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Molecular Architecture of the ER-Mitochondria Encounter
Structure

Michael Robert Wozny

Membrane contact sites (MCS) form between all organelles of eukaryotic cells and facilitate
interdependent processes between unique subcellular compartments. In budding yeast, MCS
between the endoplasmic reticulum (ER) and mitochondria are mediated by a protein complex
known as the ER-mitochondria encounter structure (ERMES). ERMES is important for the
maintenance of mitochondrial morphology and is implicated in the process of mitochondrial
fission. ERMES organises as diffraction limited foci between the ER and mitochondria;
however, the molecular architecture of ERMES components within these foci is unknown.
Using integrative approaches including correlative light and electron microscopy (CLEM),
live-cell and quantitative fluorescence imaging, as well as cryo-CLEM and subtomogram
averaging, this work investigates the role of ERMES in mitochondrial fission within yeast
and provides a model for the molecular architecture of ERMES from in situ observations.
Live-cell imaging experiments reveal that the shape and number of mitochondria per cell
are synergistically controlled by ERMES and the availability of the mitochondrial fission
protein Dnm1. Both overexpression and deletion of Dnm1 in cells without ERMES affects
mitochondrial shape and number, suggesting that ERMES is important for mitochondrial
fission but not necessary. CLEM on resin-embedded cells at ERMES and Dnm1 sites shows
that mitochondria are more constricted when Dnm1 is absent of ER-mitochondria MCS. ER-
mitochondria MCS were also found without ERMES signal, an observation that highlights
the importance of CLEM to identify ERMES-mediated ER-mitochondria MCS with ET.
Furthermore, I used focussed ion beam milling, which maintains the highest level of cellular
preservation amongst current sample thinning techniques, to prepare thin lamellae of vitreous
yeast for cryo-ET. A post-milling cryo-fluorescence step was used in this study to identify
ERMES within lamellae. Cryo-ET of ER-mitochondria MCS marked by ERMES reveals
rod-like protein structures that bridge the ER and mitochondria. Subtomogram averaging of
these rod-like proteins yields a density map with three distinct portions which are consistent
with the known length of the lipid binding domains of the two ERMES components for which
a structure is known. Separately, quantitative live-cell fluorescence microscopy was used to
determine the total number and stoichiometry of ERMES components within contact sites.
With these results I propose an integrative model of ERMES as rod-like structures which are
three-lipid binding domains in length and are arranged in a linear orientation, spanning the
distance between the ER and mitochondria.
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Chapter 1

Introduction

1.1 Organisation and function of membrane contact sites

Eukaryotic cells are defined by the presence of membrane-bound compartments, called
organelles, which demarcate unique subcellular environments and allow specialised bio-
chemical processes to occur in isolation from the surrounding milieu. However, physical
separation of biochemical processes between organelles necessitates mechanisms for the
exchange of metabolites between these compartments. Apart from vesicular transport, direct
signalling and metabolite exchange occurs between organelles at regions of close apposition
known as membrane contact sites (MCS) (Prinz et al., 2020). Understanding the relevance
of both vesicular trafficking through the endomembrane system as well as non-vesicular
metabolite transport at MCS to cellular maintenance and function necessitates discussion of
the endoplasmic reticulum (ER), which is a central organelle within the cell.

1.1.1 The ER is a central hub of protein and lipid synthesis

The ER is a continuous membrane bound organelle that forms the nuclear envelope (nuclear-
ER) and extends as peripheral ER tubules and flattened sheets, called cisternae, to the
cell’s cortex (Shibata et al., 2006; Voeltz et al., 2002). In addition to this morphological
distinction between ER regions, the presence or absence of ribosomes on the ER surface
further distinguishes rough ER with active co-translational translocation from smooth ER,
respectively (Kalies et al., 1994; Palade, 1955). Historical studies of the ER have commonly
associated the rough ER with cisternae, often observed in secretory cells such as those of
the pancreas, and smooth ER as tubules, often observed in muscle cells. Careful analysis
of central cisternae, tubules, and plasma membrane (PM) associated ER within yeast cells,
which display all of these ER morphologies within a single cell, demonstrates that the
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division of rough and smooth ER is more ambiguous; although, indeed, ER tubules have
fewer associated ribosomes than ER sheets (West et al., 2011).

Nevertheless, discovery of the directional flow of proteins through the endomembrane
system was first observed in pancreatic cells of guinea pigs using high-resolution autoradio-
graphy combined with electron microscopy (EM) to track pulse-labelled protein synthesis
from the ER to vacuoles (Caro and Palade, 1964). Co-translational and post-translational
translocation of proteins into the ER is necessary for various post-translational modifica-
tions of so-called secretory proteins which travel through the endomembrane system. Once
translocation into the ER is complete, vesicular trafficking through the Golgi network is
necessary for the processing and delivery of secretory proteins to their resident compartments
(Novick et al., 1981, 1980). Vesicular trafficking begins with the budding of COPII coated
vesicles from the ER to fuse with the cis-Golgi membrane. Anterograde and retrograde
transport through the Golgi network is balanced by both COPII (Barlowe, 1994) and COPI
(Waters et al., 1991) coated vesicles, respectively. Vesicle formation and budding from
the trans-Golgi membrane is regulated by a suite of different proteins including the Ras-,
Rab-, Rho- and Arf-family small GTPases which orchestrate vesicle transport, docking and
membrane fusion at target membranes such as endosomes and the PM (Goitre et al., 2014).

The presence of phosphorylated forms of phosphatidylinositol (PI), or phosphoinositides
(PIPs), is crucial for the recruitment and sorting of proteins to the surface of the trans-Golgi
membrane. Bilayer-lipid assymetry generated by flippases further modulates the trans-
Golgi membrane’s propensity for membrane deformation and secretory vesicle formation
(Johansen et al., 2012). Clathrin coated vesicles (CCV) (Pearse, 1976) are another means by
which protein trafficking is balanced between export and retention. CCV play an important
role in endocytosis and the internalisation of cell receptors, including the yeast mating
pheromone receptor Ste2p which is returned via CCV for lysosomal degradation (Payne
and Schekman, 1989). CCV also play a role in vesicle formation and budding from the
trans-Golgi, a process which is partly regulated by the levels of phosphatidylinositol 4-
phosphate (PI4P) within the trans-Golgi membrane. Mutations which reduce the amount of
PI4P at the trans-Golgi membrane impair the assembly of clathrin adaptors and subsequently
coat formation, highlighting the importance of maintaining the unique lipid composition of
organelles while moving proteins via coated vesicles between compartments (Daboussi et al.,
2012). Together, these coat proteins, along with various regulatory mechanisms maintain
organelle composition and allow for the continued progression of secretory proteins through
the endomembrane system while retaining necessary cargo-adaptors (Bonifacino and Glick,
2004).
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Lipids are also delivered through the secretory pathway (Funato et al., 2020). The ER
is a major site of de novo lipid synthesis and supplies the membrane lipids which directly
compose later secretory compartments or are used as substrates for subsequent modification
(Harayama and Riezman, 2018; Holthuis and Menon, 2014; van Meer et al., 2008). Naturally,
lipids form the structure of the vesicles necessary for protein trafficking; however, lipids
are not simply passive components in this transport process. Early endomembranes, cis-
Golgi and the ER, are characterised by high concentrations of the charge-paired (neutral)
phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE) and to a lesser
extent anionic PI, along with low levels of the similarly charged phosphatidylserine (PS)
and phosphatidic acid (PA). Sphingolipids are largely absent from the ER, sterols are low
in concentration, and the shorter FAs composing phospholipids within the ER reduce lipid
packing within the ER; consequently the ER membrane is thinner than the PM and Golig
membranes. Conversely, sterols concentrate in sphingolipid rich membranes of the trans-
Golgi where synthesis of sphingolipids occurs from the ceramide substrate supplied from the
ER. Unlike the ER, the PM is rich in sterols and sphingolipids, as well as higher levels of PS,
and the increased lipid packing results in a comparatively thicker membrane. Thus the lipid
composition and properties of these organelle membranes are unique and must be maintained.
Indeed the exchange of vesicles necessarily implies a transfer of lipids between participating
organelles through vesicular transport however the discernable lipid composition between
these membranes suggests mechanisms of lipid sorting.

Furthermore, vesicular transport is not the only means by which lipids move through the
cell. Vance et al. (1991) were able to differentiate radiolabelled PE on the outer leaflet of the
PM from that of intracellular PE by derivatisation with trinitrobenzene sulfonate, which does
not cross the PM, and demonstrated that PE synthesised in the ER can still reach the PM
even when vesicular transport is inhibited with Brefeldin A, a mycotoxin that prevents COPI
recruitment (Niu et al., 2005) and subsequently impairs recycling of ER export machinery.
Along with other reports that suggested both PE (Sleight and Pagano, 1983) and PC (Kaplan
and Simoni, 1985) could reach the PM faster than vesicle transported proteins, Vance et al.
(1991) demonstrated that there must be other mechanisms by which lipids move between
organelles. Amazingly, Vance (1990) had already discovered a plausible mechanism for this
movement when a unique fraction of the ER membrane was found to be tightly associated to
isolated mitochondria. This work was the first to biochemically describe the direct junctions
between organelles which had previously only been described visually and thus gave the first
description of molecular components at MCS.
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1.1.2 Membrane contact sites throughout the cell

MCS have been observed between the ER and all other membrane bound organelles (Prinz
et al., 2020). As such, MCS throughout the cell create an intricate network of pathways for
metabolite and signal exchange. Since the first biochemical and observational descriptions
of MCS, some of the molecular components have been described for a few inter-organelle
exchange routes and will be discussed here. The following examples of MCS are discussed
to highlight important motifs and mechanisms shared by different MCS proteins or important
principles by which MCS organisation is affected.

Nucleus-vacuole junctions

The molecular components of nucleus-vacuole junctions (NVJ) in yeast cells are well
studied. NVJ are formed by direct interactions between the outer nuclear-ER membrane
protein Nvj1 and the vacuolar protein Vac8 (Jeong et al., 2017). The central core domain of
Vac8 forms a right-handed superhelical structure that specifically binds to Nvj1, while an
N-terminal amphipathic helix of Vac8 anchors it to the vacuole. Disruption of the Vac8-Nvj1
interface by mutation of Nvj1 impairs NVJ formation as well as microautophagy of the
nucleus during nutrient starvation. In this way, Nvj1 and Vac8 serve to physically tether the
nucler-ER and vacuole at NVJ. Furthermore, factors in lipid metabolism including oxysterol
binding protein (Osh1) are recruited to NVJ by Nvj1. Osh1 is bound to the vacuole through
direct interactions with Nvj1 and PI4P in the vacuolar membrane (Kvam and Goldfarb,
2004; Manik et al., 2017). Additionally, the FFAT motif of Osh1 interacts with Scs2, a
homologue of the vesicle-associated membrane protein-associated protein (VAP), in the
ER-membrane (Loewen, 2003). Together, these tethering proteins and lipid-modifying
proteins are necessary for the exclusion of vacuolar-ATPase within the vacuolar membrane
and subsequent formation of NVJ (Dawaliby and Mayer, 2010).

A second NVJ protein Nvj2 organises at the same MCS as Nvj1-Vac8; however, Nvj2
is not necessary for the formation of nucleus-vacuole junctions (Toulmay and Prinz, 2012).
Instead, Nvj2 plays a role in lipid transfer; during ER stress, Nvj2 re-localises to ER-Golgi
MCS to mediate ceramide transfer between the ER and Golgi (Liu et al., 2017). Nvj2 has
three domains; an N-terminal transmembrane (TM) domain and two lipid-binding domains, a
Pleckstrin homology (PH) domain and an SMP domain. Both the PH and SMP lipid binding
domains are necessary for Nvj2’s function to reduce ceramide accumulation within the ER
during ER-stress (Liu et al., 2017). Nvj2 is one of just seven proteins in yeast to possess a
lipid-binding SMP domain (Kopec et al., 2010). Intriguingly, all seven of the proteins with
SMP domains organise to MCS and bind lipids.
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In general, NVJ highlight three important principles of MCS. Firstly, NVJ mediated by
Vac8-Nvj1 exemplify the importance of (i) physical anchoring between apposed membranes
by protein tethers and the (ii) enrichment of lipid modifying proteins at this MCS. Secondly,
the structural characteristics of Nvj2, specifically the lipid binding PH and SMP domains,
are critical for the function of Nvj2 and other key proteins at MCS alike.

ER-plasma membrane contacts

Yeast cells are delineated by a plasma membrane (PM) bound by an extracellular cell
wall. The ER that is organised along the periphery of the cell, on the cytosolic side of the
plasma membrane, is referred to as cortical ER and constitutes a substantial proportion of
the ER network within a cell (Koning et al., 1993). The maintenance of the cER along
the periphery of the cell is not dependent upon microtubule polymerisation nor upon an
assembled cytoskeleton, although the dynamic rearrangement is cytoskeleton dependent
(Prinz et al., 2000). Instead, a set of six ER-PM tethers are primarily responsible for tethering
the cER to the cell periphery (Hoffmann et al., 2019; Manford et al., 2012). Two of these
proteins, Scs2 and Scs22, are homologues of VAP (Manford et al., 2012). Another, Ist2, is a
TMEM16-like protein and acts ass a scaffold for Osh6 and Osh7 to assemble at ER-PM MCS,
which are lipid transport proteins (LTP) without transmembrane motifs (D’Ambrosio et al.,
2020). The remaining three proteins are known as tricalbins (Tcb1/2/3) and are homologues
to the E-Syt proteins in mammals (and SYT proteins in plants) (Schauder et al., 2014; Schulz
et al., 2004). Although the disruption of these six tethers substantially reduces the occurence
of cER, the combination of these mutations does not completely obviate the occurrence of
cER; most probably, the sterol transporters Ice2 (Quon et al., 2018) and the LAM/StARkin
homologue Lct1 (Gatta et al., 2015) are thought to contribute to the remaining cER-PM
tethering.

Broadly, these ER-PM tethering proteins exemplify (i) the various domain structures
that MCS possess, (ii) bind lipids or act as scaffolds for LTPs and (iii) affect organelle
morphology, i. e. cER positioning and abundance. Additionally, localisation of these tethers
is affected by the curvature of the membranes which retain them; both Ist2 and Tcb3 localise
to ER sheets and tubules with an equal propensity while Scs2 is predominatny found in cER
cisternae (Hoffmann et al., 2019). This highlights another potentially important regulatory
mechanism of MCS organisation where the curvature of an organelle’s membrane affects both
the size of the interface possible with another membrane as well as the arrangement of the
protein tethers assembled at MCS. These principles are directly relevant to mitochondria-ER
MCS. The tricalbins share the same synaptotagmin-like mitochondrial-lipid-binding (SMP)
domain as three of the five know ER-mitochondria MCS proteins in yeast (Toulmay and
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Prinz, 2012). The importance of these domains to the potential function of MCS proteins is
discussed in the subsequent subsection 1.1.4.

ER-endosomes contacts

The endocytic pathway is responsible for the internalisation of components present on
the plasma membrane and within the extracellular fluid. Internalised cargo is sorted so that
cargo destined for degradation is directed to the lysosome while recycled cargo is returned
to the plasma membrane or the Golgi. Multiple machineries have been identified to be
involved (Hanyaloglu and Zastrow, 2008; Maxfield and McGraw, 2004; Seaman, 2004).
Amongst these mechanisms that control endosome fission, which is relevant to the discussion
of ER-mitochondria MCS, is the presence of ER-endosome MCS at endosome sites of fission
(Rowland et al., 2014). In metazoans, the protein Transmembrane And Coiled-Coil Domain
Family 1 (TMCC1) is recruited to ER-endosome MCS a Coronin1C labelled actin patches on
endosomes prior to endosome fission (Hoyer et al., 2018). Altering ER-structure through the
over-expression of human Reticulon 4a, which generates highly elongated and unbranched
ER (Shibata et al., 2008; Voeltz et al., 2006), reduces the rate of endosome fission, suggesting
that the proper positioning of the ER is necessary to fulfil the requirements for endosome
fission (Rowland et al., 2014). Mitochondrial fission sites also frequently (~60%) coincide
with ER tubules (Friedman et al., 2011; Murley et al., 2013) which suggests a common need
for the ER to be in contact with other organelle membranes for their fission to occur and is
discussed further in section 1.2.2.

1.1.3 Lipid transfer at membrane contact sites

Membrane lipid synthesis is spatially separated across several distinct membrane bilayers, the
bulk occurring in the ER and Golgi apparatus. Even when organelles are linked by vesicular
trafficking, direct lipid transfer also occurs at interfaces between nearly every organelle
(Prinz et al., 2020). Lipids are transported by LTPs, which were first characterised through
purification and observation of lipid transfer activity between artificial lipid membranes
(Wirtz, 1997). One of the first LTP characterised was oxysterol-binding protein (OSBP) in
mammalian cells (Dawson et al., 1989; Kandutsch et al., 1978; Taylor et al., 1984).

As its name suggests, OSBP binds sterols, yet surprisingly this protein is predominantly
cytosolic protein (Mesmin et al., 2013). However, OSBP binds to PIPs in the Golgi via a PH
domain (Levine and Munro, 1998). Association of OSBP with the ER is mediated by the
interactions between the FFAT motif which interacts with VAP-A/B, itself an ER-resident
protein (Mesmin et al., 2013). Interestingly, OSBP is found at the ER when bound to
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cholesterol; however, when bound to 25-hydroxycholesterol, OSBP localises to the Golgi
network (Storey et al., 1998). This affect is responsive to both cholesterol supplementation
and depletion which suggests a concentration gradient regulated mechanism of transport.
Indeed, OSBP bound to cholesterol promotes forward transport from the trans-ER to the
Golgi (Mesmin et al., 2013). Once the bound cholesterol is deposited in the Golgi, release of
cholesterol stimulates OSBP to bind to phosphatidylinositol-4-phosphate (PI4P) within the
Golgi and then to carry PI4P to the ER in counter-exchange for cholesterol Mesmin et al.
(2013).

The PM offers examples of both soluble LTPs and those with domains that are membrane
anchored or membrane associated (Cockcroft and Raghu, 2018). These include the soluble
phosphoinositol transfer proteins (PITP) which are important for the replacement of PI
within the PM as a result of its cleavage to diacylglycerol (DAG) upon stimulation of
phospholipase C signalling in mammalian cells (Cockcroft and Raghu, 2016). As well, some
of the oxysterol-binding proteins (OSBP)-related proteins (ORPs) and yeast OSBP-homolog
(Osh) proteins are found at ER-PM MCS (Lehto et al., 2005). Unlike OSBP, which is
bound to the Golgi by PH-domain interactions with PIPs and FFAt interactions with VAP-
A/B, Osh6 in yeast (ORP5 in mammals) interacts with Ist2 at the ER-PM MCS in order to
counter-exchange PS-PI4P between the ER and PM (D’Ambrosio et al., 2020). A group
of sterol binding proteins, known as LTPs anchored at MCSs, are also anchored to the PM
by TM domains near their C-termini (Tong et al., 2018). As mentioned, three tricalbin
proteins in yeast (E-Syt proteins in mammals) also localise to ER-PM MCS. These proteins
are characterised by N-terminal ER-membrane hair-pin anchors, C-terminal C2 domains,
which bind the PM in a calcium dependent manner (Qian et al., 2021) (as do E-Syt proteins
(Giordano et al., 2013; Saheki et al., 2016; Yu et al., 2016)), and a single SMP domain. The
crystal structure of E-Syt2 depicts two cylinders, dimerised together at the same respective
end of each cylinder and which together are a total of ~9 nm in length (Schauder et al., 2014).
From this structure, two possible lipid transport models are presented (i) a stable, continuous
bridge model or (ii) a mobile shuttle model. The bridge model requires that the ER and PM
be brought to within 9 nm of each other, possibly through Ca2+ induced C2 binding to the
PM, in order for the dimerised E-Syt molecular to bridge the gap between these membranes.
Alternatively, a shuttle model would obviate the need to draw these two organelle membranes
together. However, such a model requires the flexible movement of the SMP dimers between
these two membranes. The two linker regions are proposed to offer the flexibility for this
movement (Schauder et al., 2014), however, there is no evidence to support this mechanism
of transport. Conversly, cryo-EM of ER-PM MCS in yeast without Scs2/22, Ist2, Tcb1 and
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Tcb2 which were overexpressing Tcb3 revealed rod-shaped structures bridging the ER and
PM (Hoffmann et al., 2019), suggesting that a bridge or tunnel is possible.

LTPs are found localised to nearly every organelle within the cell (Chiapparino et al.,
2016). This activity appears to be fundamental to the maintenance of lipid bound compart-
ments as some LTP families have counterparts in prokaryotes, which must also transport
lipids between membranes (Malinverni and Silhavy, 2009). All of these proteins have a
distinctive hydrophobic cavity, often with hydrophilic residues near its opening which interact
with the polar head of cavity-bound lipids (Wong et al., 2017). Bioinformatics has identified
additional LTP families which have been grouped together according to the shared feature of
a either one or two tandem copies of a fold which that forms the lipid binding cavity (Kopec
et al., 2011). These tubular lipid-binding (TULIP) domain proteins and their relevance to
ER-mitochondria lipid transfer in yeast are discussed in the next subsection.

1.1.4 Tubular lipid binding proteins

TULIPS are a large superfamily of LTP proteins which share sequence similarity across
several protein families. TULIPs are formed by six elements arranged in a meandering,
antiparallel sheet which is rolled and twisted to form a super-roll (Wong et al., 2017). It
is this structural feature rather than a strict sequence homology that defines this large and
diverse group of tubular lipid binding proteins. As such, although LTP families are defined
by conventional sequence alignment tools such as Position-Specific Iterative (PSI)-BLAST
(Altschul, 1997) or PFAM (Sonnhammer et al., 1997), the identification of distant TULIPs
superfamily members required more sensitive sequence comparison methods (Kopec et al.,
2011). This sequence homology comparison has since been extended to show that TULIPs
are widespread, occurring in both bacteria and eukarya (Wong et al., 2017).

TULIP domains were first identified in bacterial permeability-inducing (BPI) and the
cholesterol ester transfer protein (CETP) families. BPI were first identified by their oxygen-
independent bactericidal action that results from its binding to lipopolysaccharide (LPS), the
major lipid in the outer membrane of Gram-negative bacteria (Levy, 2000; Weiss et al., 1975).
CETP was first identified by its lipid transfer activity following purification from human
plasma (Day et al., 1994). As mentioned, not all of the proteins related to BPI and CETP
could be detected by BLAST or PSI-BLAST homology search. These other TULIPs were
identified from the solved structure and the similarity to known BPI/CETP family proteins.

Many but not all TULIPs are found as head-to-head dimers within crystal structures,
where the head is defined by the opening of a hydrophobic pocket, opposite to the tail of
these tubular proteins (Beamer, 1997; Jeong et al., 2017; Schauder et al., 2014). Amongst
the LTP families which form the TULIP superfamily, the SMP-domain family is particularly
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important for the discussion of ER-mitochondria MCS in yeast (Jeyasimman and Saheki,
2020). SMP domains are found in seven yeast proteins; the three components of the ER-
mitochondria encounter structure (ERMES) Mmm1, Mdm12 and Mdm34, the tricalbins
Tcb1, Tcb2 and Tcb3, and Nvj2 (Toulmay and Prinz, 2012). Like other TULIP proteins
(Beamer, 1997), the reported crystal structures of Mmm1-Mdm12 (Jeong et al., 2017) and
the Tcb2 homolog, E-Syt2 (Schauder et al., 2014), have lipids bound within a hydrophobic
pocket. These structures are strong evidence to support the conclusion that these proteins are
important for lipid transport. The ERMES proteins are discussed further in section 1.2.1.

1.2 ER-mitochondria contact sites

Mitochondria are distinct organelles in that they are derived from an ancient bacterial sym-
biont (Gray and Doolittle, 1982; Sagan, 1967) and are characterised by a double membrane
system where the outer mitochondrial membrane (OMM) isolates the inner mitochondrial
membrane (IMM) from the cytosol. Within this shielded environment, the IMM serves as
a diffusion barrier to build up a proton gradient which drives oxidative phosphorylation
between the inner matrix (within the IMM) and the intermembrane space (between the OMM
and IMM). Additionally, the IMM serves as a unique platform for the synthesis of lipids such
as cardiolipin (CL) and PE which are necessary for building the convoluted folds of the IMM
known as cristae.

As the unique function and structure of mitochondria suggests, the composition of
mitochondrial membranes is distinctive relative to other organelles. Some of the specific and
unique membrane properties of mitochondria include: (i) low phospholipid to protein and
sterol ratios, (ii) PC and PE account for 80% and are the most abundant lipids, (iii) cardiolipin
accounts for 10-15% and is relatively more abundant compared to other organelle membranes
and (iv) sterols and sphingolipids are present in very low amounts (Horvath and Daum, 2013).
Although PC and PE compose the bulk of mitochondrial membranes, mitochondria do not
posses the enzymes necessary for the synthesis of these lipids. Consequently, mitochondria
are reliant upon the extensive membrane network of the ER for the synthesis and delivery of
several phospholipid species (Daum and Vance, 1997).

The observation of PS translocation from microsomes to isolated mitochondria from
rat liver, and PE in the reverse direction, was the first biochemical evidence to support the
direct transfer of lipids between the ER and mitochondria (Vance, 1990, 1991). Moreover,
newly made phospholipids are more readily transported between these isolated organelles
(Vance, 1991). Isolated mitochondria were found to be partially contaminated with PS
synthase, PE methyltransferase and DAG cholinephosphotransferase Vance et al. (1991).
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These contaminating enzymes were present on microsomes that were only removed after
further centrifugation. These mitochondria associated membranes (MAM) are enriched in
these three enzymes. These experiments were the first to demonstrate tethering between the
ER-mitochondria and suggested that these MCS could be lipid synthesis hotspots. In yeast,
ER-mitochondria tethering is maintained by a complex called ER-mitochondria encounter
structure (ERMES).

1.2.1 ER-mitochondria encounter structure

Optimal mitochondrial function is dependent upon local membrane lipid synthesis within the
IMM. Although yeast are capable of PE synthesis via PS decarboxylase 2 (Psd2) and to a
lesser extent the CDP-ethanolamine branch of the Kennedy pathway within endomembranes,
a substantial proportion of PE is produced from newly synthesised PS at MAM by PS
synthase followed by decarboxylation of PS by PS decarboxylase 1 (Psd1) within the IMM
(Vance, 2018; Voelker, 1984). Remarkably, the function and morphology of mitochondria
are perturbed when mitochondrial PE synthesis is disrupted and Psd1 is restricted to the ER
(Friedman et al., 2018). Thus, mitochondrial function is dependent upon the transfer of PE’s
precursor, PS, from the ER to the OMM and IMM. In yeast, the exchange of membrane
lipids between the ER and mitochondria is directly facilitated by components of the ERMES
(Kornmann et al., 2009) (Figure1.1). This complex is found in both fungi and amoeba
(Wideman et al., 2013) and is a member of the TULIP superfamily (Kopec et al., 2011, 2010).
Three of the ERMES proteins have SMP domains; Mmm1, Mdm12 and Mdm34.

Initially, the ERMES complex was characterised by a synthetic biology screen which
found Mdm12 mutant alleles after recovery with an artificial ER-mitochondria tether in the
form of a GFP molecule with the N-terminal Tom70 presequence and transmembrane for
an OMM anchor and the C-terminal Ubc6 tail anchor sequence within the ER membrane
(Kornmann et al., 2009). This artificial tether rescued complete deletions of Mdm12 and
Mdm34. Mdm10 was not fully rescued and it is now known that Mdm10 interacts with the
sorting and assembly machinery complex (SAM) to play an additional role in mitochondrial
protein import to it’s role in organising the assembly of ERMES (Ellenrieder et al., 2016;
Meisinger et al., 2004). This model is consistent with results which show that Mdm10
is dispersed uniformly over the OMM while Mmm1, Mdm12 and Mdm34 form discreet
foci/puncta.

Kornmann et al. (2009) reported that loss of Mmm1, Mdm12, Mdm34 or Mdm10
decreases the rate of PS to PC conversion. Surprisingly, in vivo and in vitro reports suggested
that ERMES subunit loss does not affect PS to PE conversion (Nguyen et al., 2012; Voss
et al., 2012), which is reliant upon PS transport from the ER to the IMM (Friedman et al.,
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Fig. 1.1 ERMES consists of five components including the N-terminally glycosylated Mmm1,
the cytosolic Mdm12, Mdm34 which is known to bind specific residues of Mdm10, which
is a 19 β -stranded β -barrel embedded within the OMM. Additionally, a calcium binding
GTPase, Gem1, stably interacts with ERMES components, regulating the number and size
of ERMES puncta. Three of the five ERMES components, Mmm1, Mdm12 and Mdm34
contain hydrophobic lipid binding SMP domains. Tom7 is known to bind Mdm10 in the
absence of SAM association.

2018). Although it was clear that mitochondrial function and morphology are severely
affected by the loss of any of the components of ERMES, it was suggested that ERMES
fulfilled a structural role in organising ER-mitochondria interactions as a tether to maintain
ER-mitochondria MCS rather than directly participate in lipid transport (Nguyen et al., 2012).

Later, an in vitro assay system was developed using a heavy membrane fraction prepared
from isolated membranes derived from mitochondria and the ER fractionated from wild
type, mmm∆and mdm12∆ (Kojima et al., 2016). The isolated mitochondria and ER fraction
is largely free of vacuolar membranes and thus avoids confounding phospholipid supply
routes of in vivo experiments. Using this assay, Kojima et al. (2016) demonstrate that
ERMES is necessary for PS transport from the ER to mitochondria but not important for
PE transport from the mitochondria to the ER. Lipid transport also depends upon all three
ERMES components with SMP domains and Mdm10. The loss of any of these components
results in impaired growth on non-fermentable media and perturbs mitochondria morphology
(Kornmann et al., 2009). Moreover, Mmm1 and Mdm12 are not capable of efficient lipid
transfer alone; rather, assembled Mmm1-Mdm12 is the minimal machinery necessary for
lipid transfer (Kawano et al., 2018).

After initial characterisation, subsequent purification experiments of ERMES demonstrate
that a fifth protein, the Ca2+-binding Miro GTPase Gem1, stably interacts with ERMES,
yet is not strictly required for its assembly (Kornmann et al., 2011). Gem1 regulates the
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number and size of ERMES puncta that form at ER-mitochondria MCS, which are visible
by FP tagging Mmm1,Mdm12 or Mdm34. The metazoan ortholog of Gem1, Miro1, also
localises to ER-mitochondria MCS and suggests an evolutionarily conserved function. This
is striking as only one other component of ERMES, Mmm1, has a possible ortholog in
metazoans, PDZD8. Although PDZD8 was characterised as an ER membrane anchored
protein which localises to ER-mitochondria MCS, there is no clear mitochondrial partner
(Hirabayashi et al., 2017). PDZD8 has recently been shown to interact with Protrudin and
Rab7 at ER-late endosome MCS (Elbaz-Alon et al., 2020). These MCS were sometimes
observed in proximity to mitochondria and suggest the possibility of three-way junctions
between these organelles.

