH 7.4, 150mM KCl, 10% glycerol, 1 EDTA-free protease inhibitor tablet 

(Roche)) after centrifugation. The cell extract was spun in the ultra centrifuge at 

186,000xgmax for 1hour at 4°C. The extract was further filtered through sterile 

1.2M filter (Millipore) then through a sterile 0.45M filter (Millipore). The cellular 

extract was passed over HiTrap HP Ni2+-chelating column (GE Healthcare) in an 

ÄKTA Prime chromatography system (Amersham Biosciences) to bind Munc18a-

H6.  Protein was eluted over 20 column volumes with a linear gradient of 20mM 

imidazole to 500mM imidazole in Buffer A150. Peak fractions were collected and 

dialyzed overnight at 4C against 4L of Buffer A500 to exchange imidazole with 

KCl. Protein was then dialyzed with 1L of A350, followed by 1L of A200 at 4C to 

reduce the KCl concentration. The dialyzed protein was then flash frozen and 

stored at -80C. 

3.5.3. Reconstitution and in vitro Fusion Assay 

Lipid stocks were prepared in chloroform and stored at −80°C under 

nitrogen. For t-SNARE liposomes, a 15 mM lipid stock was made up in 

chloroform containing 85 mol% POPC and 15 mol% DOPS. For v-SNARE 

liposomes a 3 mM lipid stock was made up in chloroform containing 82 mol% 

POPC, 15 mol% DOPS, 1.5 mol% NBD-DPPE and 1.5 mol% rhodamine-DPPE 

(Weber et al., 1998). 

100 µl of 15 mM unlabelled lipid stock, for t-SNARE liposomes, or 500 µl 

of 3 mM labelled lipid stock, for v-SNARE liposomes was placed at the bottom of 
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a 12×75 mm glass test tube. The chloroform was then evaporated using a stream 

of nitrogen for 15 min in a fume hood. To ensure that the lipid films were 

completely dry the samples were then dried for a further 30 min under vacuum. 

Purified t- or v-SNARE (500 µl) purified as outlined above was then added to 

each tube. The lipid film was then resuspended, by vortexing for 15 min. After the 

lipid film was completely resuspended the detergent was diluted below its critical 

micellar concentration by the addition of 1 ml of Buffer A200 containing 1 mM 

DTT, drop-wise while the sample was continuously vortexed. To remove any 

remaining detergent, the samples were placed into pre-equilibrated 3 ml Float-a-

Lyzers with a molecular weight cut off of 10,000 and dialysed against 4 L of 

Buffer A200 containing 1 mM DTT and 4 g of Bio-Beads, with stirring at 4°C 

overnight. Samples were recovered the following day, and placed at the bottom 

of a SW60 tube on ice for subsequent separation using gradient centrifugation. 

Proteoliposomes were recovered by floatation on a Nycodenz gradient. An equal 

volume of 80% nycodenz in buffer A200 containing 1 mM DTT was mixed with 

the recovered dialysate to produce a 40% nycodenz mixture. This was overlaid 

with 1.5 ml of 30% nycodenz in buffer A200 containing 1 mM DTT. This layer 

was then overlaid with 250 µl of glycerol free A200 and centrifuged at 65,000×g 

for 4 h at 4°C. Proteoliposomes were recovered by removal of 400 µl from the top 

of the gradient, snap frozen and stored at −80°C. 

Typically fusion assays were set up by mixing 5 µl of v-SNARE liposome with 45 

µl of t-SNARE liposome directly in a well of a 96 well microtitre plate, on ice. This 
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was then sealed and incubated overnight at 4°C. For assays requiring the 

addition of soluble v-SNARE, 2 µl of purified protein in buffer A200 was added to 

the t-SNARE liposomes on ice for 10 minutes prior to the addition of v-SNARE 

liposomes. To correct for the resulting difference in volume 2 µl of A200 was 

added to all other wells in that run. The fluorescence was measured for 2 h with 

the excitation set to 460 nm and the emission recorded at 520 nm at 2 min 

intervals at 37°C. After this period, the plate was removed and 10 µl of 2.5% 

(w/v) n-dodecylmaltoside was added to each well. The plate was gently mixed for 

2 min and then fluorescence was recorded for 40 min at 2 min intervals. 

3.5.4. Pull-Down Assays 

5 µg of GST-tagged proteins (GST alone, N-terminal tagged Sx4, VAMP2, 

VAMP4 and VAMP8), were incubated with 10 µl of glutathione sepharose in 

binding buffer (150 mM Potassium acetate, 1 mM MgCl2, 0.05% Tween 20, 20 

mM HEPES pH 7.4) in 200 µl for 1.5 h at 4°C with rotation. Unbound protein was 

removed by 3 washes with 1 ml binding buffer. 5 µg of HIS-tagged Munc18c 

protein and binding buffer was added to each tube (final volume 500 µl) and 

incubated at 4°C overnight with rotation. 20 µl was removed in order to examine 

protein input. Unbound protein was removed by 3 washes with 1 ml binding 

buffer plus 0.2% fish skin gelatin (Sigma), followed by 3 washes with 1 ml of 

binding buffer plus 5% (w/v) glycerol and 4 washes with 1 ml of binding buffer 

alone. After the final wash, all remaining supernatant was removed and 15 µl of 

1× SDS-PAGE sample buffer (with 20 mM DTT) was added to and samples 
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boiled for 5 min. After centrifugation at 14,000×g for 5 min, the supernatant was 

removed and analysed by SDS-PAGE and/or immunoblotting as outlined in 

(Millar et al., 1999). For the experiments shown in Figure 3.2, the GST moiety 

was cleaved using thrombin as described (Scott et al., 2004). 
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APPENDIX 

Chapter 4 

An Inventory of Peroxisomal Proteins and 

Pathways in Drosophila melanogaster 

4.1. Peroxisomes 

Peroxisomes are single membrane-bound organelles found in virtually all 

eukaryotic cells.  Many essential reactions occur within the organelle including β-

oxidation of fatty acids, α-oxidation of branched chain fatty acids, and ether lipid 

biosynthesis (Wanders and Waterham, 2006).  Reactive oxygen species (ROS), 

such as H2O2, are generated within peroxisomes by acyl CoA-oxidases during β-

oxidation and by other resident oxidases.  Antioxidant enzymes, such as 

catalase, are present in the organelle to detoxify this stress. 

4.2. Peroxisomal Targeting Signal 

Peroxisomes represent a semi-autonomous branch of the secretory 

pathway.  Peroxisomes can form de novo by budding from the ER (Hoepfner et 

al., 2005) and mature peroxisomes can grow and divide (Platta and Erdmann, 

2007).  Peroxisomal proteins are synthesized in the cytoplasm and trafficked to 

the organelle through three main routes.  Most proteins are targeted to 

peroxisomes via a peroxisomal targeting signal type 1 (PTS1) at their carboxy-
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termini that matches SKL or a conserved variant (Gould et al., 1987). PTS1-

containing proteins are bound by Pex5 in the cytoplasm, shuttled to the 

peroxisomal membrane, and translocated into the peroxisomal matrix by a poorly 

defined mechanism (Dammai and Subramani, 2001).  Large proteins, even 

oligomers, can cross the peroxisomal membrane in a folded state via an 

unknown mechanism (McNew and Goodman, 1994).  Several models for import 

for matrix proteins have been proposed including modified endocytosis, static 

pore, and dynamic pore models(McNew and Goodman, 1994). The Pex5 

receptor itself has also been proposed to function as a dynamic pore and allow 

cargo to cross the membrane in addition to its role in targeting (Erdmann and 

Schliebs, 2005).  Recent electrophysiological data suggests that a Pex5 complex 

that contains Pex14 can form membranous pores (Meinecke et al., 2010).  Other 

peroxisomal proteins use a longer, less specific PTS type 2 signal at their amino-

terminus that is recognized by the Pex7 receptor in the cytoplasm and shuttled to 

the peroxisome (Swinkels et al., 1991).  Peroxisomal membrane proteins (PMPs) 

are targeted via a membrane protein targeting signal (mPTS) and interaction with 

the soluble Pex19 receptor (Jones et al., 2004).  Most PMPs are thought to insert 

posttranslationally when Pex19 carries the PMP to Pex3 at the peroxisomal 

membrane (Fang et al., 2004).  However, recent evidence suggests that all 

PMPs in yeast transit the endoplasmic reticulum en route to the peroxisome (Van 

der Zand et al., 2010). Despite intense study, some basic features of peroxisome 

biology remain to be discovered.   
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4.3. Peroxisomal Diseases 

A spectrum of human diseases, named peroxisome biogenesis disorders 

(PBDs), result from defects in organelle biogenesis or import of protein cargo 

(Steinberg et al., 2006).  The most severe PBD, Zellweger syndrome, is 

characterized by neuronal dysfunction, craniofacial malformation, muscle 

weakness (hypotonia), renal cysts ultimately resulting in death in early childhood.  

There is currently no cure for PBDs and the treatments only reduce the severity 

of the symptoms.  It is unclear how the loss of peroxisomes leads to the disease 

state, but low levels of ether lipids and high levels of very long chain fatty acids 

(VLCFAs) have been implicated as causative agents (Steinberg et al., 2006).   

Mouse models for PBDs have been developed by targeted disruption of 

peroxin genes (Baes and Van Veldhoven, 2006).  These animals show many 

similarities to the clinical phenotypes including early death, VLCFA accumulation, 

neuronal migration defects, and locomotor problems.  Despite these advances, 

effective therapies for PBD patients remain elusive. 

Flies are emerging as valuable animal models for PBDs.  Drosophila have 

been used to model many other human diseases including neurodegenerative 

diseases, mitochondrial diseases, and metabolic syndrome (Arquier and 

Léopold, 2007; Bilen and Bonini, 2005; Sánchez-Martínez et al., 2006). Many 

pathways are conserved between humans and flies, with around 75% of human 

genes having fly homologs (Reiter et al., 2001).  Flies carrying mutations in 

peroxin genes have recently been shown to manifest some of the PBD clinical 
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phenotypes including early death, VLCFA accumulation, neuronal defects, and 

locomotor problems (Chen et al., 2010; Mast et al., 2011; Nakayama et al., 

2011).  These studies have provided a platform for further investigations into the 

molecular consequences of peroxisome loss or dysfunction.  

