ABSTRACT
Biochemical Analysis of Atlastin’s Membrane Anchor:
Morphology, Dynamics, and Function
by
Miguel Alberto Betancourt-Solis
This project sheds new light into the endoplasmic reticulum (ER) fusion
protein, atlastin. We studied its membrane anchor and its interaction with the lipid
bilayer. The endoplasmic reticulum is composed flattened sheets and
interconnected tubules that extend throughout the cytosol and contact other
organelles. These discrete ER morphologies require specialized proteins that
drive membrane curvature, dynamics, and mediate their maintenance. The
GTPase atlastin is required for homotypic fusion of ER tubules. All atlastin
homologs possess a conserved domain architecture consisting of a GTPase
domain, a three-helix bundle middle domain, a hydrophobic membrane anchor,
and a C-terminal tail. We analyzed atlastin’s hydrophobic anchor with
recombinant atlastin and different mutants reconstituted into preformed
liposomes, as model membranes. While traditionally atlastin’s membrane anchor
was assumed to be two transmembrane segments that fully span the lipid
bilayer; we have found it consists of two intramembranous hairpin loops. The
topology of these hairpins remains static during membrane fusion and do not
appear to play an active role in lipid mixing. We also analyzed the membrane
domain topology of the mitochondrial fusion protein mitofusin-1 and ER resident

protein Sac1 and found that they also have a dual intramembranous hairpin
membrane anchor. This points to a conserved topology that may be expanded to
ER resident protein and atlastin homologs. We were also able to recapitulate an
ER-like network with atlastin proteoliposomes in polylysine coated coverslips;
thus, showing that atlastin’s can form and maintain tubular structures, this result
is consistent with the dual hairpin intramembrane loop topology. We also
determined that co-reconstitution of atlastin with reticulon, an ER tube-forming
protein, did not influence GTPase activity or membrane fusion, however both
have the propensity to inhabit high curvature membranes. We also analyzed
atlastin’s GTP binding pocket and found that inter- and intra-molecular salt
bridging is important in GTP hydrolysis. As a supplement, we analyzed atlastin’s
retention signal as means to restrict a channelrhodopsin in the ER. We also
designed a novel fluorescent reporter for lunapark, a three-way junction
stabilizing protein, in S2 cells.
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Chapter 1

Background and Significance

1.1. Biological Membrane Fusion
Membrane fusion is a critical process in many biological reactions, from
fertilization to viral entry of enveloped viruses to vesicular trafficking and
organelle remodeling, and many others. Such a ubiquitous process is mediated
by specialized enzymes. Specific fusion proteins, fusogens, are required to
catalyze this process, as spontaneous membrane fusion is only feasible in nonphysiological conditions, e.g. non-physiological lipids, extreme temperature and
pressure (Chernomordik and Kozlov, 2008).
A membrane fusion mechanism, in general, is one by which two lipid bilayers
come in contact overcoming electrostatic repulsion, followed by a lipid mixing
event that resolves into a single bilayer (Jahn et al., 2003; McNew et al., 2013).
According to the current evidence in the literature, after the initial contact of the
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opposing lipid bilayers, a hemifusion stalk intermediate is formed and eventually
resolved into a pore (Chernomordik, 1996; Liu et al., 2008; Yang and Huang,
2002, 2003) (Figure 1.1).
While the mechanics of membrane fusion are quite generalizable, the
mechanisms by which fusogens drive fusion are diverse, as many have evolved
independently (Jahn et al., 2003). Differences in their function, dynamics, and
membrane lipid composition have led to specific fusogens. Biological fusion can
be divided into 1) intra- and extracellular fusion of pathogen membranes to the
host, e.g. envelope virus entry to host, 2) intracellular fusion, e.g. vesicular
transport, and 3) extracellular cell fusion, e.g. sperm and egg fertilization (Jahn
and Scheller, 2006; McNew et al., 2013).

Figure 1.1. Membrane fusion. Schematic representation of membrane fusion
dynamics, where initial contact of opposing lipid bilayers is followed by a stalk-like
hemifusion intermediate, that is resolved after fusion with aqueous mixing
(McNew, 2013).
1.2. Viral Fusion
Viral fusion mechanisms have been well studied, and although there is a
variety of protein architectures, the main fusion mechanism is the same. Initially,
a priming event occurs, such as a change in pH, a proteolytic cleavage, or
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binding to a receptor. This leads to a conformational change that exposes an
amphipathic peptide or loop that inserts into the opposing membrane. A
structural collapse then pulls the membranes together and resolve fusion. The
model viral fusion protein hemagglutinin-A has had its fusion mechanism well
characterized and follows these same steps (Figure 1.2). Viral fusogens are
“suicide proteins” and once they fuse the lipid bilayer they are not recycled
(Harrison, 2015).

Figure 1.2. Schematic diagram of stages of influenza virus fusion.
The first step is the attachment to the host’s receptor (1), this is followed
by the separation of hemagglutinin-A 1 heads triggered by reduced pH
(2). This leads to an extended intermediate anchored to the lipid bilayer,
where the fusion peptide engages with the host’s lipid bilayer, with
arrows pointing the folding of the coiled coil (3) (Note: Only
hemagglutinin-A 2 shown, although hemagglutinin-A1 remains tethered
to it through a disulfide bond.). Refolding of HA2 promotes a hemifusion
intermediate (4) that is resolved into a fusion pore (5). Taken from
(Harrison, 2015).
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1.3. SNARE Mediated Fusion
Vesicular transport is mediated by a super class of protein known as
Soluble N-ethylmaleimide-sensitive factor Attachment Protein Receptor
(SNARE). They are a set of numerous proteins that localize in either the
transported vesicle or in the target membrane. Unlike viral fusion proteins,
SNAREs are protein complexes that rely on different proteins in the vesicle, vSNAREs, and the target membrane, t-SNAREs. Additionally, there is a wide
array of accessory proteins that help identify and tether to target membranes,
such as Rab proteins, or involved in regulation, like SM proteins (Jahn et al.,
2003).
In vitro lipid mixing assays showed that the minimal SNARE fusion complex
consists of three proteins. In this study, one protein is found on the vesicle,
VAMP2, the v-SNARE, and two proteins are required in the target membrane,
syntaxin1A and SNAP25, the t-SNAREs. Most SNAREs have a C-terminal
transmembrane domain, and a variable N-terminal domain that contains a
characteristic SNARE motif (Figure 1.3A). The SNARE motif is arranged in
heptad repeats that form coiled coils. The v-t-SNARE complex is achieved via
this heptad repeat regions and the coiling provides the energy necessary for
fusion (Weber et al., 1998). After fusion, the complex is not functional but very
stable. For recycling, the complex is disassembled by N- ethylmaleimideSensitive Factor (NSF), in an ATP driven process, and the chaperone αSNAP
(Figure 1.3B) (Block et al., 1988; Clary et al., 1990; Söllner et al., 1993).
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Figure 1.3. SNARE protein structure and fusion mechanism. A. Cartoon
representation of SNARE protein domain architecture with syntaxin1A (red and
black), SNAP25 (green), and VAMP2 (blue and gray). B. Syntaxin in a closed
conformation is pamitolayted and embedded in the plasma membrane, 1) upon
opening it interacts with SNAP25 and 2) the t-SNARE complex is stabilized. 3) A
VAMP2 containing vesicle interacts with the t-SNARE complex and 4) forms the
trans-v-t-SNARE complex the drives membranes into proximity and leads to 5) a
hemifusion intermediate and 6) fusion. Taken form (McNew, 2008).
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1.4. Dynamin Related Proteins
While SNAREs and viral fusogens drive fusion through sporadic
conformational changes, there are other fusogens that rely on nucleotide
hydrolysis to drive fusion. Dynamin related proteins (DRP) are a family of
proteins that drive fusion reactions through GTP hydrolysis. Members of this
family have a conserved N-terminal GTPase domain followed by more variable
domains. Dynamin, after which this protein family is named, is a cytoplasmic
protein that drives fission during endocytosis. Fission and fusion proteins both
have similar mechanisms, with the difference that fission proteins are largely

Figure 1.4.1. Location of fusion dynamin related proteins (DRP). A.
Mitofusins (blue spheres) localize in the outer mitochondrial membrane, B. the
Opa1/Mgm1 (green spheres) in the inner mitochondrial membrane, and C.
atlastins (red spheres) in the ER. Adapted from (McNew, 2013).
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soluble proteins, while fusion proteins tend to have a membrane anchor. Fusion
DRPs drive homotypic fusion, that is fusion of membranes originating from the
same compartment. Some fusion DRPs that stand out are Optic atrophy-1
(Opa1) and mitochondrial genome maintenance-1 (Mgm1), in the inner
mitochondria, mitofusins in the outer mitochondria, and atlastins in the
endoplasmic reticulum (ER) (Figure 1.4.1) (McNew et al., 2013; Praefcke and
McMahon, 2004).
Mitochondrial fusion is a conserved mechanism to make a more connected
compartment, where DNA and other content is more accessible and distributed
(Hoppins et al., 2007). Inner mitochondrial membrane fusion is facilitated by
Opa1 in mammals, and Mgm1, in yeast (Meeusen et al., 2006; Song et al.,
2009). These proteins have a domain architecture that consists of an N-terminal
hydrophobic segment, predicted to anchor to the lipid bilayer, followed by a
GTPase domain, a helical domain, and a GTPase effector domain. They can be
proteolytically cleaved to form a soluble GTPase that resides in the inner
membrane space, that anchors to cardiolipin. Co-assembly of the cleaved and
membrane anchored isoforms is required for efficient fusion (DeVay et al., 2009;
Schäfer et al., 2010).
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Outer mitochondrial fusogens, or mitofusins, have different domain
architectures than inner mitochondria fusogens. Mitofusins have a N-terminal
GTPase domain, a helical middle domain, two hydrophobic segments, and a Cterminal helical segment (Figure 1.4.2). One of the first mitofusins to be
discovered was fuzzy onion (Fzo) in Drosophila. Fzo1 mutants show Nebenkern
bodies, a formation of mitochondria that wrap around each due to failed
mitochondrial fusion (Hales and Fuller, 1997). Drosophila has a second mitofusin
known as Mitochondria assembly regulatory factor (MARF). Humans have two
mitofusins, mitofusin-1 and -2 (MFN1 and MFN2) in their genome (Chandhok et
al., 2018; Santel and Fuller, 2001). Mutations in MFN2 have been implicated in

Figure 1.4.2. The functional domains of mitofusins. A. Stick depiction of
human mitofusins with residue numbers corresponding to each domain of MFN1
and MFN2. B. Cartoon of mitofusins in a lipid bilayer. The GTPase domainis
depicted in yellow. Heptad repeat (HR) helical middle domain 1 and 2 are
shown in green and red, respectively. The transmembrane (TM) domain
depicted in blue. Adapted from (Chandhok, et. al., 2017)
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diseases such as Charcot-Marie-Tooth sensory neuropathy, (Züchner et al.,
2004), diabetes (Bach et al., 2003, 2005; Liu et al., 2014), and certain cancers
(Cheng et al., 2013; Rehman et al., 2012).
Homotypic fusion in the ER is mediated by another DRP called atlastin. They
share a similar domain architecture as mitofusins, and, very likely, also share
fusion mechanisms. The following sections will elaborate in greater detail about
atlastin and its role in the ER.

1.5. Atlastin Mediates Homotypic Fusion in the Endoplasmic Reticulum
Homotypic membrane fusion in the ER is mediated in all animals by atlastin in
a GTP-dependent manner (Orso et al., 2009). Humans have three atlastin
isoforms, human atlastin-1, -2, and -3 (HAtl-1-3). HAtl-1 is expressed primarily in
neurons, while HAtl-2, and -3 are expressed in the other cell types. Drosophila
melanogaster has a single homolog, drosophila atlastin (DAtl). Plants and yeast
have similar orthologs to atlastin, which, although have low sequence identity,
maintain conserved domain architecture (McNew et al., 2013).
In vivo studies have shown that atlastin mediates fusion in the ER. DAtl
downregulation fragments the ER and limits the branching of ER tubules. This
phenotype is increased when knocking out DAtl with the dominant negative
mutant atlastin (K51A). These data suggest that loss of atlastin results in a
reduction of fusion. In these experiments, the Golgi apparatus morphology and
function are not altered, suggesting that atlastin’s role is predominantly the ER.
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In contrast, overexpression of DAtl creates a hyperfused ER, where, the nuclear
envelope and peripheral ER cisternae are enlarged (Figure 1.5). In addition to
this, FRET-based fusion assays of reconstituted DAtl into liposomes have

A

B

Figure 1.5. Dysregulation of atlastin causes an aberrant ER. A. Electron
microscope analysis of Drosophila neurons; in control neurons has a typical
elongated ER (red arrowheads), while the RNAi and Atl1 show a fragmented
ER. B. Over expression of atlastin in Drosophila brain shows by electron
microscopy enlarged nuclear envelope and cisternae. Adapted from (Orso, et
al, 2009).
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definitively shown that atlastin can support fusion in vitro in the presence of GTP
and Mg2+ (Orso et al., 2009).
Currently, in vitro fusion assays have only been successful with the
drosophila homologue. DAtl remains as a very useful alternative, as it has a high
sequence similarity and identity compared to the three human isoforms; 44-49%
sequence identity and 61-68% similarity (Moss et al., 2011a). In addition to this,
Drosophila melanogaster has been used extensively to model atlastin related
diseases, specifically hereditary spastic paraplegia (HSP).

1.6. Atlastin’s Structure and Fusion Mechanism
The atlastin domain architecture consists of a large GTPase domain, a threehelix middle domain, a membrane anchor, and a C-terminal tail (Figure 1.6.1A).
Two crystal structures of HAtl-1 cytosolic domain show a putative pre-fusion and
post-fusion conformation. The pre-fusion conformation was made by crystalizing
in the presence of GDP and excess inorganic phosphate; while the post-fusion
conformation was obtained by crystalizing with GDP (Figure 1.6.1B) (Bian et al.,
2011). The pre-fusion state shows a HAtl-1 dimer with the middle domains of
each molecule perpendicular to each other, as if sitting in opposing membranes.
The post-fusion state has the middle domains parallel to each other, which could
only be accomplished if the molecules were sitting in the same membrane.
Additional crystal structures obtained by crystallization with the nucleotide analog
GTPγS yielded similar structures. However in all cases the final resolved
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structure contained only GDP, probably due to the slow hydrolysis of GTPγS or
GTP contamination (Byrnes and Sondermann, 2011a).
These structural data have allowed for a model of atlastin’s fusion
mechanism. The current model suggests that two atlastin molecules on opposing
membranes come in contact through their GTPase domain, this transient
association is stabilized and tethered by a conformational change that allows the
middle domains to meet each other (Figure 1.6.2). This dimerization is GTP
dependent. In turn, this allows the membranes to come into close proximity to
each other (Moss et al., 2011a).