In yeast, ER-mitochondria lipid transport is partially redundant with vacuole-mitochondria
lipid transport. Firstly, combined loss of ERMES with Vps13, the vacuole-mitochondria
tether with LTP properties, is lethal (Lang et al., 2015). Secondly, a suppressor mutation
of Vps13 is capable of obviating the ERMES loss of function phenotype in mmm1∆ cells.
Thus mitochondria are able to compensate for direct ER-mitochondria lipid transfer indi-
rectly via ER-vacuole and vacuole-mitochondria membrane lipid transfer (Lang et al., 2015).
Nevertheless, bulk lipid transfer between mitochondria and the ER flows through MCS
(Kornmann, 2020) as mitochondria participate in vesicular trafficking only in exceptional
processes (Sugiura et al., 2017).

Although it is clear that direct lipid transfer between the ER and mitochondria in yeast is
dependent upon ERMES, the molecular architecture and arrangement of ERMES components
in situ is still unknown. The existing crystal structures of Mmm1 and Mdm12 are incredibly
detailed and in the case of the Mmm1-Mdm12, the interface between these proteins was
revealed for the first time (Jeong et al., 2017). This structure also suggests the possibility
of a continuous channel along the entire length of Mmm1-Mdm12 (Figure 1.2). Whether
a continuous conduit could form to transport lipids across the ER and mitochondria is still
unknown (Kawano et al., 2018; Kornmann, 2020). Currently, the structure of Mdm34 is
unsolved and so there is no known interface between it and the other SMP domains of
ERMES. Moreover, solving these individual structures can only indirectly study how these
component assemble in the living cells. Instead, in situ structural studies are needed to
discern the molecular features of the ERMES.

Several questions remain to be answered in regard to how ERMES components organise
in relation to each other; both at the molecular level, between individual components,
and as macro-molecular assemblies in the form of fluorescent puncta. Understanding the
stoichiometry of ERMES would be useful in order to confirm or refute models of the
molecular assembly of ERMES. These models are critical to the design of experiments which
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Fig. 1.2 (A) Two molecules of Mmm1SMP (orange) dimerise head-to-head, respectively,
and tail-to-head with two Mdm12SMP (violet) molecules within the atomic model of the
Mmm1SMP-Mdm12 SMP hetero-tetramer, 5YK7 (Jeong et al., 2017). Mmm1 (orange) is
anchored to the ER by a predicted single pass TM domain. Mdm10 is known to interact with
Mdm34 which could in turn directly bind to Mdm12. ERMES subunits might arrange in an
equimolar (B & C) or an uneven ratio (D & E).

could be used to test proposed mechanisms of lipid transport by ERMES (Jeong et al., 2017;
Kawano et al., 2018). How the SMP domains of ERMES components interface with the
ER and mitochondria is also mostly unknown. Structural studies in situ could potentially
reveal the molecular architecture between ERMES components as well as the organisation of
ERMES between the ER and mitochondria membranes. These interfaces are the sites of lipid
insertion and extraction and so they are of inordinate importance to understanding potential
mechanisms of lipid transport by ERMES. As well, these are the points of attachment at
which ERMES tethers the ER and mitochondria. Experiments which can illuminate these
aspects of ERMES will thus also address a long-standing question of how tethering affects
mitochondrial form and function independently of lipid transport.

1.2.2 Mitochondrial fission at ER-mitochondria MCS

Mitochondrial fission is driven by the DyNaMin-related (Dnm1) GTPase (Gammie et al.,
1995; Otsuga et al., 1998) which forms oligomeric contractile rings. Both Dnm1 and
Drp1 are likely to exist as minimal dimers in solution (Bhar et al., 2006; Ingerman et al.,
2005; Macdonald et al., 2014). Upon the addition of GTP, purified Dnm1 undergoes a
conformational change from dispersed oligomers, to extended fibrils and finally to rings
(Basu et al., 2017; Ingerman et al., 2005; Kalia et al., 2018). When Dnm1 is reconstituted
with liposomes, tubules spontaneously form (Yoon et al., 2001) and with the addition of
GTP these tubules constrict from 80 nm to 30 nm in diameter (Francy et al., 2015; Mears
et al., 2011). In the absence of Dnm1, mitochondria are severely impaired in fission. As a
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consequence dnm1∆ cells characteristically contain one large, singular mitochondrion often
with one or two tubules extending in opposite directions from a central fenestrated mass with
a net-like appearance (Bleazard et al., 1999; Smirnova et al., 2001).

Drp1, the metazoan homologue of Dnm1, is capable of assembling upon and severing
lipid tubules that are up to 250 nm in diameter with GTP hydrolysis (Kamerkar et al., 2018).
Self assembly of Dnm1 is facilitated by the coiled-coil middle domain; mutation of this
domain inhibits oligomerisation, the formation of spiral rings and retention to the OMM
(Bhar et al., 2006; Chang et al., 2010; Ingerman et al., 2005). Conversely, auto-inhibition
of oligomerisation is controlled by the variable domain (VD) of Dnm1. Additionally, the
C-terminal GTPase effector domain (GED) is necessary for the nucleotide-dependent self-
assembly through interactions with the GTPase domain (Zhu et al., 2004). However, in vivo
Dnm1 alone is not sufficient for efficient mitochondrial fission as other important factors
such as the adaptor proteins Fis1, Mdv1 and Caf4 are necessary for fission (Guo et al., 2012;
Mozdy et al., 2000). In place of the PH domain that is characteristic of classical dynamins
and responsible for their recruitment to membranes in vivo, the VD of Dnm1 fulfils the
recruitment of Dnm1 to membranes in vivo. Fis1, which is tail-anchored to the OMM by an
C-terminal transmembrane domain with the remaining portion of Fis1 exposed to the cytosol.

Curiously, ER-mitochondria MCS are also implicated in mitochondrial fission given
the proximity of ER tubules to fission sites (Friedman et al., 2011). Moreover, ~60% of
mitochondrial fission sites are within 300 nm of ERMES puncta (Murley et al., 2013). An
intriguing hypothesis is that the ER provides mechanical force, possibly through resistance to
the independent movement of mitochondria, which are dependent upon the actin cytoskeleton
for motility. Mechanical forces exerted upon mitochondria induce rapid mitochondrial fission,
which is actin independent, at the site of the applied force (Helle et al., 2017). Alternatively,
at least in metazoans, the ER is hypothesised to act as a platform for the assembly of actin
machinery including the ER-resident formin IFN2 (Korobova et al., 2014, 2013) and the
mitochondrial anchored Spire1c (Manik et al., 2017) which assemble at fission sites, possibly
to pre-constrict mitochondria to initiate the assembly of Drp1 along with its necessary
adaptors (Ji et al., 2015; Nezich and Youle, 2013; Prudent and McBride, 2016).

Why else might ER-mitochondria be associated with mitochondrial fission sites? What is
the link between ERMES and fission? One possible scenario is that ERMES is important for
the correct segregation of mitochondrial DNA (mtDNA) in the form of nucleoids between
dividing mitochondria (Garrido et al., 2003; Hobbs et al., 2001; Itoh et al., 2013; Murley
et al., 2013). In any case, the association of nucleoids with fission sites of mitochondria
does not explain why ER-mitochondria MCS are associated with mitochondrial fission sites.
One possibility is that lipid transport could be necessary to stimulate mitochondrial fission
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or for the process to proceed. ERMES deletion mutations are depleted in CL (Kornmann
et al., 2009) and aggravating interactions were observed between ERMES and cardiolipin
genes (Kornmann et al., 2011). CL is a trigger for Dnm1 oligomerisation (Francy et al.,
2017) and, in metazoans, PA produced by mitochondrial phospholipase D restrains Drp1
mediated mitochondria fission. Could this be related to PA delivery to mitochondria by
ERMES? Or possibly to facilitate the transport of PS and PE, for which there is biochemical
evidence to suggest that ERMES carries these phospholipids (Kawano et al., 2018). Cristae
of mitochondria disassemble pre-emptively at sites of mitochondrial fission (Cho et al., 2017).
Speculatively, ERMES could absorb lipids from mitochondria as cristae disassemble in order
to facilitate scission of double membrane mitochondria.

Similar to mitochondrial fission, endosome fission also coincides with ER MCS (Hoyer
et al., 2018; Rowland et al., 2014). Is there a common reason for ER MCS to coincide with
mitochondria and endosomes for fission? Peroxisome fission, which is also Dnm1/Drp1
driven, does not appear to depend upon ER MCS. ER-peroxisome MCS are mediated by
ACBD5 yet in fibroblasts and genome edited HeLa cells deficient in ACBD5, peroxisome
biogenesis is unaffected (Ferdinandusse et al., 2017; Yagita et al., 2017). This strongly
suggests that these contacts are not necessary for peroxisome fission or that the requirements
for fission that are met by ER contact are satisfied by redundant mechanisms. Whether
mitochondrial fission directly requires ER-mitochondria MCS for fission is unknown. It
could be MCS are directly responsible for mechanically distorting mitochondria in order to
prime them for mechanical stress induced fission (Helle et al., 2017). Alternatively, ERMES
could indirectly affect mitochondrial fission by its probable lipid transport activity.

1.3 In situ cellular imaging

It is very easy to answer many of these fundamental biological questions; you
just look at the thing!

Richard Feynman
Caltech Engineering and Science

Volume 23:5, February 1960, pp 22-36

Cell biology is focused upon the study of how biological systems function. Therefore, a
primary requirement of cell biology investigations is that they should minimally disturb the
cell or at the very least not substantially affect the function or phenomenon which is under
investigation. As new tools emerge for cell biologists to employ, questions can be approached
in novel ways to minimise artefacts of the experimental design. In general, in vivo and in situ



16 Introduction

observations made in living or highly preserved cells are ideal as the biological system under
investigation remains intact.

Light microscopy has been indispensable for cell biology since the first observation of
intact, individual living cells (van Leewenhoeck, 1677). With the advancement of various
imaging techniques, a primary challenge is sample preparation in order to maintain optimal
growth conditions over the course of observation or preserve the sample without minimal
artefacts for subsequent imaging. Below, I introduce key concepts of live-cell and in situ
cellular imaging which relate to the presented study of ER-mitochondrial MCS.

1.3.1 Fluorescence microscopy

Fluorescence microscopy (FM) is an integral part of modern cell biology which offers the
ability to dissect complex cellular environments by visually identifying otherwise often
indistinguishable cell material. Through the use of dyes and genetically encoded fluorescent
proteins (FP), FM can distinguish between different sub-compartments, macro-molecular
assemblies and even individually tagged proteins (Rodriguez et al., 2017; Shashkova and
Leake, 2017). Combined with live-cell imaging, FM allows dynamic processes to be observed.
Typically, FM operates within the range of the field of view until a resolution limit, described
by Abbe’s diffraction limit. This limit depends upon the wavelength of light, the refractive
indices of the sample, glass cover-slip and immersion oil as well as upon the numerical
aperture of the objective lens. In practice, this translates to a resolution limit of about 200-300
nm. In cases where two objects which are less than this limit in diameter and closer to each
other than this limit, these two objects would appear as one. Super-resolution techniques are
able to supersede this limit to a maximum of about one order of magnitude, however these
techniques are constrained in other ways (Sahl et al., 2017).

A more practical challenge posed by microscopy of such small structures is the inherently
few number of fluorescent molecules that are typically present in diffraction limited foci.
Current digital imaging is capable of accurately recording the number of photons emitted by
the excited fluorphores so that the image produced is a quantitative measure of the presence
or absence of a fluorescent molecule within the pixel of the image. Thus FM has been used
to observe and quantitatively measure the molecular composition of complex biological
machineries in situ such as the kinetochore during cell division (Joglekar et al., 2006, 2008)
and the endocytic machinery during invagination of the PM (Picco and Kaksonen, 2017; Picco
et al., 2018, 2015). Using FM and automated quantitative analysis, including background-
signal correction, studies such as these are able to make direct molecular measurements
despite the diffraction limit.
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1.3.2 Electron microscopy and sample preparation

In contrast to FM, EM is capable of resolving cellular architecture to the to the Å scale.
However, a major drawback of transmission electron microscopy (TEM) is the diminished
ability of electrons to pass through biological material as sample thickness increases (Grimm
et al., 1996). Thus samples imaged by TEM are typically ~300-500 nm thick. To achieve this,
samples are thinned by various methods and imaged using different techniques. Unlike with
FM, EM usually requires the sample to be fixed in some way (Winey et al., 2014). Moreover,
the sample must be held in the path of the electron beam; in the case of cells, either embedded
in plastic or ice and supported on an EM grid. As well, conventional EM often requires the
sample to be stained with heavy metals in order to improve image contrast. Typically, samples
are fixed either by cross-linking with chemical fixatives or rapid vitrification with cryogens.
After chemical fixation, samples can be embedded in resin, sectioned and stained on an EM
grid and imaged at room temperature with TEM (Bozzola and Russell, 1999). Diffusion of
the chemical fixatives and stains into the sample has the potential to introduce artefacts due
to inconsistencies with infiltration and extraction of cellular material (Kellenberger et al.,
1992).

To circumvent these issues, a specimen can be vitrified by rapid cooling with cryogen
which stops the movement of water molecules within the sample so quickly that the hydrogen
bond network of ice does not form (Dubochet et al., 1988; Dubochet and McDowall, 1981).
Cells can be vitrified by various freezing methods, two of which are discussed here as they
relate to this thesis, plunge freezing and high pressure freezing (HPF). For plunge freezing,
cells are deposited on an EM grid and plunged rapidly into a cryogen which is typically
liquefied ethane or propane (Adrian et al., 1984). This process and how it was used in this
thesis is detailed in Chapter 2.4.1.

However, as the sample thickness increases, the rate at which heat can be removed is
greatly diminished. To surmount this, specimens are pressurised during HPF to lower the
freezing point of water as well as the rate of ice formation (Moor, 1987). Afterwards, the
sample is dehydrated by substitution with organic solvents and simultaneously fixed with
heavy metals (Feder and Sidman, 1958). During this process called freeze substitution,
the temperature is raised slowly to optimally preserve cellular membranes. The solvent is
exchanged with resin which is subsequently polymerised and solidified under ultraviolet
light. In this thesis, yeast cells were embedded in a methylacrylate resin called Lowicryl
HM20 which is non-polar and remains low in viscosity at low-temperatures (Carlemalm
et al., 1982). Most importantly to this work, this resin preserves both cellular ultrastructure
and fluorescence of endogenous proteins with FP-tags (Keene et al., 2008). This was
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important in order to correlate the fluorescence signal of target proteins in sections of HPF,
freeze-substituted yeast. This method is further described in Chapter 2.3.1.

Conventional EM methods have revealed numerous biological features, however, compar-
ison of cellular images produced from cryo-EM have revealed features that were previously
indiscernible. For example, immunofluorescence of Btub, a bacterial tubulin gene, suggests
the formation of filaments within Escherichia coli (Sontag et al., 2005). Using cryo-EM,
these filaments could be observed, whereas, in conventional EM, including HPF and freeze-
substituted samples, only the silhouettes of the filaments could be discerned (Pilhofer et al.,
2010). However, maintaining cryogenic conditions of the sample is cumbersome and op-
eration of electron microscopes at cryogenic conditions is costly. Thus conventional EM
of embedded and sectioned material is useful to collect large datasets of high resolution
information, while cryo-EM is employed when the preservation of the protein ultrastructure
is necessary.

TEM images are 2-dimensional (2D) projections through the sample volume. 3D in-
formation of cellular environments can be acquired from serial sections cut from the same
cellular area which is imaged sequentially and reconstructed. This can be applied to both
room temperature embedded samples with ultra-microtomy (Bozzola and Russell, 1999) or
to frozen-hydrated (vitreous) samples at cryogenic temperatures with vitreous sectioning
(Al-Amoudi et al., 2004; Alamoudi et al., 2005; Bharat et al., 2018; Schorb and Briggs, 2014).
With these methods, the section thickness dictates the resolution in z of the reconstructed cell.
Similar reconstruction methods can be applied to block-face scanning electron microscopy
(SEM) (Denk and Horstmann, 2004) or to ion-abrasion using an ion beam and SEM imaging
(Knott et al., 2008). In these methods, material is iteratively removed after imaging. A single
image represents the surface of the heavy metal stained sample block and not a projection as
in TEM.

Ion-abrasion, or focussed ion beam (FIB) milling, can also be used to produce thin
sections of frozen-hydrated biological samples (Marko et al., 2006, 2007; Rigort et al., 2010;
Wagner et al., 2020). In this process, sputtering with heavy ions, typically gallium, ablates
material while avoiding the mechanical deformation caused by sectioning (Alamoudi et al.,
2005; Rigort et al., 2010). This process is dependent upon the acceleration voltage of the FIB
beam and the incident angle of the ions (Rigort and Plitzko, 2015). By carefully controlling
the path of the beam and maintaining low ion currents, material can be removed from the top
and bottom of a cell or group of cells suspended in ice to leave a thin section called a lamella
which is supported by the walls of the remaining material (Rigort et al., 2012; Villa et al.,
2013). This thesis employed FIB milling similarly to the method described by Hoffmann
et al. (2019) and as detailed in Chapter 2.4.2.
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1.3.3 Electron tomography

3D information of cells can also be garnered from electron tomography (ET), the collection
of 2D TEM projections of a tilted specimen and the reconstruction of those projections into
an a virtual object known as a tomogram (Frank, 2006). The reconstruction of a tomogram
is based upon the fundamental mathematical theorem, sometimes refer to as the projection
theorem, which posits that the Fourier transform of a 2D projection is equivalent to the
central section of an object’s 3D Fourier transform. Thus the object can be interpolated, or
reconstructed, by sampling the 3D Fourier transform at multiple central planes as multiple 2D
projections at different tilt angles. For cellular tomography, samples are thinned as described
by ultra-microtomy or FIB-milling and tilted within the TEM beam, usually from ±60°, to
acquire a tilt-series of images which is used for subsequent tomogram reconstruction.

With the development of direct electron detectors with high detective quantum effi-
ciency (DQE) (Faruqi et al 2003; Milazzo et al 2005), TEM images can be acquired as
dose-fractionated frames to reduce image blur caused by motion during exposure. Particle
movement within an image is the product of several factors which fall into three categories:
mechanical stage drift, molecular vibration and Brownian motion (McMullan et al 2015),
as well as beam induced motion of the support foil and ice (Glaeser et al., 2011) (Brilot
et al 2012; Naydenova et al 2020). After the frames are corrected for motion and aligned,
the tilt-series are reconstructed as tomograms; either by back projection or iterative method
(Radermacher, 1992). Due to limitations of suspending the sample within the beam path,
the projections are unable to fully complete the 3D Fourier transform of the virtual object.
As such, this reconstruction is anisotropically distorted in the z-direction, along the electron
beam path and perpendicular to the tilt-axis (Frank, 2006). The sample can be rotated in
the holder and a second tilt-series of images collected around the new tilt axis to better
sample the object with 2D projections. Superimposition of a single-axis tilt-series images
results in a conspicuous wedge-shaped region in which 2D projections were not imaged.
This missing wedge of information results in the aforementioned anisotropic distortion of the
reconstruction, the implications of this are treated in Chapter 4.1.3, as it relates to the results
of this thesis.

1.3.4 Subtomogram averaging

The principle of the projection theorem was first applied to EM images of the T4 phage tail by
De Rosier and Klug (1968) who recognised that a single image of this helical structure is the
product of a projection through this structure at multiple angles. Thus a single projection of
a helical structure can be extrapolated to complete the 3D Fourier transform of the resultant
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reconstructed object. This is a unique feature of objects with helical symmetry. In quick
succession of this work, new approaches were developed to yield 3D reconstructions of
complex particles, including spherical virions (Crowther et al., 1970a,b). Together with
progress in the advancement of computer science and image detectors, this work lead the way
to current methods of reconstructing the 3D structure of proteins by single particle analysis
(Cheng et al., 2015) and subtomogram averaging (STA) (Briggs, 2013). This thesis applies
STA and so brief a introduction is offered here.

STA involves the extraction of sub-volumes, or subtomograms, surrounding a feature of
interest within tomograms. If these features of interest are in different orientations relative
to each other, the subtomograms will contain complementary information to complete the
Fourier transform of the reconstructed structure. Often STA is done in complex environments,
including intact cellular environments, where features of interest such as proteins are reliant
upon the surrounding milieu for their own structure or macromolecular assembly. Features
of interest can be identified manually (Hoffmann et al., 2019), extracted from a contoured
surface (Kovtun et al., 2020; Tremel et al., 2021) or detected by template matching within
the tomogram volume (Frangakis et al., 2002). Identified subtomograms are aligned in
order to amplify the signal of the feature of interest and average out noise. In this way, the
signal-to-noise ratio of the feature within the STA increases. Heterogeneity amongst these
structures due to flexibility, the low signal-to-noise ratio due to the low electron dose used
for imaging (Unwin and Henderson, 1975) and the low number of subtomograms typically
available currently limit the resolution of most protein structures obtained by STA to ~2-4
nm (Briggs, 2013). This is not an inherent limit to structures obtained by STA as very
high-resolution EM maps can be obtained from reconstituted samples of viral capsids or
coat proteins (Hutchings et al., 2018; Schur et al., 2016). As techniques and equipment
for image acquisition (Sanchez et al., 2020), sample preparation (Schaffer et al., 2019) and
data processing (Tegunov and Cramer, 2019) improve so will the resolution of EM maps
generated from STA along with the diversity of structures solved.

1.3.5 Correlative light microscopy and electron microscopy

Both FM and EM are indispensable tools for the study of cell biology. Although EM can
reveal the exquisite ultrastructure of a cell, a major challenge of EM is to identify proteins
within images as the image contrast results only from the Coulomb potential of the irradiated
material (Marques et al., 2019). Conversely, FM is useful to study the localisation of proteins
and their dynamics within cells; however, FM is limited to submicrometre resolution as
compared to EM which reaches the Å. Correlative light and electron microscopy (CLEM)
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combines the strengths of these two imaging techniques in order to preserve and observe
FP-tagged proteins in relation to the cellular ultrastructure.

There are numerous CLEM approaches involving different combinations of imaging
techniques and sample preparation (de Boer et al., 2015; Ganeva and Kukulski, 2020). CLEM
can be applied to both room temperature (RT) and vitreous samples; this thesis employed
both RT and cryo-CLEM approaches in order to draw unique conclusions from these different
EM data and integrate these results into a model of ER-mitochondria MCS. Using sample
preparation techniques that preserve the membrane architecture within cells, such as HPF and
freeze-substitution, RT-CLEM can directly correlate the presence of proteins at the sites of
organelle structures and reveal the sequential steps of dynamic processes such as endocytosis
(Kukulski et al., 2012, 2011). Dissection of molecular processes with genetic lesions and
quantitative analysis of correlated structures makes CLEM a powerful tool for the functional
analysis of cells and demonstrates its use beyond simple localisation studies (Ganeva and
Kukulski, 2020; Picco et al., 2018). Protocols for RT-CLEM are well established and are
robust enough for the reliable detection of rare cellular events (Ader and Kukulski, 2017).

With the progression of cryo-EM, it became apparent that cryo-CLEM techniques were
necessary in order to explore complex molecular sociology of macromolecular assemblies
in their native environment (Beck and Baumeister, 2016; Plitzko et al., 2009). Just as with
RT-CLEM techniques, there are numerous combinatorial approaches to cryo-CLEM 1.3.
FP-tagged proteins can be observed by cryo-FM in vitreous sections of cells before cryo-ET
or within whole cells before cryo-FIB milling and subsequent cryo-ET (Ader et al., 2019).
These two approaches highlight the challenges of cryo-CLEM and the need to develop new
strategies for in situ microscopy. As discussed, vitreous sectioning is made challenging by
the artefacts introduced by the sectioning process (Alamoudi et al., 2005). FIB milling can
be used to surmount these sectioning artefacts; however, a major challenge remains targeting
cryo-FM signals within the z-position of lamella produced after cryo-FM. This is due to the
potential contribution of FM signal from material which is removed in the milling process
and the anisotropy in the z-direction which is inherent to FM (Shaw and Rawlins, 1991).
Thus such approaches require special strategies to deal with anisotropic images collected by
FM and the 3D image transformation that becomes necessary for correlation (Arnold et al.,
2016). Recently, Klein et al. (2021) have correlated fluorescence signals of proteins within
multilamellar bodies collected before FIB-milling lamella of human cells by a post-cryo-ET
cryo-FM step. These techniques improve the accuracy of the correlation within z-height
however these techniques do not directly observe fluorescence signal within lamella. This
thesis describes a straightforward approach of cryo-FM on FIB milled lamella in order to
target FM signals within lamella
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Fig. 1.3 Cryo-ET can take place directly following cryo-FIB milling vitrified cells on EM
support grids to lamella ~200 nm thick (yellow). Additionally, cryo-CLEM workflows have
introduced cryo-FM before (green) cryo-FIB milling. There is no published example of cryo-
FM on lamella preceeding cryo-ET (blue). Cryo-FM before FIB-milling (green) combined
with cryo-FM after cryo-ET (violet) has been used to computationally superimpose cryo-FM
images collected before cryo-ET onto cryo-EM images and tomographic reconstructions of
lamellae (Klein et al., 2021).
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1.4 Synopsis

There is a protein complex that is necessary for ER-mitochondria MCS in yeast (Kornmann
et al., 2009). The stoichiometry of the components of this complex in cells is unknown.
Due to this unknown, how these molecules arrange between ER-mitochondria MCS has
remained unanswered. Without a detailed molecular understanding of how ERMES subunits
arrange at ER-mitochondria MCS, long-standing questions will remain; such as how tethering
contributes to mitochondrial forma and function, independently of lipid transport. To this
end, ERMES was examined from three perspectives. First, in order to dissect how ERMES
contributes to mitochondrial fission process, the relationship of Dnm1 to ERMES was
examined by live cell imaging and overexpression studies. This was further examined by the
analysis of mitochondrial diameter measurements made at Dnm1 and ERMES fluorescnce
puncta imaged by RT-CLEM. Secondly, I developed a cryo-CLEM workflow which included
cryo-FM of cryo-FIB milled yeast lamellae in order to target cryo-ET to fluorescent ERMES
puncta in yeast cells. Bridge-like structures were observed by cryo-ET at MCS between the
ER and mitochondria which were marked by ERMES fluorescence signal in cryo-FM. STA
was used to determine a low-resolution EM map of the in situ structure of ERMES. The
macro-molecular arrangement of these assembled complexes was assessed to build a model
of how ERMES assemblies organise within fluorescent puncta. Finally, the third approach to
studying the molecular architecture of ERMES involved testing the response of mitochondrial
morphology and function in yeast with mutations which affected the lipid transport between
the ER-mitochondria or internally between the IMM-OMM of mitochondria. The goal of
this was to dissect the role of lipid transport from the role of tethering and its contribution
to mitochondrial morphology, number and the ability of yeast to grow on non-fermentable
medium. For this approach genetic lesions were designed to block the movement of lipids
between the potential hydrophobic conduit formed between Mmm1 and Mdm12 predicted
by the crystal structure reported by Jeong et al. (2017).Separately, it was tested whether
disruption of Ups1 and Ups2, which shuttle phospholipids between the IMM and OMM,
could obviate the perturbation of mitochondrial morphology caused by the loss of ERMES.
The goal of which was to establish if mitochondrial morphology could be restored without
tethering by affecting the mitochondrial lipid composition.





Chapter 2

Materials & Methods

2.1 General methods

The yeast strains, oligonucleotides and plasmids used in this study are listed in Appendix 1.

2.1.1 Yeast cell culture

Liquid yeast cultures were grown in synthetic complete (SC) drop-out medium with 2 %
glucose or YPD. Yeast were grown at 25 ◦C for all imaging experiments. For standard
laboratory procedures, such as transformation or genomic DNA isolation, yeast cultures were
grown at 30 ◦C.

2.1.2 Li-acetate transformation

Yeast were made chemically-competent for transformation with Li-acetate (LiAc) washes
and transformed according to Janke et al. (2004). For this, 50 ml of YPD was inoculated
from an overnight pre-culture and grown to early-mid log phase. Cells were pelleted (2500 x
g) and washed three times with LiAC buffer (0.1 M LiAc, 10 mM Tris pH 7.5. 1mM EDTA)
and resuspended in 500 µL of LiAc buffer. Transformations were made according to the
protocol described by Ito et al. (1983) with additional dimethyl sulfoxide (DMSO) included
immediately before the heat shock step. A 100 µL aliquot of freshly made competent cells
was mixed with 5 µL of salmon sperm DNA (10 mg/mL) for 5 minutes before mixing with
approximately 100 ng of plasmid DNA or 10 µL of PCR product for genomic integration.
A sterile solution of 40% polyethylene glycol (PEG)with LiAc buffer was mixed with the
cells and DNA and incubated for 30 minutes at 30°C. After this, 80 µL of DMSO was added
before mixing by vortex and placing in a heat block at 42 °C for 15 minutes. The cells were
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grown in YPD or appropriate SC medium for ~1 hour before plating to selective antibiotic or
amino acid deficient media for selection.

2.1.3 Yeast genetics

Gene deletion and tagging was done according to the protocols described in Janke et al. (2004)
for C-terminal tagging and deletion by homologous recombination using PCR cassettes with
ends which are homologous to the target genes. Tagging with EGFP and mNeon was done
with primers homologous for the C-termini of target genes from plasmids pYM28 (Janke
et al., 2004) and pWK0121, respectively. For gene deletion, PCR products with selection
cassettes were generated from plasmids pFA6a-natNT2, pFA6a-hphNT1, pFA6a-kIURA3.

Seamless tagging with sfGFP at the N-termini of endogenous gene loci was performed
according to the procedure described by Khmelinskii et al. (2011) in a yeast background
with Gal L-ISce1 integration for URA loop-out. Recovered mutants were verified by colony
PCR and FM imaging.

2.1.4 Serial dilution growth assays

2 mL of liquid overnight cultures, grown in YEPD or the appropriate drop-out media, were
pelleted and resuspended in double distilled sterile water (ddH2O). These re-suspensions
were used to prepare 10x serial dilutions from an initial dilution of OD600 nm = 0.2. Each
dilution was spotted onto test media as 5 µL droplets. The plates were left to grow at 30 °C.