In this study, we have identified Drosophila proteins that are predicted to 

be involved in peroxisome formation, maintenance, and metabolism.  The 

subcellular localization of some of these predicted peroxisomal proteins was 

determined by fluorescence confocal microscopy.  The predicted peroxisomal 

pathways in Drosophila are compared to other organisms.  This study provides 

foundational support for understanding the role peroxisomes play in the biology 

of Drosophila and may enhance their usefulness as animal models for PBDs. 

4.4. Results and Discussion 

Our first approach was to identify potential peroxisomal proteins in the 

Drosophila proteome by similarity with vertebrate homologs.  To that end, we 

identified all human proteins in the Universal Protein Knowledgebase (UniprotKB, 

www.uniprot.com) that listed “peroxisome” in the “subcellular location” field.  This 

search yielded 88 unique proteins (with 156 total isoforms).  Additional 

candidates not found in the Uniprot database, but identified as peroxisomal in the 

literature (Schlüter et al., 2010; Wanders and Waterham, 2006) were also added 

to the list, bringing the total to 112 sequences.  Each human protein was used to 

query the Drosophila proteome at FlyBase (Tweedie et al., 2009) using the 

BLAST algorithm (Altschul et al., 1990).  These results were compared to a 

previous whole genome analysis of peroxisomal proteins, called PeroxIP that 
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utilized the C-terminal PTS1 motif as a search criteria (Emanuelsson et al., 

2003).  Twenty proteins identified by BLAST searches were not found in the 

PeroxiP data set, and conversely, twenty six proteins in the PeroxiP dataset were 

not found by BLAST searching the Drosophila proteome. The proteins unique to 

the PeroxiP set were further examined by the PProwler and PTS1 Prowler 

(Hawkins et al., 2007) algorithms to validate their PTS1 predictions We chose to 

examine three major peroxisomal metabolic pathways in detail. 

4.4.1. β-oxidation 

The most ubiquitous function of all peroxisomes is the breakdown of fatty 

acids by β-oxidation.  Drosophila possesses the enzymes required for 

peroxisomal and mitochondrial β-oxidation.  It is likely that VLCFAs are 

preferentially broken down in fly peroxisomes. Flies with mutations in the 

peroxins pex10 or pex16 have elevated VLCFA levels, but normal levels of 

shorter chain fatty acids (Chen et al., 2010; Nakayama et al., 2011). 

4.4.1.1. Acyl-CoA Oxidase 

Activated fatty acids are sequentially reduced by two carbon acetyl-CoA 

groups through the action of three enzymes.  Acyl-CoA oxidase introduces a 

double bond between the alpha and beta carbon utilizing a bound flavin 

prosthetic group (FAD) and molecular oxygen. This reaction generates hydrogen 

peroxide, the hallmark metabolite of the organelle.  Humans express three Acyl-

CoA oxidases with differing chain-length specificity and preference for branched 

chain fatty acids.  While BLAST searches with ACOX1 and ACOX2 both 

identified CG5009 as the best hit (43% and 34% identity respectively), five other 
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proteins are highly similar (ranging from 22-38% identical).  All six enzymes have 

a variant PTS1 tripeptide suggesting a peroxisomal localization.  Two of the six 

putative acyl-CoA oxidases have been named in Flybase as Acox-57d (acyl-

Coenzyme A oxidase at 57D distal, CG9709) and Acox-57p (acyl-Coenzyme A 

oxidase at 57D proximal, CG9707) but no additional characterization has been 

reported (Conley et al., 1999). 

In addition to identifying potential peroxisomal pathways in Drosophila, we 

wanted to determine the subcellular localization of selected candidate proteins by 

transient expression of fluorescent fusion proteins in the Drosophila hemocyte 

cell line Schnieder-2 (S2) cells.  Peroxisomes were visualized by expressing a 

matrix marker containing a PTS1 (mCherry-SKL) and a fluorescent protein fused 

to a peroxisomal membrane protein (PMP34-Cerulean) in Drosophila S2 cells.  

Figure 4.1 shows that both proteins colocalize in a punctate pattern, but PMP34-

Cerulean is found at the edges of the puncta due its membrane localization.  

We first determined the localization of one of the putative peroxisomal 

acyl-CoA oxidases (CG17544).  S2 cells were cotransfected with an mCherry-

CG17544 plasmid and the peroxisomal membrane marker PMP34-Cerulean.  

Figure 4.2 illustrates that both PMP34-Cerulean and mCherry-CG17544 

colocalize to peroxisomal puncta.   
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Figure 4.1:  mCherry-SKL and PMP34-Cerulean localize to peroxisomes.  Plasmids 

encoding mCherry-SKL and PMP34-Cerulean, under control of the actin 5c promoter, 

were cotransfected into S2 cells and imaged live by confocal microscopy.  (A-C) The 

mCherry signal is present in a punctate pattern indicating peroxisomal matrix 

localization.  The Cerulean signal is also punctate, but brighter at the edges of the 

puncta, indicating localization to the peroxisomal membrane.  The approximate cell 

boundary is highlighted with a dashed white line.  Scale bar equals 5 μM. 

 

4.4.1.2. Bifunctional Protein 

The next two reactions in the pathway, enoyl-CoA hydration and β-

hydroxy acyl-CoA dehydrogenation, are catalyzed by a single protein called 

peroxisomal Bifunctional Protein (also called peroxisomal Multifunction Enzyme 

(MFE)).  Two distinct and significantly dissimilar proteins provide these activities 

in humans called LBP (L-Bifunctional Protein) and DBP (D-Bifunctional Protein).  

These enzymes prefer the L- or D- stereoisomer, respectively.  LBP is primarily 

involved in straight-chain fatty acid metabolism while DBP prefers branched 

chain fatty acids such as pristanic acid and bile acid precursors (di- and 

trihydroxycholestanoic acid).   
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Figure 4.2: An mCherry-Acyl-CoA Oxidase (CG17544) Fusion Protein localizes to 

peroxisomes in S2 Cells.  Plasmids encoding mCherry-CG17544 and PMP34-

Cerulean, under control of the actin 5c promoter, were cotransfected into S2 cells and 

imaged live by confocal microscopy.  (A-C) Colocalizaion of mCherry and Cerulean 

indicates that mCherry-CG17544 localizes to peroxisomes.  The approximate cell 

boundary is highlighted with a dashed white line.  Scale bar equals 5 μM. 

 

Single homologs of LBP (CG4389) and DBP (CG3415) are found in the 

Drosophila proteome, each with a C-terminal PTS1.  Interestingly, the LBP 

homolog encodes three splice variants with CG4389-PA containing a 39 amino 

acid N-terminal extension.  This N-terminal sequence is predicted to encode a 

mitochondrial targeting peptide (mTP, 97% probability by MitoProtII v1.01 

http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html, and 85% probability by 

TargetP v1.1, http://www.cbs.dtu.dk/services/TargetP-1.1/) (Claros and Vincens, 

1996; Emanuelsson et al., 2007).  While the expression of CG4389-PB and 

CG4389-PC likely result in an exclusively peroxisomal localization, the CG4389-

PA isoform may be dually localized to both peroxisomes and mitochondria.  

When the coding region of the CG4389-PB gene is placed downstream of 

mCherry, this LBP homolog colocalizes with PMP34-Cerulean confirming its 

peroxisomal localization (Figure 4.3). 
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Figure 4.3: An mCherry-Bifunctional Protein (CG4389) Fusion Protein localizes to 

peroxisomes in S2 Cells.  Plasmids encoding mCherry-CG4389 and PMP34-Cerulean, 

under control of the actin 5c promoter, were cotransfected into S2 cells and imaged live 

by confocal microscopy.  (A-C) Colocalization of mCherry and Cerulean indicates that 

mCherry-CG4389 localizes to peroxisomes.  The approximate cell boundary is 

highlighted with a dashed white line.  Scale bar equals 5 μM. 

 

4.4.2. α-Oxidation 

Another important peroxisomal pathway of lipid metabolism is α-oxidation.  

In humans, this pathway is primarily responsible for the catabolism of 3-methyl 

branched-chain fatty acids such as phytol (Jansen and Wanders, 2006; Lloyd et 

al., 2008; Mukherji et al., 2003; Wanders and Waterham, 2006).   

4.4.3. Ether Lipid Synthesis   

A third key peroxisomal metabolic pathway is the production of ether-

linked lipids.  This class of compounds is used to produce plasmalogens, 

bioactive lipids such as platelet activating factor (PAF), as well as lipid 

attachments for some Glycosylphosphatidylinositide (GPI) anchors (Brites et al., 

2004; Wanders and Waterham, 2006).  The enzymology of ether lipid synthesis 

is well established for animals.  
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The characteristic ether linkage is introduced by the enzyme 

alkylglycerone phosphate synthase (AGPS), which exchanges the fatty acid 

added by GNPAT with a long-chain fatty alcohol produced by a fatty acyl-CoA 

reductase.  The Drosophila AGPS homolog CG10253 is 50% identical to human 

AGPS. AGPS is localized to the peroxisome in humans by virtue of its N-terminal 

PTS2 sequence.  Drosophila AGPS does not contain a PTS2 motif, but ends with 

the C-terminal PTS1 sequence AKL specifying a peroxisomal localization.  

 

 

Figure 4.4:  Alkylglycerone phosphate synthase (AGPS) use PTS2 in vertebrates 

and a PTS1 in most other organisms..   A Phylogram of alkylglycerone phosphate 

synthase (AGPS) from multiple species was generated with ClustalW2.  All vertebrate 

AGPS sequences analyzed contain a PTS2, while most non-vertebrate AGPS 

sequences, including Drosophila, have a PTS1.  P. tetraurelia and P. infestans do not 

have identifiable PTS motifs.  

 

4.4.4. Peroxisome Biogenesis 

We also searched the Drosophila proteome for proteins known to be 

involved in peroxisome biogenesis or peroxin (PEX) proteins (Distel et al., 1996).  

We identified 15 PEX genes including three isoforms of PEX11 (Figure 4.5). The 
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identity of PEX homologs in Drosophila was also recently reported in an analysis 

of ring finger peroxins PEX2 and PEX10 (Chen et al., 2010).  The Drosophila 

PEX genes range from 22-43% identical to their human counterparts.  A recent 

study (Mast et al., 2011) demonstrated that knockdown of pex genes in 

Drosophila S2 cells inhibits PTS1 import.  It is currently unclear if Drosophila 

possesses a functional PTS2 import system.  A PEX7 homolog is observed 

(CG6486, 42% identical), but its function as not been confirmed.   

