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Abstract

A neuron within a neuron: the effect of narrow axonal ER tubules on molecular
movement

Kishen Suresh Chahwala

Hereditary spastic paraplegias (HSP) are a group of diseases showing degeneration of lower
motor axons. A common cause of HSP is the mutation of proteins that shape the tubular
endoplasmic reticulum (ER). The architecture of the ER tubular network that extends through
axons is therefore likely to be integral to the maintenance and survival of axons. The
continuity and ubiquity of the ER network throughout neurons has earned it the term ‘a
neuron within a neuron’. The reasons for its striking continuity are not fully understood,
but it could potentially make the ER a channel for long-distance signalling, independent of
action potentials at the plasma membrane, or motor-based transport. ER tubules are also
much narrower in axons than in most other locations. This presents a potential paradox, of
why a cellular structure that is physically continuous over long distances shows constrained

continuity in its lumen.

Narrow ER nanotubules could limit axial diffusion along the ER tubule lumen. I aimed to
explore this model. I used Drosophila larval motor axons, in which I could use mutations in
ER-shaping proteins to manipulate tubule properties and genetic tools to label and express
sensors in individual motor axons in vivo. In FRAP (fluorescence recovery after photo-
bleaching) experiments I found that wildtype ER tubules were permissive for recovery of a
GFP-tagged luminal protein, despite the difficulty of visualizing the lumen by scanning EM
(electron microscopy), implying that proteins can diffuse along this lumen. To test whether
this lumen diameter is limiting for diffusion, I compared recovery in wildtype axonal ER
tubules with that in tubules of a larger diameter, in a triple mutant lacking the ER-shaping
proteins, Rtnll, ReepA and ReepB. Luminal diffusion of GFP was significantly faster in the
larger mutant ER tubules, with the time to half recovery in wider mutant axonal ER tubules
approximately twice as fast as in wildtype. Therefore, the narrow ER nanotubule diameter in



vi

wildtype axons limits luminal protein diffusion. To begin to dissect the roles of the different
classes of ER-shaping proteins in determining tubule diameter, I also compared the FRAP
recovery rates of a single Rtnll mutant with wildtype, and found no difference, implying that
loss of Rtnl1 alone did not increase the ability of axon ER tubules to support the rate of axial

diffusion.

To better understand the parameters of molecular movement along the ER nanotubule lumen,
I generated larvae that expressed ER lumen markers suitable for single-molecule imaging.
On sparse chemical labelling of a luminal HaloTag protein, I found two classes of single-
particle movement: slower and relatively bright particles that showed largely unidirectional
movement, and faster less brightly labelled particles. The slower class showed no bias in
the direction of luminal movement and also appeared to move faster than microtubule-based
motors. The faster class are similar to the single-molecule movements previously described in
non-neuronal ER tubules. One experimental constraint on this approach was an unfavourable
ratio of signal to background labelling. Therefore, I initiated a neuronal cell culture model

for single-particle imaging to mitigate the challenges of larval nerve preparation.

One physiologically important molecule that diffuses through the ER lumen is Ca?*, and
constraints on this diffusion could have consequences for intracellular Ca** signalling. Ca**
is much smaller than GFP or a HaloTag, and therefore its movement might be less constrained
by small tubule diameter. I aimed to develop a strategy to test the effect of axonal ER tubule
diameter on intraluminal Ca®* diffusion. This involved making and testing two components:
Drosophila stocks containing an ER-localised channelrhodopsin and stocks containing an

axonal ER-localised Ca®* sensor (HaloCaMP). I report on the development of these stocks.

In summary, I have shown that luminal protein diffusion is constrained in axon ER nan-
otubules. I have developed tools that can be useful for further understanding the nature of

these constraints and their physiological consequences.
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Chapter 1

Introduction

1.1 The Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a tubular, membrane-bound organelle found in the
cytoplasm of most eukaryotic organisms including neurons. It is also the largest and most
widely found organelles, making up over half of the total eukaryotic cell membranes while
enclosing 10% of a eukaryotic cell's volume (Goyal and Blackstone, 2013). The ER is
continuous with the nuclear envelope and forms a network of tubules and at sheets like
cisternae (Shibata et al., 2009; Hu et al., 2011). These two types of structural pro les can be
categorised as rough ER (RER) and smooth ER (SER) (Fig. 1.1).