2.1.5 Yeast genomic DNA isolation

Genomic DNA from yeast was purified by according to Harju et al. (2004). A 2 mL pellet
of overnight culture was resuspended in 500 µL of lysis buffer (100 mM NaCl, 10 mM
Tris pH 7.5, 1 mM EDTA, 2% Triton X-100, 1% SDS). Cells were burst by three repeated
freeze-thaw cycles and mixed by vortex between cycles. Afterwards, 500 µL of chloroform
was added to the sample and mixed by vortex. Phases were separated by centrifugation and
the aqueous layer transferred to fresh chloroform before recovering the aqueous phase once
more by centrifugation. Finally, the aqueous layer was mixed with three times the volume
of chilled 100% ethanol. The DNA was precipitated at -80°C for 1 hour before pelleting
by centrifugation. The pellet was washed with cold 70% ethanol before pelleting again by
centrifugation. The supernatant was removed and the pellet vacuum centrifuged at 60°C for
10 minutes before resuspending in 25 µL of TE buffer. Genomic DNA was resuspended in
double distilled water at 10 ng/µL for subsequent PCR.
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2.1.6 Constructs and cloning

pWK0121 was generated by restriction cloning for the purpose of tagging the C-terminus of
endogenous proteins with mNeon (Shaner et al., 2013) using homologous recombination as
described by Janke et al. (2004). PCR was used to introduce 5’ SalI and 3’ BamHI overhangs
to mNeon along with a 30 bp linker sequence (GGAGCAGGTGCTGGTGCTGGTGCTG-
GAGCA) following the 5’ SalI site, upstream of mNeon amplified from pNCS-mNeonGreen.
The EGFP sequence of pFA6a-EGFP-HIS3MX6 (Janke et al., 2004) was replaced with
SalI-linker-mNeon-BamHI. The plasmid was verified by cycle sequencing with the SP6
primer sequence (service provided by Eurofins, EU).

pERMES was constructed by first amplifying the full-length genomic sequences of
Mmm1, Mdm12 and Mdm34 by PCR using JumpStart Taq DNA polymerase (Sigma-Aldrich,
D9307) and purified genomic DNA (Harju et al., 2004) from wild type diploid SC288C
(MYK100) as the template. PCR products were separated on 1% agarose gel before ex-
cising and purifying the correct bands corresponding to the full-length ERMES genes.
Gel-purified PCR products were incubated with pGEM-T Easy (Promega, A1360) T4 DNA
ligase overnight at 4°C and then left at bench-top temperature for 1 hour before diluting
5x in ddH2O for bacterial heat-shock transformation. Blue-white screening was used to
select white colonies carrying plasmids assembled by successful ligation reaction between
pGEM-T Easy with the Taq amplified PCR products. These purified plasmids were screened
for mutations using cycle sequencing (service provide by Eurofins, EU) from the flanking
M13 forward and reverse PCR primer sites of the multi-cloning site of the pGEM-T plasmids.
Using PCR, the stop codons were removed and unique restriction sites were introduced
flanking Mmm1 (BamHI/NheI), Mdm12 (SpeI/HindIII) and Mdm34 (XhoI/BspEI). These
mutation and stop codon free sequences were then assembled in the pGEM-3P2A (Liu
et al., 2017)(Addgene Plasmid 111772). Mmm1-P2A-Mdm12-P2A-Mdm34-P2A was cut
from the assembled plasmid pGEM-ERMESP2A and assembled within pRS425 between the
BamHI/SalI sites, placing Mmm1-P2A-Mdm12-P2A-Mdm34-P2A between the GPDpr and
the CYC1term sequences. EGFP was amplified from pFA6a-EGFP-HIS3MX6 with PCR
primers conferring flanking XhoI sites. EGFP was subsequently assembled with a stop codon
free Mdm34 within pRS425. The complete GPDpr-Mmm1-P2A-Mdm12-P2A-Mdm34-P2A
sequence was then assembled within pRS313 between the AhdI/EagI sites; thereby restoring
the CYC1term. Plasmids were verified by cycle sequencing (service provide by Eurofins,
EU).

pERMESSB was generated using restriction cloning techniques to replace the stretch
of Mmm1 within pERMES which corresponds to L237, I244, V290, I386, Q389 with
a synthesised oligonucleotide, or gBlock, (Integrated DNA Technologies) which has the
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sequence substitutions corresponding to L237E, I244R, V290E, I386E, Q389R (see Appendix
1). This fragment was placed between the BstEII and SalI sites of pERMES by an overnight
ligation reaction at 4°C with T4 DNA ligase (Invitrogen, EL0011).

pMmm1 was constructed from PCR amplified Mmm1, including 1000 bp directly up-
stream of the Mmm1 open reading frame which was designated as the Mmm1pr, using
JumpStart AccuTaq (Sigma-Aldrich). PCR was used to introduce flanking BssHII and
XhoI sites and the STOP codon of Mmm1 left in place. The amplified BssHII-Mmm1pr-
Mmm1-XhoI was used to replace GPDpr-Mmm1-P2A-Mdm12-P2A-Mdm34-P2A within
pERMES. Thus completed pMmm1 was composed of Mmm1pr-Mmm1-Cyc1term in the
modified pRS313 backbone. pMmm1SB was produced in the same way as pERMESSB, by
replacing part of Mmm1 with the gBlock DNA sequence carrying the SB mutations.

For pMmm1-EGFP, Mmm1 was amplified from pMmm1 with PCR primers to remove
the STOP codon. This PCR fragment was used to replace the Mmm1 with a STOP codon in
pMmm1. EGFP was amplified from pFA6a-EGFP-HIS3MX6 with PCR primers for flanking
SalI sites and assembled by ligation with pMmm1 and the Mmm1 without STOP codon.
pMmm1SB-EGFP was constructed as the other previously described plasmids with the SB
mutations.

2.1.7 Immunoblot analysis

Approximately 25 OD units (1 OD unit = 1 mL of OD600 culture) late-log yeast culture
(0.8-1.0 OD600) was pelleted by centrifugation. These pellets were washed with cold water
and snap frozen in liquid nitrogen. Pellets were resuspended in 10 µL of ice-cold lysis
buffer per OD unit (25 mM Tris pH 7.5, 50 mM KCl, 10 mM MgCl2, 1 mM EDTA, 5 %
glycerol, 0.5 % Triton X-100, with cOmplete protease inhibitor (Roche)). Cells were lysed
by vortexing intermittently with glass beads at 4°C for 5 minutes with 1 minute breaks on
ice. Samples were pelleted at 10000 xg for 10 minutes in a 4°C centrifuge. The protein
concentration of the supernatant was determined according to manufacturer’s protocol using
a bicinchoninic acid (BCA) protein assay (Thermo Fisher). A total of 30 µg of protein was
resuspended in NuPAGE LDS sample buffer (Invitrogen) and heated to 70 °C for 5 min.
Sample proteins were separated on pre-cast NuPAGE 4-12 % Bis-Tris gels (Invitrogen) at
150 V. Gels were blotted by wet transfer onto polyvinylidene difluoride (PVDF) membranes
in a blot module (Invitrogen). Membranes were blocked with 5% milk powder in PBS with
0.1% Tween at 4°C for 1 hour and then incubated with a primary antibody against GFP
(Miltenyi Biotec, clone GG4-2C2.12.10, HRP-coupled) overnight at 4°C. Membranes were
washed with PBS with 0.1% Tween and developed with 1 mL of ECL mixed with 1 mL of
Prime Western Blotting reagent (Sigma) on on Fuji Super RX X-ray films.
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2.2 Live imaging of yeast

Yeast were grown overnight as 5 mL cultures in synthetic complete (SC) media without
tryptophan (yeast with plasmids were grown in SC media without tryptophan and without
selectable nutrient) at 25°C with shaking (220 rpm). Fresh 5 mL cultures were started from
these overnight cultures and grown from an optical density of cells of 0.2 A600 to 0.5-0.9
A600 for imaging. Coverslips were mounted in a round chamber for manipulation. A droplet
of 0.5 mg/mL concanavalin A (Sigma-Aldrich, Cat #M0491S) was left on the coverslip for
5 minutes before being removed and replaced with 100 µL of yeast culture for imaging.
Cells settled on the concanavalin A coated coverslips for 5 minutes before being washed by
removing the 100 µL droplet of cells and replacing this with 100 µL of fresh media, repeated a
total of three times. Cells were imaged on an inverted Nikon Ti2 Eclipse microscope equiped
with a Nikon Plan Apo VC 100x/1.40 NA oil objective or a Nikon Apo TIRF 100x/1.49
NA oil objective. A NIJI LED light source with 470 nm, 550 nm, and 635 nm LEDs for
excitation. Filter sets included 49002-ET-EGFP(FITC/Cy2) with ET470/40x, T495lpxr
and ET525/50m for green fluorescence, 49005-ET-DSRed (TRITX/Cy3) with ET545/30x,
T570lp and ET620/60m for red fluorescence and 49006-ET-(Cy5) with ET620/60x, T660lpxr
and ET700/75m for far red fluorescence. No other emission filters were used. Cells were
imaged over 21 z-steps (6 µm z-height, 0.3 µm z-step). Each fluorescence channel was
collected sequentially at each z-step.

2.2.1 Mitochondrial morphology analysis

An automated macro script was written for Fiji which was used to measure the area and
perimeter of 2-dimensional projections of mitochondria of yeast expressing Tom20-mCherry.
The area and perimeter measurements were used to calculate a mitochondrial shape quotient
(Lang et al., 2015) which was used as a quantitative measure of mitochondrial morphology.
Shape quotient values were calculated from the Fiji macro output in R (R Core Team, 2021).

2.2.2 Mitochondria and ERMES per cell quantification

A semi-automated macro script for Fiji was written to aid in the quantification of the number
of mitochondria per yeast cell. This same macro was applied to quantify the number of
ERMES per cell. Yeast cells were selected for analysis by manually drawing ROI around
each individual cell. Each ROI was cropped and an adaptive threshold applied to each cell
which was adjusted based upon the application detecting mitochondria or ERMES puncta.
The macro then used the 3D Object Counter (Fiji) to segment and count the mitochondria
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or ERMES puncta as 3-dimensional objects within the z-stack of FM images of each cell.
Measurements for each of these detected objects, corresponding to either mitochondria or
ERMES puncta, were exported from Fiji and the number of objects measured counted with
R scripts.

2.2.3 Fluorescence quantification of EGFP tagged proteins

The number of EGFP molecules tagged to Mmm1, Mdm12 or Mdm34 was quantified as in
Picco et al. (2015), according to the protocol described by Picco and Kaksonen (2017) and
instructions within the SpotQuant software package (https://github.com/apicco/spotquant).
Yeast were grown as for other live imaging experiments and imaged with the same microscope
setup. On the day of imaging, a fresh culture of yeast expressing Cse4-EGFP for control
was started at the same time as each strain of interest. Cells were imaged after 5-6 hours at
0.55-0.7 A600. Before mounting cells on ConA coverslips for imaging, 100 µL of Cse4-eGFP
cells were mixed with 100 µL of the target strain. Cells settled on coverslips with ConA
for 5 minutes before washing, three times, with fresh SC -tryptophan media. Fields of view
were collected within the centre 1024 x 1024 px of the camera (QE80 Hamamatsu). Z-stacks
were collected as 21 images over 4.2 µm z height for each channel sequentially (the green
fluorescence z-stack was collected first). Cells in anaphase-telophase were identified by
the presence of two kinetochores within a cell. Cse4-eGFP cells were distinguished by
the Tom20-mCherry expressed from the genomic Tom20 promoter. Cropped z-stacks of
individual cells were ’duplicated’ from the original FM z-stacks and the EGFP channel of
each cropped z-stack was saved as a separate sub-stack. These cropped z-stacks of the EGFP
channel were used for analysis with SpotQuant v1.04, run using Python 3.7.2.

2.3 Room temperature CLEM of ERMES within resin em-
bedded yeast

Room temperature (RT) CLEM of high-pressure frozen, freeze-substituted and sectioned
resin embedded yeast cells was performed as described in (Kukulski et al., 2011) along with
adaptations described in (Ader et al., 2019; Hoffmann et al., 2019) and here:

2.3.1 Vitrification, freeze-substitution and resin embedding of samples

Sample preparation of yeast for RT CLEM included culturing yeast for high pressure freezing,
freeze-substitution of water with organic solvent and resin embedding. To begin, a 50 mL SC
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-trp with 2% D-glucose liquid culture was started by inoculation with overnight pre-culture
and grown at 25°C, 220 rpm until mid-log phase (0.5-0.7 OD600). To impede mitochondrial
fusion, cells were treated with α-factor mating hormone at final concentration of 50 µg/mL
and grown for 6-7 hours until the culture density reached 0.5-0.7 OD600.

Yeast cells were pelleted using vacuum filtration onto 0.45 µm nitrocellulose membranes.
Cells were scraped from this pellet using a pipette tip loaded with 2 µL of culture media,
resuspended in this droplet and transferred to the centre of a 200 µm deep well of a 3
mm aluminium carrier (Wohlwend GmbH). Carriers loaded like this were vitrified using a
HPM100 High Pressure Freezer (Leica Microsystems) and stored under liquid nitrogen(LN2).

Freeze substitution (FS) and resin embedding was performed in a temperature controlled,
automatic and programmable device (EM AFS2, Leica). FS occurred over 30-48 hours at
-90°C in acetone with 0.03-0.06 % uranyl acetate. For the first 3 hours of FS, sample wheels
loaded with samples, acetone and uranyl acetate were placed on an orbital shaker in a box
filled with dry ice to improve FS and sample quality (Hoffmann et al., 2019). The temperature
was gradually raised to -45°C over 9 hours. The samples were washed three times with
acetone and then subsequently incubated with increasing concentrations of Lowicryl HM20
in acetone, over this course the temperature was raised further to -25°C. Then the samples
were incubated with three exchanges of pure Lowicryl HM20 over the course of a further 10
hours. The resin was polymerised with UV light over 48 hours and then the temperature was
raised to 25°C over 9h.

2.3.2 Sectioning and fluorescence imaging

Resin blocks were trimmed by hand, then the block face prepared by glass knife using a
microtome (Ultracut E, Reichert; EM UC6/FC6, Leica Microsystems). Sections, ~300 nm in
thickness, were cut with a Ultra 45°diamond knife (Diatome) into MPW and floated onto
S160 carbon film 200 mesh copper grids (Agar Scientific). After being cut and floated onto
grids, the sections were incubated section-side down on a 10 µL droplet of 200x diluted 50
nm TetraSpeck Microspheres (Thermo Fisher) in PBS and then washed three times in PBS.
Grids were mounted section down onto a coverslip with a droplet of PBS with a glass slide
above. Mounted samples were imaged using the FM setup described for live-cell imaging.

2.3.3 Electron tomography

Before imaging with EM, grids were incubated on droplets of 5x diluted 15 nm protein A-
coated gold beads (gold fiducials) in PBS. These fiducials are necessary for image alignment
during tomogram reconstruction. Grids were placed for 2 min on these droplets and then
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washed by exchanging in droplets of PBS and blotting dry between droplets; the process was
repeated so that both sides of the grids were treated the same way. To improve the contrast of
the mitochondrial membranes in EM, sections were stained after FM in 10 µL droplets of
2% uranyl acetate in ddH2O, section-side down for 10 minutes. The grids were washed in
three exchanges between droplets of ddH2O, blotting the grids dry between droplets. The
sections were further stained, section-side down, in 10 µL droplets of Reynold’s lead citrate
(Reynolds, 1963) for an additional 10 minutes, then washed again by exchanging in droplets
of ddH2O.

Grids were imaged with scanning transmission electron microscopy (STEM) using a
TF20 (FEI) equipped with an axial bright-field detector at a camera length of 200 mm with a
50 µm C2 aperture (Ader and Kukulski, 2017; Hohmann-Marriott et al., 2009). For navigation
and tilt-series acquisition at low-magnification, STEM images were acquired at a pixel size
of 4.372 nm in Serial EM. Low-magnification, single axis tilt-series were acquired ±0°to
±60°tilt at 2°increment (Mastronarde, 2005). High magnification dual-axis tilt-series images
were acquired at 1.102 nm pixel size, also from ±0°to ±60°tilt at 1°increment (Mastronarde,
1997).

2.3.4 Tomogram reconstruction and data analysis

Tilt-series and tomogram reconstruction was done either manually or automatically in batch-
mode of IMOD using gold beads as fiducials (Kremer et al., 1996; Mastronarde, 2005). FM
and EM images were correlated using MATLAB correlation scripts (Kukulski et al., 2011)
for image transformation and calculation of the centroid position of the fluorescent signal
(from now on referred to as ’correlation’).

For the measurement of mitochondrial diameter after image correlation, correlations
were searched from features within a 100 nm radius of the calculated correlation centroids.
Within the correlations of Mdm34, ER-mitochondria MCS were located and a point was
clicked manually within IMOD at the apparent centre of the ER-mitochondria MCS (as
limited by the radius). This point was declared the correlation feature (see schematic in
Figure 3.12). A longitudinal axis was ascribed to the longest axis of each mitochondrion
which defined the perpendicular transverse axis. The distance across the transverse axis
of the mitochondrion was measured from the correlation feature at the middle z-plane of
the mitochondrion. In order to gauge the relative diameter at the correlation feature to that
of the rest of the mitochondrion, a 250 nm radius was drawn from the correlation feature.
Two reference points were placed in opposite directions along the mitochondrion where
the OMM intersected the 250 nm radius drawn from the correlation feature. The distance
across the transverse axis of the mitochondrion was measured at these reference points
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just as the transverse distance was measured at the correlation feature. In the cases where
the correlation feature was at the end of a mitochondrion, no transverse distance could
be measured (these instances are recorded as zeros but excluded from the reported data
analysis). An approximation of the mitochondrion’s diameter was made by averaging the
two mitochondrial diameters measured at the reference points 250 nm from the correlation
feature. In the event that the correlation feature was near to one of the mitochondrion’s ends
and a only one reference point could be place along the OMM at a distance of 250 nm from
the correlation feature, then the diameter measured at that reference point was used as the
mitochondrial diameter. The ratio of the diameter measured at the correlation feature to
that of the mitochondrion 250 nm from the correlation feature was used as an indicator of
how constricted the mitochondrion was at the correlation feature relative to the rest of the
mitochondrion. Clicked points were saved as individual IMOD model files and the distances
measured were recorded manually. If there was a MCS between the mitochondrion and the
ER within 100 nm of the correlation centroid of Dnm1 without Mdm34, then the correlation
was classified as an unidentified ER-mitochondria MCS and the correlation feature measured
at the MCS. Otherwise, if there was no ER MCS within the 100 nm radius of the Dnm1
correlation centroid without Mdm34, then the correlation feature was positioned at the most
narrow part of the mitochondrion within 100 nm of the calculated centroid.

2.4 Cryo-CLEM of ERMES within FIB-milled lamellae

2.4.1 Vitrification

A culture flask with 25 mL SC -trp 2% D-glucose was inoculated with overnight culture of
yeast expressing Mdm34-mNeon Dnm1-mCherry and grown at 25°C 220 rpm for approxi-
mately 6 hours (from an OD600 of 0.2 to 0.7-0.9). Approximately 1.5 mL of yeast culture
was pelleted at 3000 x g and resuspended in 500 µL of culture medium with 15% dextran
(Sigma, 40 kDa Mw). Using a manual plunger and temperature-controlled liquid ethane cup
at -181 °C, cells were vitrified on Quantifoil R2/2 Cu 200 mesh grids (Russo et al., 2016).
Grids were glow discharged within the chamber of a PELCO easiGlow at 15 mA for 30
seconds before cells were vitrified. Cells were deposited on the carbon side of the grid as a
5 µL droplet and the excess liquid removed by manual back-side blotting for ~12 seconds,
using number 1 Whatman blotting paper. Grids were stored under liquid nitrogen until they
were processed by FIB milling.
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2.4.2 FIB milling

Vitrified yeast were prepared as lamellae according to protocols described by Schaffer et al.
(2015, 2017) using a SCIOS DualBeam FIB/SEM microscope (FEI) which was equipped with
a Quorum PP3010T cryo-FIB/SEM preparation system. The cryo-stage was kept between
-170°C and -180°C and the anti-contaminator was kept below -190 °C. A layer of platinum
was deposited on the surface of the vitreous grids with 10 mA of current for 60 seconds using
the Quarum system sputter-coater. An organometallic platinum coating was subsequently
applied with the microscope’s gas injection system (GIS) for 30 seconds. For this, the stage
was tilted to 25°and the GIS needle 5 mm from the working distance (which is ~7 mm, so
the GIS was placed at ~13 mm). Images were collected with the electron beam set to 2 kV
voltage, 13 pA current and the ion beam set to 30 kV voltage, 10 pA current. At the early
stage of lamellae making, when material is removed more rapidly, the stage was tilted to
35-40°and the ion beam current set to 30 kV and 0.5 nA. A pattern was drawn over a group
of 9-12 cells so that a 10 µm wide lamella would be cut that was 12 µin height. Surrounding
this initial rough-cut lamella, two micro-expansion joints 1 µm wide and 4 µm from either
side of the lamella were created to minimise sample drift caused by differences in thermal
expansion and compression between the lamellae and the surrounding ice over the course
of milling (Wolff et al., 2019). Following this, the stage was tilted to 25°and milled to a
thickness of ~7 µm thick with the ion beam set to 30 kV and 0.3 nA. The stage was set to a
tilt of 17°and milled to ~3 µm thick, then to ~1 µm thick with 30 kV and 0.1 nA. Typically
2-3 lamellae were rough milled like this before fine-milling with lower voltage and current
settings for the ion beam. The stage was tilted to 18°and the lamella milled to µ450 nm thick,
from the top only, with the ion beam operating at 16 kV with 11 pA current. The stage was
tilted to 16°and the bottom of the lamella milled so that there was nothing visibly hanging
from the lamella. The stage was tilted back to 17°and the lamellae milled to a final thickness
of 180-200 nm with milling patterns placed at both the top and bottom of the lamella. Grids
with lamellae were transferred from the FIB/SEM to autogrid cryo-EM boxes and stored in
liquid nitrogen until cryo-FM.

2.4.3 cryo-FM

Cryo-EM grids with lamellae of vitreous yeast were transferred to the cryo-stage of a Linkam
CMS196 fit in place of the condenser of a Zeiss Axio Imager M2m microscope equipped
with a Zeiss Colibri 7 LED light source and an AxioCam 503 mono CCD camera. The
cryo-stage was maintained between -176°to -182°while the anti-contaminator was kept
below -190°. For navigation, bright field images the lamellae were collected with an EC
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Plan-Neofluar 10x/0.30 objective. High-magnification FM images were collected through
a LD EC Epiplan-Neofluar 100x/0.75 DIC M27 objective. Mdm34-mNeon was excited by
475 nm LED powered at 50% with a 6 second exposure. Dnm1-mCherry was excited by
a 555 nm LED powered at 100% with 9 second exposure. The two fluorescence channels
were imaged sequentially as z-stacks consisting of 8 z-slices 0.4 µm thick, with the green
fluorescence channel imaged first, followed by the red and bright-field images. Grids were
returned to autogrid cryo-EM storage boxes and kept under liquid nitrogen until cryo-ET.

2.4.4 cryo-ET

Cryo-ET was done with a Titan Krios microscope (Thermo Fisher) equipped with a Quantum
energy filtered (slit width 20 eV) K3 direct electron detector (Gatan) operated in counting
mode. SerialEM was used for the acquisition of image montages of grids and lamellae as
well as for single-axis tilt series. Low-magnification grid maps were acquired at a pixel
size of 669 Å in order to locate the lamellae as well as platinum-free carbon for astigmatism
and comma-free alignment and holes for Gatan Imaging Filter (GIF) tuning and alignment.
Medium magnification image montages were collected of lamellae with -100 µm defocus and
70 µm objective aperture at a pixel size of 39.39 Å in order to observe subcellular features
within lamellae. Features including the edges of the lamellae and the outline of yeast cells
were used to identify regions of the lamellae corresponding to Mdm34-mNeon puncta and
target these for tilt-series acquisition.

High magnification tilt-series images were acquired from ± 56°in a grouped (four tilt
increments per group) dose-symmetric tilt scheme with a pixel size of 2.684 Åat defoci from
-3.5 to -6.0 µm (Bharat et al., 2018; Hagen et al., 2017; Mastronarde, 2005). Anchor map
images were acquired at a pixel size of 10.73 Å to realign to the location saved for semi-
automated tilt-series acquisition (Mastronarde, 2005). As a whole, the data set presented
consists of 74 cryo-tomograms collected at regions of lamellae corresponding to Mdm34-
mNeon fluorescent puncta. A dose rate of ~25 e-/px/s was used for all acquisitions; the
total exposure time was adjusted to maintain a total dose per image of 1.3 e-/Å. Exposures
were fractionated into four frames acquired as LZW-compressed TIFF images without
normalisation and without binning.

2.4.5 Tomogram reconstruction

Frames were corrected for detector gain pixel defects, aligned and dose-weighted with the pre-
preprocessing script from the subTOM package (Tremel et al., 2021) which utilises IMOD’s
alignframes and ctfplotter functions. CTF estimation was done with the aligned frames
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before dose-weighting. Tilt series were aligned using IMOD’s etomo patch tracking and
2-dimensional CTF correction applied by phase-flipping in IMOD. For imaging processing,
tomograms were reconstructed by weighted back-projection at bin 2. For manual particle
picking of ERMES bridging densities, tomograms were reconstructed using simultaneous
iterative reconstruction technique (SIRT), also at bin 2. For representative images displayed
in the presented figures, IMOD’s clip function was used to apply a median filter.

2.4.6 Correlation of cryo-FM images with cryo-ET

Cryo-FM images lamellae were correlated to cryo-EM images of corresponding lamellae
using 2D rigid fitting within the ecCLEM correlation plug-in of Icy (Paul-Gilloteaux et al.,
2017). Features such as the edges of the lamella, holes and imperfections in the carbon
support as well as the outlines of the yeast cells which are visible in cryo-FM images
of lamellae and surrounding grid square were selected as landmarks which could also be
identified within cryo-EM image montages. These landmarks were manually clicked between
the green fluorescence image and the medium magnification TEM image montage of the
lamella. ecCLEM was used to transform the fluorescence image in order to align these
landmarks to their position within the TEM image montage (39.39 Å/px). This composite
image was aligned to the higher magnification anchor map that was used for tilt series
acquisition (10.73 Å /px) using features such as the yeast cells or deposits on the surface
of the lamella that were visible in both TEM images. This process was repeated with the
0°tilt-series image (2.684 /px). For images in presented figures, the transformed composite of
correlated images was split and the transformed cryo-FM green fluorescence channel merged
with a virtual z-slice from the tomographic volume in Fiji.

2.5 Subtomogram averaging & alignment of ERMES bridg-
ing densities

The detailed strategy for STA is outlined in Results 4.1.4. Subtomogram averaging (STA) and
alignment was done with the subTOM package (Tremel et al., 2021) consisting of MATLAB
(MathWorks) functions adapted from TOM (Nickell et al., 2005), AV3 (Forster et al., 2005;
Förster and Hegerl, 2007) and Dynamo (Castaño-Díez et al., 2012). The presented STA
consists of 1130 subtomograms extracted from 53 tomograms reconstructed from tilt-series
acquired at regions of lamellae corresponding to ERMES puncta imaged by cryo-FM.
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2.5.1 Manual picking of ERMES bridges

ERMES bridging densities were manually picked within the 53 tomograms which corre-
sponded to ER-mitochondrial MCS which were oriented so that the ER and mitochondrial
membranes are parallel to each other along the tomogram’s virtual z-axis. The north and
south points of each ERMES bridging density was placed at the ER and OMM ends of the
rod-like structures within the Dynamo tomoslice tomogram viewer. These points were saved
as dipole models according to each tomogram which contained the 3-dimensional coordinates
of all of these north and south point pairs, as well as their midpoint. These coordinates, in
the form of a dynamo table, were converted to a motive list (MOTL) file using a Dynamo
function within the MATLAB environment. This MOTL file contains the midpoints of
the manually clicked dipole models as well as the rotational transformations necessary to
orient the initial extracted subtomogram volume’s z-axis along the corresponding dipole’s
north-south axis. In this way, the ERMES bridging densities are partially aligned by virtue of
extracting the subtomograms with their z-axis oriented along the north-south vector.

2.5.2 Initial template

For initial template generation, the subtomograms from 1130 initial crop positions were
weighted according to their original tomogram’s missing wedge and then averaged for
use as the initial template to which each subtomogram would be subsequently aligned.
The missing wedge was modelled for each tomogram as the amplitude spectra of 10000
subtomograms, extracted from outside of the subtomograms used for STA. This was applied
to each subtomogram, according to the tomogram from which it originated, during iterative
alignment and averaging steps. A random spin rotation was applied to each subtomogram
to better reflect the presumed rotational symmetry of these rod-like structures before spin
alignment.

The movement of aligned subtomograms was inspected between alignment iterations
using the UCSF Chimera (Pettersen et al., 2004) plug-in Place Object (Qu et al., 2018). This
plug-in places an arrow in 3-dimensional space which can be used to observe both shift and
rotation of subtomograms between alignments.

2.5.3 Model building

The atomic models of zrMmm1SMP and Mdm12SMP from the deposited heterotertrameric
structure (5YK7) were split from each other in UCSF Chimera (Pettersen et al., 2004) and
manually positioned so that the reported interface between zrMmm1SMP dimers was instead
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in contact with the ER. Mdm12 was positioned so that opening to its SMP domain was in
close proximity to the tail end of Mmm1. A trRosetta structural prediction was made from a
truncated sequence corresponding to Mdm34’s SMP, Mdm341-283 (Yang et al., 2020). This
was manually positioned so that the SMP opening of Mdm34 was in close proximity to the
tail end of Mdm12. Iterative sequential fitting was done within UCSF Chimera using the
command line options. Models of zrMmm1SMP, Mdm12SMP and Mdm341-283 were fit as
rendered volumes with 5 Å resolution.

2.5.4 Neighbour analysis

Neighbour analysis was performed to find the nearest, second nearest and furthest neighbour
of each subtomogram’s centre.A MATLAB script was written to calculate the Euclidean
normal difference between each point, store these in a matrix and then find the minimum
distance between pairs of points. The nearest neighbour was also calculated for each north,
centre and south point of each subtomogram.

2.6 Data analysis, quantification & statistics

Statistical tests were calculated in R (R Core Team, 2021) and data was plotted with ggplot2
(Wickham, 2016). Dunn’s multiple-comparison tests (Dinno, 2017) were performed to
compare the distribution of the shape quotient values as well as the number of mitochondria
or ERMES puncta per cells amongst the treatment groups within experimental repeats
using R. These tests were done after Kruskal-Wallis tests showed that there were differences
between the distribution of the values between these groups, according to experimental repeat.
False discovery was controlled for by multiple comparisons correction using the Bonferroni
correction. These tests were chosen in part because the null hypothesis of Shapiro-Wilk tests
were rejected for some of the treatment groups tested (Royle, 2020). Data was plotted using
ggplot2 (Wickham, 2016) and raincloud plots (Allen et al., 2019; Whitaker et al., 2019).



Chapter 3

ERMES & mitochondrial fission

3.1 Results

3.1.1 Live-cell imaging of Dnm1, Dnm1-adaptors & Mdm34

The contractile rings formed by the dynamin-related GTPase Dnm1 are crucial for mitochon-
drial fission in yeast. Recruitment of Dnm1 to mitochondria is dependent upon Fis1 and its
partners Caf4 and Mdv1 (Griffin et al., 2005; Guo et al., 2012; Naylor et al., 2006). Mito-
chondrial fission often occurs in close proximity to ER-mitochondria contact sites (Friedman
et al., 2011) and ERMES is found within 300 nm of 54-60% of mitochondrial divisions
(Murley et al., 2013). Although there is a clear relationship between ER-mitochondria contact
sites and mitochondrial fission, several questions remain.