 

Figure 4.5.  Drosophila Peroxins:  Proteins involved in peroxisome biogenesis, protein 

import, and growth and division are illustrated.  CG numbers for the Drosophila 

homologs are shown. 
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Figure 4.6:  PTS2-mCherry localizes to the cytoplasm in S2 cells and peroxisomes 

in COS7 cells.  Plasmids encoding PTS2-mCherry and PMP34-Cerulean, under control 

of the actin 5c promoter, were cotransfected into S2 cells and imaged live by confocal 

microscopy.  (A-C) The mCherry signal does not colocalize with Cerulean and is diffuse 

throughout the cell indicating that PTS2-mCherry localizes to the cytoplasm. Plasmids 

encoding PTS2-mCherry and PMP34-GFP, under control of the CMV promoter, were 

cotransfected into COS7 cells and imaged live by confocal microscopy.  (D-F) The 

PTS2-mCherry signal colocalizes with PMP34-GFP, indicating peroxisomal localization.  

The approximate S2 cell boundary is highlighted with a dashed white line.  Scale bar 

equals 5 μM. 

 

No PTS2-containing cargo proteins can be identified in the Drosophila 

proteome and proteins that contain PTS2 signals in other organisms, such as 

AGPS, have a PTS1 in Drosophila.  Interestingly, there is a Drosophila homolog 

of the human peroxisome leader peptide-processing protease (Tysnd1), which 

cleaves the PTS2 sequence from cargo after import (Kurochkin et al., 2007).  

However, this enzyme could have other substrates such as β-oxidation enzymes, 

as has been demonstrated in mammals (Okumoto et al., 2011).  The canonical 
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PTS2 sequence from rat thiolase is not sufficient to localize a fluorescent protein 

to peroxisomes in S2 cells (Figure 4.6).   

 

Figure 4.7: Alkylglycerone phosphate synthase (AGPS) localization in S2 cells.  

Plasmids encoding mCherry-dAGPS, dAGPS-mCherry, or hAGPS(PTS2)-mCherry, 

under control of the actin 5c promoter, were transfected into S2 cells stably expressing 

PMP34-Cerulean and imaged live by confocal microscopy.  (A-C) The mCherry-dAGPS 

signal colocalizes with Cerulean, indicating peroxisomal localization due to the PTS1 

(AKL) of dAGPS.  (D-F) The dAGPS-mCherry signal does not colocalize with Cerulean, 

indicating that dAGPS does not sort to peroxisomes via an N-terminal PTS2 motif.  (G-I) 

The hAGPS(PTS2)-mCherry signal does not colocalize with Cerulean, indicating that the 

PTS2 of hAGPS is not sufficient to target mCherry to peroxisomes in S2 cells.  The 

approximate cell boundary is highlighted with a dashed white line.  Scale bar equals 5 

μM. 

We further examined PTS2 function is S2 cells by confirming the 

peroxisomal localization signal of alkylglycerone phosphate synthase (AGPS).  

Human AGPS utilizes an N-terminal PTS2, while Drosophila AGPS appears to 
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target with a PTS1 C-terminal tripeptide.  We analyzed the localization of both 

Drosophila and Human AGPS in S2 as well as COS7 cells by fluorescence 

confocal microscopy (Figures 9 and 10).  Full length Drosophila AGPS (dAGPS) 

expressed at the C-terminus of mCherry to expose a C-terminal PTS1 was 

peroxisomal in both S2 cells (Figure 4.7 A-C) and COS7 cells (Figure 4.8 A-C).  

When dAGPS was fused to the N-terminus of mCherry to reveal a potential PTS2 

motif, the chimera remained cytoplasmic in both S2 cells (Figure 4.7 D-F) and 

COS7 cells (Figure 4.8 D-F), indicating that no PTS2 motif is present in this 

protein.  We also targeted mCherry to the peroxisome in COS7 cells with the 

PTS2 motif of humans AGPS (hAGPS).  This chimera, containing the N-terminal 

72 amino acids of hAGPS, fused to the N-terminus of mCherry, was sufficient to 

localize the fusion protein to peroxisomes in COS7 cells (Figure 4.8, G-I), but not 

in S2 cells (Figure 4.7 G-I).  These data confirm that dAGPS sorts to 

peroxisomes via a PTS1 motif and suggest that S2 cells do not possess a 

functional PTS2 import system.  Like C. elegans, Drosophila may have lost its 

PTS2 system entirely (Motley et al., 2000).  It is also possible that Drosophila 

uses a unique PTS2 motif that is not identifiable by sequence comparison.  

4.4.5. Reactive Oxygen Metabolism 

Peroxisomes represent a source of ROS and a source of antioxidant 

enzymes (Schrader and Fahimi, 2006).  Many oxidases, including those involved 

in β-oxidation, generate hydrogen peroxide (H2O2) and multiple peroxidases, 

such as catalase are present in the organelle to metabolize H2O2.  Other sources 

of ROS include superoxide (O2
•-) generated by Xanthine oxidase.  O2

•- can be 
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metabolized by Superoxide dismutase.  Manganese Sod (MnSod) localizes to 

the cytoplasm and mitochondria, while Copper zinc Sod (Cu/ZnSod) has been 

detected in the cytoplasm and peroxisomes (Dhaunsi et al., 1992; Keller et al., 

1991).  Mammalian Cu/ZnSod does not contain a canonical PTS, but 

“piggybacks” into the organelle by interacting with a PTS1-containing protein, 

Copper chaperone for Sod (CCS, (Islinger et al., 2009)). Drosophila Cu/ZnSod 

(CG11793, Sod) terminates in the C-terminal tripeptide -AKV suggesting that it 

contains its own PTS1.  In fact, the 10 C-terminal amino acids of Sod are 

sufficient to dually localize a fluorescent protein to the cytoplasm and 

peroxisomes in S2 cells (Figure 4.9 A-C).   
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Figure 4.8: Alkylglycerone phosphate synthase (AGPS) localization in COS7 cells. 

Plasmids encoding PMP34-GFP and either mCherry-dAGPS, dAGPS-mCherry, or 

hAGPS(PTS2)-mCherry, under control of the CMV promoter, were cotransfected into 

COS7 cells and imaged live by confocal microscopy.  (A-C) The mCherry-dAGPS signal 

colocalizes with GFP, indicating peroxisomal localization due to the PTS1 (AKL) of 

dAGPS.  (D-F) The dAGPS-mCherry signal does not colocalize with GFP, indicating that 

dAGPS does not sort to peroxisomes via an N-terminal PTS2 motif.  (G-I) The 

hAGPS(PTS2)-mCherry signal colocalizes with Cerulean, indicating that the PTS2 of 

hAGPS is sufficient to target mCherry to peroxisomes in COS7 cells.  Scale bar equals 5 

μM. 
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If the PTS1 is altered from –AKV to –AKL the localization of the fusion 

protein shifts to almost completely peroxisomal (Figure 4.9 D-F).  If the last three 

amino acids are removed (∆AKV), the fusion protein stays in the cytoplasm 

(Figure 4.9 G-I).  This motif is non-canonical and may interact weakly with the 

Pex5 receptor.  If so, this weak interaction could be responsible for its dual 

localization.  The Drosophila CCS homolog (CG17753) has a C-terminal –QKL 

sequence, which may also function as a PTS1.  When fused to the C-terminus of 

mCherry, the 10 C-terminal amino acids of dCCS are sufficient to dually localize 

the fusion protein to the cytoplasm and peroxisomes (Figure 4.9 J-L).  

Peroxisomal localization with this sequence (QKL) is somewhat surprising and 

suggests that the PTS1 motif in Drosophila may display some organism-specific 

plasticity. Furthermore, these data indicate that Sod localizes to peroxisomes via 

a PTS1 motif.  It is unclear if Sod can “piggyback” into peroxisome by interacting 

with dCCS, but this combination of “weak” PTS1 sequences may be enhanced 

by dimerization prior to translocation. 

 

 

 

 



121 
 

 

Figure 4.9: Cu/Zn superoxide dismutase carries a PTS1 motif that partially 

localizes mCherry to peroxisomes.  Plasmids encoding PMP34-Cerulean and either 

mCherry-Sod-PTS1(wild type), mCherry-Sod-PTS1(AKL), or mCherry-Sod-PTS1(∆AKV) 

under the control of the actin 5c promoter were cotransfected into S2 cells and imaged 

by live confocal microscopy.  (A-C) The wild-type PTS1 of Cu/Zn Sod localizes mCherry 

to both the cytoplasm and peroxisomes.  Changing the PTS1 to AKL (D-F), shifts 

mCherry localization to the peroxisome exclusively.  Removing the PTS1 (G-I) results in 

a cytoplasmic localization of mCherry.  The PTS1 of Cu/Zn Sod may be a non-optimal 

sequence and lead to dual localization of this protein.  (J-L) Plasmids encoding mCherry-

SKL and GFP-CCS-PTS1 under the control of the actin 5c promoter were cotransfected 

into S2 cells and imaged by live confocal microscopy.  The 10 C-terminal amino acids of 

Copper chaperone for Sod (CCS, CG17753) fused to mCherry is also dually localized to 

the cytoplasm and peroxisomes.  The approximate cell boundary is highlighted with a 

dashed white line.  Scale bar equals 5 μM. 
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4.4.6. Other Peroxisomal Functions 

Peroxisomes also conduct other metabolic business in addition to the 

selected pathways highlighted above.  This includes metabolism of amino acid, 

nitrogen, polyamines, glyoxylate and perhaps isoprenes (Angermüller et al., 

2009; Wanders and Waterham, 2006; Wanders et al., 2010).  While many have 

canonical PTS1 sorting signals, others do not (Bonekamp et al., 2009; Schrader 

and Fahimi, 2006).  This observation suggests that some peroxisomal pathways 

may not be conserved between flies and humans  

The variability of the canonical PTS1 targeting motif has not been 

examined in Drosophila making precise identification based on sequence 

comparison more difficult.  The relatively loose motif ([A/C/H/K/N/P/S/T]–

[H/K/N/Q/R/S]–[A/F/I/L/M/V]) used in previous PTS1 predictions identified some 

protein that may or may not be peroxisomal.  This possibility is further 

exemplified by the partial peroxisomal localization of dCCS (Figure 4.9 J-L) by 

the PTS1 variant QKL.   To better contextualize the PTS1 signal in flies, we 

determined the subcellular localization of another predicted weak PTS1, TKL, in 

the protein Dopamine N-acetyltransferase, or Dat (CG3318).  An mCherry fusion 

to Dat localized primarily to the cytoplasm with little or no colocalization with 

GFP-SKL (Figure 4.10).   
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Figure 4.10: A mCherry-Dopamine N-acetyltransferase (CG3318) Fusion Protein 

localizes to the cytoplasm in S2 Cells.  Plasmids encoding mCherry-CG3318 and 

PMP34-Cerulean, under control of the actin 5c promoter, were cotransfected into S2 

cells and imaged live by confocal microscopy.  (A-C) The mCherry signal does not 

colocalize with Cerulean and is diffuse throughout the cell indicating that mCherry-

CG3318 localizes to the cytoplasm. The approximate cell boundary is highlighted with a 

dashed white line.  Scale bar equals 5 μM. 