The sheet-like structures are known as the RER and are prominently studded with protein-
synthesising ribosomes (Savitz and Meyer, 1990). The tubular pro les are known as smooth
ER and lack ribosomes. The morphologies of these two pro les are so distinct that there was
initially some discussion as to whether they should be considered two distinct organelles
(Palade, 1956). However, the membrane continuity between the rough and smooth regions of
ER gave credence to the rationale that smooth and RER were local differentiations within
the ER as a whole, as opposed to separate, distinct, cytoplasmic structures (Palade, 1956).
As well as having a variable structure, the ER network has various functions such as protein
synthesis, modi cation, folding and traf cking by the RER and lipid synthesis, antf Ca
handling by the smooth ER (Park et al., 2010).



2 Introduction

Fig. 1.1 Structural organisation of the ER A cartoon of the different structural domains of the
endoplasmic reticulum (Goyal and Blackstone, 2013).

1.1.1 Rough ER

The RER is primarily responsible for synthesising and modifying proteins for the secretory
pathway. These are often membrane-bound proteins. Many of these proteins will go on to
have a function in the plasma membrane, organelles or organelle membranes within the cell,
such as in the Golgi apparatus, lysosomes or the ER itself. Proteins can also be secreted out
of the cell for alternative functions, such as signalling between nerve cells. Proteins destined
for secretion or insertion into the cell membrane follow the secretory pathway (Saraste and
Kuismanen, 1992).

While all proteins begin being translated in the cytoplasm, only those with the appropriate
signal sequence will be translocated into the RER, as translation is completed. While in the
cytosol, the nascent signal sequence is detected by the signal recognition particle (SRP). The
SRP recruits the mRNA:ribosome complex to the SRP receptor in the ER membrane. At this
point, translation of the nascent protein can resume, with the new polypeptide being extruded
into the ER lumen via the translocon (Sec61) complex in the ER lipid bilayer (Nagai et al.,
2003).

Once inside the ER lumen, various post-translational modi cation processes can occur,
including disulphide bond formation and N-linked glycosylation (Braakman and Hebert,
2013). Proteins can then stay in the ER as ER-resident proteins or leave the ER via the
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secretory pathway. Those proteins which have a C-terminal ER retrieval signal, comprised of
four amino acids, will be returned to the ER if they are exported.

One example of a C-terminal ER retrieval signal in mammalian cells is KDEL, comprised
of lysine, aspartic acid, glutamic acid and leucine. The yeast equivalent is HDEL, with a
histidine instead of lysine (Denecke et al., 1992). When the associated protein is packaged
and transported to the cis-Golgi network, there is a mechanism to mediate its retrieval and
return to the ER lumen (Pelham, 1990). In the cis-Golgi network, the KDEL can bind
to KDEL receptors found in the cis-Golgi membrane. KDEL binding to KDEL receptors
initiates the retrograde transport of the KDEL-tagged protein in a COPI-coated vesicle back
to the ER lumen (Orci et al., 1997; Jin et al., 2017).

Proteins destined to leave the ER via the secretory pathway will also rst travel to the Golgi
apparatus. This is an organelle near the ER with a stacked sac-like structure. It modi es
proteins synthesised in the RER by glycosylating them, and sorts and distributes proteins to
their correct destinations. Proteins leave the ER by budding off into COPII-coated vesicles.
After uncoating, the COPII vesicle will travel to and fuse with the Golgi cis stack. The
protein will travel through the Golgi apparatus to the medial and trans-Golgi stacks, acquiring
further glycosylation modi cations along the way. Upon reaching the trans stack, the protein
will bud off in a vesicle and go to its appropriate destination, such as a lysosome or the
cell membrane. Upon fusion of the vesicle with its target membrane, the protein could be
secreted into the extracellular space or embedded into the cell membrane (Rothman and Orci,
1992; Gomez-Navarro and Miller, 2016; Sun and Brodsky, 2019).

1.1.2 Smooth ER

Smooth ER is a tubular network that is continuous with the RER; however, it has no
ribosomes. SER is responsible for lipid synthesis, including phospholipids and steroids such
as cholesterol (Jacquemyn et al., 2017). The distribution of ER can also be highly tailored to
cell-type speci c functions (Jacquemyn et al., 2017). For example, one of the SER functions
is detoxi cation. In hepatocytes, the SER size can be expanded to contain detoxifying
cytochrome P450 enzymes (Feldman et al., 1981; Jacquemyn et al., 2017). Another example
is in muscle cells, where a specialised variant of SER is known as the sarcoplasmic reticulum.