Firstly, does the number of mitochondria per cell, which is balanced by the rate of fission
and fusion, affect the number of ERMES puncta per cell? Over-expression of Dnm1 is known
to increase mitochondrial fragmentation, i.e. the number of mitochondria per cell (Fukushima
et al., 2001; Labrousse et al., 1999). It is unknown whether the number of ERMES mediated
contact sites would increase to accommodate genetic conditions that increase mitochondrial
fission. To test the relationship between ERMES and the number of mitochondria per cell,
I constructed yeast strains that over-express Dnm1 or the Dnm1-adapters Fis1, Caf4, and
Mdv1 from the Translational elongation factor EF-1 alpha promoter (TEF1pr) (Janke et al.,
2004; Mumberg et al., 1995) directly upstream of the endogenous genes, thereby modulating
mitochondrial fission by controlling the availability of mitochondrial fission factors. Before
using these strains to investigate ERMES directly though, I first assessed the impact of
replacing the endogenous promoters of Dnm1 and Dnm1-adaptors with TEF1pr through
live-FM.
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To confirm the effect of integrating the TEF1pr sequence upstream of the genomic loci
of DNM1, I tagged Dnm1 with either mCherry or mRuby, both red FP, in yeast strains with
or without TEF1pr upstream of the DNM1 genomic sequence and imaged these yeast with
FM. My observations are congruent with published descriptions of Dnm1 (Otsuga et al.,
1998; Schauss et al., 2006; Sesaki and Jensen, 1999), which describe FP tagged Dnm1
localisation as small patches, or puncta, that pre-dominantly co-localise with mitochondria.
In agreement with published descriptions of Dnm1 and its adaptors (Griffin et al., 2005; Guo
et al., 2012; Naylor et al., 2006), Dnm1 FP-tagged signal overlaps with that of sfGFP-Fis1,
sfGFP-Caf4 and sfGFP-Mdv1 when expressed from the endogenous gene promoters (Figure
3.1). Furthermore, sfGFP tagged Dnm1-adaptors expressed from their endogenous promoters
concentrate as discrete puncta on mitochondria along with a weaker, diffuse signal that
highlights mitochondria more evenly. Differences between sfGFP-Caf4 and sfGFP-Mdv1, as
well as their respective relationships to Dnm1, were not investigated as Mdv1 fluorescence is
much weaker than both Fis1 and Caf4 which makes it technically difficult to quantitatively
compare the spatial relationship of Dnm1-Mdv1 to the spatial relationships of Dnm1-Fis1 or
Dnm1-Caf4. In general, although sfGFP-Mdv1 is in lower abundance to both sfGFP-Fis1 and
sfGFP-Caf4, Dnm1-mRuby puncta overlap with the puncta of sfGFP-tagged Dnm1-adaptors.
Furthermore, Dnm1-mRuby and sfGFP-tagged Dnm1-adaptor strains are suitable to follow
intracellular localisation and abundance of Dnm1 and its adaptors.

When Dnm1-mCherry is over-expressed by TEF1pr, the fluorescence intensity of the
Dnm1-mCherry signal increases as does the number of Dnm1-mCherry puncta within the
cell (Figure 3.2). To tag the N-termini of Fis1, Caf4, and Mdv1 with sfGFP, as just previously
mentioned, I used seamless gene tagging by endonuclease-driven homologous recombination
(Khmelinskii et al., 2011). This method of seamless tagging requires intermediary, diploid
yeast strains that over-express the sfGFP-tagged protein of interest and afforded me a way
of observing the effect of over-expressing these sfGFP-tagged Dnm1-adaptor proteins. The
fluorescence intensity of sfGFP-tagged Dnm1-adaptors is elevated when over-expressed by
the TEF1pr promoter relative to strains with the endogenous promoters (Figure 3.2). As
mentioned, sfGFP-Caf4 and sfGFP-Fis1 fluorescence signal is brighter than sfGFP-Mdv1
in both endogenous promoter but also when over-expressed from the TEF1pr promoter.
sfGFP-Caf4 and sfGFP-Mdv1 remain concentrated as foci on mitochondria when over-
expressed, however, when sfGFP-Fis1 is over-expressed mitochondria are covered uniformly
in fluorescent signal (Figure 3.2). In summary, the fluorescence intensity of FP tagged
mitochondrial fission components increases when the endogenous promoters are replaced
with TEF1pr; demonstrating the effectiveness of my system to modulate the availability of
mitochondrial fission factors.
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Fig. 3.1 Live-FM of sfGFP-tagged Dnm1-adaptors (green) and Dnm1-mRuby (magenta),
both expressed from the endogenous promoters.

Fig. 3.2 Live-FM of Dnm1-mCherry (magenta) or sfGFP-tagged Dnm1-adaptors (green)
expressed from the endogenous promoters of each protein or a genomic integration of TEF1pr.
Pixel intensity minimum and maximum threshold values are comparable between DNM1-
mCherry and TEF1pr-DNM1-mCherry as well as between all sfGFP images except for that of
sfGFP-Mdv1 (where the minimum pixel intensity cut-off is raised and the maximum lowered
to increase image contrast).
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To observe and quantify the effect of Dnm1 and Dnm1-adaptor expression levels on
mitochondria number and morpholoy, Tom20, an OMM protein and component of the
TIM/TOM complex (Pfanner et al., 1996), was tagged with mCherry in wild type cells,
cells over-expressing untagged Dnm1 or one of Dnm1’s adaptors, or in dnm1∆ (Figure
3.3-A). My analysis shows that dnm1∆ cells have fewer mitochondria per cell than wild
type cells (Figure 3.3-B), which fits with the described phenotype of dnm1∆ cells (Bleazard
et al., 1999). Contrariwise, over-expression of Dnm1 or Fis1 increases the number of
mitochondria per cell as compared to wild type cells (Figure 3.3-B), which has been described
for Dnm1 (Fukushima et al., 2001; Labrousse et al., 1999) and for human Fis1 (Gomes
and Scorrano, 2008; Yu et al., 2019). The mitochondria of dnm1∆ cells as well as those
in cells over-expressing untagged Dnm1 and Fis1 are also more round than those of wild
type cells as measured by the shape quotient, first used by Lang et al. (2015) to quantify
mitochondrial morphology (Figure 3.3-C). Conversely, cells over-expressing untagged Caf4
have mitochondria which are more elongated but fewer in number than wild type cells (Figure
3.3-C), which has previously been described (Guo et al., 2012). In summary, over-expression
of either Dnm1 or Fis1 increases the number of mitochondria per cell while over-expression
of Caf4 decreases the number of mitochondria per cell, relative to the wild type cells.
Additionally, the mitochondria of cells over-expressing Dnm1 or Fis1 were more spherical
than the mitochondria of wild type cells and conversely the mitochondria of cells over-
expressing Caf4 are more elongated. Finally, these measurements of mitochondrial shape
and number confirm that over-expressing mitochondrial fission factors is an effective method
of modulating mitochondrial morphology and number. With these tools I could modulate the
steady-state mitochondrial number and shape, which is a product of mitochondrial fission
and fusion, and ask whether ERMES number or localisation pattern changes in response to
over-expression of Dnm1 or Dnm1-adaptors.

To learn more about the role of ERMES in mitochondrial fission, FP sequences introduced
as tags at the endogenous loci of Dnm1 and Mdm34 were used to observe the spatial
relationship of Dnm1 and ERMES. Additionally, Dnm1-mCherry and Mdm34-EGFP were
observed in cells over-expressing Dnm1-mCherry or one of Dnm1’s, untagged, adaptors
(Figure 3.4-A). Co-localisation measurements were not quantified for the spatial relationship
of Dnm1-mCherry to Mdm34-EGFP in cells over-expressing Dnm1-mCherry or untagged
Dnm1-adaptors. However, it is obvious that there are many more Dnm1 puncta per cell than
there are ERMES puncta, which is exacerbated by over-expressing Dnm1-mCherry. Wild
type cells have a median of 3 ± 1 ERMES per cell as do cells over-expressing Dnm1 or one
of the Dnm1-adaptors (Figure 3.4-B).
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Fig. 3.3 (A) Live-FM images of mitochondria highlighted with Tom20-mCherry (magenta)
in wild type cells, cells expressing untagged Dnm1 or untagged Dnm1-adaptors from TEF1pr,
or dnm1∆ cells are also compared. (B) The number of mitochondria per cell or (C) shape
quotient values of individual mitochondria are plotted as clouds of data points coloured by
experimental repeat along with the corresponding median of those data points; error bars
represent the median absolute deviation. Half violin plots are coloured by experimental
repeats.
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Fig. 3.4 (A) Live-FM images of Mdm34-EGFP (green) and Dnm1-mCherry (magenta) in
strains expressing Dnm1-mCherry from the endogenous wild type promoter or from TEF1pr
as well as in cell over-expressing Dnm1-adaptors from TEF1pr. The localisation of sfGFP-
Mdm34 (green) and Mdm12-mCherry (magenta) in wild type cells are also compared for
reference. (B) The number of ERMES per cell.
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When considered in relation to the results of Figure 3.3 which show that Dnm1 over-
expression increases the number of mitochondria per cell, the results of Figure 3.4 suggest that
the number of ERMES per cell does not strictly correlate with the number of mitochondria.
Although I did not directly measure the number of ERMES per mitochondria per cell, there
are more mitochondria per cell when Dnm1 or Fis1 are over-expressed without a concomitant
increase in the number of ERMES per cell when Dnm1-mCherry or untagged Fis1 are
over-expressed. Taken together, these results suggest that the number of ERMES per cell
can be uncoupled from the number of mitochondria per cell by modulating the availability
of mitochondrial fission factors. However, it is important to note that Figure 3.3 describes
the effect of over-expressing untagged Dnm1 upon mitochondrial morphology and number
per cell while Figure 3.4 investigates the effect of over-expressing Dnm1-mCherry. The
importance of over-expressing tagged and untagged Dnm1 will become clear when the results
of Figure 3.15 and Figure 3.13 are discussed.

3.1.2 RT-CLEM of Dnm1 & Mdm34

MCS are typically described as areas of close apposition (<30 nm) between two organelle
membranes (Elbaz and Schuldiner, 2011) when observed by EM. ER-mitochondria contact
sites mediated by ERMES have been characterised using FM, which is able to follow FP
tagged components of ERMES spatially and temporally as discrete, diffraction limited
(<200 nm) puncta and allowed the discovery of ERMES’s relation to mitochondrial fission
(Friedman et al., 2011; Murley et al., 2013). Undoubtedly, FM has been instrumental to
describe ERMES, however, FM is unable to resolve the close distances that define MCS
and has a limited ability to resolve ultrastructural changes to mitochondrial morphology.
To observe the effects of ERMES and Dnm1 upon mitochondrial architecture, I imaged
sections of high pressure frozen, freeze-substituted, embedded yeast with FM and ET. By
combining FM and ET through CLEM procedures (Kukulski et al., 2011), I was able to
correlate the fluorescence signals of FP tagged ERMES component Mdm34 as well as Dnm1
within tomographic reconstructions of STEM tilt-series images. Importantly, Mdm34-EGFP
and Dnm1-mCherry were expressed from the genomic loci of Mdm34 and Dnm1, without an
additional gene copy. Using this approach, I was able to study the membrane architecture
of mitochondria as revealed by EM in relation to the presence or absence of ERMES and
Dnm1, as detected by FM.

High-precision, fiducial-based CLEM can be achieved by correlating the position of
fluorescent beads, which act as fiducial markers, within FM and EM images of the same
sample and region of interest (Kukulski et al., 2011). Before performing high-precision,
fiducial-based CLEM, the fluorescence signals of Mdm34 and Dnm1 were correlated within
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sections without the use of fluorescent beads. Mdm34-EGFP fluorescence is only slightly
brighter than the background fluorescence of cells with sufficient heavy-metal staining and
image contrast to distinguish ER and mitochondrial membranes. By omitting the fluorescent
beads, I could more easily detect faint Mdm34 signals against background fluorescence.
Conveniently, the roughly round profiles of sectioned cells are visible by both FM and
EM, and so, the approximate centres of cells were used as fiducials to calculate the image
transformation for FM to EM correlation. FM images of three Mdm34-EGFP puncta were
correlated within approximately 100 nm of ER-mitochondria MCS, defined as parallel ER-
mitochondrial membranes within 30 nm of each other (Figure 3.5). To better analyse the
ultrastructure of mitochondria, it is first important to designate terminology to describe
the orientation of mitochondria as observed in two-dimensional image slices through the
three-dimensional tomogram reconstructions (Figure 3.6. Herein, the longest mitochondrial
axis in the tomogram xy-plane is designated as the longitudinal axis; the transverse axis is
defined as perpendicular to the longitudinal axis. ER within ~100 nm of Mdm34 is generally
organised as a tubular band of ER membrane parallel to the OMM when viewed cross
sectioned, in a plane perpendicular to the tomogram z-axis. The ER does not fully encircle
the circumference of the mitochondria observed. Rather, a relatively small area of the OMM
forms the MCS with the ER, which is positioned on one side of the mitochondria observed,
relative to the longitudinal axis when viewed perpendicular to the z-axis. MCS are clear of
ribosomes between the ER and OMM at Mdm34. Occasionally, ER-OMM can be found
within ~10 nm of each other (Figure 3.5B, white arrow).

Omission of fluorescent beads was also helpful to identify overlapping Mdm34 and
Dnm1 signals. ER-mitochondrial MCS within ~100 nm of both Mdm34 and Dnm1 were
similar to MCS marked by Mdm34 without Dnm1 in terms of distance between the ER and
OMM, judged by inspection (not quantified) (Figure 3.7). MCS between the ER and OMM
at Mdm34 correlations with Dnm1 are clear of ribosomes as observed at Mdm34 correlations
absent of Dnm1. Mdm34 marked MCS within ~100 nm of Dnm1 did not fully encircle
the mitchondria observed and there was no apparent difference in OMM-ER surface area
coverage, compared to Mdm34 marked MCS without Dnm1 (not quantified). Moreover,
mitochondrial morphology was not remarkably different within the Dnm1 correlations near
to ERMES as compared to the inspected mitochondrion’s morphology outside of the 100
nm radius of the Dnm1 correlation. There were no obvious deformations or ultrastructural
changes to the OMM at Dnm1 correlations within ~100 nm of ERMES marked MCS. In
summary, the five observed Mdm34 marked MCS with Dnm1 are similar to the three Mdm34
marked MCS without Dnm1.
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Fig. 3.5 (A) Inverted as well as merged FM images of Mdm34-EGFP (green) and Dnm1-
mCherry (magenta) of a high-pressure frozen, sectioned yeast cell beside a corresponding
STEM image of this cell. Mdm34 signal of interest (white arrow), without Dnm1, was
targeted for tomography. (B) A close-up detail of a tomographic virtual z-slice roughly
corresponding to the region within the white squares of the images in A. The Mdm34
fluorescence signal of interest in A is within the green circle (100 nm radius); correlated
using the approximate centres of cell profiles as fiducials. The mitochondrion (green) and
ER (blue), false-coloured (left panel), are in close apposition to each other (yellow arrows)
with 10 nm between the ER and OMM.
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Fig. 3.6 An idealised, three-dimensional mitochondrion (green) beside its equivalent two-
dimensional cross-section in the xy-plane, perpendicular to the tomogram’s z-axis. The
longest axis in the tomogram xy-plane is designated the longitudinal axis; the transverse axis
is defined as perpendicular to the longitudinal axis.

In addition to the data set of correlations made using the centres of cells as fiducials for
correlation, I collected FM of samples with fluorescent beads for high-precision, fiducial-
based CLEM. Before high-pressure freezing, cells expressing Mdm34EGFP Dnm1-mCherry
were treated for 2 hours with the yeast mating pheromone known as α-factor to increase
the number of mitochondria per cell. Treatment with α-factor is known to specifically
increase proteosomal degradation of Fzo1, reducing mitochondrial fusion, without affecting
the abundance of mitchondrial fission proteins (Neutzner and Youle, 2005). Treatment with
α-factor is thereby expected to increase the relative rate of mitochondrial fission to fusion
events and thus the number of mitochondria per cell. Using fluorescent beads as fiducials,
Mdm34-EGFP signals were correlated to eight ER-mitochondria MCS, without detectable
Dnm1-mCherry within ~100 nm (Figure 3.8). Mdm34 marked MCS of α-treated cells are
similar to the MCS of untreated cells. Similarily, the MCS marked with Mdm34 and Dnm1
in α-treated cells were also unremarkable as compared to Mdm34 marked MCS of untreated
cells, both with or without Dnm1 (Figure 3.9). α-treatment reliably induced mitochondrial
fragmentation as expected, when observed with live cell imaging. However, there are no
striking differences between the MCS of α-treated cells compared to untreated cells within
~100 nm of the corelated Mdm34 signal of interest, regardless of the presence or absence
of Dnm1. In general, the MCS marked by Mdm34 and Dnm1 did not appear to be more
constricted or have any striking morphological differences as compared to MCS marked by
Mdm34 and without Dnm1, in both untreated and α-factor treated cells.



3.1 Results 49

Fig. 3.7 (A) FM and corresponding STEM image of Mdm34-EGFP (green) and Dnm1-
mCherry (magenta) overlapping signals (white arrow) (B) A tomographic virtual z-slice
corresponding to the region within the white square of A. The fluorescence signals of Mdm34
and Dnm1 are within the green and magenta correlation circles (100 nm radii); correlated
using cells as fiducials. The mitochondrion (green) and ER (blue), false-coloured (left panel),
are in close apposition to each other (yellow arrows). The MCS is continuous throughout z
118-157 (~43 nm along the z-axis).
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Fig. 3.8 (A) FM and STEM images, of an α-treated yeast cell expressing Mdm34-EGFP
(green) and Dnm1-mCherry (magenta). The Mdm34 signal of interest (white arrow) and
surrounding region was targeted for ET (white, dashed square). (B) A tomographic virtual
z-slice corresponding to the region within the white, dashed square of A. The fluorescence
signal of interest in A (white arrows) is within ~100 nm of the centre of the green circle (100
nm radius). The mitochondrion (green) and ER (blue), false-coloured (left panel), are in
close apposition to each other.
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Fig. 3.9 (A) FM and corresponding STEM image of Mdm34-EGFP (green) and Dnm1-
mCherry (magenta) overlapping signals (yellow arrow) (B) A tomographic virtual z-slice
corresponding to the region within the white, dashed square of A. The fluorescence signals
of Mdm34 and Dnm1 are correlated within the green and magenta correlation circles (100
nm radii). The mitochondrion (green) and ER (blue), false-coloured (left panel), are in close
apposition to each other within the Mdm34 correlation.
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Dnm1-mCherry puncta are more abundant than ERMES puncta per cell and there are
often Dnm1 puncta without ERMES in vivo (Figure 3.4). I collected tilt-series at Dnm1
signals without Mdm34 to investigate whether mitochondrial morphology was affected
differently by Dnm1 in the absence of Mdm34. Remarkably, of 41 tomograms collected
from both α-treated and untreated cells, at Dnm1 signals without Mdm34 , 24 tomograms
have ER-mitochondria MCS within ~100 nm of the correlated Dnm1 signal, or immediately
opposite to the longitudinal axis (Figure 3.10). These MCS without detectable Mdm34 signal
were designated as an unknown-ER-mitochondria MCS (UEM), as opposed to an ERMES
MCS. Mitochondrial ultrastructure of UEM is similar to that of MCS with Mdm34. The
distance between the ER and OMM is similar to ERMES MCS, as judged by inspection.
The mitochondrial surface area covered by UEM is also similar to that of ERMES MCS.
Moreover, mitochondrial morphology within ~100 nm of Dnm1 with UEM did not differ from
that >100 nm away; similar to Dnm1 with Mdm34 which did not have striking mitochondrial
morphological differences in the presence of ERMES. Striking morphological differences,
including constriction and separation of the IMM, were observed in a handful of tomograms
within Dnm1 correlations without ER MCS (Figure 3.11).

To better assess the relationship of Mdm34, Dnm1 and ER MCS to mitochondrial
constrictions, I inspected the 3D volume within the correlation radii for the presence of
ER MCS and measured the shortest transverse diameter of the mitchondrion, at its central
xy-plane (i.e. z-slice). Additionally, to gauge the relative mitochondrial diameter, I measured
the transverse diameter of the mitochondrion 250 nm away from the correlation centre, at
1-2 points in opposite directions along the mitochondrion’s longitudinal axis. The ratio of the
mitochondrion’s diameter within the correlation relative to that measured 250 nm away was
then used as a measure of mitochondrial constriction, designated the feature/mitochondrial
diameter ratio (Figure 3.12A). Measurements were categorised by the features within the
correlations, i.e. Mdm34 or Dnm1 alone, Mdm34-Dnm1 together, or UEM MCS-Dnm1
(Figure 3.12B). When compared within each correlation category, mitochondrial diameter
is similar between untreated and α-treated cells. The feature/mitochondrial diameter ratio
is also similar between untreated and α-treated cells, when compared within correlation
categories. Comparison of the mitochondrial diameter across the four different correlation
categories reveals that the distributions of measurements is greatest in Dnm1 correlations
without any ER MCS, regardless of the absence or presence of Mdm34. Also, 33% (4/12) of
Dnm1-mCherry correlations have mitochondrial diameters <100 nm (excluding correlations
at the ends of mitochondria). In comparison, 97% (42/43) of all other correlations with ER
(as MCS with Mdm34/Mdm34-Dnm1 or UEM MCS-Dnm1; including both α-treated and
untreated) have mitochondrial diameters > 100 nm (excluding correlations at the ends of
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Fig. 3.10 (A) FM and corresponding STEM images, of a Dnm1-mCherry (magenta) signal
of interest (white arrows) without Mdm34-EGFP signal (green). (B) A tomographic virtual
z-slice corresponding to the region within the white, dashed square of A. The fluorescence
signal of Dnm1-mCherry is correlated, using cells as fiducials, within the magenta correlation
circle (100 nm radius). The mitochondrion (green) is free of ER MCS within the Dnm1-
correlation and is constricted relative to the remainder of the mitochondrion outside of the
Dnm1-correlation.
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Fig. 3.11 (A) FM and corresponding STEM images, correlated using cells as fiducials, of
Dnm1-mCherry (magenta) without detectable Mdm34-EGFP. (B) Close up of a tomographic
virtual z-slice corresponding to the region within the white square of A. The fluorescence
signal of Dnm1-mCherry is correlated within the red correlation circle (100 nm radius). The
mitochondrion (green) is free of ER MCS within the Dnm1-correlation and is constricted
relative to the remainder of the mitochondrion outside of the Dnm1-correlation. Immediately
adjacent to the Dnm1-corrlation, a thin isthmus of the OMM connects two halves of a
mitochondrion with separated IMM.
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mitochondria). Finally, 23% (4/17) of Dnm1 correlations without ER MCS as well as 18%
(2/11) of Mdm34-Dnm1 correlations correspond to the ends of mitochondria and could be
sites of recent fission events.

In summary, using RT-CLEM I was able to address whether or not ERMES and Dnm1
puncta organise at regions of the mitochondria with any preference to mitochondrial diameter.
I measured the cross-sectional, transverse diameters of mitochondria within 100 nm of the flu-
orescence signal of interest’s calculated centroid position. The most constricted mitochondria
were observed at Dnm1-mCherry puncta without ER contacts nearby. This could suggest that
the final stages of mitochondrial fission do not strictly require ER contacts for proficiency.
Within the correlations of Mdm34 mitochondrial morphology is equally pleomorphic, at the
nm scale, regardless of the presence or absence of Dnm1. Most interestingly, RT-CLEM
observations of Dnm1 puncta without ERMES has revealed that there are ER-mitochondria
MCS unlabelled by Mdm34, designated as UEM. UEM are similar to ERMES marked MCS
and the mitochondrial morphology within 100 nm of UEM is as variable as that of Mdm34
marked ER-mitochondria MCS. The functional significance of UEM is unknown and it is
completely possible that these are stochastic events that do not significantly influence Dnm1
assembly or fission.

3.1.3 Genetic interaction of Dnm1 & Mdm34

Sites of mitochondrial fission are known to be co-incident with ER-mitochondria contact sites
marked by ERMES (Friedman et al., 2011; Murley et al., 2013). This prompted me to ask
whether over-expression of Dnm1 could affect the number and morphology of mitochondria
in an ERMES-deletion background. If ERMES-mediated ER-mitochondria MCS are strictly
necessary for mitochondrial fission, then, Dnm1 expression levels should not affect the
morphology or number of mitochondria in cells with ERMES-deletions. As over-expression
of untagged Dnm1 is sufficient to increase mitochondrial framentation, it was hypothesised
that over-expression of untagged Dnm1 would not affect the number or morphology of
mitochondria in mdm34∆ if ERMES is strictly necessary for mitochondrial fission. To dissect
the role of ERMES from mitochondrial fission, the number and morphology of mitochondria
were compared between wild type and mdm34∆ cells, cells over-expressing untagged Dnm1
both with wild type Mdm34 and without (mdm34∆), as well as in dnm1∆ and dnm1∆

mdm34∆ cells (Figure 3.13). As described previously in three independently replicated
experiments (Figure 3.3), mdm34∆ cells have fewer mitochondria per cell which are more
elongated while over-expression of untagged Dnm1 increases the number mitochondria and
roundness of mitochondria relative to wild type cells (Figure 3.13). When untagged Dnm1
is over-expressed in mdm34∆ cells, the distribution of mitochondria per cells as well as
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Fig. 3.12 (A) A schematic of how Mdm34-EGFP and Dnm1-mCherry correlations were
inspected for ER MCS and the shortest transverse diameter of the mitchondrion, at its
central xy-plane measured. The transverse diameter of the mitochondrion 250 nm away
from the correlation centre, was also measured at 1-2 points in opposite directions along the
mitochondrion’s longitudinal axis. The feature/mitochondrial diameter ratio is calculated
from the mitochondrion’s transverse diameter within the correlation divided by the diameter
250 nm from the correlation centre. (B) Categories used to distinguish ER-mitochondria
MCS with Mdm34, both with and without Dnm1, as well as Dnm1 with Unknown-ER-
Mitochondria MCS without detectable Mdm34 and finally Dnm1 signals without any ER
MCS within 100 nm. (C) The mitochondrial diameter is plotted (left) for both untreated
(green) and α-treated (blue) cells at correlations with Mdm34, Mdm34-Dnm1, UEM MCS-
Dnm1 and Dnm1 without any ER. The ratio of the mitochondrial diameter to the diameter 250
nm from the feature is plotted (right) as a quantifiable measure of mitochondrial constriction
(constricted < 1). Signals of interest that correlated to the ends of mitochondria are reported
as light-green and light-blue dots, with correlation diameters of zero. The error bars report
the median absolute deviation of the correlation diameters or diameter ratios, excluding the
zero values that correspond to correlations at the ends of mitochondria.
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shape quotient values is statistically different from that of mdm34∆ cells in two out of three
experimental repeats (Figure 3.13-B & -C).

Fig. 3.13 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry
in strains with expressing Dnm1 from the endogenous DNM1 promoter or TEF1pr in both
MDM34 and mdm34∆ cells; the mitochondria of dnm1∆ and dnm1∆ mdm34∆ cells are
also compared. (B & C) The number of mitochondria per cell or shape quotient values of
individual mitochondria are plotted as a cloud of data points with the corresponding median
of those data points, coloured according to experimental repeat; error bars represent median
absolute deviation. Half violin plots represent the distribution of those data points and are
coloured by experimental repeats.

However, rather than increase the number of mitochondria per cell as over-expressing
Dnm1 in MDM34 cells does, over-expression of Dnm1 in mdm34∆ cells shifts the distribution
of mitochondria per cell, relative to wild type cells, towards 0. This reflects the tendency
of mdm34∆ cells over-expressing Dnm1 to have cells without discernable Tom20-mCherry
signal. When these cells without detectable mitochondria are excluded from the analysis,
the distributions of the number of mitochondria per cell do not significantly differ between
mdm34∆ cells and mdm34∆ cells over-expressing Dnm1. Similarly, dnm1∆ mdm34∆ cells
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have statistically different distributions of mitochondria per cell, however these distributions
are also shifted relative to mdm34∆ cells towards 0 just as mdm34∆ over-expressing Dnm1
were due to the presence of cells without detectable Tom20-mCherry in dnm1∆ mdm34∆

cultures at mid-log phase. Similiary, when dnm1∆ mdm34∆ without detectable mitochondria
are excluded from the analysis, there is no significant difference between the number of
mitochondria in dnm1∆ mdm34∆ and mdm34∆ cells. In summary, both mdm34∆ cells
over-expressing Dnm1 and dnm1∆ mdm34∆ cells have an increased number of cells with 0
mitochondria per cell relative to mdm34∆. Excluding cells without detectable mitochondria
from the analysis, there is no significant difference in the number of mitochondria per
cell between mdm34∆ and dnm1∆ mdm34∆ cells nor with mdm34∆ over-expressing Dnm1
(Figure 3.13).

Comparison of mdm34∆ growth on fermentable and non-fermentable media was used
to further assess the impact of Dnm1 over-expression and loss of Dnm1 in mdm34∆ and
dnm1∆ mdm34∆ cells, respectively (Figure 3.14). Over-expression of untagged Dnm1 has
a negative impact upon growth on non-fermentable media as compared to wild type cells.
However, mdm34∆ over-expressing Dnm1 and dnm1∆ mdm34∆ do not grow significantly
different from mdm34∆ on either fermentable or non-fermentable media. Finally although
over-expressing Dnm1 has a negative affect upon growth of cells on non-fermentable media,
dnm1∆ cells grow as well as wild type cells on both fermentable and non-fermentable media.

Fig. 3.14 Growth assays of the yeast strains presented in Figure 3.13 on fermentable (YEPD)
and non-fermentable (YEPG) medium.

To follow Dnm1’s localisation in conditions with increased and decreased mitochondrial
fragmentation, Dnm1-over-expression and dnm1∆ cells, Dnm1 was tagged with EGFP and
observed using live FM in cells with wild type MDM34 and mdm34∆ cells in combination
with Dnm1 over-expression and deletion (Figure 3.15). I observed and quantified the num-
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ber of mitochondria per cell as well as the shape of mitochondria in mdm34∆ cells with
endogenous levels of Dnm1-EGFP, TEF1pr over-expressed Dnm1-EGFP, and in dnm1∆ cells.
When Dnm1-EGFP is expressed from the endogenous Dnm1 promoter in mdm34∆ cells the
size, fluorescence intensity and number of Dnm1-EGFP puncta per cell are comparable to
wild type cells. Similarly, when Dnm1-EGFP is over-expressed by TEF1pr in mdm34∆ cells
the size, fluorescence intensity and number of Dnm1-EGFP puncta per cell are comparable
to wild type cells over-expressing Dnm1-EGFP (Figure 3.15-A) . Measurement and quan-
tification of FM images of these cells reveals that when Dnm1-EGFP is over-expressed in
mdm34∆ cells, the distribution of mitochondria per cells as well as shape quotient values is
statistically different from that of mdm34∆ cells expressing Dnm1-EGFP from the endoge-
nous Dnm1 promoter in two out of three experimental repeats (Figure 3.13-B & -C). It should
be noted that just as observed with untagged Dnm1, when Dnm1-EGFP is over-expressed
the distribution of mitochondria per cells does not shift upwards relative to mdm34∆ but
rather downwards. This manifests as a decrease in the number of cells with 2-3 mitochondria
per cell and an increase in cells with a single detected mitochondrion per cell in mdm34∆

over-expressing Dnm1 relative to mdm34∆ cells.
However, a major discrepancy appears when wild type cells are compared to cells over-

expressing tagged and untagged Dnm1. Although untagged Dnm1 over-expression increases
the number mitochondria and roundness of mitochondria relative to wild type cells (Figure
3.3), Dnm1-EGFP over-expression does not affect mitochondria number or shape relative to
wild type cells expressing Dnm1-EGFP from the endogenous DNM1 promoter (Figure 3.15).
Moreover, the median number of mitochondria per cell of wild type cells expressing Dnm1 is
2 ± 1 as compared to 1 ± 0 mitochondria per cell in wild type cells expressing Dnm1-EGFP
from the endogenous DNM1 promoter. Both of these results suggest that the EGFP tag on
the C-terminus of Dnm1 affects it’s function.