 

We have identified all of the major vertebrate peroxisomal pathways in 

Drosophila and confirmed peroxisomal localization of five candidate enzymes.  

Analysis of PTS1 sorting suggests that the prototypical PTS1 signals –SKL, -AKL 

and -AKV direct proteins to the peroxisome.  Additionally, and unpredicted 

variant (–QKL) sorts to the peroxisome, but a loose variant in other systems (-

TKL) does not.  Finally, we conclude that Drosophila does not utilize a PTS2 

motif given the absence of PTS2-containing proteins and the cytoplasmic 

localization of two independent PTS2-mCherry chimeras. 
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4.5. Materials and Methods 

4.5.1. Bioinformatics 

Sequences were aligned and phylograms were generated by ClustalW2 

hosted by the European bioinformatics Institute (EBI 

http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

4.5.2. Molecular Biology 

To generate pJM664 (mCherry-SKL in pAc5.1/V5-His), mCherry was 

amplified by PCR using the primers KpnI-Kozak-GFP 

(GAGGTACCAACATGGTGAGCAAGGGCGAG) and eYFP-PTS1-XbaI 

(GCTCTAGATTACAACTTCGAC 

TTAGTCTCAGGCGGGTTCTTCTTGTACAGCTCGTCCATG).  The mCherry 

PCR product was digested with KpnI and XbaI and ligated into pAc5.1/V5-His cut 

with the same enzymes. pJM664 expresses mCherry with the C-terminal 10 

amino acids of CG1041 (KNPPETKSKL) 

To generate pJM621 (PMP34-cerulean in pAc5.1/V5-His), cerulean was 

amplified by PCR using the primers NotI-GFP 

(GCGGCCGCAACCATGGTGAGCAAGG) and GFP-XhoI 

(CTCGAGTTACTTGTACAGCTCGTCC) and cloned into pCR-Blunt II-TOPO 

(Invitrogen).  Drosophila PMP34 (CG32250) was amplified by PCR from the 

Drosophila Genomic Resource Center (DGRC) clone RE36975 using the primers 

KpnI-EcoRI-Dm_PMP34 (GGTACCGAATTCACAAAATGGTGGCCCCCTCG) 

and Dm_PMP34-NotI (GCGGCCGCGTTGCGCTTAA GCAGC) and cloned into 
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pCR-Blunt II-TOPO (Invitrogen).  Cerulean was cut from pCR-Blunt II-TOPO with 

NotI and XhoI and ligated into pAc5.1/V5-His cut with the same enzymes.  

PMP34 was cut from pCR-Blunt II-TOPO with KpnI and NotI and ligated into 

Cerulean-pAc5.1/V5-His cut with the same enzymes. 

To generate pJM659 (PTS2-mCherry in pAc5.1/V5-His), 5’ 

phosphorylated oligos EcoRI-PTS2-NotI_Top (AATTC 

ACAAAATGCACCGCCTGCAGGTGGTGCTGGGCCACCTGGC) and EcoRI-

PTS2-NotI_Bottom (GGCCGCC 

AGGTGGCCCAGCACCACCTGCAGGCGGTGCATTTTGTG) were annealed 

and ligated into pAc5.1/V5-His cut with EcoRI and NotI to generate pJM648.  

mCherry was amplified by PCR using the primers NotI-GFP and GFP-XhoI, cut 

with NotI and XhoI, and ligated into pJM648 cut with the same enzymes. 

To generate the mCherry fusions with predicted peroxisomal genes, 

mCherry was amplified by PCR using the primers GFP-No Stop-KpnI 

(CGGGTACCCTTGTACAGCTCGTCC) and HindIII-Kozak-GFP 

(GCAAGCTTCAAAATGGTGAGCAAGG GCGAG), cut with HindIII and KpnI, and 

ligated into pAc5.1/V5-His cut with the same enzymes. The acyl-CoA oxidase 

(CG17544) ORF was amplified by PCR from the DGRC clone SD05719 using 

the primers KpnI-CG17544 (GAGGTACCATGGGCAGCGAGGACAC AAG) and 

CG17544-NotI (GTGCGGCCGCTCAA AGCTTGGACTGGG).  The dopamine N-

acetyltransferase (CG3318) ORF was amplified by PCR from the DGRC clone 

GH12636 using the primers KpnI-CG3318 

(GAGGTACCATGGAAGTGCAGAAGC TGCCG) and CG3318-XhoI 
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(CGCTCGAGCTA CAGCTTGGTCTGCGC). The L-bifunctional protein (CG4389) 

ORF was amplified by PCR from the DGRC clone GH12558 using the primers 

KpnI-CG4389-PB (GAGGTACCATGTCCACGAATCCCGCACCGG) and 

CG4389-XhoI (CGCTCGAGCTACAACTTCGAGGA GCCAG).  PCR products 

were digested with KpnI and either XhoI or NotI and ligated into mCherry-

pAc5.1/V5-His cut with the same enzymes.  

To generate the mCherry-Sod(PTS1) and mCherry-CCS(PTS1) clones, 

mCherry was amplified by PCR using and the forward primer KpnI-Kozak-GFP 

(GAGGTACCAACATGGTGAGCAAGGGCGAG) and each of the reverse primers 

GFP_SOD-AKV_XbaI 

(CGTCTAGACTAGACCTTGGCAATGCCAATAACGCCGCACCCCTTGTACAGC

TCGTCC), GFP_SOD-AKL_XbaI 

(CGTCTAGACTACAGCTTGGCAATGCCAATAACGCCGCACCCCTTGTACAGC

TCGTCC), and GFP_SOD∆AKV_XbaI 

(CGTCTAGACTAAATGCCAATAACGCCGCACCCCTTGTACAGCTCGTCC). 

GFP was amplified by PCR using the primers KpnI-Kozak-GFP and GFP_CCS-

QKL_XbaI 

(CGTCTAGACTACAGCTTTTGTGAGCGCTCCTTGCCAGCCAGCTTGTACAGC

TCGTCC).  PCR products were digested with KpnI and XbaI and ligated into 

pAc5.1/V5-His cut with the same enzymes. 

To generate pJM896 (mCherry-dAGPS in pAC5.1/V5-His), mCherry was 

amplified by PCR using the primers EagI-mCherry 

(TAcggccgATGGTGAGCAAGGGC) and mCherry-NS-XhoI 
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(TACTCGAGCTTGTACAGCTCGTCCATGC) and ligated into pGEM-T Easy 

(Promega) using manufacturer’s protocol.  mCherry was digested from pGEM-T 

Easy using EagI and XhoI and ligated into pAC5.1/V5-His digested with NotI and 

XhoI to generate pJM894.  dAGPS was amplified by PCR using the primers 

XhoI-dAGPS (TActcgagATGGCAGCCAAGCGG) and dAGPS-S-XbaI 

(GCTCTAGACTACAATTTGGCCTTTGGTGGTG) and ligated into pGEM-T Easy.  

dAGPS was digested from pGEM-T Easy with XhoI and XbaI and ligated into 

pJM894. 

To generate pJM901 (dAGPS-mCherry in pAC5.1/V5-His), mCherry was 

amplified by PCR using the primers XhoI-mCherry 

(TActcgagATGGTGAGCAAGGGC) and mCherry-S-XbaI 

(TTTCTAGATTACTTGTACAGCTCGTCCATGC), digested with XhoI and XbaI 

and ligated into pAC5.1/V5-His cut with the same enzymes to generate pJM899.  

dAGPS was amplified by PCR using the primers EagI-dAGPS 

(TAcggccgATGGCAGCCAAGCGG) and dAGPS-NS-XhoI 

(GCCTCGAGCAATTTGGCCTTTGGTGGTG) and ligated into pGEM-T Easy.  

dAGPS was digested from pGEM-T Easy with EagI and XhoI and ligated into 

pJM899 digested with NotI and XhoI.  

To generate pJM961 (hAGPS(PTS2) in pAC5.1/V5-His), the PTS2 

sequence of hAGPS 

(cggccgATGGCGGAGGCGGCGGCTGCAGCGGGTGGGACTGGCTTGGGCGC

GGGCGCGAGCTACGGGTCTGCAGCGGACCGGGACCGGGACCCGGACCCG

GACCGCGCCGGGCGGAGGCTGCGGGTTCTCTCTGGCCATCTGCTGGGCC



128 
 

GGCCCCGGGAGGCTCTGAGTACCAATGAGTGCAAAGCGCGGAGAGCCGC

GTCGGCGGCCACGGCAGCGCCCACGctcgag) was synthesized by IDT and 

supplied in pIDTSMART-AMP (pJM959).  The hAGPS(PTS2) was digested from 

pJM959 with EagI and XhoI and ligated into pJM899 cut with NotI and XhoI. 