Figure 1.6.1 Domain architecture and crystal structures atlastin. A.
Cartoon representation of drosophila atlastin. B. Crystal structure of putative prefusion conformation of human atlastin-1 (HAtl-1), each protomer in the dimer is
colored green or purple. This conformation was achieved by incubating with GDP
and an excess of inorganic phosphate. C. As in B, but in the post-fusion
conformation, this structure was obtained by incubating with GDP. Adapted from
(Bian et al., 2011).
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The current model suggests a dimerization starting between the GTPase
domains. The dimerization has been suggested to be GTP dependent (Liu et al.,
2015), while GTP hydrolysis or inorganic phosphate release is suggested to be
dependent on dimerization (Bian et al., 2011; Byrnes and Sondermann, 2011a).
The association of the GTPase domains is thought to be only transient, as
truncations consisting of only the GTPase domain does not inhibit the fusion of
full length atlastin in liposomes. However, truncations including the middle
domain inhibit fusion (Moss et al., 2011b).

A

B

C

D

E

F

Figure 1.6.2 Representation of atlastin mediated fusion. The GTPase domains
are represented as electron density models, the middle domains as red cylinders,
the TMDs as gray cylinders, and the C-tails as a cyan line. A. Two nucleotide-free
atlastin molecules in opposing membranes in the pre-fusion state. B. GTP loading.
C. Initial dimerization of GTP loaded GTPase domains. D. Stabilization of dimers by
domain rotation leading to the post-fusion state. E. Hemifusion intermediate. F.
Post-fusion state. Adapted from (Moss et al., 2011b).

14

A conserved amino acid, arginine 48 (R48), in drosophila atlastin has caught
our attention, as it could give further insights into the relevance of the transient
association between the GTPase domains. R48 is a catalytic amino acid of the
GTP hydrolysis domain in atlastin’s closest GTPase relative, guanylate binding
protein-1, and is thought to act as an arginine finger, a common motif in
GTPases (Ghosh et al., 2006). In HAtl-1 dimer crystal structure, the homologous
residue, arginine 77, is pointing away from the GDP, while the crystal structure of
the presumably monomeric DAtl GTPase domain points towards the nucleotide
(Figure 1.6.3) (Ariyoshi and Shirahawa). In both cases arginine48/77 makes two
distinct salt bridges. In the putative monomeric form, R48 makesan
intramolecular salt bridge with aspartate 94 (D94). In the HAtl-1 dimer, it makes
an intermolecular salt bridge with glutamate 224 (E224) of the opposing protein

Figure 1.6.3 Crystal Structure of human atlastin-1 (HAtl-1) and drosophila
atlastin (DAtl) GTPase domain. A. Super imposition of HAtl-1 (green) and
Drosophila (orange) GTPase domain. GDP is shown as spheres. Also showing
as sticks the side chains of three catalytic or oligomerization relevant amino
acids. B. Magnification of the dimer interface of the GTPase domain. The salt
bridges R77 (R48) are shown with a dotted line (Ariyoshi and Shirahawa).
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(Wu et al., 2014). We propose that this flexible arginine finger may be acting as a
switch that promotes the initial dimerization of atlastin after nucleotide loading.
Further study of this amino acid will provide valuable information regarding the
relevance of the transient association of the GTPase domains.
The transient GTPase association is not enough for tethering the opposing
atlastin molecules. As previously mentioned, the GTPase domain as itself does
not inhibit fusion, cytosolic atlastin containing the middle domain is a fusion
inhibitor (Moss et al., 2011b; Pendin et al., 2011). This points at the relevance of
the middle domain in tethering the two atlastin molecules and stabilizing the
fusion dimer. Further studies that monitor the middle domain association will
show the importance and role of the middle domain in stabilizing the fusion
dimer.
Additionally, it is also suggested that the middle domain aids in GTP loading
(Byrnes et al., 2013). Although GTP loading is sufficient for dimerization,
hydrolysis is an uncoupled event, and the middle domain is thought to be of
importance in activating GTPase activity. Alternatively, it has also been
suggested that atlastins hydrolyze GTP as monomers and the timing of inorganic
phosphate release is linked to the conformational change after middle domains
dimerize (O’Donnell et al., 2017). In either case, the conformation change of the
middle domain pulls membranes into close proximity, which is crucial in the
fusion process (Figure 1.6.2B) (Pendin et al., 2011).
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Pulling the membranes is half the battle in membrane fusion events. As it is
the case of SNARE proteins, perturbing the lipids of membranes is essential for
lipid mixing and subsequent fusion to occur (Jahn and Scheller, 2006). The Cterminal tail of atlastin mediates this lipid mixing. In vitro studies have shown that
losing the C-terminal tail (DAtl 1-450) leads to a loss of fusion capacity. However,
when reintroducing a conserved 23-aminoacid stretch, about a third of the cterminal tail, around 70% of the fusion capacity is rescued (Moss et al., 2011b).
This segment (DAtl 478-502), an amphipathic α-helix, is sufficient to drive fusion,
as substitutions of the C-terminal tail with artificial helices corresponding to the
segment are enough to restore fusion (Liu et al., 2012a).
A face of the helix is highly hydrophobic, suggesting that its interaction with
the lipids is important. Mutations that insert charged amino acids to this face of
the tail inhibit fusion in vitro. While mutations in the other face seem not to hinder
fusion much (Faust et al., 2015a; Liu et al., 2012a). To further support the role of
the C-terminal tail in lipid perturbation, tail-less DAtl has some fusion rescued
when reconstituted into liposomes with unstable lipids. This was also observed in
C-terminal tail mutant with a broken amphipathic character (Faust et al., 2015a).
These studies have shown that the C-terminal tail allows the final steps in
membrane fusion by perturbing lipids in the opposing bilayer. It has additionally
been reported that the role of the c-tail is conserved in mitofusins (Huang et al.,
2017).
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The relevance of the membrane anchor is still to be determined. However, it
has been shown that it plays a more important role other than membrane
anchoring as interchanging it with structurally similar transmembrane domains of
other proteins inhibits fusion (Liu et al., 2012a). It has also been shown that it
plays a role in localizing atlastins to the ER (Huang et al., 2017). This dissertation
delineates the importance of the membrane anchor and shows how it has a dual
intramembranous hairpin topology, these results were published in (BetancourtSolis et al., 2018).
Further biochemical and biophysical assays will be required to fill the gaps in
the current atlastin fusion model. Understanding the mechanisms of atlastin in
membrane fusion will characterize a novel membrane fusion mechanism that has
not been observed in any other protein. Atlastin fusion mechanisms will foment a
better understanding of GTP-dependent fusion and provide valuable information
on the pathophysiology of HSP.

1.7. Diseases Associated with Atlastin
Mutations in atlastin-1, mostly point mutations, lead to certain forms of human
spastic paraplegia (HSP) (Depienne et al., 2007). Premature truncations of the
C-terminal tail also lead to late onset HSP (Hedera, 1993). It is therefore of
special interest to understand the mechanisms atlastin employs to mediate
membrane fusion. HSP is a set of diseases characterized by length dependent
axonopathies, most frequently of the central nervous system, that result in
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progressive weakness and spasticity of the lower limbs. HSP can be divided into
uncomplicated, in which progressive spastic paraplegia remains as the main
symptom, and complicated, in which other neurological problems such as
epilepsy, ataxia, and intellectual disability (Depienne et al., 2007; Timmerman et
al., 2013). The heterogeneity of the symptoms and their severity is due to the
high diversity of mutations identified to cause this disease.
Autosomal dominance is the main mode of inheritance of most HSP patients.
Mutations in spastin, a microtubule severing protein, is the most common, while
Receptor expression-enhancing protein 1 (REEP1), a tubule forming protein, is
the third most common with 6.5%. HAtl-1 mutations are the second most
common and account for 10% of all autosomal dominant variants (Depienne et
al., 2007; Sauter et al., 2004); however, they are distinguished by much earlier
onset of symptoms. Because most of these mutations occur in ER associated
proteins, it is assumed that ER dysfunction leads to dysfunctional axonal
transport in HSP. In addition to this, spastin has been shown to associate with
atlastin and REEP1, implying that their synergism in maintaining the ER is
impaired when at least one is defective (Depienne et al., 2007; Hu et al., 2009).
HAtl-1 mutations have also been linked to Charcot-Marie-Tooth (CMT)
sensory neuropathy. CMT neuropathy mainly affects the peripheral motor and
sensory nerves, in contrast to HSP which mainly affects the CNS. Unfortunately,
just as HSP, lack of knowledge of atlastin’s fusion mechanisms and roles has
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blurred the understanding of the pathophysiology of these neuronal diseases
(Timmerman et al., 2013).
Additionally, disruption of atlastin’s role in the functionality and
maintenance of the ER may not be limited to HSP or CMT but could also play a
broader role in neurodegenerative diseases such as Alzheimer’s. Organellar
dysfunction has become increasingly appreciated as a cause of
neurodegeneration. Unfortunately, the ER’s role has remained obscure
(Lindholm et al., 2006).

1.8. The Endoplasmic Reticulum’s Morphology and Function
The ER has a very complex structure, which allows its complex
functionality. While most organelles adopt a globular structure, the ER consists of
flat sheets, with very little curvature except for their edges, and high curvature
interconnected tubules that extend throughout the cytosol and contact other
organelles. Two mayor divisions of the ER are the nuclear envelope and the
peripheral ER. While the nuclear envelope is mostly sheet-like cisternae, the
peripheral ER constitutes branched tubes and some peripheral sheets (English et
al., 2009). The amount and distribution of sheets and tubes in the ER is
dependent on the cell type. While all eukaryotic cells will have tubes and sheets
the proportions vary depending on cell type. For example, secretory cells have a
high abundance of sheets that stack together. In contrast, muscle cells have a
modified ER called the sarcoplasmic reticulum that extends along the myofibril
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matrix as tubes, and as cisternae in contact sites with the plasma membrane
(Figure 1.8). Another example is axons, which are predominantly tubular, with
long extensions that run throughout the axon. This diverse morphology allows for
ER compartmentalization where, even when sharing the same luminal space,
catalyze locally discrete reactions (Baumann and Walz, 2001; Shibata et al.,
2006, 2009). It has become readily apparent that the ER’s function relies heavily
in its correct morphology (Pendin et al., 2011).

Figure 1.8. The ER’s morphology is tightly regulated depending
on the cell type. A. A cultured human cell expressing reticulon4c (red)
found primarily in high curvature areas, and Sec61β (green) found primarily
in cisternal structures. A white arrow points to the nuclear envelope. B.
Electron micrograph of rough ER in secretory cells in silk glands from
silkworm. C. Electron micrograph of the sarcoplasmic reticulum of rat
skeletal muscle fibers. Image taken from (Shibata, et. al., 2006).
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One of the major roles of the ER is being site for protein synthesis. Integral
membrane proteins and secreted proteins are translated in ribosomes recruited
to the ER via a N-terminus sequences of the nascent polypeptide that are
recognized by the signal recognition particle (SRP) (Walter and Blobel, 1981).
The SRP is recognized by ER receptors found in ER sheets, the rough ER.
Different Sec proteins act as translocons that channel the growing peptide into
the lumen of the ER (Deshaies et al., 1991; Heijne, 2006). In the case of integral
membrane proteins, the translocon recognizes the hydrophobic stretch,
translation is stalled and the translocon frees the polypeptide and shifts,
incorporating the membrane into the lipid bilayer (Blobel, 1980). Luminal or
secreted proteins are further folded in the ER by specialized chaperones, as well
as modifications such as glycosylation, disulfide bonding, packaging for secretion
and oligomerization may start in the ER.
In the case of misfolded proteins, the ER plays a major role in clearing
misfolded aggregates through ER-associated degradation (ERAD). Through the
ERAD pathway aberrant proteins are recognized and degraded via the
proteasome. By this manner, misfolded proteins are prevented from entering the
secretory pathway (Ruggiano et al., 2014).
In addition to being a major site of protein synthesis, the ER, in conjunction
with the Golgi apparatus, is the site for lipid synthesis. Specialized enzymes
involved in synthesis and modification of lipids are found throughout the
endomembrane system, with discrete locations where specialized lipids may be
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modified. The interface between the ER and the Golgi apparatus, known as the
ER Golgi intermediate compartment (ERGIC), is a major site for phospholipid
modification (Fagone and Jackowski, 2009).
Another major role of the ER is calcium storage. Calcium is an important
signaling molecule, typically kept at a low concentration intracellularly, around
100 nM, while extracellularly is around 2 mM. The ER has several specialized
channels that release calcium to maintain the physiological concentrations
needed in the cell. When cytoplasmic calcium is too high, it can be pumped out
through the plasma membrane with plasma membrane Ca2+ ATPases or into the
ER via ER sarcoendoplasmic reticular Ca2+ ATPases. Calcium signaling from cell
to cell(e.g. neuronal signaling) is tightly regulated by the ER (Clapham, 2007;
Schwarz and Blower, 2016).
The varied roles of the ER are clearly a consequence of its diverse
morphology. Maintaining and stabilizing the sheets and tubes that make the ER
requires specialized proteins that mediate structural and biophysical reactions. In
conjunction with atlastin, several other important ER resident proteins interact
with membranes to maintain the exquisite shape and dynamics of the ER.