Again, growth on fermentable and non-fermentable media was used to assess the impact
of Dnm1-EGFP expression from the endogenous DNM1 promoter or TEF1pr in mdm34∆

cells. mdm34∆ expressing Dnm1-EGFP from the endogenous DNM1 promoter or TEF1pr

did not grow differently from cells with wild type MDM34 expressing Dnm1-EGFP from
the endogenous DNM1 promoter or TEF1pr (Figure 3.16). Moreover, there is no appreciable
growth defect on non-fermentable media for cells over-expressing Dnm1-EGFP compared
to cells expressing Dnm1-EGFP from the endogenous DNM1 promoter in contrast to that
observed when untagged Dnm1 is over-expressed, relative to wild type cells (Figure 3.14).
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Fig. 3.15 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry
(magenta) in DNM1-EGFP cells expressing Dnm1-EGFP (green) from the wild type DNM1
promoter. Compared below are mitochondria of TEF1pr-Dnm1-EGFP and dnm1∆. Compared
beside are DNM1-EGFP, TEF1pr-Dnm1-EGFP and dnm1∆ cells which also without Mdm34
(mdm34∆). (B) The number of mitochondria per cell or (C) shape quotient values of
individual mitochondria plotted as clouds of data points coloured by experimental repeat
along with the corresponding median of those data points; error bars represent median
absolute deviation. Half violin plots are coloured by experimental repeats.
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Fig. 3.16 Growth assays of the yeast strains presented in Figure 3.15 on fermentable (YEPD)
and non-fermentable (YEPG) medium.

3.2 Discussion

Mitochondrial fission is driven by the contractile force generated by the oligomerisation
and GTP-hydrolysis of Dnm1 in yeast (Drp1 in metazoans). Dimeric Dnm1 in yeast is
anchored to the mitochondrial membrane through interactions with Mdv1, Caf4 and Fis1
in yeast (Ingerman et al., 2005; Macdonald et al., 2014). These factors are necessary for
efficient fission and their presence is required to define a fission site. It is widely reported,
and observed here as well, that the vast majority of Dnm1 puncta do not readily participate
in fission but rather remain on the surface of a mitochondrion without participating in fission
(Prudent and McBride, 2016). This indicates that there are other factors which are necessary
to define a site for fission. An obvious candidate for these additional factors is the ERMES
complex which, at least in yeast, is observed at ~60% of mitochondrial fission sites (Friedman
et al., 2011; Murley et al., 2013). As introduced elsewhere, ERMES is implicated in the
transfer of lipids between the mitochondria and ER (John Peter et al., 2021; Kawano et al.,
2018; Kornmann et al., 2009) as well as linking mitochondrial DNA inheritance to fission
(Murley et al., 2013). Given the importance of these two assemblies, this study sought to
manipulate the endogenous levels of Dnm1 and its adaptors in order to observe the effect
upon ERMES puncta.

Overexpression of Dnm1 and Fis1 increases the median number of mitochondria per
cell relative to wild type yeast (Figure 3.3). Moreover, the mitochondria of yeast overex-
pressing Dnm1 and Fis1 are smaller in volume and more round than the tubular wild type
mitochondria. Accordingly, the shape quotient value of the mitochondria in these Dnm1 and
Fis1 overexpression cells is lower than that of wild type cells. Overexpression of both Dnm1
(Fukushima et al., 2001; Labrousse et al., 1999) and human Fis1 (Gomes and Scorrano,
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2008; Yu et al., 2019) are known to induce fragmentation of mitochondria. Conversely,
overexpression of Caf4 resulted in elongated mitochondria which were fewer in number per
cell than in wild type cells. Overexpression of Mdv1 did not significantly affect the number
or morphology of mitochondria. Similar observations were made when the promoters of
Caf4 and Mdv1 were exchanged with each other (Guo et al., 2012). In a departure from these
morphologies, dnm1∆ cells generally have a single large, round mitochondrion with a central
body that sometimes is discernable as fenestrated, with a net-like appearance, or otherwise
as an oblong mass which is thicker than a typical wild type mitochondrion. Smaller, round
mitochondria can also be observed in dnm1 cells alongside these larger fenestrated mitochon-
dria; typically no more than 2-3 mitochondria are found per dnm1 cell. The phenotype of
dnm1∆ results from an unbalanced rate of mitochondrial fusion which is controlled by the
Fzo1 (Hermann et al., 1998; Rapaport et al., 1998), Ugo1 (Sesaki and Jensen, 2001) and
Mgm1 (Jones and Fangman, 1992), to the rate of fission, which is predominantly affected by
Dnm1 (Bleazard et al., 1999). The observations of mitochondrial number and morphology
across yeast strains overexpressing Dnm1 and Dnm1-adaptors establishes a system by which
the abundance of fission factors can be controlled to affect mitochondrial morphology.

This experimental system allowed me to test whether increased Dnm1 or Dnm1-adaptor
abundance affected the spatial organisation of Dnm1 relative ERMES. It was reasoned that
in the case of Dnm1 and Fis1 overexpression, which both increased the abundance of small,
round mitochondria within cells, the number of ERMES would increase accordingly. If
ERMES is necessary for fission then it was reasoned that the number of ERMES per cell
would be maintained with the number of mitochondria per cell. Overexpression of Caf4
provides an experimental condition to test in which mitochondria are elongated, tubular
and few in number. Furthermore, this experimental setup allows me to test whether each
mitochondrion maintains contact with the ER or whether these contacts are not strictly
necessary. Upon overexpression of Dnm1-mCherry it was clear that there was increased
abundance of Dnm1 within the cell potentially increasing the occurrence of the coincidence
of Dnm1-ERMES interactions. However, unlike the number of Dnm1 puncta per cell, the
number of ERMES puncta per cell remained unchanged 3.4. Similarly, neither Fis1 nor Caf4
overexpression affected the number of ERMES.

These separate results suggest that the number of ERMES per cell might not strictly
correlate to the number of mitochondria per cell in conditions which elevate mitochondrial
fission; however, this was not directly assessed. Whether these mitochondria are really
without ERMES-mediated MCS will remain unknown until both ERMES and mitochondria
are visualised simultaneously in wildtype, dnm1∆ as well as yeast overexpressing Dnm1 and
Dnm1-adaptors. Assessing this would reveal the presence or absence of ERMES-mediated
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MCS with these smaller mitochondria in cells overexpressing Dnm1. In the absence of such
connections it could be speculated that the regular fusion and fission of mitochondria can
support the few, smaller mitochondria within TEF1pr-Dnm1 cells. Such an experiment would
establish whether the unaltered number of ERMES puncta within these cells is sufficient to
sustain the rate of fission in these overexpression cells.

Next I questioned whether ERMES was strictly necessary for fission by overexpressing
Dnm1 in mdm34 ∆ cells. I reasoned that if ERMES was necessary for fission, then Dnm1
overexpression should not affect the number or morphology of mitochondria in mdm34 ∆

which does not form functional ERMES puncta. When Dnm1 is overexpressed with an
EGFP-tag, there was no apparent affect upon the number or morphology of mitochondria
within mdm34 ∆ cells (Figure 3.15). Surprisingly, overexpression of EGFP tagged Dnm1
did not affect the number or shape of mitochondria in wild type cells. Therefore, it was
concluded that Dnm1-EGFP is partially inhibited in function and lowers the steady-state
number of mitochondria per cell. This result could nullify the observation that Dnm1-
mCherry overexpression did not affect the number of ERMES puncta (Figure 3.4). More
likely, Dnm1-mCherry is similarly reduced in its fission capacity then it is reasonable to
assume that the number and shape of mitochondria is unaffected and there would be no
reason to expect the number of ERMES per cell to change. It has been shown that FP tagging
affects Drp1 similarly and that GFP alters Drp1 oligomerisation dynamics and reduces
GTP turnover, thereby preventing the dissociation of Drp1 from the mitochondrial surface
(Montecinos-Franjola et al., 2020). These results question the notion that most Dnm1 or Drp1
remains inactive on the surface of mitochondria prior to efficacious fission sites forming.

Instead, untagged Dnm1 was used to test whether the number or shape of mitochondria
in mdm34∆ cells could be affected by Dnm1 overexpression. In this case, overexpression
of untagged Dnm1 did affect the number of mitochondria per cell, however not as expected.
Cells overexpressing Dnm1 in the absence of functional ERMES often have no detectable
mitochondria (Figure 3.13). This affects the distribution of the number of mitochondria per
cell of mdm34∆ overexpressing Dnm1 relative to the mdm34∆ control. There appears to
be a small increase in the number of cells with four or more mitochondria per cell as well
however this effect is shadowed by the increase in cells without detectable mitochondria.
Cell populations without functional Dnm1 or ERMES, mdm34∆ dnm1∆, also have an
increased number of these cells without mitochondria. ERMES is known to be important
for mitochondrial DNA inheritance (Hanekamp et al., 2002; Hobbs et al., 2001; Murley
et al., 2013), and presumably inheritance of mitochondria as well. This suggests that Dnm1
overexpression is capable of increasing the number of mitochondria per cell, however, these
mitochondria fail to segregate between dividing yeast cells due to loss of ERMES. This
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interpretation supports a role for ERMES as a tether which is necessary for mitochondrial
inheritance.Moreover, this suggests that ERMES is not strictly necessary for fission. Rather,
the impaired fission observed in ERMES deficient cells is an indirect affect of losing this
ER-mitochondrial complex. As a whole these results are consistent with a model where
Dnm1 is sufficient, in partnership with its adaptors, to constrict and divide mitochondria
independently of ER-mitochondrial contacts.

Simultaneous RT-CLEM of Dnm1and Mdm34 revealed that there are ER-mitochondria
MCS which are not marked by ERMES (Figure 3.10). These ER-mitochondria MCS without
ERMES were named as unidentified ER-mitochondria (UEM) MCS. UEM MCS were
observed at Dnm1 puncta without discernable Mdm34 signal within plastic sections of yeast
expressing both Dnm1-mCherry and Mdm34-EGFP. UEM is defined by the absence of
detectable Mdm34 signal. It is possible that these interactions are coincidental and occur
stochastically without a direct, protein mediated mechanism. This is in contrast to ERMES
MCS which are clearly dependent upon the interactions between ERMES components to
form functional MCS. Of course, there is also the possibility that a low copy number of
Mdm34 is present at UEM but not detected. The morphology and diameter of mitochondria
at ERMES marked MCS is indistinguishable from that of UEM MCS in terms of the absolute
diameter of mitochondria measured at the correlated MCS or the mitochondrial diameter
relative to the mitochondrion’s diameter 250 nm away from the correlation centroid (Figure
3.12). This could suggest that ERMES and UEM MCS are functionally equivalent in terms of
directly distorting the diameter or curvature of the partnered mitochondrion. Observation of
these potentially stochastic interactions underscores the importance of positively identifying
MCS based upon the proteins which are present. CLEM techniques offer a unique and
powerful perspective to investigate enigmatic subcellular structures such as these UEM MCS
and ERMES alike.



Chapter 4

ERMES Architecture

Parts of this work were done in collaboration with Patrick C. Hoffmann, Dustin R. Morado,
Andrea Picco and Wanda Kukulski. Patrick developed the initial cryo-FIB milling and cryo-
ET workflow to which I included a post-milling cryo-FM and correlation step. Dustin
developed the subTOM software package of BASH and MATLAB scripts that I used
for data processing here (https://github.com/DustinMorado). Dustin also helped to trou-
bleshoot strategies for subtomogram alignment and classification. Andrea developed the
SpotQuant package for Python3 used for fluorescence quantification of ERMES components
(https://github.com/apicco/spotquant). Wanda manually traced the contours of the organelle
membranes within the presented tomograms in order to produce IMOD surface models which
were used to place back aligned subtomogram averages of ERMES assemblies in situ.

4.1 Results

ERMES is formed by four core proteins; Mdm10, Mmm1, Mdm12 and Mdm34. Mdm10, is
a 19-stranded β -barrel OMM protein (Flinner et al., 2013; Kutik et al., 2008) and interacts
directly with Mdm34 (Ellenrieder et al., 2016). Mmm1 is anchored to the ER by a single
N-terminal TM domain . Mdm12 is without TM domains (Stroud et al., 2011) and in vitro
Mmm1 forms a hetero-tetramer with Mdm12 (Jeong et al., 2017), with the ’tail’ of Mmm1
in contact with the ’head’ of Mdm12 1.2. A fifth protein, Gem1, organises and interacts with
ERMES (Kornmann et al., 2011; Stroud et al., 2011) but is not necessary for ERMES foci
formation (Frederick et al., 2004). Neither the arrangement nor stoichiometry of these five
components of ERMES in situ are known.

https://github.com/DustinMorado
https://github.com/apicco/spotquant
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4.1.1 Quantitative fluorescence analysis of Mmm1, Mdm12, Mdm34

Quantitative fluorescence analysis can be used to estimate the absolute number of fluorescent
protein tagged molecules within diffraction limited puncta (Joglekar et al., 2008; Lawrimore
et al., 2011; Picco and Kaksonen, 2017; Picco et al., 2018, 2015; Sirotkin et al., 2010). This
study used the Spotquant software (Picco and Kaksonen, 2017) to quantify the number of
ERMES components per contact site. The Spotquant software calibrates the measured fluo-
rescence intensity values of target puncta against reference puncta formed by EGFP-tagged
kinetochore components. During anaphase-telophase, two diffraction limited puncta are
found within a budding cell and are composed of 16 kinetochores, one for each chromosome,
where each kinetochore has 5 Cse4 molecules (80 Cse4 molecules per punctum) and there is
a 3.5:1 ratio of Nuf2 to Cse4 per kinetochore (280 Nuf2 molecules per punctum)(Joglekar
et al., 2008; Lawrimore et al., 2011).

To validate that this method was working in my experimental setup, the fluorescence
intensities of Nuf2-EGFP and Cse4-EGFP were compared and quantified, relative to each
other. The number of EGFP molecules within the target puncta was estimated from the
known number of molecules within the reference puncta (Figure 4.1). When Cse4 was
used as the reference (80 molecules), Nuf2 puncta were estimated to have between 265-290
molecules per puncta. When Nuf2 was used as the reference (280 molecules), there were
77-84 molecules of Cse4 estimated per puncta. These estimates are in good agreement with
the published results (Joglekar et al., 2008; Lawrimore et al., 2011). The measurements
and analysis presented in (Figure 4.1) were collected alongside the images of EGFP-tagged
ERMES cells presented in (Figure 4.2).

Next, the number of EGFP molecules tagged to Mmm1, Mdm12, and Mdm34 per
ERMES punctum was estimated relative to anaphase-telophase Cse4 puncta (Figure 4.2).
Spotquant analysis consistently estimated fewer Mdm12 molecules per ERMES puncta than
both Mmm1 and Mdm34. There was no significant difference between the number of Mmm1
and Mdm34 per puncta. Over three experimental repeats, my analysis estimated between
26-29 Mmm1, 19-22 Mdm12 and 25-27 Mdm34 per puncta. The slight departure from an
equimolar ratio of Mdm12 to Mmm1 and Mdm34 assumes that ERMES components are
equally unaffected by the addition of an EGFP tag. Since only one EGFP tagged ERMES
component is observed at a time in Spotquant analysis, it is possible that tagging Mdm12
negatively affects its expression and subsequently reduces its number at ERMES puncta;
and possibly that of other ERMES components in an equimolar ratio. The observed ratio of
Mmm1-Mdm12-Mdm34 could also reflect a difference in the occupancy and organisation of
Mdm12 in contrast to Mmm1 and Mdm34 within an ERMES puncta. The difference between
the number of Mdm12 per ERMES relative to Mmm1 and Mdm34 is small and it is unclear
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Fig. 4.1 (A) Yeast expressing EGFP-tagged kinetochore components Cse4 and Nuf2 from
endogenous loci. (B) Log2 transformed pixel intensity values of each punctum measured are
plotted as clouds of data points coloured by experimental repeat along with the corresponding
median of those data points; error bars represent median absolute deviation. Half-violin plots
depict the distribution of these data points. Alongside is the number of puncta analysed and
the estimated median number of EGFP molecules per punctum of Nuf2-EGFP calibrated
to Cse4-EGFP (80 molecules per punctum) or Cse4-EGFP calibrated to Nuf2-EGFP (280
molecules per punctum), as reported by the Spotquant software.

whether such a small difference is biologically significant. Therefore, it could be considered
that Mmm1, Mdm12, Mdm34 exist in an approximately equimolar ratio and, on average,
~19-29 molecules of each of these three ERMES components comprise each punctum.

4.1.2 Targeted cryo-electron tomography of ERMES

Cryo-fixation combined with cryo-FIB milling and cryo-ET allows for superlative preser-
vation and visualisation of proteins in situ (Marko et al 2007). Typically, cryo-FIB milled
lamellae of cells are made at the cell’s mid-plane to a final thickness of ~200 nm. Bud-
ding yeast cells are ellipsoid and 3-6 µm in diameter. There are ~3 ERMES puncta per
cell which are stochastically distributed along the periphery of the cell where mitochondria
make contact with peripheral ER. Although mitochondria are easily recognisable within
low magnification (2250x) TEM images of lamellae, the likelihood that a 200 nm thick
lamella contains an ERMES punctum is only ~10-20% for a yeast cell 6 µm in diameter.
Additionally, a tomogram with a pixel size of 2.68 Å has a field of view of approximately
1.69 µm2, which is limited to approximately 6% of the surface area of a yeast cell, 6 µm in
diameter within a lamella. Capturing ERMES within a tomogram would be exceedingly rare
without a targeted approach. Moreover, in the event that ER-mitochondria MCS are captured
within a tomogram, it is important to establish whether ERMES is present at these MCS;
especially in light of RT-CLEM observations of ER-mitochondria MCS without ERMES.



68 ERMES Architecture

Fig. 4.2 (A) Representative images of cells expressing EGFP-tagged ERMES components
Mmm1, Mdm12, and Mdm34 from endogenous loci which were targeted for fluorescence
quantification as well as the kinetochore component Cse4 which was used for reference.
(B) Log2 transformed pixel intensity values of each punctum measured plotted as clouds
of data points coloured by experimental repeat along with the corresponding median of
those data points; error bars represent median absolute deviation. Half-violin plots depict
the distribution of these data points. Alongside is the number of puncta analysed and the
estimated median number of EGFP molecules per punctum of ERMES components calibrated
to Cse4-EGFP (80 molecules per punctum), as reported by the Spotquant software.
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To target and identify ER-mitochondria MCS with ERMES, I developed a workflow to
image lamellae by cryo-FM before cryo-ET. This process is conceptually simple; lamellae
are prepared by FIB-milling plunge-frozen yeast cells, grids with lamellae are imaged
by cryo-FM and afterwards fluorescence signals of interest are correlated with cryo-TEM
overviews of lamellae. Cryo-ET is then performed with a field of view which encompasses
the fluorescence signals of interest observed by cryo-FM, in contrast to previous reports
that use cryo-FM before FIB-milling (Arnold et al., 2016) or after cryo-ET (Klein et al.,
2021). As discussed, there is a 10-20 % chance that a cellular volume 200 nm thick will
contain an ERMES punctum. Typically, a lamella has between 6-9 cells and is likely to have
at least one ERMES present. As such, the workflow that I present here does not require
cryo-FM before FIB milling to capture ERMES within a lamella. Instead, direct cryo-FM
on lamellae after FIB-milling addresses the primary challenge, which as mentioned, is to
target an area with ERMES within the relatively large planar area of a lamella. Cryo-FM on
lamella before cryo-ET also reduces the complexity of image registration and transformation
compared to other methods that employ cryo-FM either before FIB-milling or after cryo-
ET. Furthermore, by reducing the complexity of the image transformation necessary and
subsequently the potential for errors, cryo-FM on lamella preceding cryo-ET is potentially a
more straightforward and robust cryo-CLEM approach. Hence, I prepared lamellae of yeast
cells expressing Mdm34-mNeon and Dnm1-mCherry. I then imaged the lamella by cryo-FM
(Figure 4.2 B-E). ERMES puncta could be correlated within lamella by the profiles of the
surrounding yeast cells and the edges of the lamella that are visible by both cryo-FM and
cryo-TEM. 2D rigid image transformation (Paul-Gilloteaux et al., 2017) was used to overlay
cryo-FM to low magnification cryo-TEM and subsequently two more cryo-TEM images used
for cryo-ET setup (Figure 4.3 E-G).

The risk of ice contamination is often speculated to preclude cryo-FM on lamellae
before cryo-ET (Klein et al., 2021). In general, approximately 10-20% of lamella were
too contaminated to be imaged by cryo-ET, judged by cryo-FM observations. This is a
similar frequency to the number of grids with lamellae that are contaminated with surface
ice as observed by cryo-TEM immediately after cryo-FIB milling. Thus, there was not an
observable increase of ice contamination on lamellae following cryo-FM preceding cryo-ET.
It is my opinion that the majority of ice contamination occurs following the transfer of the
sample from the FIB-SEM’s vacuum to storage under liquid nitrogen in cryo-EM grid boxes,
at the point when the vacuum of the transfer chamber returns to atmospheric conditions.
Although the shuttle that carries the grids with lamellae is under liquid nitrogen at this point,
there is rapid accumulation of ice on the walls of the cooling station which holds the shuttle
and grids under liquid nitrogen, immediately following vacuum release. Minimising the
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Fig. 4.3 (A) The cryo-CLEM workflow includes (i) cryo-fixation by plunge-freezing yeast
suspension cells in liquid ethane on an EM grid, (ii) cryo-FIB milling to produce lamellae of
vitreous yeast, (iii) cryo-FM to identify fluorescent signals of interest within lamellae and
(iv) cryo-ET at regions of lamellae corresponding to fluorescence signals of interest. (B) An
SEM micrograph of cryo-fixed yeast cells on an EM grid square. (C) A SEM micrograph
of a lamella after milling and (D) a micrograph of the lamella as seen from the IB which is
52° rotated about the x-axis relative to the SEM beam. (E) A cryo-fluorescence image of the
lamella in (C,D) with a cell containing an ERMES puncta highlighted by Mdm34-mNeon
(yellow arrow). (F) Cryo-TEM montage of the lamella and (G) the ‘anchor’ map for cryo-ET
corresponding to the Mdm34-mNeon signal in (E) (yellow arrows).
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ambient humidity and the time taken to transfer the grids with lamellae from the shuttle to
cryo-EM boxes are, in my opinion, the most significant and immediate steps one can take to
mitigate ice contamination of cryo-FIB milled lamellae. Cryo-FM is not a significant step
at which ice contamination occurs. In general, lamellae that were observed with minimal
ice contamination with cryo-FM were also relatively ice free when observed by cryo-TEM.
As such, ice contamination does not preclude cryo-FM on cryo-FIB milled lamellae before
cryo-ET.

Cryo-electron tomograms were collected at 51 Mdm34-mNeon puncta and 23 Mdm34-
mNeon Dnm1-mCherry cryo-FM signals, for a total of 74 tomograms, using the cryo-CLEM
workflow I described in the previous section. Three tilt-series were stopped during collection
due to errors or ice movement (4 %) and two tomograms were judged to be non-vitreous
and subsequently removed from analysis (3 %). ER-mitochondria MCS were observed at
59 (80 %) of the 74 tomograms collected. Additionally, eight tomograms corresponded
to ER-peroxisome MCS (11 %). Only two tomograms were collected at cryo-FM signals
of interest which did not correspond to recognisable ER-mitochondria or ER-peroxisome
MCS. Implementing this workflow, I was able to collect a sufficiently large data set of
cryo-tomograms at cryo-FM signals of Mdm34 to investigate ER-mitochondria MCS for
signs of ERMES.

4.1.3 Rod-like structures bridge ER-mitochondria MCS at fluorescent
ERMES puncta

Cryo-electron tomograms collected at ERMES fluorescent puncta were inspected after the
fluorescence image of the lamella was transformed and aligned to features visible in both
cryo-FM and cryo-TEM. Between the ER and OMM membranes at Mdm34 marked MCS
there are rod-like structures that bridge the space between these two organelles (Figure 4.4).
These bridging densities span distances that are ~20-30 nm in length and are continuous
between the ER-mitochondrion membranes. There are ~10-30 bridging densities observed
per ERMES marked MCS. Bridging densities are approximately equidistantly spaced and
are present throughout the entire MCS. The bridging densities are distinct and there are no
other repeatedly observed structures between the ER and OMM at Mdm34 marked MCS.
As such, this study will subsequently refer to these bridging densities as ERMES densities.
ERMES densities are most visible when the rod-like structure is lying flat in the virtual
z-plane of the tomogram. Of the 59 observed MCS with Mdm34 fluorescence signal, six
MCS are organised such that the ER and OMM membranes are parallel to the z-plane and
any ERMES densities that might be present are perpendicular to this plane and not visible.
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This is similar to tomograms of liposomes where only the lipid bilayer along the lateral
edges are visible while the tops and bottoms of liposomes are not (Dierksen et al., 1995);
where the tops and bottoms are defined along the z-axis. This is a phenomenon related to the
missing wedge problem introduced earlier (Taylor et al., 2006) and limits usable tomograms
to those where the ER and OMM membranes are mostly perpendicular to the z-plane of the
tomogram and lamella. As a consequence, ERMES densities are only observed in a limited
range of orientations; the implications of this are discussed in the next section. To begin
towards understanding the architectural arrangement of ERMES in situ, tomograms collected
at Mdm34 fluorescence signals were examined and processed for structural determination.

4.1.4 Subtomogram averaging of rod-like ERMES bridging densities

Subtomogram averaging (STA) and alignment has recently been applied to tomograms of
cryo-FIB milled yeast for in situ structural analysis of rod-like bridging proteins at Tcb3-
mediated ER-PM contact sites (Hoffmann et al., 2019). For the work described here, I
vitrified yeast by plunge freezing and prepared lamella by cryo-FIB milling as previously
described, however, my preliminary experiments indicated that ER-mitochondria MCS within
lamella are comparatively more rare than ER-PM MCS. By imaging lamellae with cryo-FM
before cryo-ET, Mdm34 fluorescence could be used to efficiently target ER-mitochondria
MCS for cryo-ET. Unlike RT-CLEM, cryo-CLEM preserves the native state of proteins
and cellular constituents (McDowall et al., 1983) and thus permits the visualisation of
proteins between the ER and OMM contact sites. Cryo-FM targeted cryo-ET frames were
aligned and CTF corrected within IMOD (2D phase-flipping), from which tomograms were
reconstructed using weighted back-projection and simultaneous iterative reconstruction
technique (SIRT) reconstruction algorithms. SIRT reconstructed tomograms were used
for inspection and manual particle-picking. The north (ER end point) and south (OMM
end point) positions of ERMES densities were clicked manually within the virtual SIRT
tomogram volumes (Figure 4.5) using the Dynamo software environment (Castaño-Díez
et al., 2012). Subtomograms were extracted from the weighted back-projection tomograms at
the coordinates corresponding to the apparent ERMES densities picked within the respective
SIRT tomograms. Subtromograms were centred and the z-axes were oriented according to
the north and south positions for initial extraction. The total dataset of cryo-FM targeted
cryo-tomograms consisted of the 52 tomograms described in the previous section where the
ER-OMM membranes at MCS are both oriented perpendicular to the virtual z-axis of the
tomogram, and thus the rod-like structures at ERMES marked MCS are most visible.

The median number of ERMES densities observed per MCS (22±19) is within the range
of the number of ERMES components per diffraction limited puncta measured by quantitative
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Fig. 4.4 (A) Cryo-TEM montage of a lamella of yeast cells expressing Mdm34-mNeon with
correlated cryo-fluorescence signal (green). (B) A low magnification (x2250) TEM image
used as an anchor map for cryo-ET collection. (C,D) Virtual z-slices of a tomogram recon-
structed from the tilt-series collected at the Mdm34-mNeon signal. (E) An ER-mitochondria
contact site at the correlated Mdm34-mNeon signal with rod-like structures which span the
distance between the ER and mitochondria (yellow arrows, bridging densities). (F) The
ER crosses under the mitochondrion in lower z-slices through the Mdm34-mNeon signal;
ER-mitochondrion bridging densities are visible when they are perpendicular to the z-axis of
the tomogram (yellow arrows).
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Fig. 4.5 Rod-shaped bridging densities are observed between the OMM and ER found at
Mdm34-mNeon marked MCS. The north (orange) and south (green) points of each identified
bridging structure was manually clicked within the tomogram volume. Together these points
form a dipole model corresponding to length and orientation of each bridge-like structure. A
centre (violet) is plotted between the north and south points in 3D space.

fluorescence (Figure 4.6A). The median distance between the north and south points of the
manually picked ERMES densities was 23.87±4.02 nm (Figure 4.6B). This measurement is
biased by the reduced visibility of rods that are not perpendicular to the viewing axis, which
is a phenomenon that results from the missing-wedge, and the necessity to manual detect
and pick the bridging densities. This reduces the accuracy of manually placing the north and
south positions within the correct z-plane of the tomogram and, most likely, the two ends
of the rod-like structures will be pitched slightly between different z-planes. Measuring the
distance between these manually placed positions must therefore under-estimate the length
these rod-like structures that are on average pitched slightly between z-planes.

Additionally, the subtomograms extracted from these positions are similarly biased such
that the north-south axes (subtomogram z-axes) of the rod-like structures are most often
perpendicular to the virtual z-axis of the source tomogram. Consequently, the missing-
wedges are oriented similarly amongst the dataset. Since most of the north-south pairs of
ERMES densities are in the same z-plane, most often the subtomograms only need to be
rotated in one direction to align the extracted volumes. Furthermore, this rotation is most
often around the z-axis of the tomogram which is parallel to the direction of the missing
wedges. Collectively, these missing wedges manifest as two missing cones in the STA of this
dataset (Figure 4.7) when the initial rotation partially restores the edges yet not the centres of
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the overlapping wedges. Indeed, this is observed in the initial reference as the pronounced
missing-wedge seen within the central z-plane of the Fast Fourier transform (FFT) of the
straight and otherwise featureless rod-like structure (Figure 4.8A).

Fig. 4.6 (A) The number of ERMES bridging densities observed per tomogram. (B) The
length of the ERMES densities measured by manually clicking the north and south positions
of the rods relative to the ER and OMM membranes, respectively. Median values are
indicated by the largest point. Error bars indicate median absolute deviations.