To generate pJM933 (mCherry-dAGPS in pcDNA3), pJM896 was digested 

with EagI and XbaI and ligated into pcDNA3 cut with NotI and XbaI.  To generate 

pJM926 (dAGPS-mCherry in pcDNA3), pJM901 was digested with EagI and XbaI 

and ligated into pcDNA3 cut with NotI and XbaI.  To generate pJM940 (PTS2-

mCherry in pcDNA3.1), pJM659  was digested with KpnI and XhoI and ligated 

into pJM850 (venus-atlastin in pCDNA 3.1) digested with the same enzymes.  

mCherry was digested from pJM899 with XhoI and XbaI and ligated pcDNA3 cut 

with the same enzymes to generate pJM944.  To generate pJM962 

(hAGPS(PTS2)-mCherry in pcDNA3) hAGPS(PTS2) was cut from pJM959 with 

EagI and XhoI and ligated into pJM944 cut with NotI and XhoI.  

The Human PMP34 in pEGFP-N1 plasmid was a gift from Dr. Peter Kim. 

4.5.3. In vivo Imaging of Predicted Peroxisomal Proteins 

Plasmids were transfected into S2 cells (DGRC) using Fectofly II 

(Polyplus) or TransIT-2020 (Mirus) as per manufacturer’s protocols.  Stable cell 

lines were cotransfected with pCoBlast (Invitrogen) and grown in Blasticidin-

containing media.  Cells were adhered to a Concanavalin A-coated coverslip and 

imaged live on a Zeiss LSM 510 confocal microscope using a 63x oil immersion 

objective.  mCherry was excited with a 543 nm helium-neon laser and a HFT 

UV/488/543/633 primary dichroic.  mCherry emission was filtered with a LP560 
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filter before collection.  Cerulean was excited with a 458 nm argon laser and a 

HFT 458/514 primary dichroic.  Cerulean emission was filtered with NFT 545 and 

BP 480-520 filters before collection.  GFP was excited with a 488 nm argon laser 

and a HFT 488 primary dichroic.  GFP emission was filtered with NFT 545 and 

BP 500-530 IR filters before collection. 

Plasmids were transfected into COS7 cells (ATCC) using TransIT-COS 

(Mirus) transfection reagent as per manufacturer’s protocol. The cells were 

plated at 60,000 cells per mL the day before transfection on a coverslip in a 24-

well plate and grown in DMEM with 10% FBS and penicillin 100IU/streptromycin 

100 µg/mL. Cells were imaged live on a Zeiss LSM 710 confocal microcope 

using a 100X oil immersion objective. mCherry was excited with a 543 helium-

neon laser. The emission was filtered with a main beam splitter 458/543 and 578-

696nm wavelengths were collected. GFP was excited at 488nm. The emission 

was filtered with a main bean splitter 488 and 493-598nm wavelengths were 

collected. Cerulean was excited with 405-30 diode laser. The emission was 

filtered with a main beam splitter 405nm and 454-581 wavelengths were 

collected.  

Images were processed in Fiji (http://fiji.sc) and Illustrator (Adobe). 

4.6. Acknowledgements  

Text and data for this chapter was taken from “An Inventory of 

Peroxisomal Proteins and Pathways in Drosophila melanogaster” in Traffic 2012 

by Joseph E. Faust, Avani Verma, Chengwei Peng and James A. McNew. In this 

project, I was involved in cloning mammalian AGPS constructs, designing the 



130 
 

experiments for Cos-7 cells and transfecting Cos-7 cells to show that a functional 

PTS2 does not exist in Drosophila but in mammalian cells. I also helped in writing 

and editing the manuscript.  Joseph Faust and James McNew were major 

contributors to this paper.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 
 

References 

 

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. (1990). Basic 
local alignment search tool. J. Mol. Biol. 215, 403–410. 

Angermüller, S., Islinger, M., and Völkl, A. (2009). Peroxisomes and reactive 
oxygen species, a lasting challenge. Histochem. Cell Biol. 131, 459–463. 

Arquier, N., and Léopold, P. (2007). Fly foie gras: modeling fatty liver in 
Drosophila. Cell Metab. 5, 83–85. 

Baes, M., and Van Veldhoven, P.P. (2006). Generalised and conditional 
inactivation of Pex genes in mice. Biochim. Biophys. Acta 1763, 1785–1793. 

Bennett, M.K., Calakos, N., and Scheller, R.H. (1992). Syntaxin: a synaptic 
protein implicated in docking of synaptic vesicles at presynaptic active zones. 
Science 257, 255–259. 

Bian, X., Klemm, R., Liu, T., Zhang, M., Sun, S., Liu, X., Rapoport, T.A., and Hu, 
J. (2011). Structures of the atlastin GTPase p... [Proc Natl Acad Sci U S A. 2011] 
- PubMed - NCBI. 

Bilen, J., and Bonini, N.M. (2005). Drosophila as a model for human 
neurodegenerative disease. Annu. Rev. Genet. 39, 153–171. 

Bonekamp, N.A., Völkl, A., Fahimi, H.D., and Schrader, M. (2009). Reactive 
oxygen species and peroxisomes: struggling for balance. Biofactors 35, 346–
355. 

Botzolakis, E.J., Zhao, J., Gurba, K.N., Macdonald, R.L., and Hedera, P. (2011). 
The effect of HSP-causing mutations in SPG3A and NIPA1 on the assembly, 
trafficking, and interaction between atlastin-1 and NIPA1. Mol. Cell. Neurosci. 46, 
122–135. 

Bracher, A., and Weissenhorn, W. (2002). Structural basis for the Golgi 
membrane recruitment of Sly1p by Sed5p. EMBO J. 21, 6114–6124. 

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71–94. 

Brites, P., Waterham, H.R., and Wanders, R.J.A. (2004). Functions and 
biosynthesis of plasmalogens in health and disease. Biochim. Biophys. Acta 
1636, 219–231. 

Bryant, N.J., and James, D.E. (2001). Vps45p stabilizes the syntaxin homologue 
Tlg2p and positively regulates SNARE complex formation. EMBO J. 20, 3380–
3388. 



132 
 

Bryant, N.J., Govers, R., and James, D.E. (2002). Regulated transport of the 
glucose transporter GLUT4. Nat. Rev. Mol. Cell Biol. 3, 267–277. 

Burkhardt, P., Hattendorf, D.A., Weis, W.I., and Fasshauer, D. (2008). Munc18a 
controls SNARE assembly through its interaction with the syntaxin N-peptide. 
EMBO J. 27, 923–933. 

Byrnes, L.J., and Sondermann, H. (2011). Structural basis for the nucleotide... 
[Proc Natl Acad Sci U S A. 2011] - PubMed - NCBI. 

Carpp, L.N., Ciufo, L.F., Shanks, S.G., Boyd, A., and Bryant, N.J. (2006). The 
Sec1p/Munc18 protein Vps45p binds its cognate SNARE proteins via two distinct 
modes. J. Cell Biol 173, 927–936. 

Carr, C.M., Grote, E., Munson, M., Hughson, F.M., and Novick, P.J. (1999). 
Sec1p binds to SNARE complexes and concentrates at sites of secretion. J. Cell 
Biol. 146, 333–344. 

Chen, H., and Chan, D.C. (2009). Mitochondrial dynamics--fusion, fission, 
movement, and mitophagy--in neurodegenerative diseases. Hum. Mol. Genet. 
18, R169–176. 

Chen, H., Liu, Z., and Huang, X. (2010). Drosophila models of peroxisomal 
biogenesis disorder: peroxins are required for spermatogenesis and very-long-
chain fatty acid metabolism. Hum. Mol. Genet. 19, 494–505. 

Claros, M.G., and Vincens, P. (1996). Computational method to predict 
mitochondrially imported proteins and their targeting sequences. Eur. J. 
Biochem. 241, 779–786. 

Conley, C., Rohwer-Nutter, D., and Blair, S. (1999). Identification of the 
Drosophila acyl-CoenzymeA oxidase gene. (Bellevue), p. 403C. 

D’Andrea-Merrins, M., Chang, L., Lam, A.D., Ernst, S.A., and Stuenkel, E.L. 
(2007). Munc18c interaction with syntaxin 4 monomers and SNARE complex 
intermediates in GLUT4 vesicle trafficking. J. Biol. Chem. 282, 16553–16566. 

Dammai, V., and Subramani, S. (2001). The human peroxisomal targeting signal 
receptor, Pex5p, is translocated into the peroxisomal matrix and recycled to the 
cytosol. Cell 105, 187–196. 

Davis, C.W., and Dickey, B.F. (2008). Regulated airway goblet cell mucin 
secretion. Annu. Rev. Physiol 70, 487–512. 

Depienne, C., Stevanin, G., Brice, A., and Durr, A. (2007). Hereditary spastic 
paraplegias: an update. Curr. Opin. Neurol. 20, 674–680. 



133 
 

Dhaunsi, G.S., Gulati, S., Singh, A.K., Orak, J.K., Asayama, K., and Singh, I. 
(1992). Demonstration of Cu-Zn superoxide dismutase in rat liver peroxisomes. 
Biochemical and immunochemical evidence. J. Biol. Chem. 267, 6870–6873. 

Distel, B., Erdmann, R., Gould, S.J., Blobel, G., Crane, D.I., Cregg, J.M., Dodt, 
G., Fujiki, Y., Goodman, J.M., Just, W.W., et al. (1996). A unified nomenclature 
for peroxisome biogenesis factors. J. Cell Biol. 135, 1–3. 

Dresbach, T., Burns, M.E., O’Connor, V., DeBello, W.M., Betz, H., and 
Augustine, G.J. (1998). A neuronal Sec1 homolog regulates neurotransmitter 
release at the squid giant synapse. J. Neurosci 18, 2923–2932. 

Dulubova, I., Sugita, S., Hill, S., Hosaka, M., Fernandez, I., Südhof, T.C., and 
Rizo, J. (1999). A conformational switch in syntaxin during exocytosis: role of 
munc18. EMBO J 18, 4372–4382. 

Emanuelsson, O., Elofsson, A., Von Heijne, G., and Cristóbal, S. (2003). In silico 
prediction of the peroxisomal proteome in fungi, plants and animals. J. Mol. Biol. 
330, 443–456. 

Emanuelsson, O., Brunak, S., Von Heijne, G., and Nielsen, H. (2007). Locating 
proteins in the cell using TargetP, SignalP and related tools. Nat Protoc 2, 953–
971. 

Erdmann, R., and Schliebs, W. (2005). Peroxisomal matrix protein import: the 
transient pore model. Nat. Rev. Mol. Cell Biol. 6, 738–742. 