1.9. Other ER structural proteins
Shaping the ER requires a diverse set of proteins that will alter the lipid
bilayer. Several key proteins have been identified as major players in ER
tubulation, sheet stabilization, and network formation. However, how these
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proteins interact between them and how cells achieve the complex and dynamic
ER morphology remains understudied.
One of the first proteins identified in tubulation of the ER were reticulons
and REEPs. Reticulons and REEPs share a reticulon homology domain (RHD).
RHDs consist of two tandem hydrophobic segments separated by a cytoplasmic
loop. These four hydrophobic segments adopt a dual transmembrane hairpin
motif. Reticulons consist of a variable N-terminal domain, followed by the RHD,
and a C-terminus domain (Figure 1.9) (Yang and Strittmatter, 2007). Reticulons
mediate curvature in tubular ER and in edges of sheets by virtue of their RHD
(Hu et al., 2008; Voeltz et al., 2006; Zurek et al., 2011). The length of each
hydrophobic segment in the RHD is between 30-35 residues; this allows it to
insert into the lipid bilayer and occupy more space in the outer leaflet therefore
wedging it and introducing curvature. Additionally, a conserved amphipathic helix
following the RHD may wedge the outer leaflet further (Brady et al., 2015).
Studies in cell lines of human reticulon-4 show that altering the length of
the hydrophobic stretch of the RHD inhibits its ability to constrict tubes,
immobilize in tubes, and suppress peripheral ER cisternae (Zurek et al., 2011). In
vitro studies of the yeast homolog, Yop1p, show that proteoliposomes can form
tubular structures in vitro. When in conjunction with the atlastin yeast homolog,
Sey1p, an ER-like network can be produced (Brady et al., 2015; Powers et al.,
2017). Other ER structural proteins localize to the tubules, many of them have
similar transmembrane domains as reticulon, this similar structure helps them, if
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Figure 1.9. ER structural proteins. ER structures are depicted as a tube crosssection (left) or as the edge of a sheet (right). Examples of integral ER-shaping
proteins are depicted as cartoons with common motifs highlighted:
transmembrane hairpins (yellow), amphipathic helices (red), and coiled coils
(blue). The depisted proteins are reticulons (Rtns), REEPs, lunapark (lnp),
protrudin, Atlastin/Sey1p/Root hair defective-3 (ATL/Sey1p/RDH3), Kinectin,
Climp-63, and p180. Adapted from (Zhang, et. al., 2016).
not to stabilize tubes, to preferentially inhabit high curvature membranes where
they function. Examples of these ER proteins include protrudin, lunapark,
spastin, and atlastin.
Lunapark serves a role very orthogonal to REEP/reticulon family. It also
introduces curvature to the lipid bilayer, but, instead of positive curvature as in
tubes, it introduces negative curvature. Negative curvature is necessary in threeway junctions, like in the tubular ER network or when a tube stretches out of a
sheet. This was shown in studies using mammalian cell lines, where genetic
reporters showed that lunapark localizes as puncta in three-way junctions. While
not all three-way junctions had lunapark, the ones that did were more stable and
mobile along tubes (Chen et al., 2015). Cells lacking lunapark show a decrease
in tubular ER and an increase of peripheral cisternae, showing its importance in
stabilizing the tubular ER network (Wang et al., 2016). All lunaparks consist of
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two N-terminal transmembrane domains followed by a zinc finger, implicated in
dimerization (Casey et al., 2015; Wang et al., 2018). Unsurprisingly, lunapark has
been noted to interact with yeast retuculon-1 and the atlastin homolog, Sey1p, in
co-immunoprecipitation studies (Chen et al., 2012).
Another protein that interacts with REEPs and reticulons is protrudin.
Protudin localizes to ER tubules and has been involved in vesicular trafficking
during neurite extension and in ER morphogenesis and endosome recycling
(Chang et al., 2013; Shirane and Nakayama, 2006). Depletion of protrudin in
HeLa cells increases ER sheets and polygons, suggesting it has a role in
formation and stabilization of the ER’s tubular network, and that it may act
antagonistically to atlastin. Protrudin has a peculiar membrane anchor that
consists of two predicted membrane spanning segments followed by a short
cytoplasmic loop and a short intramembranous hairpin loop that does not
transverse the lipid bilayer (Figure 1.9) (Chang et al., 2013; Zhang and Hu,
2016). This membrane anchor is implicated in localizing protrudin to tubes and in
interacting with other ER shaping proteins, including, atlastins, REEPs, and
spastins. It has also been noted to interact with the plasma membrane,
suggesting it might play a role in ER plasma membrane contact sites (Chang et
al., 2013).
In addition to membrane bending, the shape of the ER is regulated by
microtubules. The dynamic tubes need tethering to the cytoskeleton for
movement. An important protein regulating ER-microtubule association and
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dynamics is spastin. Spastins have been implicated in severing and
disassembling microtubules in vivo and in vitro. Spastins consist of three main
domains an N-terminal region containing a putative transmembrane-spanning
sequence, a microtubule interacting and trafficking domain, and an ATP binding
AAA domain (AAA) (Lumb et al., 2012; Roll-Mecak and Vale, 2005). Its
membrane anchor has been also been associated with membrane bending and
ER shaping. However, its role in the ER is more related to dynamics with
microtubules, for example tube extension or sliding (Lumb et al., 2012).
The tubular network of the ER extends from stacked sheets that surround
the nucleus. Sheets require tethering proteins to keep them at a consistent width,
flattening proteins, and curvature inducing proteins at their edges. While the
edges of the ER sheets are curved by reticulons and REEPs, the surface is kept
flat by specialized integral proteins. Two of those proposed proteins are kinectin
and p180. These two proteins consist of an N-terminal transmembrane domain
followed by a long cytoplasmic coiled-coil domain (Figure 1.9). This structure is
implicated in maintaining the sheet flat (Shibata et al., 2010; Zhang and Hu,
2016). It is also worth noting that the thickness of the sheet cisternae is not very
variable. Climp-63 is a luminal spacer that keeps the width of the sheet cisternae
consistent. Depletion of climp-63 resulted in thinner sheet lumen. Climp-63 has a
similar domain architecture as kinectin and p180, also consisting of a membrane
spanning segment followed by a long coiled-coil domain. However, the coiled coil
domain localizes in the lumen of the ER (Figure 1.9). Climp-63 in opposing
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surfaces of sheet cisternae oligomerize tethering the sheets and maintaining the
thickness consistent (Klopfenstein et al., 2001; Zhang and Hu, 2016).
A common theme amongst these ER structural proteins is that they have a
membrane anchor that has a role other than membrane anchoring. Introducing
curvature to the lipid bilayer through transmembrane or intramembranous
hairpins is a common functional theme. Protein-protein interactions through
membrane anchors is also an important role that many of these proteins have
when interacting with each other. It is of significant interest to study membrane
domains, their topology, dynamics, interactions with the lipid bilayer, and how
they interact with other membrane anchors. The rest of this thesis will study the
nuances of these aspects in the context of atlastin.
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Chapter 2

Materials and Methods

2.1. Molecular Biology
The DAtl construct, pJM681, previously described in (Orso et al., 2009), was
used as a starting point for any DAtl mutants. It consists of an N-terminus GST
tag and a C-terminus eight histidine tag in a modified pGEX-4-T3 bacterial
expression vector with ampicillin resistance. DAtl point mutantions were made
using the QuikChange II site directed mutagenesis kit (Agilent Technologies).
The mutant DAtl (Y446K), pJM1141, was designed with the primer
(CTTTGGATTGGTGGGTCTCAAGACGTTCGCCAACTTCTGC) and its
complementary primer. DAtl (N450K), pJM1142, was cloned with
(GTCTCTATACGTTCGCCAAGTTCTGCAATCTGATTATG) and its
corresponding complementary primer. The double mutant, DAtl (Y446K, N450K),
pJM1143, was made by introducing the N450K mutation on pJM1142. The
mutant DAtl (F448AzF) was made in with the primer coding for an amber stop
codon, (GGTGGGTCTCTATACGTAGGCCAACTTCTGCAATCTG) and its
corresponding complementary primer. DAtl (D94R), pJM1137, was constructed
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with the primer (GGC GCG GCG GAT CTG AGC GCC GAA CCA CCG GCA
TTC TCA TGT GG) and its reverse compliment. Following the same scheme
DAtl (E199R), pJM1138, used the oligo (GGG ACT GGA GCT TTC CCT ACC
GAG CGG AAT ATG GTG CAC TGG GC) and its reverse compliment. The
mutant DAtl (R48E), pJM862, and DAtl (R48A), pJM815, were constructed by Dr.
Tyler Moss and served as a starting point for other GTPase mutants. DAtl (R48E,
E199R), pJM1146, was constructed using the same oligos as pJM1138, but
using pJM862 as template. DAtl (R48D, D94R) was constructed using pJM862
as template and the oligo (GTGGCTGGAGCCTTCGATAAGGGCAAGAGCTTC)
and its reverse compliment. The triple mutant DAtl (R48E, D94R, E199R) was
made using pJM1146 as template and introducing the mutation (D94R) using the
same primers as pJM1137.
Rtnl1 (PB isoform) and any corresponding point mutants were in a bacterial
expression pGEX-4T-3 vector with a GST-SUMO tag. Any point mutations were
done by Quikchange,II site directed mutagenesis kit following the same
methodology as DAtl point mutants. Rtnl1 (V69AzF) was made with the primer
(CATCTCCAGCTTCTCGTAGATCAGCGTGTTCGCC), Rtnl1 (G106AzF) was
made with (CGAGGGTCACCCCTAGAAGGATTACCTGG), and Rtnl1
(G170AzF) with (GTGCCTGGTTCAATTAGATGACTCTGGTC) and their
respective complementary primers.
The DAtl-Rtnl1 (TM1) chimera was constructed using a manufactured Gene
fragment G-block (IDT) containing the sequence for DAtl (354-421)-Rtnl1 (48-
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88)-DAtl (470-477). The construct pJM681 was digested with SacI and AflII, this
fragment was then ligated to the Gblock by Gibson assembly.
Chimera II, pJM1007, was constructed by generating Hs-Atl1 transmembrane
and C terminal tail by PCR from pJM693 using primers Hs-Atl1-Not1-forward
(ATGCGGCCGCTCGTACCCCAGCCACACTG) and Hs-Atl1-Xho1-reverse
(TTCTCGAGCATTTTTTTCTTTTC). The PCR product was digested with Not1
and Xho1 ligated into pJM999 (pJM681 modified to add Not1 site) cut with the
same enzymes. The mutant coding for the mutation Chimera II (I450AzF) was
made by QuikChange technique using the primers
(CATTGGTTTGGACATCTAGGCTAGCCTATGCAATATG) and its
complementary primer.
The DAtl-MFN1(TM), chimera was constructed using a manufactured Gene
fragment G-block (IDT) conding DAtl(354-421)-MFN1(579-638) (I610AzF)DAtl(470-477). Our DAtl in pGEX was digested with SacI and AflII, this fragment
was then ligated to the Gblock by Gibson assembly.
The DAtl-Sac1 (TM) chimera was constructed using a manufactured Gene
fragment G-block (IDT) containing the sequence for DAtl (354-421)-Sac1p(522573)(F548AzF)-DAtl (470-477). Our DAtl in pGEX construct, pJM681, was
digested with SacI and AflII, this fragment was then ligated to the Gblock by
Gibson assembly.
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2.2. Protein Expression
Protein purification used either an N-terminal GST tag and an eight-histidine
tag, as described in (Orso et al., 2009), or a GST-SUMO tag, as described in
(Moss et al., 2011b). A five-milliliter pre-culture, with 100 ug/ml ampicillin, of
transformed BL21 (DE3) e. coli (Agilent) was incubated at 25oC for eight hours.
One milliliter was then added to 200 ml LB media with 100 ug/ml ampicillin; this
was then incubated overnight at 25oC. The next day, the bacterial culture was
pelleted at 2000 rcf for 10min, using an Allegra tabletop centrifuge at room
temperature. The supernatant was decanted, and the pellet was resuspended
and inoculated to a 4 L LB media with 100 ug/ml ampicillin. The culture was then
incubated at 25oC shaking, until it reached an OD600 of 0.4-0.5. At that point, we
reduced the temperature to 16oC and induced with 0.2 mM IPTG and incubated
overnight.
Azidophenylalanine mutant proteins were expressed as in (Liu et al., 2015)
with the following modifications. We transformed BL21 (DE3) cells with the
corresponding mutant protein plasmid and pEVOL-AzF (addgene # 31186) (Chin
et al., 2002). Single colonies were grown, for eight hours at 25oC, in a 5 ml
preculture of M9 minimal media supplemented with 0.2% glucose, 0.1% CAS
amino acids,100 ug/ml and 35 ug/ml chloramphenicol. One milliliter of preculture
was then added to 200ml of the same minimal media and incubated overnight at
25oC. The following day the cells were pelleted, resuspended and added to two
liters of the same media. The two-liter culture was grown at 25oC until it reached
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an OD600 of 0.4-0.5, the temperature was then reduced to 16oC and then
induced with 0.1mM IPTG, 0.06% arabinose, and 1.5mM p-azidophenylalanine
(Bachem); after induction, the culture was incubated overnight shaking at 16 oC.

2.3. Lysate Preparation
The bacterial culture was centrifuged for 15 min at 7,500 rcf at 4 oC on an
Avanti JHC centrifuge with a JS-5.0 rotor. The supernatant was decanted, and
the cells were thoroughly resuspended in 200 ml of A200 buffer (25mM HEPES
(pH 7.4) and 200mM KCl). After that, the buffer was exchanged by centrifuging
for 5 min at 4oC at 10,950 rcf in a JA-10 rotor, decanting the A200 buffer and
resuspending in 40ml of breaking buffer ((A200 plus 10% glycerol, 2 mM 2mercaptoethanol, 4% Triton X-100, 40mM imidazole, and one Complete protease
inhibitor mixture tab (Roche)); GST-SUMO tagged proteins did not have
imidazole. Resuspended cells were then passed through a 16 G needle and then
homogenized by passing three times through an EmulsiFlex C3 high pressure
homogenizer (Avastin) at 15,000 psi – 20,000 psi. Cell extracts were then
cleared by centrifugation at 125,000 rcf at 4oC with a Type 45-Ti rotor in an
Optima LE-80K ultracentrifuge. Cleared lysate was then filtered through a 0.45
um pore cellulose nitrate sterile membrane filter (Whatman).
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2.4. Protein Purification
2.4.1. GST and Polyhistidine Tagged Proteins
Atlastins were tagged with an N-terminal GST tag and a C-terminal eighthistidine tag following the methods described in (Orso et al., 2009), with the
following modifications. An Akta prime liquid chromatography system (Amersham
Biosciences) was used for poly-histidine purification. A HiTrap Chelating HP
column (GE Healthcare) was equilibrated with (A100 (25mM HEPES (pH7.4) and
100mM KCl) + 10% glycerol, 2 mM 2-mercaptoethanol, 1% Triton X-100, 40mM
imidazole). The cleared lysate was then passed through it in the Akta prim
system. The column was then washed with 25ml of A100 plus 10% glycerol, 2
mM 2-mercaptoethanol, 0.1% Anapoe X-100, 40mM imidazole. A linear
imidazole gradient (40 mM to 500 mM) was then applied and fractions were
collected. We pooled the fractions together and incubated them 1h at 4 oC with
70mg equilibrated swollen GSH-Agarose beads. Beads were pelleted, and
unbound protein was removed by aspiration with a 27 G needle. Beads were
then transferred to 10ml Polyprep columns (Biorad) and washed with 25ml of
A100 with 10%glycerol, 2mM 2-mercaptoethanol, 0.1% Anapoe X-100, and 1mM
EDTA. We incubated the beads for 30 min with elution buffer (1.5ml of wash
buffer (pH 7.4) supplemented with 10mM reduced glutathione). The eluted
protein was collected, aliquoted, flash frozen with liquid nitrogen, and stored at 80oC. Purity was analyzed by SDS-PAGE and Coomassie stain and quantified by
amido black (Schaffner and Weissmann, 1973).
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2.4.2. GST and SUMO Tagged Proteins
Reticulons were purified using a GST-SUMO tag that was cleaved with
SENP2 protease as described in (Moss et al., 2011b). The lysate was incubated
in 70 mg swollen GSH-Agarose beads for three hours at 4oC to immobilize the
recombinant protein. We then removed the unbound protein by pelleting the
beads and removing the supernatant by aspiration with a 27 G needle. Beads
were then transferred to 10ml Polyprep columns (Biorad) and washed with 10ml
A100 with 10%glycerol, 2mM 2-mercaptoethanol, 1% triton X-100, and 1mM
EDTA; followed by a 20ml wash of A100 with 10%glycerol, 2mM 2mercaptoethanol, 0.1% Anapoe X-100, and 1mM EDTA. Recombinant protein
was the eluted by incubating in one milliliter of the same wash supplemented with
0.021mg of recombinant GST-SENP2 (365-589) overnight at 4oC. Protein was
eluted by centrifugation, aliquoted, plunged in liquid nitrogen, and stored at 80oC. Protein was also analyzed by SDS-PAGE and Coomassie stain for purity
and quantified by amido black.
GST-SENP2 (365-589) was expressed and its lysate was prepared in the
same way as previously described for GST- H8 tagged proteins and purified as
described in (Moss et al., 2011b). The recombinant protein was immobilized in 70
mg of swollen GSH-Agarose beads equilibrated in A100 with 10% glycerol and 2
mM 2-mercaptoethanol for 1 h at 4oC. Beads were pelleted, and the supernatant
was removed by aspiration. The protein-bound beads were then transferred to a
ten milliliter polyprep column and washed with 5 ml of equilibration buffer four
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times. The beads were then incubated in three milliliters of equilibration buffer
supplemented with 10 mM glutathione for 30 minutes, the eluate was the
collected and diluted with no KCl buffer to bring down the KCl concentration to 40
mM. The sample was then passed through a SP-sepharose column (GE
healthcare) on an Akta prime liquid chromatography system. The protein was
eluted off the column over a salt gradient from 40mM to 1M KCl. Peak fractions
were pooled and stored in 50% glycerol at -20oC. Protein concentration was
determined by Bradford assay and purity was analyzed by SDS-PAGE and
Coomassie stain.