During iterative STA and alignment it became apparent that the subtomogram volumes
preferentially aligned to the missing wedge of the initial reference rather than to features of
the rod-like ERMES structure. This was especially noticeable when STA was done without
missing wedge compensation and manifests as the initial rod-like STA transitioning to an
elongated ellipsoid that is flattened and stretched along the STA axis that corresponds to the
cryo-ET tilt-axis (in this case the y-axis). Binary wedge compensation during alignment was
tested to mitigate this alignment artefact that arises from the missing wedge. For this, a wedge
shaped mask is generated according to the tilt range of each tomogram. In principle, binary
wedge compensation masks a wedge shaped component, that corresponds to the missing
wedge information, within the FFT of the volume from consideration during alignment
(Bartesaghi et al., 2008). Additionally, a workflow was developed to import the coordinates
of the manually picked rod-like ERMES structures from the Dynamo catalogue and table
for use with the subTOM software package for STA, which can better compensate for the
missing wedge as well as other reconstruction artefacts by way of Fourier re-weighting using
amplitude spectrum volumes generated from noise volumes corresponding to each tomogram
within the dataset (Tremel et al., 2021). Nevertheless, neither binary wedge compensation
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Fig. 4.7 A tomogram is generated from a series of images which are collected while incremen-
tally tilting the sample, in this case from ±56°, around the tilt axis. The tomogram’s missing
wedge is oriented along the tilt axis (black dashed line), extending in opposite directions (red
dashed line). Presented here is a close-up of a Mdm34-mNeon marked ER-mitochondrion
MCS (white dashed square) and a schematic of the subtomogram positions for extraction
of the rod-like bridging structures at ERMES marked MCS (inset). The rod-like structures
are most visible when arranged perpendicular to the z-axis and as a result most manually
clicked structures are oriented the same way; such that the north (ER end point) and south
(OMM end point) positions are within the same z-plane. Consequently, most of the missing
wedges of the subtomograms that make up the initial reference volume differ only in a single
rotational direction and are most often perpendicular to the rod-like structures which lie flat
within a single z-plane. Together these missing wedges form two opposing cones that extend
along the electron path (perpendicular to the tomogram tilt axis).
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nor Fourier re-weighting with amplitude spectrum volumes alone was sufficient to avoid
alignment of subtomograms according to their missing wedges.

Unlike the subtomograms and their missing wedges, the rod-like structures between the
ER and OMM are expected to be randomly oriented in terms of spin around the north-south
axes of the rods and so have no relation to the tilt axes of the respective tomograms. With this
in mind, using the subTOM package, a random spin was assigned to each subtomogram for
initial extraction in order to generate an initial reference without a noticeable missing wedge
along the STA z-axis (Figure 4.8). Randomly rotating the spin of the initial subtomogram
extraction coordinates should not negatively affect the initial reference’s structure since the
spin of the rod is expected to be random. Instead, assigning a random spin to the otherwise
unaligned subtomograms ensures that the missing wedges of the subtomograms are randomly
oriented in terms of spin around the z-axis just as the rod-like structures of interest must be.
By randomly spinning the subtomograms used for the initial reference, subsequent alignment
of the STA is not initially biased by a preferential orientation of the missing wedge and, in
effect, fills the missing wedge of the initial reference in terms of spin around the rod-like
structure (Figure 4.8).

Using this initial reference generated from subtomograms with random spin (Φ) rotation
around the z-axes, an alignment scheme was designed to better align the pitch of the rod-
like structures between the ER-OMM (Figure 4.9). For this alignment, the spin angle was
calculated as the angle necessary to move at least 2 px around the circumference of the rod
(~6 px from the STA centre), which corresponds to ~22 px at the edge of the reference volume
(60 px from the STA centre). Initially, spin alignment was deemed to be less important
than aligning the pitch of the rods. Due to the tomogram’s anisotropy that affects manually
positioning the north and south points precisely between z-planes it was expected that the
pitch of rod-like structures between z-planes could be refined. Similar to the calculation for
the initial spin angle, the azimuth (Ψ) rotation angle was calculated as the angle necessary to
move the ends of the rods 2 px from the initial, manually clicked north and south positions.
For alignment, the initial reference was bandpass filtered and masked to minimise the
influence of the ER and mitochondrial membranes from the alignment. This alignment
scheme was repeated iteratively a total of 3 times with the resultant STA generated from the
newly aligned subtomograms.

Following the initial alignment scheme, the signal-to-noise ratio (SNR) of the rod-like
structure relative to the surrounding noise significantly improved as compared to the initial
reference (Figure 4.10). As well, the rod-like structure began to become kinked with two
equidistant bends near its centre, so that the rod-like structure was composed of three distinct
portions. Subtomograms were aligned further against this new reference using a scheme
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Fig. 4.8 An initial reference, without Φ rotation, was generated from an average of the 120
px3 extracted from the centre of the 1130 dipole models. The FFT weight of this initial
average, without rotation, is compared to the FFT weight of the average after randomised Φ

rotation of the initial subtomogram extraction coordinates.



4.1 Results 79

Fig. 4.9 An initial average was generated from the 1130 crop points, after randomised -
rotation. Described is the initial alignment scheme for the band-passed filtered and masked
reference.
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which used half of the azimuth (Ψ) and spin (Φ) angles as the initial alignment, over the
same total rotation. A tighter mask was applied at this step to reduce the contribution of the
surrounding ER and OMM to the reference and alignment (Figure 4.10). The movement of
subtomogram extraction positions was monitored over alignment iterations using the Place
Object plugin (Qu et al., 2018) within UCSF Chimera (Pettersen et al., 2004). After the first
and secondary alignment, it was judged by the relative movement of subtomograms over
alignment iterations that the most optimal azimuth angle had been reached.

In order to better align the spin of the rod-like structure, a spin (Φ) only alignment was
done without azimuth (Ψ) rotation. By preventing azimuth (Ψ) rotation, it was reasoned that
the alignment should better discern the subtle features related to the spin (Φ) rotation of the
rod-like structures around the z-axis. Indeed, after three iterations of spin only alignment the
SNR had improved and the three segments of the rod-like structure became more pronounced
(Figure 4.11).

A final alignment was performed with the same spin (Φ) search as the spin-only scheme
with the addition of the fine azimuth (ψ) search from the secondary alignment scheme
previously described (Figure 4.12). This was done to further refine the pitch of the rod-like
structures relative to the ER-OMM once the optimal spin (Φ) rotation for the subtomograms
had been determined by the previous spin-only searches. A final STA is presented which is
the product of three iterations of this final alignment scheme and the previously described
initial, secondary and spin-only alignments schemes (Figure 4.13).

The final presented STA of the rod-like ERMES assemblage is an 18 nm structure
composed of three segments which are ~9 nm in length each (Figure 4.14). Crucially, it
is possible to fit three SMP domains with minimal steric-interference within the final STA.
Such a model assumes a N-terminal, ER-anchored Mmm1, a central Mdm12 and an OMM
associated Mdm34. It should be noted that the rigid body fitting, done with UCSF Chimera
(Pettersen et al., 2004), of Mmm1 and Mdm12 was best when the two chains of Mmm1
and Mdm12 were split from the rest of the Mmm1-Mdm12 hetero-tetramer model 5YK7
(Jeong et al., 2017) and fit individually within the STA (Figure 4.15). This rigid-body fitting
therefore does not consider the interface between Mmm1 and Mdm12.

Quantitative fluorescence analysis of Mmm1, Mdm12 and Mdm34 suggest a 1:1:1 ratio
within diffraction limited fluorescent ERMES puncta (Figure 4.2). Therefore it was assumed
that the third segment of the presented STA represented Mdm34 in a ternary complex with
Mmm1 and Mdm12. Sequential fitting was done iteratively with the Mmm1 and Mdm12
monomers of 5YK7 along with a trRosetta protein prediction (Yang et al., 2020), called
here Mdm34SMP, consisting of the stretch of Mdm34 corresponding to its predicted SMP
domain. Only the SMP domain of Mdm34 was used for fitting as the remainder of the



4.1 Results 81

Fig. 4.10 After randomised Φ- rotation and initial alignment, both angles Φ and ψ were
reduced by ~50 %.
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Fig. 4.11 After intial and secondary alignment, subtomograms were aligned by Φ rotation
without ψ rotation.
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Fig. 4.12 Final alignment was repeated with both fine angle searches of Φ and Ψ.
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Fig. 4.13 Comparison of STA of 1130 subtomograms, extracted from the initial manually
picked positions and following the described alignment strategy steps. Reference 4 is the
result of three iterations of the ‘Initial’ alignment, reference 7 the outcome of the ‘Secondary’
alignment, reference 10 the average following spin-only (Φ) alignment and reference 13 the
ultimate map after ‘Final’ alignment.
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Fig. 4.14 STA virtual z-, y- and x-slices of bridging structures found at ERMES-labelled
ER-mitochondria contact sites. The atomic models of zMmm1 (orange) and Mdm12 (violet)
as well as a trRosetta model of Mdm34_1-283 (green) were manually placed within the STA
EM density map. Iterative sequential rigid-body fitting was used to align these models within
the presented EM density map. Close-ups of the scaled map and models after fitting; shown
from 0-150°Φ.
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full-length Mdm34 sequence is predicted to be mostly unstructured (Court et al., 2017). It is
unknown whether Mdm12 and Mdm34 directly interface as is observed in the hetero-tetramer
of Mmm1-Mdm12 (Jeong et al., 2017). Due to the limited resolution of the presented STA,
it is not possible to unequivocally ascribe molecular identities to the three segments which
compose the rod-like ERMES structures. Although the identity of the individual segments
is unknown, it is plausible that three SMP domains could interface head-to-tail in a zig-zag
assemblage that is compatible with the STA. This leaves the potential that ERMES puncta
observed by FM are composed of multiple 1:1:1 assemblies of Mmm1, Mdm12 and Mdm34
arranged head-to-tail between the ER and OMM as zig-zag rod-like structures.

Fig. 4.15 The heterotetramer of Mmm1-Mdm12 (5YK7, blue) was positioned with respect to
either Mmm1(orange) or Mdm12 (violet) following sequential rigid-body fitting of Mmm1
and Mdm12 as well as a trRosetta model of Mdm34 (green) within the EM density map of
ER-mitochondria bridging structures.

4.1.5 Analysis of ER-OMM ultrastructure at ERMES-mediated MCS

Cellular cryo-ET provides structural information of both known and undescribed macro-
molecular assemblies; this structural information is in turn informed by the cellular context
to further refine our understanding of biological systems. By combining cryo-ET with in
situ imaging and analysis techniques, integrative approaches are revealing the molecular
architecture of cells and blurring the line between cell and structural biology (Wozny and
Kukulski, 2021). In this thesis, cryo-CLEM techniques were combined with cryo-FIB
milling and cryo-ET in order to structurally analyse the individual assemblies of ERMES.
Additionally, this approach reveals the spatial arrangement of ERMES bridging densities
within a MCS. In order to visualise the ER and mitochondrial membranes better and across
multiple z-steps at once, the membranes of the ER, OMM, and IMM were traced as contours
using IMOD’s 3dmod (Kremer et al., 1996). The final STA (reference 13, Figure 4.13)
was placed back into the segmented tomograms at the corresponding positions and rotated
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according to the orientations of the aligned subtomograms within the tomogram. Displaying
the manually segmented membranes alongside the STA of ERMES positioned according
to the aligned subtomograms reveals a scene that is otherwise difficult to appreciate as 2D
virtual tomographic slices; a complex arrangement of ERMES densities between the two
apposing patches of ER and OMM within ~25 nm is observed when these models are rotated
relative to the virtual z-axis of the tomogram (Figure 4.16).

ERMES densities are found along the edges and the centres of the patches of ER in contact
with the OMM at Mdm34-mNeon marked MCS (Figure 4.17). Although the sample size
of observations is small, it is striking that the IMM is flattened and without cristae near the
OMM that is participating in the MCS in all three of these tomograms. As discussed, loss of
ERMES significantly impacts respirative growth (Kornmann et al., 2009). Systematic genetic
interaction maps constructed using genes related to mitochondrial function revealed negative
genetic interactions with components of the cristae organising complex known as MICOS,
genes related to mitochondrial nucleoid organisation as well as genes related to CL and PE
sysnthesis (Hoppins et al., 2011). Intriguingly, MICOS subcomplexes assemble on the IMM
in proximity to ER-mitohcondria MCS (Tirrell et al., 2020) and the mega complexes involved
in coenzyme Q6 biosynthesis co-localises as discrete puncta with ERMES (Eisenberg-Bord
et al., 2019). It is possible that ERMES, specifically Mdm10, interacts with additional
proteins within the OMM and thereby acts as a scaffold for IMM protein organisation. It is
unclear how ERMES coordinates with internal mitochondrial DNA (mtDNA), organised as
nucleoids, during mitochondrial fission (Itoh et al., 2013; Murley et al., 2013). Direct lipid
transfer by ERMES (Kawano et al., 2018) could potentially influence the organisation of
proteins within the vicinity of the MCS and affect nucleoid inheritance along with ERMES
at th tips of mitochondria following mitochondrial fission. Nevertheless, both the positioning
of nucleoids (Itoh et al., 2013; Murley et al., 2013) and the organisation of coenzyme Q6

synthomes (Eisenberg-Bord et al., 2019) within proximity to ERMES puncta as observed by
FM suggests that factors which control the spatial organisation of ERMES components also
coordinate the positioning of IMM associated proteins.

In addition to the ERMES densities which bridge the ER and OMM, the dataset of
tomograms contains information on the remaining OMM, IMM, mitochondrial matrix and
the surrounding ER not directly associated with the MCS. This dataset is rich in cellular
information, including clues related as to how ERMES organisation could coordinate with
components of the IMM. It is possible that the absence of cristae along the IMM in vicinity
to the MCS is related to lipid metabolism and transport between ER as well as both mitochon-
drial membranes, so that an area of IMM without cristae is in close apposition to the OMM
that is involved in the MCS with the ER. Although there were no other repeatedly recognis-
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Fig. 4.16 (A) A tomogram virtual z-slice of an ER-mitochondrion MCS with ERMES
‘bridging” densities indicated (inset, yellow arrows). (B) EM density maps of the final
ERMES STA positioned within a tomogram and oriented according to each subtomogram’s
position after alignment. (D) ERMES ‘bridging’ densities and segmentations of the ER
(blue), OMM (green), IMM (yellow) and a nearby peroxisome (pink) within the virtual
z-slice. (F) E RMES ‘bridging’ densities and organelle segmentations above z-slice 616
(blue). (C,E,F) XY-rotated views of the regions presented in (B-F).
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able structures between the ER and OMM at Mdm34-mNeon marked ER-mitochondria MCS
apart from the ERMES densities, there are rod-like structures which bridge the IMM and
OMM (Figure 4.18). Cryo-FM targeted cryo-ET of FIB-milled lamellae has revealed the
presence of as yet unidentified rod-like bridging structures between the IMM and OMM in
close proximity to ERMES densities. This technique therefore provides contextual informa-
tion about the surrounding cellular milieu of ERMES, including the arrangement of ERMES
assemblages relative to each other, as well as information about as yet unidentified structures
on the opposite side of the OMM involved in the ER MCS.

Fig. 4.17 Segmentations of the ER (blue), OMM (green), IMM (yellow) and peroxisomes
(pink) within three exemplary tomograms containing ER-mitochondria MCS and ERMES
bridging densities (grey).

The organisation of ERMES structures within a MCS can be quantitatively assessed by
nearest neighbour analysis (NNA). NNA was applied to the north, centre and south positions
corresponding within the aligned ERMES subtomogram in order to assess whether the
ERMES densities are most often parallel to each other or whether the north or south positions
are closer between pairs or groups of ERMES assemblages. The median distance between



90 ERMES Architecture

Fig. 4.18 (A) A tomogram virtual z-slice of an ER-mitochondrion MCS with ERMES
bridging densities indicated (yellow arrows) as well as unknown IMM-OMM bridging
densities (orange) and other unknown densities (blue) associated with the IMM. (B) Another
virtual z-slice from the same tomogram depicting more ERMES densities (yellow arrows )
and unknown IMM densities (orange).

aligned subtomograms is approximately 14 ± ~7.5 nm, measured at the north, centre and
south positions (Figure 4.19). By this measure, ERMES densities are on average parallel to
each other. As the ERMES densities are approximately parallel to each other, the distance
between the centres of the final aligned ERMES subtomograms was used for the nearest,
second and furthest neighbour analysis. The median nearest and second nearest neighbours
are 14.00 ± 7.38 nm and 22.62 ± 10.72 nm apart; the ERMES densities are approximately
equidistantly spaced. The median furthest neighbours is 216.82 ± 106.61 nm which is in
agreement with the fact that ERMES puncta observed by FM are diffraction limited.

Using cryo-FM targeted cryo-ET of cryo-FIB milled lamellae, both ERMES and the
molecular landscape which ERMES organises within has been observed and quantitatively
analysed. ERMES densities arrange approximately equidistantly from each other within a
MCS which are 216.82±106.61 across. As discussed previously, quantitative fluorescence
analysis has shown that there are ~24 molecules of Mmm, Mdm12 and Mdm34 each in a 1:1:1
stoichiometry. If 24 ERMES densities were arranged linearly over 216 nm, these densities
would be spaced ~9 nm apart. Since the nearest neighbour of each ERMES subtomogram
is ~14 nm, these densities must on average arrange loosely as at least two rows along the
length of the MCS in order to fit within the median boundary of ~216 nm. Indeed, the ER
tubules that are in contact with the mitochondria at ERMES marked MCS (Figure 4.17)
are slightly flattened and ERMES densities organise along the two edges of these flattened
tubules of ER in contact with the apposing OMM. In summary, the scenes presented of the
positioned ERMES STA within manually segmented tomograms are in close agreement with
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Fig. 4.19 (A) The north (orange) and south (green) points indicated were calculated from
the centre (purple) point of the subtomograms composing the final aligned STA. (B) The
nearest neighbour of each north, centre and south point was calculated and plotted as a cloud
of data points, with the median value indicated by the largest point and the median absolute
deviation indicated by the error bars; corresponding half violin plots are plotted above.

Fig. 4.20 (A) The central point (violet) of each subtomogram corresponds to the centre of
each bridging density which composes the final aligned STA. (B) The nearest, second and
furtherest neighbour of each bridge’s centre point was calculated and plotted as a cloud of
data points, with the median value indicated by the largest point and the median absolute
deviation depicted by the error bars; corresponding half violin plots are plotted above.
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the number of ERMES molecules measured by quantitative FM and the spatial distribution
of those molecules as determined by NNA.

4.2 Discussion

This study combined two approaches to describe the molecular architecture of ERMES.
First, I employed the method of quantitative live-cell fluorescence imaging (Picco and
Kaksonen, 2017; Picco et al., 2015) in order to quantify the number of ERMES subunits
per ERMES fluorescence puncta. This analysis determined an approximately 1:1:1 ratio
of Mmm1, Mdm12 and Mdm34 within fluorescent ERMES puncta. Moreover, there are
~19-29 molecules of Mmm1, Mdm12 and Mdm34, in an approximately equimolar ratio,
within ERMES puncta. This informed the second approach of this study by determining an
approximate number of ERMES assemblies to expect within cryo-FM targeted cryo-electron
tomograms of ERMES-marked ER-mitochondria MCS in vitrified, cryo-FIB-milled yeast.
Within this tomographic data I observed bridge-like structures spanning the distance between
the ER and OMM at Mdm34-mNeon marked MCS.

4.2.1 ERMES bridge-like structures

Using subtomogram averaging techniques, an in situ 3D map of these ER-mitochondria
bridge-like structures was achieved. The STA of the ERMES assembly features a rod-like
structure which is oriented approximately perpendicular to both the ER and OMM. This
structure is notable for three distinct portions which are ~9 nm in length each and are
reminiscent of three SMP domains, which are likely to be Mmm1, Mdm12 and Mdm34.
Quantitative FM supports this model with a 1:1:1 ratio of these three ERMES components
with SMP domains.

This structure is approximately 18 nm in length, which is shorter than the median distance
of 23 nm between the north and south positions of manually picked ERMES densities. This
difference is due to the position of the north and south positions, which were placed within
the centres of the ER and OMM bilayers. These two membranes are approximately 5-7 nm
thick. Placing the north and south points within the middles of these two membranes adds ~3
nm to both sides of the bridge-like structure’s length, which is consistent with the 18 nm long
STA. The ER and OMM are not visible in the STA as these two membranes are not perfectly
parallel to each other nor are the ER and OMM always perpendicular to the bridge-like
assemblies of ERMES. The STA suggests that the angle of assembled ERMES bridges
relative to the ER or OMM is variable amongst individual subtomograms. As a result of this,
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these membranes are not visible in the STA as the subtomograms are aligned according to
the tilt and rotation of the ERMES density. Indeed, the ER and mitochondrial membranes are
gradually lost from the STA as the alignment progresses and the definition of the ERMES
density improves (Figure 4.13. Multivariate statistical analysis (MSA) classification (Borland
and van Heel, 1990) implemented within the subTOM pipeline (Tremel et al., 2021) was
able to separate subtomograms based upon the orientation of the ER and mitochondrial
membranes relative to the ERMES assembly.

Further refinement of the STA could use classification methods based upon wedge-
masked differences (WMD) (Heumann et al., 2011). Classification with WMD is based upon
the differences rather than the collective sum of a subtomogram relative to the template. As
such, WMD is best suited to classification of a heterogeneous dataset as variable regions
such as these differences would more strongly influence the first few components in the
subsequent principle component analysis (PCA) step of classification. Such a classification
method could be used to separate the subtomograms within the aligned dataset based upon
variability at the positions where the ERMES assemblies interface between the ER and OMM.
Alignment of subtomograms at these regions could be informative to the interface between
Mmm1 and the ER as well as the proposed interaction between Mdm34 and OMM embedded
Mdm10 (Ellenrieder et al., 2016). In separating or classifying subtomgrams based upon
these small differences, WMD effectively identifies hot-spots of variability. A real space
binary particle mask can then be used to focus subsequent PCA on these hotspot regions with
the remainder of the subtomogram ignored. As well, additional STA alignment iterations
could be done with masks to exclude the remainder of the bridge like structure and focus
alignment on these interfaces. The variability at the north and south ends of ERMES bridges
could be independent of each other. If so, it might be necessary to focus classification or
alignment on these two regions separately. Potentially, through classification, alignment or
both, the regions at which ERMES bridges interface with the ER and OMM could be aligned
independently to specifically resolve these ends.

Using the 3D map obtained from STA, the molecular, the molecular architecture of
ERMES was assessed by use of rigid body fitting to align the known atomic maps of
zrMmm1SMP and scMmm1SMP within the in situ STA. Mmm1 has an N-terminal ER trans-
membrane anchor (Burgess et al., 1994), and is therefore likely to be the component closest
to the ER. In order to position zrMmm1SMP so that it would be aligned to the northern 9 nm
portion of the STA and in contact with the ER, the hetero-tetramer was split in half between
the head-to-head interface of zrMmm1SMP with the zrMmm1SMP-scMdm12SMP interface
intact (Figure 4.15). Mutational analysis has shown that head-head interactions between
scMdm12SMP as observed by Jeong et al. (2016) are not necessary for the function of Mdm12
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in vivo (Kawano et al., 2018). It is possible that the head-to-head interaction observed be-
tween the zrMmm1SMP dimer within the hetero-tetrameric structure with scMdm12SMP is
similarly unnecessary for Mmm1 to function. Mdm12-Mdm12 and Mmm1-Mmm1 dimer
associations could result from exposure of the hydrophobic pockets of the SMP domains
to the solvents used during purification and crystallisation. Head-to-head dimerisation of
these SMP domains would protect the hydrophobic pockets from the surrounding solvent.
This scenario is congruent with the observation that His6-scMdm12, which is monomeric in
solution, has a higher affinity for the fluorescently labelled PE than dimeric scMdm12 (Jeong
et al., 2016). Thus it is important to consider that head-to-head associations of SMP domains
have so far only been observed in vitro and it is possible that such arrangements do not occur
in situ.

Moreover, full-length scMmm1 (426 aa) is almost twice as long and includes an additional
N-terminal TM domain as well as disordered loops as compared to zrMmm1SMP (254 aa)
(Figure 4.2.1). Although the disordered loops are unlikely to contribute to the STA if they
are dynamic, the TM and the interface formed between the ER and scMmm1 within the
STA might be stable enough to resolve with alignment masks focused on this region or
through WMD classification and subsequent ST alignment. Nevertheless, if this portion
of the bridging structure corresponds to scMmm1 in 1:1:1 arrangement with scMdm12
and scMdm34 as suspected then the zrMmm1SMP homodimer is not compatible with the
STA. Only a monomer of zrMmm1SMP can be properly arranged within the STA, including
the region which will extend the N-terminal TM in proximity to the ER, while fitting the
remainder of zrMmm1SMP within the STA.

Further rigid body fitting required splitting zrMmm1SMP and scMdm12SMP into monomers
and sequentially fitting these two models along with a trRosetta (Yang et al., 2020) predicted
model of scMdm34SMP into the presented STA of ERMES (Figure 4.14). This fitting dis-
regards the crystal structure interface of zrMmm1SMP-scMmm1SMP and instead focuses on
fitting the bulk of zrMmm1SMP and scMdm12SMP within the north and central portions of
the STA. The trRosetta predicted model of scMdm34SMP is roughly the shape and size of the
southern portion of the ERMES STA. Iterative sequential fitting leads to a model where the
three SMP domain proteins of ERMES organise in a head-to-tail fashion within the 3D map.

Comparison of the full length predicted models of Mmm1, Mdm12 and Mdm34 with the
crystal structures of Mmm1 (Jeong et al., 2017) and Mdm12 (Jeong et al., 2016; Kawano
et al., 2018) illustrate that substantial portions of Mmm1 and Mdm34 are missing from the
models(Figure 4.2.1). It is possible that the extensive disordered loops of these three proteins
serve to coordinate the organisation of the ERMES assembly. These regions may become
structured when ERMES assembles in situ and thus contribute to the STA. The additional
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Fig. 4.21 A comparison of the AlphaFold (Jumper et al., 2021) predictions of Mmm1, Mdm12
and Mdm34 (black ribbons) with the atomic models of zrMmm1∆ (orange) and scMdm12∆

(violet) (Jeong et al., 2017) and the scMdm34∆ trRosetta protein prediction (green). The
ribbon models were aligned manually to features of the SMP domains. The three views are
rotated 120°around the vertical central axis.
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parts of the ERMES STA that extend beyond the models after fitting could potentially
correspond to these additional regions which are missing from the models used for fitting.
Moreover, these loops could potentially shield the hydrophobic membrane lipid from the
aqueous environment during transfer of the lipid from one SMP to another if the membrane
lipid were to slide along the hydrophobic channel of the SMP domains, as posited for the
movement of lipids along the hydrophobic cleft of E-Syt2 (Schauder et al., 2014).

Looking forward, the presented in situ 3D map of the ERMES complex could still be
improved by several ways. For example, in addition to classifying the current dataset of
subtomograms according to the angle of the assembled ERMES structure to the ER or OMM,
these subtomograms could be classified based upon the distance between the ER and OMM.
Although the majority of the manually clicked ERMES structures are ~25 nm in length there
are exceptional structures that are longer than 40 nm and even a few instances where the ER
and OMM are pressed together without cytosol separating them at Mdm34-EGFP marked
ER-mitochondria MCS. These manually clicked subtomograms were not removed from the
dataset as they are few in number. Removing these or classifying the subtomograms by
ER-OMM distance before alignment or on the subtomograms composing the present STA
would potentially improve the STA signal to noise ratio. Classification could also be used to
categorise the subtomograms based upon the degree to which ERMES assemblies are angled
relative to either the ER of OMM. This would be a possible approach to reveal the median
and maximum tilt angle ERMES assemblies arrange at relative to the ER or OMM after STA
and alignment. Classification of this nature could thus be used to improve STA by reducing
the heterogeneity amongst the dataset and, in addition, address fundamental questions such
as angle at which ERMES assemblies are inclined relative to the ER and OMM.

Although the employed STA approach is unable to reveal the interfaces of ERMES
assemblies with the ER and OMM, STA has revealed that these interfaces are flexible and
capable of adopting a wide range of angles. This would have the advantage of allowing
ERMES assemblies with the same stoichiometry of components to span different distances, as
observed, by allowing the assemblies to flex as if hinged at three portions that are presumably
SMP domains. This would allow ERMES assemblies to organise along the edge of an
ERMES patch, where the distance between the ER and OMM is greatest as the two surfaces
of the tubular structures begin to curve away from each other. As well, this flexibility would
allow the same ERMES assembly to span the slightly shorter distance between apposing
membranes within the centre of an ERMES patch where the ER and OMM are mostly
parallel to each other. Thus this apparent flexibility at the north and south ends of ERMES
assemblies suggests a possible mechanism by which the presented model of Mmm1, Mdm12
and Mdm34 could organise as 1:1:1 complexes to bridge the ER and mitochondria at MCS
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while accommodating variation between the ER-OMM distance along the surfaces of the
apposing membranes at the contact site.

The resolution of the current STA has not yet been estimated. In order to estimate the
resolution of a low resolution STA such as the one presented here, the decay of the resolution
of STA calculated from progressively smaller subsets of subtomograms that form each half-
map can be used (Rosenthal and Henderson, 2003). In addition to sequential rigid-body
model fitting as presented, flexible fitting methods such as FlexEM (Joseph et al., 2016;
Topf et al., 2008) can be used to further improve model fitting. Finally, instead of manually
picking ERMES assemblies for STA, the surfaces of ER-mitochondria MCS marked by
Mdm34-mNeon could be manually traced and then subtomograms extracted along these
surfaces. By averaging subtomograms extracted from the space between the ER and OMM
an unbiased reference could be generated and the subtomograms aligned along the z-axis
to either the ER or OMM. Subtomograms could then be allowed to shift laterally along the
surface of the membrane until the perpendicular rod-like structures are aligned at the interface
of the rod and the membrane. Such a strategy would remove the need to manually pick
ERMES assemblies and thus eliminate the missing wedge problem which results with the
initial reference generated from manually picked subtomograms to be biased by the similar
missing wedges across the dataset (Figure 4.7). Rather than manually picking the assemblies,
STA and alignment strategies could be devised based upon similar strategies used for STA of
other membrane associated proteins imaged by cryo-ET (Kovtun et al., 2020; Tremel et al.,
2021).