Evans, K., Keller, C., Pavur, K., Glasgow, K., Conn, B., and Lauring, B. (2006). 
Interaction of two hereditary spastic paraplegia gene products, spastin and 
atlastin, suggests a common pathway for axonal maintenance. Proc. Natl. Acad. 
Sci. U.S.A. 103, 10666–10671. 

Fang, Y., Morrell, J.C., Jones, J.M., and Gould, S.J. (2004). PEX3 functions as a 
PEX19 docking factor in the import of class I peroxisomal membrane proteins. J. 
Cell Biol. 164, 863–875. 

Fassier, C., Hutt, J.A., Scholpp, S., Lumsden, A., Giros, B., Nothias, F., 
Schneider-Maunoury, S., Houart, C., and Hazan, J. (2010). Zebrafish atlastin 
controls motility and spinal motor axon architecture via inhibition of the BMP 
pathway. Nat. Neurosci. 13, 1380–1387. 

Fink, J.K. (2002). Hereditary spastic paraplegia. Neurol Clin 20, 711–726. 

Gennis, R.B. (1989). Biomembranes: Molecular Structure and Function 
(Springer-Verlag GmbH). 

Gerst, J.E. (2003). SNARE regulators: matchmakers and matchbreakers. 
Biochim. Biophys. Acta 1641, 99–110. 



134 
 

Gould, S.G., Keller, G.A., and Subramani, S. (1987). Identification of a 
peroxisomal targeting signal at the carboxy terminus of firefly luciferase. J. Cell 
Biol. 105, 2923–2931. 

Hata, Y., Slaughter, C.A., and Südhof, T.C. (1993). Synaptic vesicle fusion 
complex contains unc-18 homologue bound to syntaxin. Nature 366, 347–351. 

Hawkins, J., Mahony, D., Maetschke, S., Wakabayashi, M., Teasdale, R.D., and 
Bodén, M. (2007). Identifying novel peroxisomal proteins. Proteins 69, 606–616. 

Hazan, J., Fonknechten, N., Mavel, D., Paternotte, C., Samson, D., Artiguenave, 
F., Davoine, C.S., Cruaud, C., Dürr, A., Wincker, P., et al. (1999). Spastin, a new 
AAA protein, is altered in the most frequent form of autosomal dominant spastic 
paraplegia. Nat. Genet. 23, 296–303. 

Hedera, P. (2010). Spastic Paraplegia 3A -- GeneReviews -- NCBI Bookshelf. 

Hoepfner, D., Schildknegt, D., Braakman, I., Philippsen, P., and Tabak, H.F. 
(2005). Contribution of the endoplasmic reticulum to peroxisome formation. Cell 
122, 85–95. 

Hoff, K.G., Culler, S.J., Nguyen, P.Q., McGuire, R.M., Silberg, J.J., and Smolke, 
C.D. (2009). In vivo fluorescent detection of Fe-S clusters coordinated by human 
GRX2. Chem. Biol 16, 1299–1308. 

Hoppins, S., and Nunnari, J. (2009). The molecular mechanism of mitochondrial 
fusion. Biochim. Biophys. Acta 1793, 20–26. 

Hu, C.-D., Chinenov, Y., and Kerppola, T.K. (2002). Visualization of interactions 
among bZIP and Rel family proteins in living cells using bimolecular fluorescence 
complementation. Mol. Cell 9, 789–798. 

Hu, J., Shibata, Y., Zhu, P.-P., Voss, C., Rismanchi, N., Prinz, W.A., Rapoport, 
T.A., and Blackstone, C. (2009). A class of dynamin-like GTPases involved in the 
generation of the tubular ER network. Cell 138, 549–561. 

Hu, S.-H., Gee, C.L., Latham, C.F., Rowlinson, S.W., Rova, U., Jones, A., 
Halliday, J.A., Bryant, N.J., James, D.E., and Martin, J.L. (2003). Recombinant 
expression of Munc18c in a baculovirus system and interaction with syntaxin4. 
Protein Expr. Purif. 31, 305–310. 

Hughson, F.M. (1997). Enveloped viruses: a common mode of membrane 
fusion? Curr. Biol. 7, R565–569. 

Islinger, M., Li, K.W., Seitz, J., Völkl, A., and Lüers, G.H. (2009). Hitchhiking of 
Cu/Zn superoxide dismutase to peroxisomes--evidence for a natural piggyback 
import mechanism in mammals. Traffic 10, 1711–1721. 



135 
 

Jahn, R. (2000). Sec1/Munc18 proteins: mediators of membrane fusion moving 
to center stage. Neuron 27, 201–204. 

Jahn, R., and Scheller, R.H. (2006). SNAREs--engines for membrane fusion. 
Nat. Rev. Mol. Cell Biol. 7, 631–643. 

Jansen, G.A., and Wanders, R.J.A. (2006). Alpha-oxidation. Biochim. Biophys. 
Acta 1763, 1403–1412. 

Jewell, J.L., Oh, E., Bennett, S.M., Meroueh, S.O., and Thurmond, D.C. (2008). 
The tyrosine phosphorylation of Munc18c induces a switch in binding specificity 
from syntaxin 4 to Doc2beta. J. Biol. Chem. 283, 21734–21746. 

Jones, J.M., Morrell, J.C., and Gould, S.J. (2004). PEX19 is a predominantly 
cytosolic chaperone and import receptor for class 1 peroxisomal membrane 
proteins. J. Cell Biol. 164, 57–67. 

Kanda, H., Tamori, Y., Shinoda, H., Yoshikawa, M., Sakaue, M., Udagawa, J., 
Otani, H., Tashiro, F., Miyazaki, J.-I., and Kasuga, M. (2005). Adipocytes from 
Munc18c-null mice show increased sensitivity to insulin-stimulated GLUT4 
externalization. J. Clin. Invest. 115, 291–301. 

Kano, F., Kondo, H., Yamamoto, A., Kaneko, Y., Uchiyama, K., Hosokawa, N., 
Nagata, K., and Murata, M. (2005). NSF/SNAPs and p97/p47/VCIP135 are 
sequentially required for cell cycle-dependent reformation of the ER network. 
Genes Cells 10, 989–999. 

Kauppi, M., Wohlfahrt, G., and Olkkonen, V.M. (2002). Analysis of the Munc18b-
syntaxin binding interface. Use of a mutant Munc18b to dissect the functions of 
syntaxins 2 and 3. J. Biol. Chem 277, 43973–43979. 

Keller, G.A., Warner, T.G., Steimer, K.S., and Hallewell, R.A. (1991). Cu,Zn 
superoxide dismutase is a peroxisomal enzyme in human fibroblasts and 
hepatoma cells. Proc. Natl. Acad. Sci. U.S.A. 88, 7381–7385. 

Kerppola, T.K. (2006). Complementary methods for studies of protein 
interactions in living cells. Nat. Methods 3, 969–971. 

Khvotchev, M., Dulubova, I., Sun, J., Dai, H., Rizo, J., and Südhof, T.C. (2007). 
Dual modes of Munc18-1/SNARE interactions are coupled by functionally critical 
binding to syntaxin-1 N terminus. J. Neurosci. 27, 12147–12155. 

Kielian, M., and Rey, F.A. (2006). Virus membrane-fusion proteins: more than 
one way to make a hairpin. Nat. Rev. Microbiol. 4, 67–76. 

Kurochkin, I.V., Mizuno, Y., Konagaya, A., Sakaki, Y., Schönbach, C., and 
Okazaki, Y. (2007). Novel peroxisomal protease Tysnd1 processes PTS1- and 



136 
 

PTS2-containing enzymes involved in beta-oxidation of fatty acids. EMBO J. 26, 
835–845. 

Latham, C.F., Lopez, J.A., Hu, S.-H., Gee, C.L., Westbury, E., Blair, D.H., 
Armishaw, C.J., Alewood, P.F., Bryant, N.J., James, D.E., et al. (2006). 
Molecular dissection of the Munc18c/syntaxin4 interaction: implications for 
regulation of membrane trafficking. Traffic 7, 1408–1419. 

Lee, Y., Paik, D., Bang, S., Kang, J., Chun, B., Lee, S., Bae, E., Chung, J., and 
Kim, J. (2008). Loss of spastic paraplegia gene atlastin induces age-dependent 
death of dopaminergic neurons in Drosophila. Neurobiol. Aging 29, 84–94. 

Lehtonen, S., Riento, K., Olkkonen, V.M., and Lehtonen, E. (1999). Syntaxin 3 
and Munc-18-2 in epithelial cells during kidney development. Kidney Int 56, 815–
826. 

Liu, S., Wilson, K.A., Rice-Stitt, T., Neiman, A.M., and McNew, J.A. (2007). In 
vitro fusion catalyzed by the sporulation-specific t-SNARE light-chain Spo20p is 
stimulated by phosphatidic acid. Traffic 8, 1630–1643. 

Liu, T.Y., Bian, X., Sun, S., Hu, X., Klemm, R.W., Prinz, W.A., Rapoport, T.A., 
and Hu, J. (2012). Lipid interaction of the C terminus and association of the 
transmembrane segments facilitate atlastin-mediated homotypic endoplasmic 
reticulum fusion. Proc. Natl. Acad. Sci. U.S.A. 109, E2146–2154. 

Lloyd, M.D., Darley, D.J., Wierzbicki, A.S., and Threadgill, M.D. (2008). Alpha-
methylacyl-CoA racemase--an “obscure” metabolic enzyme takes centre stage. 
FEBS J. 275, 1089–1102. 

Magliery, T.J., Wilson, C.G.M., Pan, W., Mishler, D., Ghosh, I., Hamilton, A.D., 
and Regan, L. (2005). Detecting protein-protein interactions with a green 
fluorescent protein fragment reassembly trap: scope and mechanism. J. Am. 
Chem. Soc 127, 146–157. 

Martens, S., and McMahon, H.T. (2008). Mechanisms of membrane fusion: 
disparate players and common principles. Nat. Rev. Mol. Cell Biol. 9, 543–556. 

Mast, F.D., Li, J., Virk, M.K., Hughes, S.C., Simmonds, A.J., and Rachubinski, 
R.A. (2011). A Drosophila model for the Zellweger spectrum of peroxisome 
biogenesis disorders. Dis Model Mech 4, 659–672. 