2.5. Liposome Production and Reconstitution
Liposomes production and reconstitution was done as reported in (Faust et
al., 2015b) with the following modifications. The lipids used were 1-palmitoyl-2oleyl-glycero-3-phosphocoline (POPC), 1,2-dioleoyl-sn-glycerol-3-phospho-Lserine (DOPS) (Avanti). Lipids with fluorescent head groups used were 1,2dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-DPPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rh-DPPE). Acceptor or unlabeled liposomes consisted of
POPC:DOPS (85:15 molar ratio), while donor or labeled liposomes of
POPC:DOPS:Rh-DPPE:NBD-DPPE (82:15:1.5:1.5 molar ratio). Additionally,
POPC:NBD-DPPE (98.5:1.5 molar ratio) liposomes were used for leakage
experiments. All liposomes contained trace amounts of 3H-1-palmitoyl 2-
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palmitoylphosphatidylethanolamine (DPPE) (American Radiolabelled Chemicals)
for concentration measurements by liquid scintillation. Lipid mixes, in chloroform,
were dried under a nitrogen stream for five minutes, followed by a vacuum dry for
30 min in a glass vacuum desiccator. The lipid film was resuspended to 10mM in
A100 with 10% glycerol, 2mM 2-mercaptoethanol, and 1mM EDTA. The lipid
mixes were flash frozen and thawed ten times in liquid nitrogen for lipid leaflet
randomization and to make unilamellar vesicles. The liposomes were then
passed 19 times through 50 nm, 100 nm, or 400 nm pore polycarbonate
membrane (Avanti).
The recombinant protein was reconstituted by the detergent assisted insertion
(Rigaud and Lévy, 2003; Rigaud et al., 1995). Protein in detergent, 0.1% Anapoe
X100, was incubated for 1hr at 4oC at a 1:400 protein:lipid ratio, and an effective
detergent:lipid ratio (Reff) of ~0.7. The Reff was determined with the following
equation: Reff=Dtotal-Dwater / [lipid]; were Dtotal is the total detergent concentration
(adjusted by adding 1% TX100), Dwater is the monomeric detergent concentration
(0.18 mM), and [lipid] is the final lipid concentration. In the case of coreconstitutions, the protein:lipid ratio was adjusted, but the effective
detergent:lipid ratio was maintained to ~0.7. SM2 biobeads removed the
detergent. The liposome-protein mixture was added to degassed SM2 biobeads
(1g per 70mg TX100) for one hour nutating at 4oC three times and a final
overnight incubation to remove the Anapoe X100. The SM2 biobead degassing
consists on adding methanol to dry beads and incubating until they no longer
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float, methanol is then removed by aspiration and washed 5 times with water,
finally water is added to a final concentration of 0.2 g/ml. Unincorporated protein
was pelleted by centrifugation at 16,000 rcf for ten minutes. Proteoliposome
concentration was then measured by scintillation counting.

2.6. Click Chemistry
Labeling of azidophenylalanine mutants followed a copper-free click
chemistry reaction. For fluorescence imaging, proteoliposomes or protein in
detergent were incubated with 150 mM DBCO-cy5.5 for 2.5 h at 4oC. A sample of
the proteoliposomes was solubilized by adding 1%TX100 (or 1% digitonin where
noted), this was used as the positive control and to determine maximum click
fluorescence. This was followed by a quenching reaction with 500 uM NaN3 for
2.5hours at 4oC or a 5 mM NaN3 for 30 min at 4oC. Proteoliposomes were then
floated in a nycodenz gradient to separate free protein and unclicked dye. The
layers of the gradient were harvested and analyzed by SDS-PAGE. Band
fluorescence in the gel was done by imaging with a LAS4000 luminescent imager
(Fuji). The dye was excited with a red light and fluorescence was detected
through a cy5 filter. After fluorescence imaging, the gel was stained with
Coomassie brilliant blue and imaged using the DIA settings of the gel imager.
Densitometry and fluorescence of the bands was quantifies using Multi Gauge
Ver3.X analysis software.
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To analyze click chemistry kinetics in proteoliposomes, we added the 150 mM
of DBCO-Cy5.5 to 10 ul of freshly reconstituted proteoliposomes (~1 mM lipid)
dye and quenched it a different timepoints with 5 mM NaN3. Samples were then
analyzed by SDS-PAGE in the same manner as floated proteoliposomes.
Labeling of proteoliposomes with DBCO-PEG5K was done by incubating
with 50 uM DBCO-PEG5K for 2.5 h at 37oC. The reaction was then quenched for
two hours with 300 uM NaN3. Samples were then analyzed by SDS-PAGE and
Coomassie staining. The gel was the imaged using the DIA settings in a gel
imager, LAS4000 luminescent imager. Band intensity was quantified by
densitometry using Multi Gauge Ver3.X analysis software.

2.7. Proteoliposome Floatation on Nycodenz Gradients
Proteoliposomes floatation by Nycodenz gradients followed the protocol
described in (Scott et al., 2003). The gradient consisted of three discontinuous
layers 5x41mm Ultra-Clear tube (Beckman). The bottom layer was made by
thoroughly mixing 150 ul of proteoliposomes with 150 ul of 80% Nycodenz in
A100 with 10% glycerol, 2mM 2-mercaptoethanol, and 1mM EDTA, bringing the
final concentration of Nycodenz to 40%. The middle layer, 250 ul of 30%
Nycodenz in the same buffer, was added on top of the bottom layer. Finally, the
top layer consisted of 50 ul of A100 with 2mM 2-mercaptoethanol and 1mM
EDTA. The gradient was then centrifuged in a SW55-Ti rotor for four hours at
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48000 rpm at 4oC with no break. The resulting layers were harvested and
analyzed accordingly.

2.8. Lipid Mixing Assays
In vitro fusion was measured by lipid mixing assays following the
methodology described in (Orso et al., 2009). Unless otherwise stated, donor and
acceptor proteoliposomes were mixed at equimolar ratios, they were brought to a
final concentration of 0.15 mM each in A100 with 10% glycerol, 2 mM 2mercaptoethanol, and 1 mM EDTA, supplemented with 5 mM MgCl 2. NBD
fluorescence was measured every minute in a TECAN M200 plate reader, at
37oC. A pre-fusion NBD baseline was measured for five minutes, fusion was then
induced by adding 5 mM GTP. NBD fluorescence was measured for another
hour measuring every minute. After that, 0.25% w/v n-Dodecyl- β-D-maltoside
was added to solubilize the proteoliposomes and get a maximum FRET release
signal, the maximum signal was recorded for another 15 minutes.

2.9. Proteoliposomes Leakage Assays
Proteoliposome leakage was analyzed by quenching the outer leaflet’s NBD
with sodium dithionite. Proteoliposomes consisting of POPC:DOPS:NBD-DPPE
were brought to a concentration of 0.15 mM in in A100 with 10% glycerol, 2 mM
2-mercaptoethanol, and 1 mM EDTA. NBD fluorescence was measured every
minute in a TECAN M200 plate reader for ten minutes before adding 5 mM
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sodium dithionite. Sodium dithionite was added every ten minutes three times,
five minutes after the last addition 1% TX100 was added to solubilize the
liposomes and quench the inner leaflet NBD.

2.10. GTPase Assays
GTPase activity was measured by inorganic phosphate release using the
EnzChek Phosphate Release Assay kit (Molecular Probes) as delineated in
(Orso et al., 2009). Purified protein in detergent or proteoliposomes in A100 with
10% glycerol, 2 mM 2-mercaptoethanol, 1mM EDTA, and 0.5mM MgCl2; in the
case of protein in detergent; the buffer also contained 0.1% TX100. Absorbance
at 360nm was measured in a TECAN M200 at 37oC for five minutes every 30 s,
before adding 0.5 mM GTP. After adding GTP, 360 nm absorbance was
measured every 30 s for 30 min.
The inorganic phosphate standard, included in the kit, was used to determine
a phosphate standard curve (0, 5, 10, 20, 30, 50, 70, 100 uM). The slope of the
standard curve was used to determine the speed of GTP hydrolysis, (slope of
experiment/slope of standard curve), the speed was also corrected to a no GTP
control. The enzyme speed was then normalized to the protein concentration to
determine the enzyme activity, Kcat.
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2.11. Liposome Sizing by Dynamic Light Scattering
Freshly reconstituted proteoliposomes were diluted in water to ~0.01 mM.
Liposomes sizes were measured by dynamic light scattering (DLS) using a
Malvern Zen 3600 Zetasizer (Zetasizer Nano). The measurement parameters
were a viscosity coefficient (η) of 1.470 and a refractive index (RI) of 1.330 and
25oC.

2.12. Liposome Network Slide Preparation and Imaging
Glass coverslips were spotted with 1 mg/ml poly-L-lysine hydrobromide
(Sigma Aldrich) for one hour at room temperature in a biological hood. The
polylysine solution was then removed and the coverslips were washed twice with
deionized water. The coverslips were dried overnight in the biological hood and
stored.
Around 150 uM proteoliposomes were incubated at 37oC for 30 min in
fusogenic conditions (50 mM GTP and 50 mM MgCl2) or non fusogenic
conditions (No GTP or 50 mM GTPγS, and 50 mM MgCl2). The reaction was then
spotted into a polylysine coated coverslip, placed in a glass slide, and sealed
with nail polish. The liposome networks were then imaged in a Nikon A1-rsi
confocal microscope using the settings to image rhodamine.

42

Chapter 3

Atlastin’s Membrane Anchor Topology Consists
of Two Stable Intramembrane Hairpin Loops and
Is Required for Membrane Fusion

In this study we analyzed atlastin’s membrane domain’s topology.
Traditionally, it was assumed that atlastin’s membrane segment consisted of two
transmembrane domains that spanned the lipid bilayer and a five-residue
lumenal loop between them. We present an alternative membrane topology,
where the membrane domain does not transverse the lipid bilayer, instead it
consists of two intramembrane hairpin loops with the five-residue loop facing the
cytosol. We also found that conformational changes in the membrane domain are
not necessary for fusion and that correct membrane domain morphology and
sequence are necessary for fusion. Additionally, we identified a similar
membrane anchor topology of the hydrophobic segment of another GTPase
fusogen, mitofisin-1 (MFN1).
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3.1. Atlastin’s Membrane Anchor Forms Two Intramembrane Hairpin
Loops
Atlastin’s hydrophobic membrane domain sequence has a high sequence
similarity between species. Studies in our lab have shown that the hydrophobic
segment’s function is conserved between drosophila atlastin (DAtl) and human
atlastin-1 (HAtl-1) (Betancourt-Solis, 2018). Additionally, studies suggest that the
membrane anchor plays an active role in atlastin’s function beyond simply being
a membrane anchor (Huang et al., 2017; Liu et al., 2012b).
Several structural characteristics differentiate it from other conventional
TMDs. While the beginning of TM1 and the end of TM2 are delimited by a
charged residue, arginine or lysine, the end of TM1 and beginning of TM2 are
highly variable; while some atlastins, including drosophila and human atlastin-2,
having no delimiting charges. A short putative five-residue loop is predicted to
separate TM1 from TM2 (Figure 3.1.1). Based upon these observations we
hypothesized that the topology of atlastin may not be the assumed
transmembrane domains that transverse the lipid bilayer, a “V” configuration, but
rather a “W” topology, with two intramembranous hairpins and the loop facing the
cytosol (Figure 3.1.2Aa). To test this, we analyzed residue phenylalanine 448
(F448) of DAtl, which is in the middle of the predicted loop between the TMs. In a
“V” topology F448 would be in the luminal side of the ER; our proposed “W”
topology would place F448 in the cytosolic side of the lipid bilayer (Figure
3.1.2.Ab). We used the non-canonical residue p-azidophenylalanine (AzF) to test
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for the orientation of F448. We expressed a mutant DAtl in bacteria that contains
an amber stop codon (TAG) in place of the codon for phenylalanine at position
448, a suppressor tRNA that codes for the AzF, and an engineered aminoacyltRNA synthetase that loads the suppressor tRNA with AzF (Ryu and Schultz,
2006). The azide in the mutant DAtl(F448AzF) is amenable to copper-free click
chemistry. In DAtl(F448AzF) proteoliposomes, the azide should only be
accessible to the water-soluble dye DBCO-Cy5.5 if it is facing the outside of the
lipid bilayer as a “W” configuration. Clicked proteoliposomes were then floated to
separate unincorporated dye and analyzed by SDS-PAGE. The cy5.5
fluorescence was quantified and normalized to the respective Coomassie stain.
Hs_Atl1a
Gg_Atl1
Bt_Atl1
Ec_Atl1
Cf_Atl1
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AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVLAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFITYVIAGVTGFIGLDIIASLCNMIMGLTLITLCTWAYIRYSGEYRELGAVIDQV
AARTPATLFVVIFVMYVAAGITGFVGVDVIASVCNMVLGFALITLCTWAYIRYSGEYRELGAVIDQV
SMRTPTVLVTLMIIDYIFQEFFQLIGLDFIAGLCSSVLCLVIGALGVWAYSRYSGHLREAGGYVDDA
AARTPATLFAVMFAMYIISGLTGFIGLNSIAVLCNLVMGLALIFLCTWAYVKYSGEFREIGTVIDQI
AARTPATLFAVMFAMYIISGLTGFIGLNSIAVLCNLVMGLALTSLCTWAYVKYSGEFREIGTMIDQI
AARTPATLFAVMFAMYIISGLTGFIGLNSIAVLCNLVMGLALTSLCTWAYVKYSGEFREIGTMIDQV
AARTPATLFAVMFAMYIISGLTGFIGLNSIAVLCNLVMGLALTSLCTWAYVKYSGEFREIGTMIDQI
AARTPATLFAVMFVTYMVSTVTGFIGLSFIAALASVVMGVTLLSLCAWSYVRYSGEYREVGVTIDLI
TFRTPAVLFTGIVALYIASGLTGFIGLEVVAQLFNCMVGLLLIALLTWGYIRYSGQYRELGGAIDFG
TFRTPAVLFTGIVALYIASGLTGFIGLEVVAQLFNCMVGLLLIALLTWGYIRYSGQYRELGGAIDFG
TFRTPAVLFTGIVALYIASGLTGFVGLEVVAQLFNCMVGLLLIALLTWGYIRYSGQYRELGGAIDSG
TFRTPAVLFTGIAVLYIASGLTGFIGLEVVAQLFNCMVGLLLIALLTWGYIRYSGQYLELGGAIDSG
TFRTPAVLFTGIAALYIASGFTGFIGLEVVAQLFNCMVGLLLIALLTWGYIRYSGQYRELGGAIDSG
AFRTPAVLFVLVCLLYVLSGILFFIGLETVSFACDCIVGLAMIAILTWAFIRYSGHYREVGTAIDQA
AARTPAVYFACAVIMYILSGIFGLVGLYTFANFCNLVMGVALLTLALWAYIRYSGELSDFGGKLDDF