In summary the quantitative FM and STA of cryo-FM targeted cryo-ET of cryo-FIB
milled ERMES marked ER-mitochondria MCS revealed for the first time an in situ structure
of a 1:1:1 assembly of Mmm1, Mdm12 and Mdm34. Together STA and rigid body-fitting
suggest that components of ERMES organise into a linear structure that is composed of
three conspicuous portions, likely to be the three SMP domains of Mmm1, Mdm12 and
Mdm34. This structure is slightly tilted at variable angles relative to the ER and OMM and it
is possible that the interfaces between the ends of this structure and the apposing membranes
are flexible to accommodate this variable tilt. Thus this work has revealed rod-like structures
at Mdm34-marked MCS which are compatible with the presented model of Mmm1, Mdm12
and Mdm34 organising as a head-to-tail bridge between the ER and OMM. Cryo-ET in
situ revealed that ERMES assemblies organise approximately parallel to each other within
a MCS. Intriguingly the IMM of three mitochondria is flattened at four MCS against the
OMM. Further analysis of the IMM in relation to ER-OMM MCS could shed light on how
mitochondrial fission is coordinated with nucleoid inheritance.
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4.2.2 Macro-molecular arrangement of ERMES bridges

Cryo-electron tomograms are rich in detail and offer a means by which to observe higher-
order molecular assemblies within the unique cellular environment (Wozny and Kukulski,
2021). These molecular landscapes are as complex as they are detailed and therefore require
systematic and quantifiable approaches to garner the most information possible from this data.
Moreover, these approaches must be multi-disciplinary in order to address long-standing
biological questions that have remained unanswered due to technical limitations. Although
EM studies were the first means by which ER-mitochondria MCS were identified (Bernhard
and Rouiller, 1956; Copeland and Dalton, 1959), it was only with the advancement of cryo-
EM, sample preparation and CLEM techniques that this current study of ERMES in situ
could be conceived with the goal of discerning both the arrangement of ERMES components
as an assembled structure but also the spatial relationship of the ~24 molecules of each SMP-
domain containing ERMES protein with the fluorescent puncta observed by cryo-FM. To
this end, this study employed in situ STA of cryo-FM correlated ERMES in cryo-FIB milled
lamella and combined this with quantitative live-cell FM to build an integrative molecular
model of ERMES.

In addition to harbouring the molecular details of individual ERMES bridges, the pre-
sented cryo-ET dataset also contains information about the spatial arrangement of ERMES
assemblies relative to each other. After manually picking ERMES bridges within the dataset,
STA and alignment was used to refine the positions of these subtomograms. These coordi-
nates can then be analysed for a quantitative measure of the arrangement of each bridge,
defined by the centre of each subtomogram, relative to others within the MCS. A nearest
neighbour analysis was done between the centres of each subtomogram in the dataset and
revealed a median spacing of ~14 nm between bridges (Figure 4.19). The second nearest
neighbour was also calculated and found to be ~22 nm between each subtomogram’s centre.
Thus these bridges can be found positioned relatively close to each other, given that the
bridge length is ~18 nm .

These measures provide a macro-molecular description of ERMES assemblies within
MCS as well as a means to validate the identity of the bridges. The furthest neighbour of
each bridge is ~216 nm (Figure 4.19), which fits very well with the fact that ERMES puncta
observed by FM are diffraction limited (<250 nm). Quantitative FM revealed that there are
~24 molecules of Mmm1, Mdm12 and Mdm34 within each fluorescent puncta observed by
FM (Figure 4.2). Assuming that these three molecules organise as equimolar assemblies
which form each bridge, if each bridge was positioned ~14 nm apart then ~15 bridges could
fit single-file within a 216 nm stretch. Visual inspection of cryo-FM targeted ERMES MCS
reveals that these bridges organise as a patch rather than along a line. As such, two or three
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rows of ERMES bridges running along a linear ER tubule in contact with the mitochondrion
satisfies the criteria set by neighbour analysis and quantitative FM. As well, since there is no
known structure of Mdm34, apart from predicted in silico models, or of Mmm1 and Mdm12
in complex with the other remaining constituents of ERMES, these measurements help to
further support the identity assigned to the bridges based upon the correlation of cryo-FM to
cryo-ET.

Neighbour analysis was also used to assess the orientation of bridges relative to each
other (Figure 4.19). This analysis revealed that the bridges are not preferentially pitched
towards each other. Instead, the nearest neighbours of the north (ER) ends are similarly
spaced as the south (OMM) ends of the bridges. Distributions of the distances to the nearest
neighbours of the north and south ends are not significantly different from those made from
the centres of the bridges. These observations run counter to the proposed model of two
head-to-head dimers of Mmm1 (AhYoung et al., 2015; Jeong et al., 2017). As it stands, it
is impossible to reconcile the hetero-tetrameric arrangement of zrMmm1SMP-Mdm12SMP

observed in vitro with the ERMES bridges observed in situ at ER-mitochondria MCS.

4.2.3 Mitochondrial architecture in relation to ERMES

In addition to observing the macro-molecular arrangement of ERMES bridges to each other,
cryo-ET data presented in this study also depict architectural features of mitochondria.
Complete segmentation of the ER, OMM and IMM within three tomograms revealed a
conspicuous absence of cristae within the vicinity of the observed MCS (Figure 4.17). This
is most clear in one of these presented tomograms, which is exceptional for two distinct
MCS with the same mitochondrion. This mitochondrion is notable for the fact that cristae
are absent from the vicinities of both MCS. It is striking that cristae appear to form at regular
intervals along the IMM apart from the IMM that is direct apposition to the OMM region
interfaced with the ER MCS where ERMES bridges are found. These four MCS observed
within three tomograms suggest that mitochondrial architecture is actively remodelled by
the presence of MCS. Therefore, impaired cristae formation in ERMES loss of function
mutants might not be a passive result of lipid imbalance but rather arise due to an unknown
mechanism that regulates cristae formation in proximity to ERMES.

One possibility could be that the IMM produces a signal which inhibits cristae formation
and simultaneously encourages close-by OMM to concentrate ERMES factors and promote
MCS formation with the ER. If this signal within the IMM accumulated in the absence of
ERMES, the entirety of the IMM might become unfavourable to cristae formation, possibly
explaining the loss of ERMES phenotype. PE is an appealing signal for this role; PE is
produced on the IMM (Dennis and Kennedy, 1972; Vance, 1991; Zborowski et al., 1983) and
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is thought to be exported from the mitochondria to the ER by ERMES (Kawano et al., 2018).
Loss of ERMES can be compensated for with point-mutations within Vps13 (Vps13D716H)
(Lang et al., 2015) or overexpression of Mcp1 which interacts with Vps13, most probably to
transport lipids between the ER and mitochondria (John Peter et al., 2017). Like ERMES, it
is unknown which lipids, if any, are directly transported by Vps13-Mcp1 in vivo; however,
these two complexes must be able to carry the same lipids, to some degree, given that Mcp1
overexpression can rescue loss of ERMES (John Peter et al., 2017). It seems probable that
Vps13 has an affinity for different lipids from ERMES as the wild type sequence of Vps13 is
unable to maintain mitochondrial integrity in the absence of ERMES however Vps13D716H is
capable of rescue. Could Vps13-Mcp1 deliver PS to mitochondria while ERMES facilitates
PE return to the ER in order to fulfil complementary import-export functions thanks to
differential affinities for lipids? If so, PE could be the signal that I propose is produced within
the IMM, inhibits cristae formation and is removed by ERMES.

In addition to observing flattened cristae in proximity to the ERMES marked ER-
mitochondria MCS, I also frequently observed bridge-like structures between the IMM
and OMM (Figure 4.18). These structures are remarkably similar to ERMES bridges, aside
from the different membranes which they bridge. Additionally, these unknown IMM-OMM
bridges are seen in much higher number than ERMES bridges and appear to be equally
distributed around the entirety of the mitochondrion, between these two mitochondrial
membranes. The identity of these structures is unknown, however, it is possible that these
structures are potentially lipid transport proteins given their similarity to ERMES bridges.
Recently the structure of the Ups1-Mdm35 complex has been revealed by crystallography (Lu
et al., 2020). This rod-like complex is responsible for the transport of PA and CL between the
IMM and OMM. Given the reported atomic structure of Ups1-Mdm35 and the IMM-OMM
bridges observed, it is tempting to suggest that these unknown bridges could be assembled
rod-like Ups1-Mdm35 complexes. If so this would be the first observation of these structures
in situ as well, speaking to the ability of in situ cryo-ET to reveal unexpected and undescribed
structures. Deletion of Mdm35 and subsequent cryo-ET of mitochondria could test whether
these rod-like structures persist without Mdm35 present.

4.2.4 ERMES and peroxisomes

In addition to observing how mitochondrial architecture relates to ERMES, the cellular
context of ER-mitochondria contact sites is also contained within the collected dataset of
cryo-FM targeted cryo-electron tomograms. Strikingly, two of the segmented tomograms
discussed so far also contain peroxisomes with ER MCS in the vicinity of ER-mitochondria
MCS with ERMES. This is intriguing in light of reports that both mdm10∆ and mdm12∆
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cells have an elevated number of peroxisomes (Mattiazzi Ušaj et al., 2015) and that ERMES
contributes to mature peroxisome abundance (Esposito et al., 2019). These reports and others
also point out a pattern of co-localisation between ERMES and peroxisomes, suggesting
mechanism by which peroxisomes associate with ERMES (Cohen et al., 2014; Esposito
et al., 2019; Mattiazzi Ušaj et al., 2015). Mutations in Mdm34 block interactions with the
peroxisomal membrane protein Pex11, suggesting a possible mechanism for peroxisome-
ERMES-mitochondria association (Liu et al., 2019). These reports and the observations
presented in this thesis suggest that ER-mitochondria MCS are potential hotspots for other
inter-organeller interactions. It should also be noted that of the 74 tomograms collected
for the presented study here, eight tomograms were collected that corresponded to ER-
peroxisome MCS (11% of the dataset). Notably there are no discernable mitochondria in
these tomograms. This strongly suggests that ERMES is capable of functioning independently
at both mitochondria-ER and peroxisome-ER MCS and that these two MCS might be spatially
linked.

Fig. 4.22 (A & B) Two selected and segmented tomograms generated from cryo-FM targeted
cryo-ET of ERMES within cryo-FIB milled lamella. Peroxisome segmentations are in violet,
the ER is blue, the OMM green and the IMM yellow.





Chapter 5

Lipid trafficking and tethering

5.1 Results

Several lines of evidence from both in vivo (Kornmann et al., 2009) and in vitro (AhYoung
and Egea, 2019; Kawano et al., 2018; Kojima et al., 2016) experiments demonstrate that
components of ERMES are involved in lipid trafficking. Although, loss of ERMES does
not affect PS to PE conversion rate in vivo (Nguyen et al., 2012), the rate at which PS is
transported between liposomes increases when the SMP domain of Mmm1 (Mmm1SMP) and
full-length Mdm12 are present together compared to when just Mmm1SMP or Mdm12 are
incubated alone with liposomes (Kawano et al., 2018). Moreover, structural information
of a hetero-tetramer of Zygosaccharomyces rouxii Mmm1 reduced to its SMP domain
(zrMmm1SMP) and the SMP domain of Saccharomyces cerevisiae Mdm12 (Mdm12SMP)
suggests a route for lipids to move between these two constituents of ERMES along the
way to reaching the apposing lipid bilayer (Jeong et al., 2017). Thus, there is overwhelming
evidence from in vitro experiments that ERMES components are capable of lipid transfer
and a mechanistic understanding of this process is beginning to take shape.

Mutations within the opening of the hydrophobic binding pocket of either Mmm1 or
Mdm12 reduce the rate of lipid transfer between liposomes in vitro as well as between isolated
ER and mitochondria (Kawano et al., 2018). Although these experiments offer a potential
mechanistic explanation of how ERMES functions at MCS, in vivo experiments have yet to
test the affects of mutations within the hydrophobic pocket of Mmm1 or Mdm12; including
mitochondrial morphology or respirative growth. Furthermore, the previously described
mutations were positioned near to the opening of the hydrophobic pocket. Mutations deeper
within this cavity that could potentially impede the transfer of lipids between Mmm1 and
Mdm12, and subsequently between lipid bilayers have yet to to be tested.
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In addition to its apparent role in lipid transfer, ERMES remains associated with mito-
chondrial nucleoids during the process of mitochondrial fission. ERMES puncta are observed
together with nucleoids at the tips of newly divided mitochondria following fission (Murley
et al., 2013); the mechanism by which this association is mediated is unknown. ERMES
components Mmm1, Mdm12, Mdm34 and Mdm10 are known to directly bind each to other
(Kornmann et al., 2011; Stroud et al., 2011) The synthetic ER-mitochondria tether that first
identified ERMES as a an ER-mitochondria tether was able to restore the ability of mdm12∆

and mdm34∆ to grow on non-fermentable media. This result suggests that ERMES functions
primarily to tether the ER and mitochondria. However, the artificial tether was unable to fully
restore the growth of mmm1∆ or mdm10 on glycerol medium. The inability of mdm10 to
grow is explained by the role of Mdm10 in assembling the translocase of the outer membrane
(TOM complex) which is in turn critical for the synthesis and translocation of proteins
into mitochondria. The reason why an artificial tether is unable to complement mmm1∆ is
unknown though. This result suggests that ERMES, or at least Mmm1, serves an additional
role to maintain mitochondrial form and function. This is congruent with the observation that
overexpression of Mmm1 can rescue mdm12∆ mdm34∆ however overexpression of any other
ERMES component is unable to compensate for the loss of another ERMES component (Li
et al., 2019).

The potential role of ERMES as a tether has yet to be discerned from its other apparent
functions. To this end, this study sought to disrupt the ability of Mmm1 to transfer lipids
without impacting its ability to assemble with Mdm12 and form incompetent ERMES
complexes, capable of tethering but unable to traffic lipids. Although it is possible that
ERMES functions as a tether, it is also clear that a tether is not completely sufficient to
compensate for the loss of ERMES. Furthermore, it is equally possible that ERMES does not
function as a tether at all but still that the loss of Mdm12 and Mdm34 can be rescued by an
artificial tether. In such a scenario, the artificial tether could allow the remaining components
of ERMES including Mmm1, Mdm10 and Gem1 to assemble and function correctly without
the need of Mdm12, Mdm34 or both.

5.1.1 Mutation of residues within the SMP of Mmm1 to block lipid
flow

In order to probe the mechanism by which Mmm1 participates in lipid transfer within
ERMES assemblies, I assessed the mitochondrial morphology of endogenously tagged
Tom20-mCherry in mmm1∆ strains expressing wild type Mmm1 or a mutated Mmm1 from
plasmids. Mutations were designed to block the movement of membrane lipids along the
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hydrophobic conduit of Mmm1 using the atomic model of two head-to-head dimerised
molecules of zrMmm1SMP which are each bound tail-to-head with Mdm12SMP as described
by Jeong et al. (2017). Both zrMmm1SMP and Mmm1 are roughly cone-shaped; the points
of the cone shaped molecules are referred to as their tails while the opposite, wider ends are
referred to as the heads. In this model, there is a large opening within the head portion of
zrMmm1SMP that forms a hydrophobic pocket in which phospholipids are found oriented with
their acyl-chains filling the cavity and the hydrophilic head of the phospholipid exposed. From
the atomic model of the hetero-tetramer of zrMmm1SMP-Mdm12SMP (Jeong et al., 2017) and
lipid binding experiments with mutations of Mdm12 (Kawano et al., 2018), two models are
proposed. First a lipid carrier model in which phospholipids fill the hydrophobic pocket of
Mmm1, which then flips to dimerise with the head of Mdm12 and pass the phospholipid along.
In this model, Mdm12 would pass this phospholipid to Mdm34 in a similar manner which
in turn would complete the transfer of the lipid to the OMM. Alternatively, the continuous
conduit model is based upon the inner tunnel lined with hydrophobic residues of the atomic
model presented by Jeong et al. (2017). First, I reasoned that since the SMP domains of
ERMES proteins have a high degree of sequence conservation (AhYoung et al., 2015), that
the route of lipid transfer between ERMES subunits must also be conserved across species.
Secondly, if membrane lipids pass through the hydrophobic channel of Mmm1 as in the
continuous conduit model, then any blockage within this route should ablate the capacity of
ERMES to transport lipids by interfering with the transfer of lipids from Mmm1 to Mdm12.

Through inspection of the deposited structure of the zrMmm1SMP-Mdm12SMP heterote-
tramer (5YK7), I identified a region within the tail portion of zrMmm1SMP where the distance
between apposing edges within the channel is ~10 Å. These residues are L258, I265, I311,
V404 and Q407 in Z. rouxii and L237, I244, V290, I386 and Q389 in S. cerevisiae (Figure
5.1.1). Furthermore, these residues do not directly interact with Mdm12SMP and so the
zrMmm1SMP-Mdm12SMP interaction should not be affected by replacement of these residues
with polar, charged arginine and glutamate. Thus, these five residues are a part of the hy-
drophobic channel and yet not at the opening of the lipid binding pocket of zrMmm1SMP

or in direct interaction with Mdm12SMP. These mutations should therefore pose a unique
challenge to the transfer of lipids from Mmm1 to Mdm12 rather than to initial lipid binding
as previously described mutations have.

According to ConSurf analysis (Ashkenazy et al., 2016, 2010; Celniker et al., 2013),
only one of these residues is above the average conservation grade, Q407. Mutation of these
residues should otherwise be well tolerated. To block the movement of lipids within this
narrow portion of Mmm1, alternating arginine and glutamate residues were chosen to replace
the residues within this region of the hydrophobic channel. Substitution of these hydrophobic
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Fig. 5.1 Sequence alignment of Mmm1 with zrMmm1∆ shows high similarity between the
SMP domains of these two proteins. The residues that form the narrow restriction within
zrMmm1SMP are highlighted. Six plasmid expression constructs were generated. pERMES
and pERMESSB plasmids expressed Mmm1 or Mmm1SB, Mdm12 and Mdm34 in tandem
using sequential P2A sequences under the control of the glyceraldehyde-3-phosphate dehy-
drogenase promoter (GAPpr) in mmm1∆ mdm12∆ mdm34∆ (ERMES∆); thus the presence of
Mdm34-EGFP puncta was expected when mitochondrial morphology and function was as
wild type. Mmm1 and Mmm1SB were expressed from plasmids under control of Mmm1pr
in mmm1∆ Mdm34-EGFP Tom20-mCherry cells, where Mdm34-EGFP was expected to
form puncta when the cells were complemented and mitochondrial morphology was restored.
Finally, Mmm1-EGFP and Mmm1SB-EGFP were expressed from plasmids; again, under
control of the Mmm1pr in mmm1∆ cells. Mmm1-EGFP was expected to restore ERMES
puncta and mitochondrial morphology.



5.1 Results 107

residues for charged, polar residues was reasoned to disrupt the continuity of the hydrophobic
channel. Furthermore, the charged residues could potentially form salt bridge interactions
across this narrow channel as the ends of these residues can come within ~3 Å of each other
(Figure 5.3), depending upon the rotamer chosen for the simulated mutation modelled in
silico using Pymol (Schrödinger, LLC, 2015).

Fig. 5.2 Half of the zrMmm1SMP-Mdm12SMP hetero-tetramer 5yk7 (chains AB) coloured by
hydrophobicity (white hydrophilic, red hydrophobic). Cross-sectional views of zrMmm1SMP
(at dashed line) highlight L258 (green), I265 (orange), I311 (blue), V404 (purple) and Q407
(yellow) which form a narrow restriction within the hydrophobic passage of Mmm1. One
residue, Q407, is conserved amongst other related sequences, while L258, I265, I311 and
V404 are more variable amongst related sequences (according to ConSurf analysis).

Sequence alignment was used to determine the residues of Mmm1 which correspond
to the five residues in zrMmm1SMP chosen for mutation (Figure 5.1.1). Mmm1 shares 188
of the 255 same amino acids by identity to zrMmm1SMP (74%). In terms of conserved
physical properties, Mmm1 share 214 amino acids of similar charge and hydrophobicity with
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zrMmm1SMP (84%). Overall, these 214 amino acids of zrMmm1SMP correspond to 58% of
Mmm1 and reflect the high conservation of sequence similarity amongst Mmm1 homologues
(AhYoung et al., 2015).

Fig. 5.3 Cross-sectional views of stick and surface models of zrMmm1SMP residues L258
(green), I265 (orange), I311 (blue), V404 (purple) and Q407 (yellow) along with correspond-
ing surface model views coloured by hydrophobicity (top three panels). The bottom three
panels are corresponding views, relative to the top panels, for L258E (green), I265R (orange),
I311E (blue), V404E (purple) and Q407R (yellow).

The genomic sequences of Mmm1, Mdm12 and Mdm34 were amplified by PCR and
assembled in series with porcine teschovirus-1 2A (P2A) sequences between the three
ERMES coding regions. P2A sequences are capable of interrupting translation temporarily
and so individual peptides can be translated from polycistronic mRNA templates (Souza-
Moreira et al., 2018). Using this approach, plasmids could be generated with a single
promoter driving the expression of the three SMP domain possessing components of ERMES.
Mdm10 was not included in this polycistronic sequence as it is distributed homogeneously
within the OMM and is in apparent excess to the other components of ERMES. By expressing
the polycistronic sequences from the generated plasmids, equimolar expression of Mmm1
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and Mmm1SB relative to Mdm12 and sMdm34 would be achieved which could then organise
with Mdm10. Mmm1SB was produced by replacing the stretch of Mmm1 corresponding to
L237, I244, V290, I386 and Q389 with E237, R244, E290, E386 and R389 respectively.
Since these mutated residues have the potential to form salt-bridge interactions with each
other across the narrow channel of Mmm1, this group of mutations is henceforth referred to
as the salt-bridge mutations (SB).

The generated plasmids, named pERMES and pERMESSB, carried Mmm1 or Mmm1SB,
Mdm12 and Mdm34 under the control of the glyceraldehyde-3-phosphate dehydrogenase pro-
moter (GAPpr) with P2A sequences dividing Mdm12 from upstream Mmm1 and downstream
Mdm34 (Figure 5.1.1). Diploid yeast with heterozygous deletions of Mmm1, Mdm12 and
Mdm34 and endogenously tagged Tom20-mCherry were transformed with either pERMES
or pERMESSB plasmids. The resultant strains were sporulated and haploid mmm1∆ mdm12∆

mdm34∆ (ERMES∆) Tom20-mCherry strains were recovered, carrying either pERMES or
pERMESSB.

The aim of this experiment was to observe the localisation of Mdm34-EGFP, which is
translated last from the transcripts transcribed from pERMES and pERMESSB. In this way,
Mdm34-EGFP is used to indirectly confirm that the polycistronic sequence was translated
from start-to-finish. pERMES rescues ERMES∆ strains and Mdm34-EGFP organises as
diffraction limited puncta as expected on tubular mitochondria (Figure 5.4A). Similarly,
pERMES restores mitochondrial morphology such that there is no significant difference
between the distribution of the shape quotients of pERMES ERMES∆ and wild type mi-
tochondria (Figure 5.4B). Comparison of pERMES ERMES∆ growth on fermentable and
non-fermentable medium is indistinguishable from wild type strains. Conversely, pERMESSB

is unable to rescue mitochondrial morphology or confer the ability of respirative growth to
ERMES∆ (Figure 5.4C). Instead, pERMESSB ERMES∆ cells have mitochondria that are
indistinguishable from ERMES∆ cells apart from the weak fluorescent outline of Mdm34-
EGFP which is evenly distributed along the OMM of mitochondria in pERMESSB ERMES∆

cells (Figure 5.4A). Occasionally, patches of Mdm34-EGFP, which are brighter than the
rest of the OMM signal were observed on mitochondria of pERMESSB ERMES∆ cells.
These larger patches were uncommon and do not appear to be the same as the diffraction
limited puncta of ERMES. Furthermore, these patches were most often observed in cells with
very high Mdm34-EGFP expression and so were assumed to be concentration dependent
and possibly artefactual. By this measure, the introduction of the suite of SB mutations to
Mmm1 has disrupted Mmm1’s function. The translation of Mdm34-EGFP downstream of
Mmm1 and Mdm12 from the polycistronic sequences confirmed that the transcripts had
been translated, including the upstreamt Mmm1 or Mmm1SB. However, it was unclear if the
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apparent lack of ERMES puncta formation was due to degradation of Mmm1SB or due to the
change in hydrophobicity within the proposed conduit of Mmm1SB which could inhibit the
transfer of lipids to or from Mdm12.

I used immunoblotting against the EGFP tag of Mdm34 to assess the efficiency of
ribosome skipping and self-cleavage of the polycistronic pERMES and pERMESSB con-
structs. Cleavage efficiency at 2A sequences is known to be sequence dependent (Liu et al.,
2017). P2A sequences were reported to perform at ~85% in Saccharomyces cerevisiae
(Souza-Moreira et al., 2018). It has been reported that when multiple 2A sequences are
used, the first 2A sequence within the polycistronic sequence is the most efficient (Liu
et al., 2017). Inefficient ribosome skipping at the second P2A sequences would lead to
fusions of Mdm12-Mdm34-EGFP while failure to skip at all P2A sequences would yield
Mmm1-Mdm12-Mdm34-EGFP but should occur less frequently. Indeed, immunoblotting
of pERMES and pERMESSB strains reveals higher molecular weight bands which could
be consistent with Mdm12-Mdm34-EGFP (~110 kDa) and Mmm1-Mdm12-Mdm34-EGFP
(~158 kDa) fusions (Figure 5.5).

From this result it is clear that self-cleavage of the polycistronic ERMES constructs is not
efficient. The equimolar expression of ERMES components was not achieved with pERMES
or pERMESSB constructs. The formation of fluorescent ERMES puncta must be partially
resistant to fluctuations in the molar ratio of free ERMES components available given the
success of pERMES at rescuing ERMES∆, presumably with unequal molarities between
Mmm1, Mdm12 and Mdm34-EGFP. Furthermore, from live-cell imaging observations, the
accumulation of Mdm34-EGFP appears to vary between cells and likely reflects different copy
numbers of pERMES and pERMESSB between cells. This final point makes it difficult to
assess whether the patches of Mdm34-EGFP occasionally observed on pERMESSB ERMES∆

mitochondria are related to the high expression of levels of Mdm34-EGFP, which leads
to artefactual aggregation of Mdm34-EGFP, or whether Mmm1SB is capable of loosely
organising Mdm34-EGFP as a patch but not discrete puncta.

With this in mind, a new approach was devised to express Mmm1 and Mmm1SB from
plasmids with the 1000 bp upstream of Mmm1 included as Mmm1pr to drive the expression
of Mmm1 or Mmm1SB. These plasmids were called pMmm1 and pMmm1SB and were
expressed in mmm1∆ with endogenously tagged Mdm34-EGFP used to monitor the assembly
of ERMES. pMmm1 restored mitochondrial morphology and function to mmm1∆ Mdm34-
EGFP cells (Figure 5.6), just as pERMES restored the mitochondria of ERMES∆ cells to
wild type morphology and function. Similarly, pMmm1SB was unable to rescue mmm1∆

Mdm34-EGFP just as pERMESSB was unable to rescue ERMES∆ cells. pMmm1 also
restores Mdm34-EGFP organisation to diffraction limited ERMES puncta while Mdm34-
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Fig. 5.4 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry
in strains expressing pERMES or pERMESSB (B) The shape quotient values of individual
mitochondria are plotted as a cloud of data points with the corresponding median of those
data points; error bars represent median absolute deviation. Half violin plots represent
the distribution of those data points. (C) Growth assay of strains on fermentable and non-
fermentable growth media.
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Fig. 5.5 Immunoblot detection of EGFP from wild type cells expressing endogenously
tagged Mdm34-EGFP in combination with or without Tom20-mCherry, Tom20-mCherry
only, Tom20-mCherry pERMES or Tom20-mCherry pERMESSB. (A) 30 s and (B) 30 min
exposure of the same immunoblot against EGFP for whole cell lysate. Arrows indicate
EGFP fusions; Mmm1-Mdm12-Mdm34-EGFP (orange), Mdm12-Mdm34-EGFP (violet),
Mdm34-EGFP (green).
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EGFP signal in pMmm1SB mmm1∆ is evenly distributed as diffuse signal along the OMM
just as in mmm1∆ cells. No patches of Mdm34-EGFP were observed in pMmm1SB mmm1∆,
when Mdm34-EGFP is expressed from the endogenous promoter, as opposed to observations
of pERMESSB ERMES∆, where the occurrence of Mdm34-EGFP patches correlated with
total Mdm34-EGFP fluorescence of the cell. For this reason, it is concluded that ERMES
subunits are unable to form as functional ERMES assemblies when Mmm1SB is present. This
experiment does not address whether Mmm1SB localises to the ER as expected, or whether
the SB mutations effect association with other ERMES components or if Mmm1SB binds to
Mdm12 and Mdm34 homogenously distributed throughout the OMM.

And so, yet another approach was developed to investigate whether Mmm1SB is capable
of remaining tethered to mitochondria without serving its function to maintain mitochon-
drial form and function. For this approach, pMmm1-EGFP and pMmm1SB-EGFP plasmids
were generated, which include Mmm1 or Mmm1SB tagged with EGFP and expressed from
Mmm1pr. With this, the localisation of Mmm1 can be followed to answer whether or not
Mmm1 is present in the ER. If Mmm1SB is inserted into the ER correctly, one of two localisa-
tion patterns is expected to be observed. Either Mmm1SB-EGFP will associate with Mdm12
and Mdm34, and evenly distribute over the ER that is in contact with the OMM, or Mmm1SB-
EGFP will be diffuse throughout the entirety of the ER. The mitochondrial morphology of
wild type and mmm1∆ cells expressing Tom20-mCherry were compared to mmm1∆ cells
expressing Tom20-mCherry along with either pMmm1-EGFP or pMmm1SB-EGFP. Mmm1-
EGFP expressed from pMmm1-EGFP organises as diffraction limited fluorescent ERMES
puncta and restores mitochondrial morphology of mmm1∆ cells (Figure 5.7). There is no
apparent Mmm1SB-EGFP fluorescence observed in cells expressing pMmm1SB-EGFP and
so it was concluded that SB mutations most likely perturbs the folding and production of
Mmm1 sufficiently such that Mmm1SB is non-functional.

5.1.2 Genetic interactions of ERMES and intra-mitochondrial lipid
carriers

Mitochondria are limited to synthesising PE, PA, PG and CL and therefore must import PI,
PS and PC (Horvath and Daum, 2013). PE is synthesised from PS, which is imported from
the ER. As mitochondrial membranes are largely composed of PC and PE, mitochondria
are heavily reliant upon the ER for the synthesis of membrane lipids and precursors that
compose the OMM and IMM. Another important lipid for mitochondrial function is CL
which is produced from ER derived PA (Athenstaedt and Daum, 1997; Daum and Vance,
1997) on the inner leaflet of the IMM (Schlame and Haldar, 1993). It is unknown how PA
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Fig. 5.6 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry
in strains with expressing Mdm34-EGFP from endogenous loci. (B) The shape quotient
values of individual mitochondria are plotted as a cloud of data points with the corresponding
median of those data points; error bars represent median absolute deviation. Half violin plots
represent the distribution of those data points.
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Fig. 5.7 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry in
strains with expressing pMmm1-EGFP or pMmm1SB-EGFP (B) The shape quotient values
of individual mitochondria are plotted as a cloud of data points with the corresponding
median of those data points; error bars represent median absolute deviation. Half violin plots
represent the distribution of those data points.
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is transferred from the ER to the OMM. It seems likely that ERMES is responsible for its
import because loss of ERMES leads to decreased CL in addition to PS accumulation and
PE deficiency in vivo (Tamura et al., 2012). However, PA shows a low propensity to displace
fluorescently labelled PE, NBD-PE, from Mdm12 as compared to PE, PG or CL (AhYoung
and Egea, 2019). Nevertheless, transfer of PA from the OMM to the IMM is accomplished
by Ups1-Mdm35, with PA bound within a hydrophobic pocket of Ups1 (Lu et al., 2020). PA
on the matrix side of the IMM membrane is subsequently converted to CL (Schlame and
Haldar, 1993).