Smooth ER and Lipid Biosynthesis

Lipids have important roles in the function of a cell; as membrane components, signalling
molecules and a source of energy. Numerous phopholipids, sphingolipids and sterols are
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synthesised at the SER and then distributed to other organelles via the secretory pathway.
ER contact sites can also be involved in lipid distribution with ER-lipid droplet contact sites
enabling the transfer of triacylglycerides to lipid droplets that bud from the ER membrane
(Jacquemyn et al., 2017).

Smooth ER and Calcium

Calcium is involved as an intracellular signal in many cellular processes such as exocytosis,
apoptosis, muscle contraction, transcription and protein synthesis (Clapham, 2007). Cytosolic
Ce&’* concentration is maintained at around 100 nM, while extracelluldf €ancentration

is around 1.5 mM, generating an incredibly steep concentration gradient. The regulation
of C&* levels and gradient is heavily reliant on ATP as these processes require the use of
energy-dependent &atransportation. The ER acts as a major intracellular store &f,Ca
harbouring greater concentrations offCaompared to the cytoplasm. Depending on the
cell type, C&* concentrations within the ER lumen can be as high as 1 mM, 10000 times
higher than in the cytoplasm. (Raffaello et al., 2016). The important trend to note here is the
much higher C& concentration found in the ER and extracellular space compared to the
cytoplasm.

There are a variety of pumps and transporters employed by the ER to reguiteo@een-
trations, including inositol 1,4,5-trisphosphate)liReceptors (IBR), Ryanodine receptors

and the Sarcoplasmic/endoplasmic reticulum calcium-ATPase (SERCA). While b&th IP
and RyR release Gainto the cytosol and increase cytosolic’Céevels (Zalk et al., 2007),
SERCA has the opposite function and pump$*Qm its concentration gradient into the ER
lumen in order to decrease cytosolicZ#evels (Strehler and Treiman, 2004) 3B one of

the products in the phospholipase-C-driven cleavage of phosphatidylinositol 4,5-bisphosphate
(PIR,), the other being diacylglycerol (DAG). These are both considered to be secondary
messengers. In fact, the activity of phospholipase-C has been shown to be signi cantly in-
creased by the addition of guanine nucleotide analogue guandsi3Sthiotriphosphate)
(GTRYS), with a 4-fold increase in the hydrolysis rate of (BIFChahwala et al., 1987).

IP3 binds to IR receptors in the ER membrane, which results in the release®ffen

the ER lumen down its concentration gradient into the cytosol, thus increasing cytosolic
C&" levels (Clapham, 2007). This €acan go on to have downstream functions such

as (alongside DAG) activating Protein Kinase C, which can, in turn, phosphorylate other
target proteins. Ryanodine receptors act via calcium-induced calcium release (CICR). For
example, C&" in the muscle cytosol can bind to RyRs in the membrane of the sarcoplasmic
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reticulum, resulting in the release of €drom the sarcoplasmic reticulum lumen down its
concentration gradient into the cytosol (Berridge, 1998).

SERCA pumps move Cafrom the cytosol up a concentration gradient into the sarco/en-
doplasmic reticulum. SERCA uses ATP hydrolysis to transport 2 @ms into the ER
lumen in exchange for 3 H(Fig. 1.2). The SERCA pump has several full and intermediate
conformations. In the E1 state, the hydrogen ions (3 of them) are held on the cytosolic side of
the pump. 2 C& ions from the cytosol displace the protons resulting in a new con rmation
known as E1-2CH. ATP binds to the pump to form a new intermediate con rmation known

at E1-ATP-2C&". The ATP gets hydrolysed leaving only a phosphate group bound to the
pump (E1P-2C#). The phosphate triggers a con rmational change by which the ion binding
sites move from being closer to the cytosolic side of the pump to the ER lumenal side of the
pump. This is the E2-2CG4 con rmation. In this con rmation, the pump preferentially binds

to H* over C&*. The two C&" ions are then displaced by*HThe two C&* ions are now in

the ER lumen. The pump is now in the E2P con rmation. However, once the protons bind to
the pump, the phosphate group comes off, resulting in the E2 state. The pump is not in the
E2 state for very long, as it quickly returns to the E1 state once the phosphate is removed.
The ion-binding sites move back towards the cytosolic side of the pump, and the cycle resets
(Meis and Vianna, 1979; Inesi and Tadini-Buoninsegni, 2014; Espinoza-Fonseca, 2019).