Figure 3.1.1. Atlastin multiple sequence alignment of predicted membrane
anchors shows conserved characteristics. The hydrophobic segments of
multiple Atlastin isoforms were aligned using Clustal Omega. Amino acid
numbers are indicated. The species abbreviations are as follows: Hs-Homo
sapiens, Gg-Gorilla gorilla, Bt- Bos Taurus, Ec- Equus caballus, Cf- Canis lupus
familiaris, Fc- Felis catus, Rn- Rattus norvegicus, Mm- Mus musculus, Dr- Danio
rerio, Ce- Caenorhabditis elegans, Dm-Drosophila melanogaster. In purple
analyzed residues of drosophila atlastin and human atlastin-1.
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Maximum cy5.5 clicking was determine by solubilizing the proteoliposomes with
1% Triton X100. Protein in detergent micelles should have the most accessible
F448. The reconstituted mutant DAtl(F448AzF) was labeled with a 54% efficiency
(Figure 3.1.2. B, C). This strongly suggests that F448 resides are located outside
the liposome. Similar labeling efficiencies, 52%, were noted in Rtnl1(F106AzF),
which is noted to reside in the cytoplasmic loop of the RHD (Figure 3.1.2. Ac). As
a negative control, we analyzed Rtnl1 valine 69 and glycine 170. These residues
are predicted to be inaccessible to the dye (Figure 3.1.2. Ac). Their low labeling
efficiency in liposomes, 13% and 11%, respectively, compared to labeling in
detergent micelles, show residues inside the liposomes are not accessible to the
dye (Figure 3.1.2. B, C).
We also found that the intramembrane hairpin loop topology is conserved in
HAtl-1. We analyzed the in vitro-functional Chimera II, which consisted of DAtl
with HAtl-1 membrane domain and c-tail. Isoleucine 450 in the chimera is in a
similar position as DAtl(F448). Chimera II (I450AzF) was labeled with a 108%
efficiency. The differences in labeling efficiencies can be attributed to
accessibility differences, as well as different aggregation states after
reconstitution that hinder labeling. Additionally, we believe that HAtl-1 might not
be able to form cis-oligomers in vitro, making it more accessible to labeling, but
limiting its fusion capacity.
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Figure 3.1.2. The atlastin membrane domain is a dual hairpin loop that
does not span the lipid bilayer. A. Schematic representation of the putative
conformations of atlastin and reticulon membrane domain. Aa. Two
transmembrane segments that transverse the lipid bilayer. Ab. Two hairpin
loops that are inserted into the outer bilayer. Phenylalanine 448 is represented
as a red sphere and the other residues in the membrane domain as black
spheres. Ac. Schematic representation of reticulon homology domain with
valine 69, phenylalanine 106, and glycine 170 represented with red spheres.
B. Proteoliposomes labeling of atlastin and reticulon azidophenylalanine
mutants with DBCO-Cy5.5 by copper-free click chemistry. Following SDSPAGE, Cy5.5 fluorescence in each band was analyzed and normalized to its
corresponding Coomassie-stained band, samples were then also normalized to
detergent solubilized proteoliposomes. C. Representative SDS-PAGE samples
of each mutant in proteoliposomes (- TX-100) or detergent micelles (+ TX-100)
visualizing Cy5.5 fluorescence (Top) and total protein by Coomassie stain
(Bottom). D. Coomassie stain of Atlastin (F448AzF) proteoliposomes clicked
with DBCO-5kDaPEG showing steric hinderance does not allow click chemistry
of this residue by large molecules.
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We also found that steric hinderance is also an issue, as clicking
DAtl(F448AzF) proteoliposomes with a very large tag, DBCO-5kDaPEG, is not
permissible in liposomes, <2% efficiency; while labeling in detergent micelles had
an efficiency of 75% at a ratio of 1:400 protein:lipid, and 78% at 1:800
protein:lipid (Figure 3.1.2. D). This result suggests that a fifth of the protein is in
an aggregated state inaccessible to labeling.

3.2. Atlastin’s Oligomeric States Differs Between Drosophila Atlastin
and Human Atlastin-1
It has been shown that atlastins’ membrane anchor is involved in cisoligomerization. The lower click efficiency of Atlastin (F448AzF), 54%, maybe
attributed to cis-oligomerization that hinders accessibility of the loop for clicking.
In contrast, Chimera II (I450AzF) labels to 108% (Figure 3.1.2B). These
differences may suggest that Chimera II (I450AzF) may not be able to form such
oligomers and thus has a very accessible loop.
This cis-oligomers dissociate in sodium dodecyl sulfate (SDS) and Triton
X100 (TX100), however, they are stable in digitonin (Liu et al., 2012b). If cisoligomers hinder clicking Atlastin (F448AzF), then digitonin solubilization will not
be as efficient as TX100. Our results show that after solubilizing Atlastin
(F448AzF) proteoliposomes with digitonin increases the labeling efficiency from
53% to 81%. Although there is an increase, it does not label with the same
efficiency as solubilizing with triton X100, strongly suggesting that cis-
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oligomerization can account to the lower labeling efficiency of Atlastin (F448AzF)
(Figure 3.2). On the other hand, Chimera II (I450AzF) increased its labeling from
89% to 101%, essentially the same as TX100 solubilized proteoliposomes; this
slight increase that suggests that cis-oligomers are not occurring. Taken
together, we believe that Chimera II is unable to form cis-oligomers and may be
one of the reasons for HAtl-1’s incapacity to fuse liposomes in vitro.

Figure 3.2. Atlastin(F448AzF) and Chimera II (I450AzF) click chemistry in
different detergents. Digitonin solubilization does not dissociate cis-oligomers of
atlastin as triton X100 (TX100) does. Differences in labeling efficiencies point out
how Atlastin (F448AzF) can cis-oligomerize, while Chimera II (I450AzF) cannot.
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3.3. A Dual Intramembrane Hairpin Loop Topology Is Conserved in the
Mitochondrial GTPase Fusogen Mitofusin-1 and in Phosphoinositide
Phosphatase SAC1
We also expanded this study to human mitofisin-1 (MFN-1) a related
GTPase fusogen of outer mitochondrial membrane (Santel et al., 2003). It has a
conserved domain topology, hence we analyzed if its membrane anchor
conserved the same topology as atlastin (Huang et al., 2017). We made the
chimera consisting of DAtl with its membrane domain substituted with the
predicted membrane anchor of MFN1, residues 579-638. We probed the
orientation of MFN1 membrane domain with the residue isoleucine 610, and
mutated it to azidophenylalanine. This chimera was named DAtl-MFN1(TM) and
consisted of DAtl(1-421)-MFN1(579-638)(I610AzF)-DAtl(470-534). It had a
very high labeling efficiency of 102% (Figure 3.3), strongly suggesting that MFN1
has a dual intramembrane hairpin loop topology as atlastins; this result suggest
that this may be a conserved topology among GTP dependent fusion proteins.
We also considered analyzing an integral ER protein because this membrane
anchor morphology may have a role in localizing and inhabiting the ER
membrane. We analyzed Saccharomyces cerevisiae phosphoinositide
phosphatase, Sac1. Following the scheme as MFN1, we made an atlastin
chimera with Sac1’s membrane anchor. The mutant consisted of Atlastin(1-421)Sac1(522-573)(F549AzF)-Atlastin (470-543). We found very efficient labeling,
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83.5%, strongly suggesting that Sac1 may share the same membrane anchor
topology as atlastin. This result suggests that the intramembrane hairpin topology
may be required for inhabiting the ER.

Figure 3.3 A dual intramembrane hairpin loop topology is conserved in
the mitochondrial GTPase fusogen mitofusin-1 and Phosphoinositide
Phosphatase SAC1. A. Representative SDS-PAGE samples of DAtlMFN1(TM) and DAtl-Sac1(TM) proteoliposomes visualizing Cy5.5
fluorescence (Top) and total protein by Coomassie stain (Bottom). B.
Proteoliposomes labeling of DAtl-MFN1(TM) azidophenylalanine mutant
(I610AzF) with DBCO-Cy5.5 by copper-free click chemistry. Following SDSPAGE, Cy5.5 fluorescence in each band was analyzed and normalized to its
corresponding Coomassie-stained band, samples were then also normalized
to detergent solubilized proteoliposomes.

3.4. Proteoliposomes Are Impermeable to Sodium Dithionite
We tested liposomes leakiness with sodium dithionite under very stringent
conditions to confirm that our results were not due to the dye permeating into the
liposomes. We used fluorescent lipids to address this. Atlastin (F448AzF) and
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Chimera II (I450AzF) proteoliposomes consisting of PC:PE-NBD (98.5:1.5 molar
ratio) were incubated with sodium dithionite, a membrane-impermeable small
molecule that quenches NBD. We incubated 150 uM liposomes in A100 buffer
and monitored NBD fluorescence over time. We then added 5 mM sodium
dithionite every ten minutes, four times in total. Initially the outer leaflet is
quenched within the first minutes, however every consequent addition of 5mM
sodium dithionite showed no significant decrease. Around 30% of the initial
fluorescence is protected by the outer leaflet (Figure 3.4 dashed traces). Due to
liposome size distribution or compositional changes upon reconstitution, the
amount of lipid in the outer leaflet may be higher than the inner one, hence a
higher percentage of quenched dye. However, the constant addition of sodium
dithionite shows robustness to leakiness. This supports that our liposomes are
not readily permeable and a larger more charged molecule like DBCO-cy5.5 will
not penetrate the lipid bilayer.

3.5. Click Chemistry Kinetics Show that the Bulk of the Azide Labeling
Happens Within Minutes
We also looked at click kinetics of DAtl(F448AzF) and Chimera II (I450AzF).
We incubated liposomes with 150 uM Cy5.5-DBCO and quenched the reaction
with 5 mM sodium azide at different timepoints. We found that most labeling
occurs within the first few minutes of the click, suggesting that the dye leaking
inside the proteoliposomes is not the mode of labeling. It is not until the lipid
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bilayer is completely solubilized that full labeling occurs. This suggests that
DAtl(F448AzF) proteoliposomes’ lower click efficiency is due to an aggregated
state that does not permit clicking and only upon solubilization it is accessible,
but not due to leakiness. Chimera II (I450AzF) is more dramatic, maintaining

Figure 3.4. AzF labeling occurs rapidly. Kinetic trace of clicked
proteoliposomes quenched at different time points with 5mM sodium azide with
1% TX100 (open circles) and without (solid circles). Proteoliposomes containing
atlastin (F448AzF) are shown in filled blue circles and Chimera II (I150AzF) are
shown in filled green circles. At 150 min 1% TX100 was added to obtain a
maximum labeling intensity. Each time point is normalized to labelling in the
presence of detergent (left axis). An independent experiment showing NBD
fluorescence is plotted on the same time scale and shown as dashed lines (right
axis). Fluorescent NBD is reduced to non-fluorescent ABD by dithionite (Ref).
The initial treatment of proteoliposomes with 5mM sodium dithionite quickly
reduces the outer leaflet NBD to ABD within 4-5 minutes. Repeated addition of
new dithionite (open triangles) at 10-minute intervals produced no further
reduction of NBD fluorescence indicating that the proteoliposome are sealed to
leakage into the interior of the liposomes. Addition of Triton X-100 at 45 minutes
(black triangle) solubilizes the liposomes and allow dithionate access to the
remaining inner leaflet lipid headgroups for complete reduction and loss of
fluorescence. The inset shows an amplified view of the first 5 minutes of the
kinetic trace. The relative size of sodium dithionite and DBCO-Cy5.5 are shown
for comparison.
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much higher click efficiencies throughout the reaction (Figure 3.4 solid traces).
With the click kinetics and the sodium dithionite quenching by leakiness kinetics,
we can assume that the click reaction occurs outside the liposome.

3.6. Atlastin-mediated Fusion Does Not Require Conformational
Alterations of the Membrane Anchor for Fusion
The role of the membrane anchor in atlastin mediated fusion has remained
elusive. It has been observed that the membrane domain plays a role in
localizing atlastin in the ER (Huang et al., 2017) and cis-oligomerization (Liu et
al., 2012b). It has also been observed that modifying the sequence of the
membrane domain for similar length TMs abolish in vitro fusion capacity,
suggesting also a direct role in fusion (Liu et al., 2012b). While we have shown
that the c-tail of atlastin has an amphipathic helix that inserts into the lipid bilayer
and perturbs the lipids to resolve fusion (Faust et al., 2015b), the physical
characteristics of the membrane domain raise the possibility of also playing a role
in membrane destabilization by conformational changes within the lipid bilayer.
The membrane domains lack of charged residues in the loop suggest that it may
be able to insert into the lipid bilayer, changing from a “V” to a “W”.
We analyzed if this conformational change was necessary for fusion by
introducing delimiting changed residues that would inhibit insertion into the lipid
bilayer. Tyrosine 446 is predicted to be the first residue after the first hydrophobic
domain, while asparagine 450 the last residue before the second hydrophobic
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domain (Figure 3.1.1). We engineered three mutants to address any
intramembrane conformational change, DAtl(Y446K), DAtl(N450K) and
DAtl(Y446K, N450K). These mutations should stabilize the residues outside the
lipid bilayer and inhibit any transbilayer dynamics, regardless of the initial
topology (“V” or “W”). We found that these mutations had no significant
effect on membrane fusion (Figure 3.5A), this suggests that the loop remains
stable through fusion.
Additionally, we analyzed fusion of DAtl(F448AzF) proteoliposomes
labeled with DBCO-cy5.5 prior to the fusion reaction. DBCO-cy5.5 conjugated
atlastins would have a bulky charged label that would hinder any conformational
changes. We found no significant difference between labeled and unlabeled

Figure 3.5. The Atlastin membrane domain is a static membrane hairpin
loop during membrane fusion. A. Charge introduction mutants fuse normally.
Histogram of average maximum fusion at 60 minutes normalized to wildtype
atlastin for atlastin (Y446K) (Green), atlastin (N450K) (Red) and atlastin
(Y446K,N450K) (Blue). Each symbol represents an individual replicate. B.
Atlastin covalently modified with DBCO-Cy5.5 fuses normally. Histogram of
average maximum fusion at 60 minutes normalized to wildtype atlastin for
unmodified atlastin (F488AzF) (Green) and covalently linked atlastin (F488AzFDBCO-Cy5.5 (Red). Each symbol represents an individual replicate.
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proteoliposomes (Figure 3.5B), further supporting that a stable “W” configuration
is sufficient for fusion.