McNew, J.A. (2008). Regulation of SNARE-mediated membrane fusion during 
exocytosis. Chem. Rev 108, 1669–1686. 

McNew, J.A., and Goodman, J.M. (1994). An oligomeric protein is imported into 
peroxisomes in vivo. J. Cell Biol. 127, 1245–1257. 



137 
 

McNew, J.A., Parlati, F., Fukuda, R., Johnston, R.J., Paz, K., Paumet, F., 
Söllner, T.H., and Rothman, J.E. (2000). Compartmental specificity of cellular 
membrane fusion encoded in SNARE proteins. Nature 407, 153–159. 

Meeusen, S., DeVay, R., Block, J., Cassidy-Stone, A., Wayson, S., McCaffery, 
J.M., and Nunnari, J. (2006). Mitochondrial inner-membrane fusion and crista 
maintenance requires the dynamin-related GTPase Mgm1. Cell 127, 383–395. 

Meinecke, M., Cizmowski, C., Schliebs, W., Krüger, V., Beck, S., Wagner, R., 
and Erdmann, R. (2010). The peroxisomal importomer constitutes a large and 
highly dynamic pore. Nat. Cell Biol. 12, 273–277. 

Millar, C.A., Shewan, A., Hickson, G.R., James, D.E., and Gould, G.W. (1999). 
Differential regulation of secretory compartments containing the insulin-
responsive glucose transporter 4 in 3T3-L1 adipocytes. Mol. Biol. Cell 10, 3675–
3688. 

Misura, K.M., Scheller, R.H., and Weis, W.I. (2000). Three-dimensional structure 
of the neuronal-Sec1-syntaxin 1a complex. Nature 404, 355–362. 

Moss, T.J., Andreazza, C., Verma, A., Daga, A., and McNew, J.A. (2011). 
Membrane fusion by the GTPase atlastin requires a conserved C-terminal 
cytoplasmic tail and dimerization through the middle domain. Proc. Natl. Acad. 
Sci. U.S.A. 108, 11133–11138. 

Motley, A.M., Hettema, E.H., Ketting, R., Plasterk, R., and Tabak, H.F. (2000). 
Caenorhabditis elegans has a single pathway to target matrix proteins to 
peroxisomes. EMBO Rep. 1, 40–46. 

Mukherji, M., Schofield, C.J., Wierzbicki, A.S., Jansen, G.A., Wanders, R.J.A., 
and Lloyd, M.D. (2003). The chemical biology of branched-chain lipid 
metabolism. Prog. Lipid Res. 42, 359–376. 

Nakajima, K., Hirose, H., Taniguchi, M., Kurashina, H., Arasaki, K., Nagahama, 
M., Tani, K., Yamamoto, A., and Tagaya, M. (2004). Involvement of BNIP1 in 
apoptosis and endoplasmic reticulum membrane fusion. EMBO J 23, 3216–3226. 

Nakayama, M., Sato, H., Okuda, T., Fujisawa, N., Kono, N., Arai, H., Suzuki, E., 
Umeda, M., Ishikawa, H.O., and Matsuno, K. (2011). Drosophila carrying pex3 or 
pex16 mutations are models of Zellweger syndrome that reflect its symptoms 
associated with the absence of peroxisomes. PLoS ONE 6, e22984. 

Namekawa, M., Ribai, P., Nelson, I., Forlani, S., Fellmann, F., Goizet, C., 
Depienne, C., Stevanin, G., Ruberg, M., Dürr, A., et al. (2006). SPG3A is the 
most frequent cause of hereditary spastic paraplegia with onset before age 10 
years. Neurology 66, 112–114. 



138 
 

Namekawa, M., Muriel, M.-P., Janer, A., Latouche, M., Dauphin, A., Debeir, T., 
Martin, E., Duyckaerts, C., Prigent, A., Depienne, C., et al. (2007). Mutations in 
the SPG3A gene encoding the GTPase atlastin interfere with vesicle trafficking in 
the ER/Golgi interface and Golgi morphogenesis. Mol. Cell. Neurosci 35, 1–13. 

Oh, E., and Thurmond, D.C. (2006). The stimulus-induced tyrosine 
phosphorylation of Munc18c facilitates vesicle exocytosis. J. Biol. Chem. 281, 
17624–17634. 

Oh, E., Spurlin, B.A., Pessin, J.E., and Thurmond, D.C. (2005). Munc18c 
heterozygous knockout mice display increased susceptibility for severe glucose 
intolerance. Diabetes 54, 638–647. 

Okumoto, K., Kametani, Y., and Fujiki, Y. (2011). Two proteases, trypsin domain-
containing 1 (Tysnd1) and peroxisomal lon protease (PsLon), cooperatively 
regulate fatty acid β-oxidation in peroxisomal matrix. J. Biol. Chem. 286, 44367–
44379. 

Orso, G., Pendin, D., Liu, S., Tosetto, J., Moss, T.J., Faust, J.E., Micaroni, M., 
Egorova, A., Martinuzzi, A., McNew, J.A., et al. (2009). Homotypic fusion of ER 
membranes requires the dynamin-like GTPase atlastin. Nature 460, 978–983. 

Oyler, G.A., Higgins, G.A., Hart, R.A., Battenberg, E., Billingsley, M., Bloom, 
F.E., and Wilson, M.C. (1989). The identification of a novel synaptosomal-
associated protein, SNAP-25, differentially expressed by neuronal 
subpopulations. J. Cell Biol 109, 3039–3052. 

Park, S.H., Zhu, P.-P., Parker, R.L., and Blackstone, C. (2010). Hereditary 
spastic paraplegia proteins REEP1, spastin, and atlastin-1 coordinate 
microtubule interactions with the tubular ER network. J. Clin. Invest. 120, 1097–
1110. 

Park, S.-Y., Ki, C.-S., Kim, H.-J., Kim, J.-W., Sung, D.H., Kim, B.J., and Lee, 
W.Y. (2005). Mutation analysis of SPG4 and SPG3A genes and its implication in 
molecular diagnosis of Korean patients with hereditary spastic paraplegia. Arch. 
Neurol 62, 1118–1121. 

Pendin, D., Tosetto, J., Moss, T.J., Andreazza, C., Moro, S., McNew, J.A., and 
Daga, A. (2011). GTP-dependent packing of a three-he... [Proc Natl Acad Sci U 
S A. 2011] - PubMed - NCBI. 

Peng, R., and Gallwitz, D. (2004). Multiple SNARE interactions of an SM protein: 
Sed5p/Sly1p binding is dispensable for transport. EMBO J. 23, 3939–3949. 

Pevsner, J., Hsu, S.C., and Scheller, R.H. (1994a). n-Sec1: a neural-specific 
syntaxin-binding protein. Proc. Natl. Acad. Sci. U.S.A 91, 1445–1449. 



139 
 

Pevsner, J., Hsu, S.C., Braun, J.E., Calakos, N., Ting, A.E., Bennett, M.K., and 
Scheller, R.H. (1994b). Specificity and regulation of a synaptic vesicle docking 
complex. Neuron 13, 353–361. 

Platta, H.W., and Erdmann, R. (2007). Peroxisomal dynamics. Trends Cell Biol. 
17, 474–484. 

Polgár, J., Chung, S.-H., and Reed, G.L. (2002). Vesicle-associated membrane 
protein 3 (VAMP-3) and VAMP-8 are present in human platelets and are required 
for granule secretion. Blood 100, 1081–1083. 

Procino, G., Barbieri, C., Tamma, G., De Benedictis, L., Pessin, J.E., Svelto, M., 
and Valenti, G. (2008). AQP2 exocytosis in the renal collecting duct - 
involvement of SNARE isoforms and the regulatory role of Munc18b. J Cell Sci 
121, 2097–2106. 

Ravichandran, V., Chawla, A., and Roche, P.A. (1996). Identification of a novel 
syntaxin- and synaptobrevin/VAMP-binding protein, SNAP-23, expressed in non-
neuronal tissues. J. Biol. Chem 271, 13300–13303. 

Reiter, L.T., Potocki, L., Chien, S., Gribskov, M., and Bier, E. (2001). A 
systematic analysis of human disease-associated gene sequences in Drosophila 
melanogaster. Genome Res. 11, 1114–1125. 

Ren, Q., Barber, H.K., Crawford, G.L., Karim, Z.A., Zhao, C., Choi, W., Wang, C.-
C., Hong, W., and Whiteheart, S.W. (2007). Endobrevin/VAMP-8 is the primary v-
SNARE for the platelet release reaction. Mol. Biol. Cell 18, 24–33. 

Rigaud, J.-L., and Lévy, D. (2003). Reconstitution of membrane proteins into 
liposomes. Meth. Enzymol. 372, 65–86. 

Rismanchi, N., Soderblom, C., Stadler, J., Zhu, P.-P., and Blackstone, C. (2008). 
Atlastin GTPases are required for Golgi apparatus and ER morphogenesis. Hum. 
Mol. Genet 17, 1591–1604. 

Rizo, J., and Südhof, T.C. (2002). Snares and Munc18 in synaptic vesicle fusion. 
Nat. Rev. Neurosci. 3, 641–653. 

Rodkey, T.L., Liu, S., Barry, M., and McNew, J.A. (2008). Munc18a scaffolds 
SNARE assembly to promote membrane fusion. Mol. Biol. Cell 19, 5422–5434. 

Salinas, S., Proukakis, C., Crosby, A., and Warner, T.T. (2008). Hereditary 
spastic paraplegia: clinical features and pathogenetic mechanisms. Lancet 
Neurol 7, 1127–1138. 

Salzberg, A., Cohen, N., Halachmi, N., Kimchie, Z., and Lev, Z. (1993). The 
Drosophila Ras2 and Rop gene pair: a dual homology with a yeast Ras-like gene 



140 
 

and a suppressor of its loss-of-function phenotype. Development 117, 1309–
1319. 

Sánchez-Martínez, A., Luo, N., Clemente, P., Adán, C., Hernández-Sierra, R., 
Ochoa, P., Fernández-Moreno, M.A., Kaguni, L.S., and Garesse, R. (2006). 
Modeling human mitochondrial diseases in flies. Biochim. Biophys. Acta 1757, 
1190–1198. 