Once cytosolic C& levels increase due to 4R-mediated calcium release, the’Caan either

be pumped back into the ER via SERCA or pumped out of the cell via plasma membrane
C&* ATPases (PMCAS) or the plasma membrané/Ra* exchanger. As not all of the

Cé&* released from the ER lumen is returned via the SERCA pump, the ER could gradually
be depleted of its G4 store. To mitigate this, there is a mechanism known as store-operated
calcium entry (SOCE) (Putney, 2005). Depletion ofCiiom the ER lumen results in a
conformational change in STIM1 protein found in the ER membrane. STIM1 then begins to
aggregate in the ER membrane. Aggregates of STIM1 interact with the Orai channel (Store
operated channel) in the cell membrane. This results in a conformational change allowing
Ca’* from the extracellular space to ow through the Orai channel into the cytosol down its
concentration and electrical potential gradient (Roos et al., 2005; Feske et al., 2006). Ca
in the cytosol can now enter the ER via the SERCA pumps in the ER membrane. Crucially,
SOCE will not occur in situations where the ER lumen i€ Gdepleted, but the cytosol has
high levels of C&" (Clapham, 2007). In this instance, a negatively charged domain found on
the cytoplasmic side of the STIML1 protein effectively acts as a cytoplasmic calcium sensor
and when bound by calcium inhibits the STIM1 activation of the Orai channel. This prevents
the cytosol from reaching or maintaining dangerously high levels 8t @lapham, 2007).



6 Introduction

Fig. 1.2Functional cycle of the SERCA pumpA cartoon showing the cycling of the SERCA pump
and its different intermediate conformations. The blue pumps depict the major I&aOaity

E2 con guration of the SERCA pump. Meanwhile, the red pumps depict the high-ataity E1

con guration of the SERCA pump. Via several ATP hydrolysis steps and intermediate conformations
the SERCA pump ultimately transports 24<Céns up its concentration gradient into the ER lumen in
exchange for 3 H(Figure from Espinoza-Fonseca, 2019).
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Calcium Tunnelling

A key component of C& signalling involves the elevation of cytosolic €aat a target
location (Petersen and Verkhratsky, 2007). Cytosoli¢*@aiffering power is quite high,

and makes the movement of €4o different cellular locations dif cult if it becomes locally
depleted in a cellular region. To mitigate this, the ER lumen can be used as a route for
"tunnelling" C&* from one location to another. The €abinding capacity in the ER lumen

is approximately 100 times lower than in the cytosol (Mogami et al., 1999; Petersen and
Verkhratsky, 2007). ER resident proteins are responsible for buffering<fiGshe ER
lumen with the majority of ER luminal G4 buffering being carried out by ER luminal
resident protein calreticulin. Meanwhile in the cytosol EF-hand family proteins such as
parvalbumins are responsible for &auffering and have much higher af nity for €&
compared to ER luminal G4 buffers (Gilabert, 2020). This means that comparativelyCa
can diffuse more easily within the ER lumen. Furthermore, the concentration of intraluminal
C&* is 10000 times higher than in the cytosol. This results in a steep electrochemical
gradient favouring CH exit (Petersen and Verkhratsky, 2007).

The concept of C& tunnelling is predicated on the assumption that the ER network is highly
continuous. However, in the early 2000s, the idea of a single continuous ER network that acts
as a continuous Ca store/reservoir was not widely accepted. A competing model was that
there were separate ER €gools (Golovina and Blaustein, 2000; Blaustein and Golovina,
2001; Verkhratsky, 2004; Choi et al., 2006). Since then, experiments have been conducted
that support the continuous €astore model.