3.7. The Intramembrane Hairpin Topology of Atlastin Is Important for
Fusion
With the previous results we wanted to analyze if the “W” topology was
obligatory for atlastin mediated fusion. To this end we engineered the chimera

Figure 3.6. The intramembrane hairpin topology of atlastin important for
function. A. Schematic representation of the of atlastin with two hairpin loops
that are inserted into the outer bilayer (Aa) and an atlastin-reticulon chimera with
the first RHD of Rtnl1 substituted for the atlastin hydrophobic membrane domain
(Ab). B. An Atlastin-Rtnl1(TM1) chimera is nonfunctional. Histogram of average
maximum fusion at 60 minutes normalized to wildtype atlastin (Black) for an
Atlastin-Rtnl1(TM1) chimera (Green). C. Atlastin-Rtnl1(TM1) reconstitutes to
similar extent as wt atlastin, as analyzed by the Coomassie stain of SDS-PAGE
of different layers of a Nycodenz gradient of proteoliposomes; with the top (T),
middle (M), and bottom (B) layers.
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DAtl-Rtnl1(TM1), a chimera of DAtl with the first hydrophobic segment of the
RHD of Rtnl1 (residues 48-88) (Figure 3.6A). Labeling with DBCO-cy5.5 of
Rtnl1(V69AzF) proteoliposomes suggests that this segment is a dual
transmembrane domain (Figure 3.2Ac), a “V” topology. Although it reconstituted
to a similar extent to DAtl, with negligible unreconstituted protein (Figure 3.6C),
its fusion capacity was abolished (Figure 3.6B). Taken together, these results
suggest that the unique “W” topology of the atlastin membrane anchor is
functionally important for membrane fusion driven by atlastin.

3.8. Atlastin’s GTPase Activity Is Increased When It Is Anchored to a
Lipid Bilayer
Atlastin mediated GTP hydrolysis has had much research done to understand
the mechanisms and points at which GTP hydrolysis is needed during a fusion
event, however this has mostly been done with the soluble domain or detergent
solubilized protein (Morin-Leisk et al., 2011; Saini et al., 2014; Winsor et al.,
2017; Wu et al., 2007). Although atlastins can hydrolyze GTP in detergent, we
set out to analyze GTP hydrolysis when in a lipid bilayer in a similar manner as
reported in (Moss et al., 2011b). We measured GTPase activity by measuring
inorganic phosphate release with an Enzchek phosphate release assay kit. We
analyzed atlastin proteoliposomes’ enzymatic activity and compared it to
detergent solubilized liposomes. We found that when bound to a lipid bilayer,
DAtl has a more efficient GTPase activity, 1.76 min- versus 0.99min-(Figure 3.7).
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These results show that within a lipid bilayer the efficiency of atlastin increases.
We hypothesize, that the role of the membrane anchor may permit better cisoligomerization and improve GTP hydrolysis. Although, this is very speculative,
further understanding on the steps that govern GTP hydrolysis and subsequent
fusion will elucidate reason of this notable difference.

Figure 3.7. Atlastin’s GTPase activity is
increased when it is anchored to a lipid
bilayer. Atlastin proteoliposomes’s GTPase
activity was quantified by inorganic
phosphate release. Proteoliposomes were
either kept intact or detergent solubilized
with 1% TX100.

3.9. Conclusions
Our findings in this chapter further expand the knowledge of atlastin’s
membrane anchor. Using click chemistry we have discovered that DAtl’s
membrane anchor consists of two intramembranous hairpins with a short
cytoplasmic loop. These results extend to HAtl-1 and to MFN1. This further
suggests that this is a conserved topology among GTP-dependent fusogens. To
understand the click chemistry reaction, we characterized the kinetics of labeling
of our proteoliposomes with the clickable dye. We found that most of the protein
clicks readily within the first few minutes, showing that the reaction is fast and not
due to the dye crossing the lipid bilayer. We additionally tested the leakiness of
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this proteoliposomes by sodium dithionite quenching of NBD labeled lipids in our
proteoliposomes. We found that they are robust and even after several additions
of sodium dithionite the inner leaflet lipids remained unquenched.
We further this labeling system to other membrane proteins as well. We
tested three mutants in Rtnl1, valine 69 and glycine 170, predicted to be lumenal,
and phenylalanine 106, shown to be cytosolic. We found that valine 69 and
glycine 170 are not labeled, supporting that they locate inside the lipid bilayer;
while, phenylalanine 106 labeled to a similar extent as DAtl (F448AzF).
We also tested if there was necessary conformational change of the
membrane anchor, between a “V” topology and a “W” topology, during fusion.
We addressed this question in two ways. First, we introduced charged residues
between the end of the predicted first membrane span and the beginning of the
second one, essentially anchoring it to a single conformation, and testing its
fusion capacity. The mutant DAtl (Y446K,N450K) addressed this, and we found
that it’s fusion capacity was not significantly affected, suggesting that a stable
“W” topology is enough for fusion. Second, we tested the fusion capacity of DAtl
(F448AzF) after being labeled with DBCO-cy5.5, having this bulky dye attached
to the loop should not permit a conformational change. We found no significant
change between the labeled proteoliposomes and the unlabeled one, further
supporting that a conformational change is not required for fusion.
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Along this we also wanted to know if an alternative membrane domain
architecture was able to support fusion. We made a chimera of drosophila
atlastin with the first membrane anchor of drosophila Rtnl1. We found that this
mutant had its fusion capacity abolished. While we determined that the predicted
membrane anchor of Sac1 is also a dual intramembranous hairpin, it has been
reported to have not fusion activity (Liu et al., 2012b). These results suggest that
we need the correct sequence and the correct morphology for atlastin to work
properly.
Differences in labeling of the drosophila and human atlastin-1 loop suggest
that human atlastin-1 cannot form cis-oligomers in vitro. Our labeling in digitonin
results suggest that a portion of Atlastin (F448AzF) is in a cis-oligomer that
decreases its labeling efficiency. In the human atlastin-1 context no significant
difference is appreciated suggesting cis-oligomers are not stable in our system
and may be one of the reasons why it cannot recapitulate fusion in vitro.
With this new information we can speculate about the role of the membrane
domain of atlastin. We speculate that it is not just an anchor to the lipid bilayer,
and that it plays a role in fusion. Additionally, we know that anchoring atlastin to
the lipid bilayer improved GTP hydrolysis, very likely due to better arrangement
of oligomers. However, this identified morphology might help explain how it
positions itself in high curvature membranes, such as ER tubes. We next sought
to understand the effects the membrane anchor of atlastin influences lipid
membranes.
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Chapter 4

Atlastin’s Membrane Domain Topology Introduces
Curvature to the Lipid Bilayer

As discussed in the previous chapter, atlastin’s membrane anchor
consists of two intramembranous hairpins that do not transverse the lipid bilayer.
This observation helps explain how it can localize in high curvature areas of the
ER like tubes and edges of sheets, as a intramembranous hairpin occupies more
space in the out leaflet increasing membrane curvature (Campelo et al., 2008;
Kozlov et al., 2014; Muriel et al., 2009; Shemesh et al., 2014). This also suggests
that atlastins’ “W” topology has a role in shaping the ER by introducing
membrane curvature, a characteristic other fusion proteins have (Epand and
Epand, 2000). This goes in line with reticulons’ and REEPs’ membrane anchors,
whose similar hairpin topologies are primarily associated with tubulation of ER
(Shibata et al., 2008; Voeltz and Prinz, 2007; Voeltz et al., 2006; Zurek et al.,
2011).
It has been previously reported that atlastin can form ER like networks in
xenopus egg extracts (Wang et al., 2016) and completely in vitro (Powers et al.,
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2017). We sought to further characterize the effects atlastin has on the lipid
bilayer by analyzing how liposome size distribution is affected after reconstituting
atlastin. We also describe a new way to form ER-like networks with atlastin
proteoliposomes in polylysine coated slides which have been published in
(Betancourt-Solis, 2018).
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4.1. Atlastin and Reticulon Can Be Co-Reconstituted into the Same Lipid
Bilayer
We analyzed how reticulon and atlastin interact in liposomes by reconstituting
drosophila atlastin (DAtl) with drosophila reticulon-like 1 (Rtnl1) at different molar
ratios into liposomes. Three ratios of atlastin:reticulon were used, 1:1, 1:2, and
1:4, keeping Rtnl1 at a constant protein:lipid molar ratio of ~1:400. After
reconstitution unincorporated protein was separated from the proteoliposomes by
a Nycodenz discontinuous gradients. Reconstitution of Rtnl1 and DAtl was
possible, as seen by coomassie stain of proteoliposomes (Fig. 4.1.1A). While the
successful co-reconstitution showed that atlastin and reticulon can inhabit the
same liposome, there was a slight decrease in reconstitution efficiencies for
atlastin after co-reconstitution, most likely due to protein overload (Fig. 4.1.1B).

Figure 4.1.1. Atlastin and reticulon can be co-reconstituted into the same
lipid bilayer. A. Coomassie stained SDS-PAGE of Nycodenz gradient
proteoliposomes of atlastin with and without reticulon. The sampled layers are
noted as T, (top layer), M, (middle layer), and B, (bottom layer). Proteoliposomes
will float to the top layer (T), leaving unreconsituted protein and aggregated lipid
in the bottom (B) layer. B. Quantification of Atlastin reconstitution efficiency. This
was quantified by densitometry and normalized to atlastin proteoliposomes.
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Additionally, we also analyzed human atlastin-1 (HAtl-1) which reconstituted with
no measurable loses (Figure 4.1.2). With this system we can then proceed to
analyze the effects atlastin and reticulon have on the lipid bilayer and, in the next
chapter, how the presence of reticulon affect atlastin’s enzymatic activity.

Figure 4.1.2. Co-reconstitution of
reticulon-like-1 (Rtnl1) with human
Atlastin-1 (HAtl-1). Coomassie-stained
SDS-polyacrylamide gel of
proteoliposomes of Human Atl-1 with and
without reticulon run in a nycodenz
discontinuous gradient., with T (top layer),
M (middle layer), and B (bottom layer)
gradient. Proteoliposome float to the top
(T) while unincorporated protein and
aggregated lipids remain at the bottom (B).

4.2. Reconstituted Atlastin and Reticulon Decrease Liposome Size
Distribution
We analyzed how atlastin, reticulon, and co-reconstituted proteoliposomes
are shaped by measuring their size. The proteins were reconstituted into
liposomes passed through polycarbonate membranes of different pore size
(100nm, and 400nm in diameter). We then measured the size distribution by
dynamic light scattering (DLS) (Figure 4.2). DLS results show that all the
proteoliposomes changed the size distribution of the liposomes, this was most
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evident with the 400nm pore passed liposomes. Atlastin proteoliposomes
consistently skew the liposome size towards ranges between 100nm-300nm
peaking at 190nm (Figure 4.2A,C). A similar trend was observed with reticulon
proteoliposomes which produced peaked between 20nm-90nm (Figure 4.2B,C).
However, when co-reconstituted, proteoliposomes behaved in a similar manner
as atlastin proteoliposomes and peaked at around 140nm (Figure 4.2A,C). Our
results indicate the transmembrane topologies of atlastin and reticulon effectively

Figure 4.2. Reconstituted atlastin and reticulon decrease the average
liposome size. A. Dynamic light scattering (DLS) trace of atlastin
proteoliposomes with and without reticulon, and B. reticulon. C. Quantification of
each major peak. For atlastin proteoliposomes the trace shows a size distribution
peaking at 190 nm, however, the presence of reticulon only slightly decrease the
size distribution to 142 nm. On the other hand reticulon liposomes peaked at 91
and 68 nm.

65

introduce curvature to membranes, thus leading to smaller liposomes. This
correlates to the results of chapter 3, which have shown atlastin’s domain
topology, as two intramembrane hairpin loops, should deform liposomes similarly
to Rtnl1.

4.3. Atlastin Can Form Tubular Networks In Vitro
ER networks have been recapitulated in vitro using Xenopus egg extracts in a
atlastin GTP dependent manner (Wang et al., 2016). In addition to that,
proteoliposomes of DAtl have been able to produce ER-like networks solely with
chemically made liposomes and a single protein (Powers et al., 2017). We have
been able to recapitulate a similar system with our proteoliposomes attached to
coverslips with polylysisne (Figure 4.3). In this system we can observe that the
formation of networks is dependent on atlastin mediated fusion. Incubating
proteoliposomes without GTP or with a non-hydrolysable analog, GTPγS, do not
form networks. Our results and those in the literature suggest that atlastins may
have the capacity of introducing enough curvature to produce and stabilize
tubular structures in the cell. The intra membrane hairpin loop topology we have
described in the previous chapter supports this capacity to wedge the lipid
bilayer.
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Figure 4.3. Drosophila atlastin can form tubular ER-like networks in vitro.
Atlastin donor proteoliposomes (NBD:Rhodamine) were incubated in nonfusogenic (No GTP (A), GTPγS (B)) and fusogenic (5mM GTP at 37˚C, C and
D) conditions, then spotted to a poly-L-Lysine coated coverslip. This was then
analyzed by confocal microscopy

.
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4.4. Conclusions
Our results in this chapter advance our understanding of atlastin’s membrane
anchor in deformation and stabilization of high curvature membranes. Our DLS
results, particularly the 400 nm liposomes, show that after reconstitution atlastin
lives in liposomes of a smaller, more defined size distribution. Although this was
measured under non-fusogenic conditions, we can assume that this
proteoliposomes could potentially be in a more tubular state, as analyzed in
reticulon proteoliposomes by electron microscopy (Hu et al., 2008). However, the
DLS data does not fully support this, as tubular structures typically have a dual
peak profile under DLS. However, since our samples are of liposomes in a large
size distribution DLS may not be able to capture these shapes as in a more
homogenous sample. Nonetheless, our results are informative of atlastin’s
preference for higher curvature membranes, which in fusogenic conditions leads
to tubular interconnected structures.
Along other reported tubular networks achieved in vitro, here I have shown a
new system to form immobile ER-like networks. Further characterization of this
system can reveal important details of altastin’s role in reticulation of the ER. We
have yet to characterize the extent of fusion, or of this network, as it may be
possible to deal with tethered tubes stabilized by atlastin. Additionally, future
work on this system could incorporate other ER resident proteins and analyze
differences in membrane deformation. Along those line, we also set to analyze
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how atlastin interacts biochemically with reticulon, in the next chapter we study
how reticulon influences atlastin mediated membrane fusion.