Sanderson, C.M., Connell, J.W., Edwards, T.L., Bright, N.A., Duley, S., 
Thompson, A., Luzio, J.P., and Reid, E. (2006). Spastin and atlastin, two proteins 
mutated in autosomal-dominant hereditary spastic paraplegia, are binding 
partners. Hum. Mol. Genet. 15, 307–318. 

Schlüter, A., Real-Chicharro, A., Gabaldón, T., Sánchez-Jiménez, F., and Pujol, 
A. (2010). PeroxisomeDB 2.0: an integrative view of the global peroxisomal 
metabolome. Nucleic Acids Res. 38, D800–805. 

Schmelzle, K., Kane, S., Gridley, S., Lienhard, G.E., and White, F.M. (2006). 
Temporal dynamics of tyrosine phosphorylation in insulin signaling. Diabetes 55, 
2171–2179. 

Schrader, M., and Fahimi, H.D. (2006). Peroxisomes and oxidative stress. 
Biochim. Biophys. Acta 1763, 1755–1766. 

Scott, B.L., Van Komen, J.S., Liu, S., Weber, T., Melia, T.J., and McNew, J.A. 
(2003). Liposome fusion assay to monitor intracellular membrane fusion 
machines. Meth. Enzymol. 372, 274–300. 

Scott, B.L., Van Komen, J.S., Irshad, H., Liu, S., Wilson, K.A., and McNew, J.A. 
(2004). Sec1p directly stimulates SNARE-mediated membrane fusion in vitro. J. 
Cell Biol. 167, 75–85. 

Shen, J., Tareste, D.C., Paumet, F., Rothman, J.E., and Melia, T.J. (2007). 
Selective activation of cognate SNAREpins by Sec1/Munc18 proteins. Cell 128, 
183–195. 

Soderblom, C., and Blackstone, C. (2006). Traffic accidents: molecular genetic 
insights into the pathogenesis of the hereditary spastic paraplegias. Pharmacol. 
Ther. 109, 42–56. 

Söllner, T., Whiteheart, S.W., Brunner, M., Erdjument-Bromage, H., Geromanos, 
S., Tempst, P., and Rothman, J.E. (1993a). SNAP receptors implicated in vesicle 
targeting and fusion. Nature 362, 318–324. 

Söllner, T., Bennett, M.K., Whiteheart, S.W., Scheller, R.H., and Rothman, J.E. 
(1993b). A protein assembly-disassembly pathway in vitro that may correspond 
to sequential steps of synaptic vesicle docking, activation, and fusion. Cell 75, 
409–418. 



141 
 

Steegmaier, M., Yang, B., Yoo, J.S., Huang, B., Shen, M., Yu, S., Luo, Y., and 
Scheller, R.H. (1998). Three novel proteins of the syntaxin/SNAP-25 family. J. 
Biol. Chem 273, 34171–34179. 

Steinberg, S.J., Dodt, G., Raymond, G.V., Braverman, N.E., Moser, A.B., and 
Moser, H.W. (2006). Peroxisome biogenesis disorders. Biochim. Biophys. Acta 
1763, 1733–1748. 

Swinkels, B.W., Gould, S.J., Bodnar, A.G., Rachubinski, R.A., and Subramani, S. 
(1991). A novel, cleavable peroxisomal targeting signal at the amino-terminus of 
the rat 3-ketoacyl-CoA thiolase. EMBO J. 10, 3255–3262. 

Tellam, J.T., McIntosh, S., and James, D.E. (1995). Molecular identification of 
two novel Munc-18 isoforms expressed in non-neuronal tissues. J. Biol. Chem. 
270, 5857–5863. 

Tellam, J.T., Macaulay, S.L., McIntosh, S., Hewish, D.R., Ward, C.W., and 
James, D.E. (1997). Characterization of Munc-18c and syntaxin-4 in 3T3-L1 
adipocytes. Putative role in insulin-dependent movement of GLUT-4. J. Biol. 
Chem. 272, 6179–6186. 

Teng, F.Y., Wang, Y., and Tang, B.L. (2001). The syntaxins. Genome Biol 2, 
REVIEWS3012. 

Thurmond, D.C., and Pessin, J.E. (2000). Discrimination of GLUT4 vesicle 
trafficking from fusion using a temperature-sensitive Munc18c mutant. EMBO J. 
19, 3565–3575. 

Thurmond, D.C., Ceresa, B.P., Okada, S., Elmendorf, J.S., Coker, K., and 
Pessin, J.E. (1998). Regulation of insulin-stimulated GLUT4 translocation by 
Munc18c in 3T3L1 adipocytes. J. Biol. Chem. 273, 33876–33883. 

Thurmond, D.C., Kanzaki, M., Khan, A.H., and Pessin, J.E. (2000). Munc18c 
function is required for insulin-stimulated plasma membrane fusion of GLUT4 and 
insulin-responsive amino peptidase storage vesicles. Mol. Cell. Biol. 20, 379–
388. 

Tweedie, S., Ashburner, M., Falls, K., Leyland, P., McQuilton, P., Marygold, S., 
Millburn, G., Osumi-Sutherland, D., Schroeder, A., Seal, R., et al. (2009). 
FlyBase: enhancing Drosophila Gene Ontology annotations. Nucleic Acids Res. 
37, D555–559. 

Umahara, M., Okada, S., Yamada, E., Saito, T., Ohshima, K., Hashimoto, K., 
Yamada, M., Shimizu, H., Pessin, J.E., and Mori, M. (2008). Tyrosine 
phosphorylation of Munc18c regulates platelet-derived growth factor-stimulated 
glucose transporter 4 translocation in 3T3L1 adipocytes. Endocrinology 149, 40–
49. 



142 
 

Ungermann, C., and Langosch, D. (2005). Functions of SNAREs in intracellular 
membrane fusion and lipid bilayer mixing. J. Cell. Sci. 118, 3819–3828. 

Väänänen, H.K., Zhao, H., Mulari, M., and Halleen, J.M. (2000). The cell biology 
of osteoclast function. J. Cell. Sci. 113 ( Pt 3), 377–381. 

Veit, M., Söllner, T.H., and Rothman, J.E. (1996). Multiple palmitoylation of 
synaptotagmin and the t-SNARE SNAP-25. FEBS Lett 385, 119–123. 

Verhage, M., Maia, A.S., Plomp, J.J., Brussaard, A.B., Heeroma, J.H., Vermeer, 
H., Toonen, R.F., Hammer, R.E., Van den Berg, T.K., Missler, M., et al. (2000). 
Synaptic assembly of the brain in the absence of neurotransmitter secretion. 
Science 287, 864–869. 

Voeltz, G.K., Rolls, M.M., and Rapoport, T.A. (2002). Structural organization of 
the endoplasmic reticulum. EMBO Rep 3, 944–950. 

Volchuk, A., Wang, Q., Ewart, H.S., Liu, Z., He, L., Bennett, M.K., and Klip, A. 
(1996). Syntaxin 4 in 3T3-L1 adipocytes: regulation by insulin and participation in 
insulin-dependent glucose transport. Mol. Biol. Cell 7, 1075–1082. 

Wakelam, M.J. (1985). The fusion of myoblasts. Biochem. J. 228, 1–12. 

Wanders, R.J.A., and Waterham, H.R. (2006). Biochemistry of mammalian 
peroxisomes revisited. Annu. Rev. Biochem. 75, 295–332. 

Wanders, R.J.A., Ferdinandusse, S., Brites, P., and Kemp, S. (2010). 
Peroxisomes, lipid metabolism and lipotoxicity. Biochim. Biophys. Acta 1801, 
272–280. 

Weber, T., Zemelman, B.V., McNew, J.A., Westermann, B., Gmachl, M., Parlati, 
F., Söllner, T.H., and Rothman, J.E. (1998). SNAREpins: minimal machinery for 
membrane fusion. Cell 92, 759–772. 

Weimbs, T., Mostov, K., Low, S.H., and Hofmann, K. (1998). A model for 
structural similarity between different SNARE complexes based on sequence 
relationships. Trends Cell Biol 8, 260–262. 

Weimer, R.M., and Richmond, J.E. (2005). Synaptic vesicle docking: a putative 
role for the Munc18/Sec1 protein family. Curr. Top. Dev. Biol 65, 83–113. 

Williams, D., and Pessin, J.E. (2008). Mapping of R-SNARE function at distinct 
intracellular GLUT4 trafficking steps in adipocytes. J. Cell Biol. 180, 375–387. 

Yamaguchi, T., Dulubova, I., Min, S.-W., Chen, X., Rizo, J., and Südhof, T.C. 
(2002). Sly1 binds to Golgi and ER syntaxins via a conserved N-terminal peptide 
motif. Dev. Cell 2, 295–305. 



143 
 

Yang, B., Steegmaier, M., Gonzalez, L.C., Jr, and Scheller, R.H. (2000). nSec1 
binds a closed conformation of syntaxin1A. J. Cell Biol. 148, 247–252. 

Van der Zand, A., Braakman, I., and Tabak, H.F. (2010). Peroxisomal membrane 
proteins insert into the endoplasmic reticulum. Mol. Biol. Cell 21, 2057–2065. 

Zhao, X., Alvarado, D., Rainier, S., Lemons, R., Hedera, P., Weber, C.H., Tukel, 
T., Apak, M., Heiman-Patterson, T., Ming, L., et al. (2001). Mutations in a newly 
identified GTPase gene cause autosomal dominant hereditary spastic 
paraplegia. Nat. Genet 29, 326–331. 

Zhu, P.-P., Patterson, A., Lavoie, B., Stadler, J., Shoeb, M., Patel, R., and 
Blackstone, C. (2003). Cellular localization, oligomerization, and membrane 
association of the hereditary spastic paraplegia 3A (SPG3A) protein atlastin. J. 
Biol. Chem 278, 49063–49071. 

Zhu, P.-P., Soderblom, C., Tao-Cheng, J.-H., Stadler, J., and Blackstone, C. 
(2006). SPG3A protein atlastin-1 is enriched in growth cones and promotes axon 
elongation during neuronal development. Hum. Mol. Genet 15, 1343–1353. 

Zilly, F.E., Sørensen, J.B., Jahn, R., and Lang, T. (2006). Munc18-bound 
syntaxin readily forms SNARE complexes with synaptobrevin in native plasma 
membranes. PLoS Biol. 4, e330. 

  

 