For example, mouse pancreatic acinar cells have a lot of ER in the basal regions and much
smaller amounts in the apical pole (Mogami et al., 1997). In contrast, zymogen granules
are found in the apical pole, where their secretion is triggered pyeiBked release of C&

from the ER to the cytosol. However, if there is so little ER locally present apically, how can
C&* concentration be maintained suf ciently there to permit ongoing secretion of zymogen
granules? CH tunnelling could be the answer. IntracellularPCamaging revealed that &
entering via the basal membrane by patch pipette would recharge #fistGees at the apical

pole without causing a change in the cytosolic{GgMogami et al., 1997) (Fig. 1.3).

Glucose and the ER

The continuous nature of axonal ER has also been proposed to allow for protected glucose
traf cking, protecting glucose from glycolytic enzymes found in the cytosol (Mdller et al.,
2018). Most cells take up glucose from the extracellular uid and convert it in the cytoplasm
to glucose-6-phosphate (G6P) using hexokinase, maintaining low concentrations of glucose
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Fig. 1.3 Calcium tunnelling. The left panel shows an illustration of a polarised pancreatic acinar cell.
Calcium entry and ER reloading occur at the base of the cell, while the site of m&brelease

is at the apical tip. C4 is replenished at the site of release via calcium tunnelling, where the ER
lumen acts as a highway for €ao ow from the base of the cell to the tip. The right panel shows a
cartoon of calcium tunnelling in neurons. The continuity of the ER lumen facilitates the traversal of
Ca&* between neuronal compartments. This is could be essential in the reloading of locally depleted
regions of ER after C4 release and in the long-range®#ransport from distil dendrites towards the
soma and axon (Petersen and Verkhratsky, 2007).
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in the cytoplasm over a range of extracellular glucose concentrations. Glucose-6-phosphate
(G6P) is transported from the cytoplasm into the ER by G6P transporters (G6PTs), and on
entry dephosphorylated to glucose by Glucose-6-Phosphatase (G6Pase) (Burchell, 1996;
Cossu et al., 2019).

In astrocytes, glucose uptake occurs mainly in endfeet (found in close proximity to blood
capillaries), and G6P is broken down to glucose in the ER lumen by GaPdse-targeted
glucose sensors showed complete loss of glucose accumulation in astrocytic ER on G6Pase-
b knockdown or inhibition of hexokinase (Nuriya and Yasui, 2013; Mller et al., 2018).
Therefore, glucose appears to move through the astrocyte ER lumen similarly to lunfifal Ca
tunnelling while maintaining low cytosolic concentrations of free glucose. This has been
proposed to generate a glucose store in the ER lumen, allowing glucose to diffuse throughout
the astrocyte to synapses to facilitate neurotransmission (Muller et al., 2018). However, it
has been argued that it is not a necessary nor plausible route to supply glucose to synapses
due to the subcellular distribution of plasma membrane GIluT channels (Morgello et al.,
1995; El Messari et al., 1998; Arluison et al., 2004; Dienel, 2019) and GaF&Séosh

et al., 2005) in astrocytes. Nevertheless, the basic model of glucose and G6P ux between
subcellular compartments remains well supported, even if its physiological roles are moot.

1.2 The organisation of the endoplasmic reticulum

1.2.1 ER sheets - Low curvature domains

ER sheets are at regions of the ER where the membrane does not exhibit much curvature
(Shibata et al., 2006). Stacked ER sheets form a continuous membrane system, and twisted
membrane surfaces connect them (Terasaki ramps) (Terasaki et al., 2013). While the size of
the ER sheets themselves can vary, the space between the sheets, i.e. the luminal thickness,
is typically the same as the diameter of the ER tubules at around 30 nm in yeast and 50 nm in
mammals (Shibata et al., 2010). Unlike the rest of the ER sheet, its very edges exhibit high
levels of membrane curvature where the membrane folds on itself (Fig. 1.4D). This curvature
is thought to be stabilised by RTNs and REEP/DP1/Yopl, which form pseudo-scaffolds
along the edge of the sheet (Shibata et al., 2009). One factor that drives the morphology of
peripheral ER sheets is the coiled-coil membrane protein Climp63 which acts as a luminal
spacer. The depletion of Climp63 in mammalian cells results in a notable decrease in luminal
width from around 50 nm to 30 nm. On the other hand, overexpression of Climp63 in COS7
cells resulted in the generation and proliferation of ER sheets (Shibata et al., 2010). The
absence of Climp63 fro@rosophilg which still has ER sheets, also argues for a role for
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