69

Chapter 5

In Vitro Interactions of Atlastin and Reticulon

Maintaining a functional ER requires its correct dynamic morphology to be
maintained, which in turn is mediated by a series of ER structural proteins that
interact with one another in keeping the correct morphology of the ER (Pendin et
al., 2011). Atlastin has been noted to interact and bind with several ER proteins;
this include reticulons, REEPs, lunapark, and spastin (Chen et al., 2012; Evans
et al., 2006; Hu et al., 2009; McNew et al., 2013; Park et al., 2010). Reticulons
are structural proteins that mediate curvature in tubular ER and in edges of
sheets (Hu et al., 2008; Voeltz et al., 2006). In vivo studies have shown a
physiologically relevant interplay between atlastin and reticulons. Atlastin
knockdown phenotypes in drosophila can be rescued by a double knockdown of
atlastin and reticulon (Summerville et al., 2016). This points to an antagonistic
interaction. However, a direct interaction with atlastin’s enzymatic activity has not
been characterized.
Given high abundance of reticulons and its structural role particularly in
tubule enriched ER (Friedman and Voeltz, 2011; Hübner and Kurth, 2014; Yalçın
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et al., 2017; Yang and Strittmatter, 2007), it is very likely that any regulation or
help in recruitment in atlastin mediated fusion may require reticulon. Additionally,
given that human atlastins have not been able to fuse membranes in vitro, such
interactions may be a more stringent requirement by human atlastins than
drosophila’s. To examine a potential regulatory role of reticulon, we analyzed the
effects of Rtnl1-RB in DAtl and HAtl-1 mediated in vitro fusion. The following data
was reported in (Betancourt-Solis et al., 2018).
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5.1. Reticulon Does Not Affect Atlastin’s GTPase Activity
We analyzed the GTPase activity of DAtl and Rtnl1 proteoliposomes.
Atlastin and reticulon were reconstituted at similar molar ratios. We found that
there was no significant change in GTP hydrolysis when reticulon was present
(2.8 vs to 2.5 µmol/min/µmol protein) (Figure 5C). This result shows that reticulon
has no direct effect on atlastin’s enzymatic activity. It is more likely that any
atlastin-reticulon interaction is through the RHD and atlastin’s membrane anchor
(Hu et al., 2009). Hence, we believe that their interaction may be more relevant
to help in recruitment within the same lipid bilayer, modifying the lipid bilayer, or
in lipid mixing. Therefore, we also examined if there was any difference in DAtl
mediated fusion.

Figure 5.1. Atlastins’ enzymatic activity is not affected by reticulon. A.
Sample kinetic trace of drosophila atlastin proteoliposome lipid mixing assays.
Solid circles are of atlastin only proteoliposomes and open circles with reticulon.
Different colors correspond to different ratios of atlastin to reticulon. B. Histogram
with average maximum fusion after 60 min normalized to atlastin alone. Each
symbol corresponds to a replicate. C. Histogram of GTPase activity, measure by
inorganic phosphate release, of atlastin and atlastin with reticulon, at equimolar
amounts, proteoliposomes. Each symbol corresponds to an individual replicate.
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5.2. Atlastin Mediated In Vitro Fusion Is Not Affected by Reticulon
After determining that atlastin can be co-reconstituted with reticulon (Figure
4.1.1 and figure 4.1.2), we analyzed atlastin mediated fusion. When membrane
fusion was examined, both the kinetics and the extent (Figure 5.1 A,B) of lipid
mixing was slightly reduced by the presence of reticulon, by a similar amount as
the reduction in reconstitution efficiency (Figure 4.1.1). These results suggest
that reticulon does not influence atlastin’s ability to promote membrane fusion.
Additionally, we analyzed if reticulon could restore human atlastin-1’s fusion
capacity in vitro. Although HAtl-1 reconstituted more efficiently than DAtl when
Rtnl1 was included, no fusion activity was observed (Figure 5.2).

Figure 5.2. Human atlastin-1 (HAtl1) in vitro fusion is not rescued by
reticulon-like-1 (Rtnl1). A. Sample kinetic trace of drosophila atlastin,
HAtl1 and HAtl1 with Rtnl1. Solid circles are atlastin only proteoliposomes
and open circles co-reconstituted with reticulon. B. Normalization of
fusion to drosophila atlastin proteoliposomes.
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5.3. Conclusions
Our results indicate that the interaction between atlastin and reticulon are not
directly involved in atlastin’s enzymatic activity. These results, however, do not
mean a role of atlastin-reticulon interactions does not happen in vivo, like
localization within high curvature areas of the ER, such as tubules or edges of
sheets, that are not replicated in our in vitro system. Finally, since reticulon did
not rescue any fusion capacity of HAtl-1, it is suggestive that reticulon as a
binding partner is not enough in mediating HAtl-1 in vitro fusion. Additionally, it is
unlikely that a single binding partner, is necessary for HAtl-1 in vitro fusion, since
a DAtl chimera with HAtl-1 membrane domains is functional, and the reticulonatlastin interaction occurs most likely through the membrane anchors (Hu et al.,
2009). Additional proteins may be necessary for HAtl-1 to fuse liposomes.
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Chapter 6

Analysis of Atlastin’s Arginine 48 and Residues
Involved in Dimerization and GTP Hydrolysis

The conserved arginine 48, in drosophila atlastin (DAtl), or its counterpart,
arginine 77, in human atlastin-1 (HAtl-1), are thought to be arginine fingers that
catalyze GTP hydrolysis. Based on the crystal structure of the soluble domains of
HAtl-1 dimer and the monomer GTPase domain of DAtl, two distinct
conformations of this flexible residue were noted. As a monomer arginine 48
points towards the nucleotide and makes an intramolecular salt bridge with
aspartate 94. As a dimer, arginine 77, makes an intermolecular salt bridge with
glutamate 224 (Figure 1.6.3). Additional crystal structures of HAtl-1 incubated
with GppNp or GDP/AlF4 show arginine 77 pointing to the nucleotide (Byrnes
and Sondermann, 2011b; Byrnes et al., 2013). These observations suggest that
the flexibility in the arginine 77/48 may work as a switch, that upon GTP loading
or hydrolysis changes conformation and promotes dimerization. To assay if
arginine 48 is solely a catalytic residue, this residue was mutated to a glutamate
and its GTPase activity was measured. The charge reversal created by this
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mutation (R to E) should inhibit GTPase activity if it is in fact a catalytic residue.
To test if these salt bridges occur as part of atlastin’s catalytic mechanism we
designed additional charge reversal mutations. We constructed the triple mutant
Atlastin (R48E, D94R, E199R), in which all the charges have been reversed;
therefore, the salt bridging may still be possible.
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6.1. Arginine 48 Is Involved in GTP Hydrolysis and in Mediating
Atlastin Dimerization
To analyze if arginine 48 was an arginine finger we constructed the mutant
Atlastin (R48E) and measured its GTPase activity by quantifying inorganic
phosphate release. The previously characterized mutant Atlastin (R48A) had a
GTPase activity of 56% of wild type, thus suggesting that it may not be just a
catalytic arginine finger. To this end we decided to make the more stringent
mutation, Atlastin (R48E), where the charge reversal should abolish GTP
hydrolysis. Atlastin (R48E) lost activity significantly, the turnover rate of the
mutation was reduced to 62% of wild type (Figure 6.1). Since the GTPase activity
of the Atlastin (R48E) was not eliminated completely, it suggests that R48 may
play a more structural role rather than a catalytic one. The analysis of the
putative salt bridges was done by introducing the following mutations:
Atlastin(D94R), Atlastin(E199R), Atlastin (R48E, D94R, E199R), Atlastin (R48E,
E199R), and Atlastin (R48E, D94R). The triple mutant should be able maintain
the two salt bridging states, with the catalytic arginine’s charge reversed. The
triple mutant, Atlastin (R48E, D94R, E199R), was found unable to rescue the
GTPase activity of Atlastin (R48E), however it retained 47%. Because GTP
catalysis was not abolished, the single mutants were analyzed and Atlastin
(D94R) was found tonot have a significative loss in GTPase activity, 78% of wild
type, and, unexpectedly, that Atlastin (E199R) decreased GTPase activity by
half. This suggests that E199R, which is surface exposed and forms a salt bridge
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intermolecularly, may play an important role other than dimerization by contacting
R48E or that the dimerization event is crucial in the subsequent hydrolysis of
GTP or inorganic phosphate release.
The double mutants Atlastin (R48E, E199R) and Atlastin (R48D, D94R)
should maintain at least one possible salt bridge and lose the other. Both lost
their GTPase capacity. Because the triple mutant did rescue some activity,
compared to the double mutants, we believe that this salt bridges play an
important role in dimerization and subsequent steps of GTP hydrolysis and that

Figure 6.1. Arginine 48 is involved in GTP hydrolysis and in mediating
atlastin dimerization. The effects of mutating different residues in the GTP
binding pocket of atlastin was analyzed by charge reversal mutations that disrupt
GTP catalysis of putative salt bridges identified in crystal structures. GTP
hydrolysis was measured by inorganic phosphate release and normalized to the
average of wild type atlastin.
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the double mutant may be stuck in an unnatural salt bridge that hinders GTP
catalysis.

6.2. Mutations in Atlastin’s GTP Catalytic Pocket Disrupt Fusion
Fusion activity of Atlastin (R48E) and the other GTP interface mutants was
also tested. We found that the triple mutant was not able to rescue any fusion
activity from the R48E mutation (Figure 6.2). This negative result is hard to
interpret as the burden of the three mutations restores GTPase but inhibits

Figure 6.2. Mutations in atlastin’s GTP catalytic pocket disrupt fusion.
Fusion activity of proteoliposomes with different mutations on Atlastin’s catalytic
site were analyzed by lipid mixing assays. Homotypic fusion was abolished in all
the mutants. Heterotypic fusion, where donor (D) and acceptor (A)
proteoliposomes are fused, was lost in all mutants (Data not shown) except for
Atlastin (D94R).
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fusion. The fusion inhibition may be due just to the inefficiency of GTP hydrolysis
or a stability issue.
Homotypic fusion was lost in all mutants (Altastin (R48D,D94R) was not
analyzed). Heterotypic fusion with wild type atlastin was also lost in all mutants
(data not shown), except for Atlastin (D94R) which retained 20% fusion (Figure
6.2). Because Atlastin (D94R) has a permissible heterotypic fusion; we believe
that this residue has a structural role, more than a catalytic one. The loss of all
fusion capacity of Atlastin (E199R), further suggests that dimerization may be
needed for GTP hydrolysis and therefore fusion as well.

6.3. Conclusions
The results on this chapter shed some insights into the role of atlastin
arginine 48/77. While the conformations it adopts in different crystal structures
are telling of its catalytic role, our results suggest that it also has a role in
important salt bridging intra- and inter-molecularly. Currently, the steps in
GTPase domain dimerization and nucleotide hydrolysis of atlastins have
remained nebulous. Studies have proposed that GTP hydrolysis starts before
GTPase domain dimerization, and phosphate release likely occurs after a more
dramatic conformational change where the middle domain dimerizes (O’Donnell
et al., 2017). Regardless, the results in this chapter further show that arginine 48
plays a role in GTP hydrolysis as well as salt bridging for GTPase dimerization.
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Atlastin (R48A) and Atlastin (R48E) had around half of the GTPase activity
of wild type; therefore, it may not be an arginine finger that hydrolyses GTP, but
may play a more structural role, as a switch that changes conformations during
GTP binding, hydrolysis, or phosphate release. We also analyzed the importance
of the putative salt bridges that act as switches after a GTP catalysis step and
that lead to initial dimerization of GTPase domains. Breaking the salt bridges with
the mutants Atlastin (D94R) and Atlastin (E199R) yield interesting results.
Breaking the R48-D94 salt bridge reduce the GTPase activity to 78% of wild
type. In contrast, breaking the R48-E199 salt bridge reduces it to 50%, almost
the same as R48E and R48A, both of which should disrupt any salt bridging. To
this end we also analyzed the triple mutant Atlastin (R48E, D94R, and E199R),
where the catalytic arginine is disrupted, but the other putative salt bridges
should be feasible. To our surprise this mutant still retained 47% of activity,
suggesting that maintaining the salt bridges is enough for GTP hydrolysis.
Disrupting the catalytic residue and a single salt bridge was analyzed by the
double mutants Atlastin (R48D, D94R) and Atlastin (R48E, E199R). These
mutants had their GTPase activity completely abolished, showing that restoring
all the salt bridges, like Atlastin (R48E, D94R, E199R), rescues some enzymatic
activity. I hypothesize that the double mutants are stuck in an unnatural salt
bridge and that a compensatory mutation that allows for the second salt bridge is
enough to restore the loss.
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Even though GTP hydrolysis is required for fusion, they are separate
reactions. When analyzing fusion by disrupting the GTP catalytic pocket, we
found that fusion is lost in all mutants. The only one that had some activity was
Atlastin (D94R), which had 23% heterotypic fusion. This shows that an
asymmetric intermolecular dimer may be enough to drive fusion when the R48D94 salt bridge is disrupted. It additionally suggests, that D94 is probably more
structural in nature than catalytic. Further studies on atlastin’s GTPase domain
will discern between GTP hydrolysis, fusion, and dimerization.
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Chapter 7

Conclusions and Future Work

Biological membrane fusion is mediated by specialized fusion proteins.
While viral fusion proteins and SNAREs mediate fusion through spontaneous
conformational changes, other fusion proteins hydrolyze GTP to catalyze fusion.
Atlastins are GTPases that catalyze fusion in the ER. Their domain architecture
consists of a large cytosolic GTPase, a three-helix middle domain, a hydrophobic
membrane anchor, and a short cytosolic C-terminus tail. While crystal structures
of atlastin’s soluble domains reveal insights into its fusion mechanism, the role of
its hydrophobic membrane anchor remain understudied. It is very apparent that it
serves a role higher than just an anchor to the lipid bilayer (Huang et al., 2017;
Liu et al., 2012b). This work has provided new insights into atlastin’s membrane
anchor and the bulk of this project was published in (Betancourt-Solis et al.,
2018).
In chapter 3, we have determined that the loop between the predicted
membrane anchors is amenable to labeling with membrane impermeable dyes
when in a lipid bilayer, suggesting that atlastin’s membrane anchor consists of
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two intramembranous hairpins that do not transverse the lipid bilayer. We also
found that anchoring the loop to the cytosolic side by introducing charged residue
mutations does not affect the overall fusion capacity of atlastin. The stability of
the membrane anchor indicates that a stable conformation is enough to drive
fusion and that the loop does not embed into the lipid bilayer in our fusion
mechanism.
In addition to this, changing the sequence of the membrane anchor to that
of another protein inhibits fusion. A chimera of atlastin with the membrane anchor
of reticulon, a dual membrane spanning membrane anchor, has its fusion
capacity abolished. Intriguingly, swapping the membrane anchor of atlastin for
that of Sac1, which we determined to also be a dual intramembrane hairpin loop,
had been reported to lose its fusion capacity (Liu et al., 2012b). This shows that
not only is the correct membrane anchor topology is necessary to drive fusion,
but also the correct primary structure. I speculate that the role of the membrane
anchor grants atlastin’s better accommodation in high curvature membranes, like
ER tubes. Additionally, it has been noted that atlastin plays a role in lipid droplet
size. While it is not visible in lipid droplets under physiological condition, upon
over expression it has been seen to localize in lipid droplets as well (Klemm et
al., 2013). Localizing to a single leaflet lipid membrane is consistent with this
topology. It is of interest to expand this probing system in an in vivo system. This
will further corroborate that our results are also physiologically important. While
some non-canonical residue systems are in place for mammalian cell lines and
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one of drosophila S2 cells lines, our lab will need to develop new reagents for
probing orientation in the lipid bilayer. We could potentially express our mutant
protein and using a water-soluble clickable dye label the mutants after a light
digitonin solubilization of the plasma membrane. Digitonin should permeabilize
the plasma membrane while leaving the ER and other organelles impermeable.
Our system could potentially be used to prove other integral membrane
proteins as we have reported here for Sac1 and MFN1. We want to design a
cassette-like system where we can interchange predicted membrane anchors
and study in a higher throughput their topology. We also analyzed drosophila’s
only reticulon, Rtnl1. We found that reticulon consists of two dual hairpins,
however, each hairpin likely transverse the lipid bilayer, based on their length.
This is of interest, as reticulon is noted to associate with atlastin through their
membrane domains, and to have a physiological interplay.
We analyzed if Rtnl1 had any effect with atlastin’s enzymatic and fusion
capacity and found that there was no effect as described in chapter 5. We also
analyzed if it could rescue any fusion capacity of human atlastin-1 (HAtl-1) but
found that there was no effect there either, we speculate that other proteins may
be needed to recapitulate human atlastin fusion in vitro, that unfortunately our
system does not provide. This does not preclude an important functional
interaction that we have not been able to recapitulate in vitro.
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While our proteoliposome system may not be able to recapitulate all the
events of an intact ER, this system does produce ER like networks that we can
study as we described in chapter 4. The dual hairpin topology of atlastin is
consistent to the ER-like networks that we and others have reported
(Betancourt-Solis et al., 2018; Powers et al., 2017; Wang et al., 2016). While
atlastin by itself can produce mobile ER like networks, it is in our interest to
expand this method to proteoliposomes co-reconstituted with reticulon. We
speculate that the length of the tubes produced, and the dynamics of tube sliding
might change with this extra tube-forming protein. We plan to further characterize
our in vitro networks, to determine the extent of fusion, as many of these might
be tethered tubes. To this end we could characterize them by fluorescence
recover after photobleaching. We also want to characterize the dynamics that
form this network. Ideally, we could form these networks in a microfluidic device
and slowly add GTP and monitor the network formation, this could be very
informative of the peripheral ER’s biogenesis.
We also analyzed the effects atlastin and reticulon have in membrane
deformation. We found that they prefer to inhabit smaller liposomes, as analyzed
by dynamic light scattering (DLS). This result is consistent with atlastin’s tube
forming capacity. However, it is hard to interpret, as by DLS we were not able to
characterize them as tubes, just as smaller diameter liposomes. While the exact
mechanism of detergent mediated reconstitution is not well characterized, it is
counterintuitive that adding protein would shrink the liposome’s size. We
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speculate that this is the result of membrane bending. Analyzing these
proteoliposomes by cryo-electron microscopy could verify this. We attempted to
analyze them by negative stain electron microscopy, but his method can produce
artifacts and dry up out sample.
Another interesting part of this study was on the atlastin’s catalytic pocket,
analyzed in chapter 6. While the arginine 48 in DAtl is predicted to act as an
arginine finger that catalyzes GTP hydrolysis, we have found that it may not act
solely as that. The mutant DAtl(R48A) and DAtl(R48E) retained half of wt
GTPase activity. This strongly suggest that it is not solely an arginine finger.
Based on the crystal structures of DAtl’s GTPase domain, a putative monomer,
and HAtl-1, a dimer, an intra- and inter-molecular salt bridge was observed. As a
monomer, it makes an intramolecular salt bridge with aspartate 94. As a dimer
arginine 77 makes an intermolecular salt bridge with glutamate 224. While a new
crystal structure of DAtl soluble domains is a dimer, the resolution of arginine 48
is too low, further showing that it is a very flexible residue (Wu et al., 2014). We
analyzed breaking and restoring the salt bridges with charge reversal mutations.
The triple mutant DAtl(R48E, D94R, and E199R), retained almost half of wt
GTPase activity. This result suggests that maintaining the salt bridges is very
important in the GTP catalysis cycle. To our surprise the double mutants
DAtl(R48D, D94R) and DAtl(R48E, E199R), where one salt bridge is maintained
and the other lost, had their GTPase capacity abolished. This signified that the
two conformations act synergistically in GTP catalysis or inorganic phosphate
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release. We have to further characterize this mutants, and a good next step is to
break both salt bridges and leave the putative catalytic arginine intact,
DAtl(D94R, E199R). If it retains some catalytic activity it may suggest, that the
arginine is likely the catalytic residue, however abolished activity will further show
that salt bridging is necessary for GTP catalysis.
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Annex 1

Expression of Fluorescent Lunapark Reporter in
Schneider-2 Cell lines

Lunapark is a structural protein involved in stabilizing three-way junctions
in the ER, providing negative curvature to the junctions. Unlike tubular structures,
which ultimately require positive curvature, three-way junctions require negative
curvature in one dimension, and positive curvature in the orthogonal dimension;
this promotes the saddle point required for a tight junction. Like reticulons,
lunapark introduces negative curvature by wedging the lipid bilayer. Most cellular
biology studies have been in mammalian cell lines, where it has been seen to
localize as puncta in three-way junctions in the ER tubular network (Chen et al.,
2015). Knockdown of lunapark in human cell lines and s. cerevisiae has been
noted to increase the number of peripheral cisternae and reduction of tubes and
junctions, showing its importance in stabilizing three-way junctions (Chen et al.,
2012; Wang et al., 2016). In this chapter we describe a Drosophila lunapark-GFP
(Lnp-GFP) construct for expression in Drosophila Schneider-2 (S2) cell lines. We
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report here similar results to those in mammalian cell lines, where lunapark
colocalizes with the ER and appear as puncta.
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7.1. Materials and Methods
7.1.1. Molecular Biology
The plasmid pJM1040 (Lnp-GFP in pAc5.1/V5-His A) was constructed by
PCR cloning the drosophila lunapark fragment from pJM972 (GST-dm-LNP-H8 in
pGEX4T3) with oligo #1101 (pAc5-EcoRI-dmLnp_fwd
(gggtacctactagtccagtgtggtggaattcatgggatttgtgttatccaagc)) and oligo #1105
(dmLnp-EcoRI-XbpI_rev
(ggtggctgccagctccgcGAATTCCTGCAGCCCCCCGGTCGCCACC)). The PCR
product was Gibson assembled with linearized pJM1097 (Xbp1-GFP in
pAc5.1/V5-His A) cut with EcoRI.
Dr. Joseph Faust had previously constructed pJM1049 (tdTomatodSec61β in pAc5.1/V5-His A) for ER imaging (Summerville et al., 2016). The
tdTomato fragment was PCR amplified from pJM1054 (tractin-tdTomato) using
the oligos #930 (pAc5-KpnI-tdTomato
(CCCCGGATCGGGGTACCAAAAATGGTGAGCAAGGGCGAGG)) and #931
(tdTomato-NS-EcoRI-Sec61 Rev
(GGGTCGGACCAGGCATGAATTCCTTGTACAGCTCGTCCATGCCG)) and
gibson assembled with pJM1047 (mCherry-Sec61β in pAc5.1/V5-His A) cut with
KpnI and EcoRI.
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7.1.2. Transfection and In Vivo Imaging
These plasmids were transfected into S2 cells using Fugene HD
transfection reagent (Promega) following the manufacturer’s protocols. Cells
were incubated for 24 h at 25oC. Cells were then diluted to 1x106 cells/ml and
attached in concanavalin-A coated 35 mm glass bottom dishes (MatTek
Corporation) overnight at 25oC. After attachment, media was removed and
substituted with PBS. Cells were then live imaged by confocal microscopy using
a Nikon A1-rsi confocal microscope. Lnp-GFP was analyzed with the GFP
settings and tdTomato-dSec61beta with the red fluorescence setting. Images
were then analyzed using imageJ software.

7.2. Results and Discussion
We report the in vivo expression of Lnp-GFP in S2 cells. Cells were cotransfected with Lnp-GFP and tdTomato-dSec61β. We used tdTomato-dsec61β
as a marker of the ER as previously described in (Summerville et al., 2016). We
found that Lnp-GFP localized as punctae within the ER (Figure A1). These
results are similar as previously reported in (Chen et al., 2012, 2015).
Unfortunately, the shape of the ER in S2 cells is quite compact, making it hard to
differentiate tubular structures from the nuclear envelope and peripheral
cisternae.
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Our resolution was a bit limiting as well, therefore three-way junctions
were hard to determine. Nevertheless, the punctate structures of lunapark is
secluded in the ER. Expression levels were also very variable, and some cells
had GFP-Lnp expression in large perinuclear cisternae, this was very likely a
consequence of overexpression. However, the overexpression of lunapark did

Figure A1. Lunapark-GFP expression in S2 cells. A lunapark (Lnp) with a
C-termian GFP tag was expressed in S2 cell lines along with the ER marker
tdTomato-Sec61β. Lunapark localized in the ER as punctae. Scale
bar=10μm

93

not seem to alter dramatically the overall shape of the ER. It also looks like Lnp
localized to peripheral cisternae, which would be consistent with overexpression
issues. To better inform this issue we plan to characterize S2 expression levels
by Western blotting and by immnunocytochemistry.
To add some control over GFP-Lnp we constructed a plasmid with the
same lunapark insert in a pMT/V5 his A vector. This S2 expression vector uses
the Drosophila metallothionein, which allow expression in the presence of copper
sulfate. Titrating copper sulfate into the media may help us regulate the
expression levels of GFP-Lnp. Further characterization of this construct will give
us a new tool to study the effects of lunapark in S2 systems.
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Annex 2

Atlastin’s KxKxx Signal Sequence can be used for
ER Retention of Channelrhodopsins

ER retention signals are necessary for correct localization of ER resident
proteins. Short C-terminal sequences such as KDEL sequence signal for ER
retention of lumenal ER proteins. Transmembrane ER proteins use short dilysine
sequences to this end, for example KKxx and KxKxx (Ma and Goldberg, 2013;
Stornaiuolo et al., 2003). These sequences can be used to engineer new tools
for studying the ER. We identified the ER retention signal for drosophila atlastin,
KVKRS, residues 537-541. We added this signal to a modified channelrhodopsin
and found that it improves ER retention. Algal rhodopsin photosensors can act as
rhodamine-dependent light gated cation channels when expressed in animal
cells, therefore called channelrhodopsins. We used a modified channelrhopsin
from marine algae Platymonas subcordiformis that responds to blue light. This
new system could be used as inducible switch that will induce ion leakage in the
ER, as a new tool to study ER stress (Xu et al., 2005).
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7.3. Materials and Methods
7.3.1. Molecular Biology
We obtained the modified Platymonas subcordiformis channelrhodopsin
(PsChR) from Dr. John L. Spudich. This plasmid contained a humanized eYFPPsChR (1-326) in a pcDNA3.1 vector. We also analyzed this plasmid in COS
cells. We constructed an eYFP-PsChR with atlastin’s ER retention signal,
pJM1074 (eYFP-PsChR-KVKRS). We cloned by PCR the fragment coding for
eYFP-PsChR with the oligo NotI-eYFP (GCG GCC GCC GTG AGC AAG) and
oligo XbaI-stop-DAtl(KVKRS)- EcoRI-eYFP Reverse (TCT AGA TTA GCT GCG
CTT CAC CTT GCC GTT GCT GGC GTT GAA TTC CTT GTA CAG CTC GTC).
The PCR product was then Gibson assembled into linearized pcDNA3.1 with
NotI and EcoRI.
7.3.2. Transfection and In Vivo Imaging
A day before transfecting, COS cells were seeded to a 50%-70%
confluency in 12 well plates, to a final volume of 1 ml. The following day the
plasmid was prepared with TransIT-COS transfection reagent following the
manufacturer’s protocols. Cells were incubated overnight at 5% CO2 at 37oC. The
following day media was aspirated, and cells were gently washed with PBS and
new DMEM media was added. Cells were then live imaged by confocal
microscopy using a Nikon A1-rsi confocal microscope, using the YFP settings.
Images were then analyzed using imageJ software.
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7.4. Results and Discussion
Expression of eYFP-PsChR with atlastin’s ER retention signal, KVKRS,
resulted in labeling of the ER. While the Spudich group’s construct of eYFPPsChR was localized in the plasma membrane and in the ER. These results
suggest that the overexpression of this protein overloaded the ER upon
translation and that probably a lot of it is stuck in the ER for correct folding or in
an aggregated state. However, enough is in a correct form and reached the
plasma membrane. On the other hand, inclusion of Atlastin’s ER retention signal
reduced the amount seen in the plasma membrane, further corroborating that
this sequence is enough for ER retention (Figure A2).
. One of the caveats we encountered in expressing our eYFP-PsChRKVKRS was a high variability in expression levels. While some cells exhibited a
clear ER labeling, some appeared to overload the ER and have some leakage to
the plasma membrane. This presents a problem for further characterization of
this tool, which ultimately is going to be used as a photoinducible system for ion
leakage in the ER. To better address this problem, we will be designing new
constructs in inducible vectors, this should give us better control. Additionally, we
want to monitor Ca2+ leakage with this system using AM ester calcium indicators,
which do not permeate into the ER and should increase fluorescence upon
calcium release.
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Another issue we encounter was low co-transfection with ER reporters.
We transfected COS cells with an mCherry-Sec61β marker but could not identify
a good signal. Most of the ER fluorescence was either too low to define the ER or
too high with no expression of the eYFP-ChR-KVKRS. We want to try other
fluorescent markers like a td-Tomato- Sec61β. In either case the fluorescence
patterns achieved by our construct clearly mark the ER and the plasma
membrane. Identifying the correct eYFP-ChR-KVKRS dosage, rhodamine, and
calcium indicators is planned to be the next step in characterizing this system
and using it as a tool for photoinducible ion leakage in the ER. Regardless, the
signal sequence we identified in atlastin was enough to improve ER retention.

Figure A2. Atlastin’s ER retention sequence is enough to localize
channelrhodopsins to the ER. Expression of eYFP tagged Platymonas
subcordiformis channelrhodopsin (eYFP-PsChR) with and without atlastin’s ER
retention sequence (KVKRS) in COS cells.
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