CL is important for the optimal activity of components involved in oxidative phosphory-
lation and ADP/ATP exchange (reviewed in Paradies et al. (2014)). F0F1 ATP synthase form
dimers (Arnold, 1998; Hahn et al., 2016) and elaborate oligomeric assemblies which line the
edges of cristae (Allen et al., 1989) as dimer ribbons (Strauss et al., 2008). CL affects the
supramolecular organisation of ATP synthase (Acehan et al., 2011). The assembly of ATP
synthase complexes in turn drives the assembly of cristae (Blum et al., 2019; Mühleip et al.,
2021; Strauss et al., 2008). As such the form and function of mitochondrial membranes are
intimately related to the mitochondrial membrane lipid composition.

Loss of ERMES highlights the necessity to sustain the turnover of lipid substrates and
products between the ER and mitochondria. ERMES deletions are deficient in both PE
and CL (Kornmann et al., 2009; Tamura et al., 2012). ups1∆ cells are deficient in CL but
not in PE and accumulate PS (Tamura et al., 2012). Thus Ups1-Mdm35 and ERMES are
functionally connected. When the functions of these complexes are lost, ups1∆ and mdm34∆

cells exhibit similar phenotypes, possibly due to a shared role in exchanging PA between
different membranes. Indeed, deletion of Ups1 exacerbates the phenotype of single deletions
of ERMES components, likely because ups1∆ cells accumulate PS and are deficient in
CL (Tamura et al., 2012). Surprisingly, the accumulation of PS and deficiency of CL in
ups1∆ can be compensated for by the additional deletion of Ups2 (Tamura et al., 2009).
Ups2 is responsible for the movement of PS from the OMM to the IMM and also interacts
with and requires Mdm35 for its activity (Miyata et al., 2016), just as Ups1 does. Deletion
of Mdm35 thus effectively abolishes the activity of both Ups1 and Ups2. Intriguingly,
mdm35∆ combined with deletion of any of the ERMES components restores the ability of
the ERMES-deletion mutant to again grow on non-fermentable media (Tamura et al., 2012).
Concomitantly the ratio of PA to CL in ERMES deletion mutants is restored to the ratio
found in wild type cells when the function of both Ups1 and Ups2 are lost, as in the case of
mdm35∆ cells (Tamura et al., 2012). It was not reported whether the deletion of Ups1 and
Ups2, or Mdm35, restored the morphology of mitochondria in ERMES deletion strains.
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In order to investigate how Ups1 and Ups2 affect mitochondrial morphology of ERMES
deletion cells, I generated diploid cells with combinations of heterozygous deletions of Ups1,
Ups2 and Mdm34. I then isolated and recovered haploid homozygotes with these deletions
which also expressed endogenously tagged Tom20-mCherry to observe the morphology and
number of mitochondria per cell. I hypothesised that if ERMES functions as a tether which is
necessary for mitochondrial form and function, then the combination of usps1∆ ups2∆ with
mdm34∆ should not be able to restore mitochondrial morphology even though cells have
PA to CL ratios similar to wild type. If however, ups1∆ ups2∆ mdm34∆ mitochondria are
elongated and tubular as wild type, without a functional tether, then it should be concluded
that the ERMES deletion phenotype stems from the upset mitochondrial membrane lipid
composition rather than a loss of physical attachment between the ER and OMM.

Indeed, when either Ups1 or Ups2 are deleted along with Mdm34, the mitochondria of
both ups1∆ mdm34∆ and ups2∆ mdm34∆ are round and morphologically indistinguishable
from mdm34∆ (Figure 5.8A). Deletion of both Ups1 and Mdm34 reduced the number of
mitochondria per cell (Figure 5.8B) and the fitness of colonies on both fermentable and
non-fermentable media (Figure 5.8D) . Deletion of both Ups1 and Ups2 corrects the loss
of Mdm34mitochondrial phenotype to that of wild type (Figure 5.8C). As well, both ups2∆

mdm34∆ and ups1∆ ups2∆ mdm34∆ showed modestly improved growth as compared to
mdm34∆ cells on non-fermentable medium (Figure 5.8D), which is in line with previous
reports of growth comparisons made between these deletion strains (Tamura et al., 2012).
These results indicate that the loss of ERMES phenotype is caused by an imbalance of
lipid species within the mitochondrial membranes. It is possible that without ERMES or
Ups1-Mdm35, the composition of the IMM is not conducive to the assembly of viable
complexes for respiration, or perhaps due to impaired protein import caused by an altered
OMM composition. These too are rational, yet speculative, explanations in addition to the
possibility that the loss of ERMES phenotype results from a loss of tethering. Double deletion
of both Ups1 and Ups2 partially rescues the loss of Mdm34. Tamura et al. (2012) observed a
measurable difference between the mitochondrial lipid profiles of ERMES deletion strains as
compared to the profiles of mitochondria isolated from ups2∆ cells with an ERMES deletion.
Therefore it is remarkable, yet not surprising that loss of ERMES can be partially restored by
limiting lipid transfer between the OMM and IMM, through the deletion of both Ups1 and
Ups2. This could be explained by previous reports which show that deletion of both Ups1and
Ups2 rebalance the lipid profiles of mitochondria back to that of wild type.
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Fig. 5.8 (A) Live-fluorescence images of mitochondria highlighted with Tom20-mCherry in
both Mdm34 and mdm34∆ cells with and without Ups1 and Ups2. (B & C) The number of
mitochondria per cell or shape quotient values of individual mitochondria are plotted as a
cloud of data points with the corresponding median of those data points, coloured according
to experimental repeat; error bars represent median absolute deviation. Half violin plots
represent the distribution of those data points and are coloured by experimental repeats.
(D) Growth assays of the yeast strains presented in Figure 5.8 on fermentable (YEPD) and
non-fermentable (YEPG) medium.
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5.2 Discussion

This chapter detailed two approaches by which I sought to dissect two potential roles of
ERMES from each other; one role being to serve as a means of lipid transport between the
ER and OMM, another role being a tether to anchor the ER to the OMM. I first employed
cloning and yeast genetic techniques to expressed a form of Mmm1 which I predicted to be
incapable of carrying lipids through the hydrophobic conduit that is predicted to form and
lead to Mdm12, as informed by the atomic model of the hetero-tetrameric structure of two
zrMmm1SMP and two Mdm12SMP. The SB mutations are distinct from previously described
mutations of Mmm1 which have affected residues near the opening of the hydrophobic
pocket. The SB mutations were designed to block the potentially continuous conduit between
Mmm1 and Mdm12 rather than affect the specific residues observed in contact with bound
lipids within the crystal structure of the zrMmm1SMP-Mdm12SMP hetero-tetramer (Jeong
et al., 2017; Kawano et al., 2018).

pERMESSB was unable to rescue ERMES∆ cells even though the pERMESSB plasmid
was expressed, as made evident by the fluorescence of Mdm34-EGFP expressed downstream
of Mmm1SB and Mdm12 on the same polycistronic sequences separated by P2A sequences.
This demonstrates that Mmm1SB is translated, however, it is not functional as it does not
rescue mmm1∆ cells. However, when Mmm1SB is tagged with EGFP and expressed from a
plasmid using the promoter sequence of Mmm1, there is no discernable fluorescence signal
observed. This indicates that Mmm1SB is degraded quickly after being translated. It could
also be possible that the perturbation of Mmm1 is casued by the mutation of Q389R which is
predicted to be above the average conservation measure provided by ConSurf analysis and
likely to be less tolerated that the other mutated residues within the SB mutation. It would
be prudent to express Mmm1-EGFP with and without Q389R mutation free of the other SB
mutations in order to verify whether it is the combination of SB mutations that has disrupted
Mmm1 or the single residue change of Q389R. Nevertheless, the SB mutations introduced
were able to disrupt the function of Mmm1 and suggest that at least one of these residues is
critical for the function of Mmm1 or its folding and assembly. It is unknown if Mmm1SMP is
properly folded or inserted into the ER membrane as wild type Mmm1 is when expressed
from a comparable plasmid in mmm1∆ cells. As there is no discernable fluorescence signal
of Mmm1-EGFP, it is assumed that it is degraded before EGFP chromophore maturation
occurs. A systematic analysis of these mutations could reveal which residues are responsible
for disrupting Mmm1 and whether this disruption is caused by the change in hydrophobicity.

That the double deletion of Ups1 and Ups2 should nearly correct the phenotype of
mdm34∆ shows that the phenotype caused by the loss of ERMES results from an imbalance
between the species of lipids within the mitochondrial membranes rather than the loss of
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tethering to the ER. By reducing the ratio of PA to CL through the double deletion of
Ups1 Ups2, the mdm34∆ phenotype of reduced CL was alleviated. This restored growth
on non-fermentable media and partially restored the morphology of mitochondria to that
of wild type. This is result is congruent with three previous reports. First, that a synthetic
ER-mitochondria tether is capable of restoring the phenotype of mdm12∆ and mdm34∆

but not completely complementing mmm1∆ (Kornmann et al., 2009). As discussed, the
results of Kornmann et al. (2009) can possibly be explained by a scenario where Mdm12
and Mdm34 serve redundant functions to each other and to Mmm1; however, Mmm1 serves
a unique role, possibly lipid extraction from the ER, which cannot be performed by just a
tether. It is possible that the tether allows the remaining Mmm1 to function in mdm12∆ and
mdm34∆ cells whereas without such a tether all three SMP domains of Mmm1, Mdm12
and Mdm34 are necessary to span the distance between the ER and mitochondria. Secondly
overexpression of Mmm1 is able to rescue loss of Mdm12 and Mdm34 however this is
not reciprocal (Li et al., 2019). This also demonstrates that Mmm1 must serve a unique
function that neither Mdm12 nor Mdm34 can replace. Finally, the observation that Vps13
suppressor mutations restore the mitochondrial phenotype of mmm1∆ is also compatible with
the hypothesis that ERMES deletion phenotype arises from perturbed mitochondrial lipid
composition rather than loss of ER-mitochondria tethering (Lang et al., 2015).

In summary, the SB mutations disrupt the function of Mmm1SB however the experiments
chosen are unable to address how L237E, I244R, V290E, I386E and Q389R impair Mmm1SB

function. The second approach to dissect the tethering role from the lipid transfer activity of
ERMES by correcting the loss of ERMES phenotype by manipulating the mitochondrial lipid
profile through simultaneous deletion of Ups1 and Ups2. Both approaches are compatible
with a model whereby ERMES functions primarily to facilitate the transfer of lipids between
the ER and OMM in order to maintain optimal mitochondria function; this function is fulfilled
by all five components of ERMES. Loss of Mdm12 and Mdm34 can be compensated for
by an artifical tether (Kornmann et al., 2009), overexpression of Mmm1 (Li et al., 2019),
overexpression of Mdm31 (Tamura et al., 2012) and now by combination with ups1∆ ups2∆.
The presented work suggests Mmm1SB is rapidly degraded, possibly because of the altered
hydrophobicity within the lipid conduit which in the case of wild type Mmm1 apparently
leads to that of Mdm12. This could indicate that lipid binding is critical for the stability of
Mmm1 with the ER. Although the mitochondrial morphology and respiration of mdm34∆ is
corrected by combination with ups1∆ ups2∆, this is not direct evidence to ascribe the function
of lipid transfer to ERMES. It merely points out as other studies have that ERMES deficits
can be compensated for by rebalancing the lipid profile of mitochondria to that of wild type
which is conducive to optimal function. Restoration of the mitochondrial morphology of
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ERMES deletion mutants to that of wild type through the deletion of both Ups1 and Ups2
suggests that ER-mitochondria tethering is not the only factor which influences mitochondrial
morphology and bolsters a view where the lipid composition of mitochondria is also an
important factor which affects mitochondrial morphology.





Chapter 6

Final Discussion

The ERMES complex was first characterised by the rescue of mdm12∆ and mdm34∆ on
non-fermentable medium with the expression of an artificial tether, ChiMERA which con-
sisted of a GFP molecule with a mitochondria-directed N-terminal Tom70 pre-sequence and
transmembrane sequence as well as an ER-directed C-terminal Ubc6 tail anchor sequence
(Kornmann et al., 2009). Thus physical connectivity, or tethering, was revealed to be impor-
tant for the function of mitochondria and respirative growth on non-fermentable medium.
The steady-state lipid compositions of ERMES mutants are depleted in CL and display a two
to five-fold decrease in the rate of PS to PC conversion (Kornmann et al., 2009). Both of these
results suggest that phospholipid transport is impaired between the ER and mitochondria
within cells without ERMES. As well, some of the similarities between the phenotype of
ERMES mutants and psd1∆ suggests that the loss of ERMES impedes mitochondrial PE
synthesis (Kornmann et al., 2009). Although the steady state lipid composition of ERMES
null mutants is altered from that of wild type, there has been debate as to whether ERMES
functions as a lipid transporter because the rate of PS to PE conversion is unaltered in
ERMES null mutants (Nguyen et al., 2012; Voss et al., 2012). These reports argue in favour
of a model in which ERMES serves a structural role to maintain mitochondrial morphology
and function. However, there are now multiple lines of evidence that strongly suggest that
ERMES is directly involved in the transfer of lipids; amongst these are structural (AhYoung
et al., 2015; Jeong et al., 2017) and biochemical results (John Peter et al., 2021; Kawano
et al., 2018). Nevertheless, lipid transport aside, ERMES displays all of the characteristics of
a defined tether (Eisenberg-Bord et al., 2016; Helle et al., 2013). Disentangling the affect of
tethering from lipid transport is complex as, by definition, a contact site implies tethering
forces (Scorrano et al., 2019). As such, there is no question that ERMES is a tether; and,
as most experimental evidence suggests, one that transports lipids. However it is unclear
how the physical tethering forces of ERMES would contribute to ER-mitochondria MCS
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organisation, mitochondrial function or mitochondrial fission, independently of the potential
role ERMES could serve as a lipid transporter.

6.1 Is ERMES necessary for mitochondrial fission?

ERMES deletion mutants are characterised by large, round mitochondria which are fewer in
number per cell than compared to wild type yeast (Kornmann et al., 2009). This observation
of larger and fewer mitochondria per cell in ERMES deletion mutants, coupled with the
coincidence of ERMES in proximity (<300 nm ) to ~60% of mitochondrial fission events
(Friedman et al., 2011; Murley et al., 2013) suggests that ERMES is functionally related
to the mitochondrial fission process. It is known that Drp1, the metazoan homologue of
Dnm1, is capable of dividing lipid tubules up to 250 nm in diameter (Kamerkar et al.,
2018), although whether this translates directly to mitochondria in vivo is unclear as both
Drp1 (Gandre-Babbe and van der Bliek, 2008; Koch and Brocard, 2012; Otera et al., 2010;
Palmer et al., 2011) and Dnm1 (Bhar et al., 2006; Guo et al., 2012; Mozdy et al., 2000)
require adaptor proteins to drive efficient mitochondrial fission. Therefore, ERMES and
ER-mitochondria MCS might not be strictly necessary to pre-constrict mitochondria for the
assembly of proficient fission machinery. As such, the large, round mitochondria of ERMES
mutants might not result directly from the loss of ERMES as a mitochondrial pre-constricting
force to facilitate Dnm1 assembly. Still it remains unresolved as to how physical tethering
by ERMES affects mitochondrial morphology as compared to its potential role as a lipid
transporter.

A question has thus remained whether ERMES-mediated MCS prime regions of mito-
chondria for fission (Friedman et al., 2011) or are positioned near to mitochondrial fission
sites for some other function, possibly to coordinate nucleoid inheritance between dividing
mitochondria (Hobbs et al., 2001; Murley et al., 2013). How ERMES might prime regions
for fission or become associated with fission sites is unknown. Here two separate approaches
were taken to study how ERMES is involved in the process of mitochondrial fission. First
I asked, what happens if mdm34∆ cells overexpress the pro-fission factor Dnm1? I rea-
soned that if ERMES was necessary for mitochondrial fission, Dnm1 overexpression would
be unable to increase mitochondrial fission in the absence of ERMES. Overexpression of
Dnm1 in mdm34∆ decreased the shape quotient and altered the distribution of the number of
mitochondria per cell as compared to mdm34∆ (Figure 3.13). Overexpression of Dnm1 is
burdensome to otherwise wild type cells and results in a distinct decrease in growth on non-
fermentable medium (Figure 3.14). There is a strong correlation between the morphology
and function of mitochondria, where increased fission and fragmentation of mitochondria is
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associated with impaired respirative growth (Sprenger and Langer, 2019). Overexpression of
Dnm1 exacerbates the poor growth of mdm34∆ and indicates that Dnm1 overexpression is
capable of increasing mitochondrial fragmentation (the fission-fusion rate was not assessed)
in cells without ERMES. Thus there is now experimental evidence to show that ERMES is
not strictly necessary for mitochondrial fission.

Although overexpression of Dnm1 in mdm34∆ cells shows that the number of mitochon-
dria per cell and mitochondrial morphology can be affected without functional ERMES, these
experiments do not differentiate between the tethering role or any potential lipid transport
role that ERMES might serve. Neither of these potential roles are strictly necessary, including
any lipid transport activity which could be compensated for by redundant lipid transport
pathways (John Peter et al., 2017; Lang et al., 2015). As well, these experiments do not rule
out the possibility that ERMES participates with other mitochondrial fission machinery to
positively effect mitochondrial fission when expressed and functional. This might be possible
through shaping the OMM to initiate Dnm1 assembly (Helle et al., 2017) or by facilitating
CL synthesis which is known to regulate Drp1 assembly and mitochondrial fission Adachi
et al. (2018, 2016).

In order to investigate the role of ERMES in affecting the mitochondrial fission, I mea-
sured the diameter of mitochondria within tomograms reconstructed from tilt series collected
at ERMES and Dnm1 fluorescent foci using RT-CLEM techniques. This analysis assessed
the diameter of mitochondria at ERMES with or without Dnm1, as well as at Dnm1 without
ER-mitochondria MCS nearby and discovered ER-mitochondria MCS without ERMES at
some Dnm1 foci. Comparison of the mitochondrial diameters between ERMES with or
without Dnm1 do not show a difference between these two types of ERMES (Figure 3.12).
Mitochondrial diameters were most constricted at Dnm1 signals without ERMES or any other
unidentified ER-mitochodnria (UEM) MCS. This suggests that Dnm1 constrictions tighten
without ER MCS nearby (<250 nm). This could indicate that ERMES primes mitochondria
early on in the fission process or is capable of acting to promote mitochondrial fission from
beyond a distance of 250 nm. Whether UEM participates in affecting mitochondrial fission in
a similar way as ERMES potentially does is unclear. UEM MCS is defined by the absence of
detectable Mdm34 signal, and so there is also the possibility that UEM MCS reflect stochastic
interactions between the ER and mitochondria which have no functional relevance. It is also
possible that stochastic interactions between the mitochondria and ER at UEM MCS could
distort the OMM through resistance between relative movement of the ER or mitochondria
within the cell.

Thus far, my experimental work has shown that ERMES is not strictly necessary as
either a tether or a lipid transporter for fission (Figure 3.13). Furthermore, it does not
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appear necessary for ERMES to be within 250 nm of Dnm1 for mitochondrial constrictions
below 150 nm in diameter to form (Figure 3.12). The latter result is compatible with a
model where ERMES puncta promotes fission beyond the 250 nm cutoff analysed here,
possibly through affecting the local lipid environment (Helle et al., 2013). Previously, a
300 nm distance criteria was used to define the association of ERMES to active fission sites
Friedman et al. (2011). By functioning through a mechanism like lipid transport, ERMES
could affect mitochondrial fission at a longer distance than by the ER directly constricting
or distorting mitochondria at ERMES due to tethering forces. In order to tease apart these
two potential mechanisms by which ERMES could affect mitochondrial morphology and
fission, two broad approaches were taken to either disrupt potential lipid binding within the
hydrophobic conduit of Mmm1 or to affect the lipid composition of mitochondria in cells
without functional ERMES.

For this first approach, residues within the lipid binding domain of Mmm1 were mutated
to test whether tethering could be maintained without hydrophobic residues in these positions
(Figure 5.3). When mutations were introduced into the hydrophobic pocket of Mmm1, as
Mmm1SB, no protein expression was observed when FP tagged (Figure 5.7). It could be
that these mutations disrupted the proper folding of Mmm1SB. Residue Q407 is conserved
amongst SMP domain sequences according to ConSurf analysis (Figure 5.1.1). As such this
residue is should be the least tolerated amongst the mutations introduced within this study.
Systematic evaluation of the effect of each mutation could confirm whether some but not
all of these mutations are tolerated. Mutational analysis has been used to separate the dual
roles of Mdm10, which can dissociate from ERMES in order to interact with SAM and is
critical for the import of β -barrel proteins into the mitochondria (Ellenrieder et al., 2016).
These are distinct roles and may be easier to separate than the linked roles of lipid transport
and tethering by ERMES. Future study should address whether lipid binding is necessary for
correct ERMES assembly and organisation within discrete puncta.

On the other hand, mutations which affect mitochondrial lipid synthesis and composition
also severely affect mitochondrial morphology (Ha and Frohman, 2014). In order to test
whether rebalancing the mitochondrial lipid composition could restore the morphology and
function of mitochondria without functional ERMES, gene deletions of both Ups1 and Ups2,
which are known to alter lipid transport between the OMM and IMM, were combined with
mdm34∆. Indeed the number of mitochondria per cell and the morphology of mitochondria
within ups1∆ ups2∆ mdm34∆ was markedly changed from that of mdm34∆. Deletion of Ups1
and Ups2 is known to increase mitochondrial CL levels (Tamura et al., 2012). It is known that
overexpression of Mdm31, an IMM protein most probably involved in intra-mitochondrial
lipid transport (Dimmer et al., 2002, 2005), stimulates the accumulation of CL and also
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rescues ERMES deletion mutations (Tamura et al., 2012). Both of these results demonstrate
that the ERMES loss of function phenotype is the result of a perturbed mitochondrial lipid
composition, which if corrected restores the form and function of mitochondria without
the need for ERMES as a tether or transporter. How could it be that restoring the lipid
composition of mitochondria could restore function without restoring ERMES as a tether?

Rather than result from an absence of ER-mitochondria attachment, the expansion of
these mitochondria could result from the perturbed lipid composition of the mitochondrial
membranes in ERMES mutants. Phosphatidylserine decarboxylase 1 (Psd1) is responsible
for the conversion of PS to PE on the IMM (Voelker, 1984). The synthesis of PE within
the IMM by Psd1 is necessary for the proper function of the mitochondrial respiratory
chain (Calzada et al., 2019). ERMES is suspected of transporting either PS (Kornmann
et al., 2009) or PE (Kawano et al., 2018), or possibly both phospholipids, between the ER
and mitochondria. Indeed both psd1∆ and ERMES mutants show similar growth defects
when challenged with non-fermentable carbone sources, indicating impaired mitochondrial
function and respiration (Kornmann et al., 2009). However psd1∆ mitochondria are described
as aggregated rather than singular and round as in ERMES mutants. This difference could
arise from the compensatory pathways which allow for continued, albeit reduced, import
of PS into mitochondria. Alternatively, this might indicate some promiscuity of ERMES in
transporting other lipids between the ER and mitochondria than PS exclusively. Interestingly,
rescue of psd1∆ by exogenous ethanolamine (Etn) is impaired when combined with deletion
of Mdm12 (Baker et al., 2016) and suggests that ERMES is capable of transporting PE from
the ER to mitochondria. An intriguing possibility is that ERMES can regulate mitochondrial
lipid composition by its apparent differential affinity for phospholipid species. Speculatively,
ERMES might therefore regulate the shape, and therefore function, of mitochondria by
regulating the flow of lipids both in and out of mitochondria.

Similarly, mitochondrial fission might also be regulated by ERMES through it’s control
of mitochondrial lipid flux. Lipid composition of the OMM is likely to directly influence the
assembly of Dnm1, as the structurally similar Drp1is known to oligomerise in the presence of
CL and lead to oligomerisation-stimulated GTP-hydrolysis (Francy et al., 2017; Macdonald
et al., 2014). In yeast, Dnm1 is recruited to the surface of mitochondria by Mdv1, or Caf4,
complexed with Fis1. Fis1 is anchored to the OMM by a C-terminal transmembrane domain.
The question arises as to what role the affinity of Dnm1 for CL might play in defining fission
sites. In addition to CL potentially stimulating the oligomerisation of Dnm1, PA appears
to inhibit Dnm1 oligomerisation. In metazoans, a mitochondrial phospholipase, mitoPLD,
appears regulate mitochondrial fission through interactions with Drp1 thereby possibly
creating a micro-environment enriched in PA and which is inhibitory to oligomerisation-
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induced hydrolysis of GTP and assembly of Dnm1 (Adachi et al., 2018, 2016). Finally,
the insertion of tail-anchored proteins such as Fis1 is independent of mitochondrial protein
import machinery and instead depends upon the unique lipid composition of the OMM,
relative to other organelle membranes, for efficient insertion of tail-anchored Fis1 into the
OMM (Kemper et al., 2008). Loss of ERMES could thereby impede the recruitment of
mitochondrial fission machinery to the OMM as a result of the altered mitochondrial lipid
homeostasis.

6.2 Molecular architecture of the ERMES complex

Structural studies of ERMES components have focussed upon the SMP domains of Mmm1
and Mdm12 (AhYoung et al., 2015, 2017; Jeong et al., 2017, 2016). The SMP domain of
Mdm34 is unstable in solution and could not be characterised in previous reports (AhYoung
et al., 2015). To date, neither cryo-EM nor crystallography have been applied to study
Gem1. Recently, the crystal structure of Mdm10 has been reported in complex with Sam50
(Takeda et al., 2021). Although this structure reveals the interactions between Mdm10 and
Sam50, and the mechanism by which Tom40 is displaced from SAM (Takeda et al., 2021),
this structure does not involve interactions with any other ERMES components. As such
there is only structural information of Mmm1 and Mdm12 available. Thus a key question
remained as to how the components of ERMES organise in relation to each other and within
ER-mitochondria MCS at the molecular scale. Although structural studies of purified Mdm34
and Gem1 would no doubt be informative, what is most needed is an understanding of how
these components come together in vivo to form ERMES. Observation of ERMES in situ is
necessary in order to discern the interfaces by which ERMES components interact with each
other. As importantly, such studies also avoid making inferences about truncated proteins
that are amenable to crystallography and cryo-EM.

In order to investigate the molecular architecture of ERMES, I employed several different
techniques in order to build an integrative, molecular model of ERMES from live-cell FM
and in situ cryo-ET. First I employed quantitative live cell imaging to measure the number
of FP-tagged Mmm1, Mdm12 and Mdm34 molecules within fluorescent ERMES puncta.
Next, I developed a cryo-CLEM workflow to image cryo-FIB milled lamella of yeast with
cryo-FM and target ERMES puncta with cryo-ET. This revealed bridge-like structures at
ER-mitochondria MCS marked by Mdm34. The known structures of Mmm1 and Mdm12
along with the predicted structure of Mdm34SMP were arranged and fit within the EM density
map generated from STA of these bridges. In this model (Figure 4.14), Mmm1 is arranged
such that the lipid binding pocket of its SMP-head is positioned closest to the ER and its
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SMP-tail towards the head of Mdm12. Mdm12 and Mdm34 are similarly arranged in a
head-to-tail arrangement. The EM density map generated from in situ cryo-ET of ERMES is
evidence of a continuous and stable structure which can span the ER and OMM.

This observation is exciting as it addresses a long-standing question of whether ERMES
functions as a continuous conduit or a shuttle to transport lipids. This conclusion is drawn
from several lines of evidence. First, there were no apparent shuttles observed; which could
appear as rod-like structures lying parallel to the ER and OMM membranes, in various states
of arrangement between these two membranes . Secondly there is corroboration between the
number of ERMES components within fluorescent puncta (Figure 4.2) and the number of
stable, rod-like structures observed by cryo-ET (Figure 4.6). Thus there does not appear to
be a large proportion of missing ERMES complexes which could be transitioning between
stable intermediate stages of shuttling between the ER and mitochondria. This knowledge
encouraged my pursuit at attempting to block the suspected continuous conduit of Mmm1
by introducing the SB mutations. Although the residues that I selected for mutation have
apparently destabilised Mmm1, there could be mutations which impede this hydrophobic
conduit without affecting the overall folding of Mmm1. It would be exciting to observe
whether a conduit is formed when its hydrophobicity is diminished. If such a version of
ERMES could be engineered, cryo-CLEM and cryo-ET as presented in this thesis could
be used to investigate how altered hydrophobicity within this conduit affects molecular
organistation at MCS in situ.

Similar rod-like structures have been observed by cryo-ET between mitochondria and
suspected ER-microsomes isolated from rat liver tissue (Csordás et al., 2006). This is
remarkable given that no ERMES homologue is known in metazoans. The presence of
MAMs (Vance, 1990) has long suggested physical tethers between the ER and mitochondria
in metazoans. It is possible that these bridge-like structures are formed by one or more of the
ER-mitochondria MCS complexes proposed for metazoans (Prinz et al., 2020). This early
observation by Csordás et al. (2006) suggests that ER-mitochondria MCS are maintained
by similar bridge-like structures across kingdoms. Stable bridge-like structures are seen to
span the distance between the ER and plasma membranes (Hoffmann et al., 2019). The
cryo-tomograms presented in this thesis also contained unidentified bridge-like structures
spanning the distance between the IMM and OMM. These observations could be indicative
of a conserved mechanism for a common function such as lipid transport at these MCS.
Although it is unclear which proteins were observed by Csordás et al. (2006), the search
for the identity of these proteins could be restricted to proteins which would be capable of
forming ER-mitochondria bridges. The current molecular model of ERMES could be used
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to set criteria by which to evaluate the identity of the similar metazoan ER-mitochondria
bridges.

Two similar but distinct questions remain unanswered by the current model of how
ERMES complexes organise at ER-mitochondria MCS. First, how is Mmm1 anchored to
the ER and, secondly, how does Mdm34 interact with Mdm10 and the OMM. Further
classification and alignment of the current STA, focussed on this two regions as discussed in
Chapter 4.2.1, could be used to better resolve these interfaces. The residues which Mdm34
binds to on Mdm10 are known (Ellenrieder et al., 2016) and could be used to inform model
building if further processing reveals a density near the base of the ERMES bridge interacts
with the OMM. Apart from the fact that Mdm34 does not have a predicted TM domain, the
reason why it would be required to bind Mdm10 is unknown. Could this be related to the
linkage of ERMES to nucleoids and mtDNA inheritance (Hobbs et al., 2001; Murley et al.,
2013) at mitochondrial fission sites? Resolving the interfaces of the ERMES bridges towards
the ER and the OMM could possibly shed light upon the process of lipid exchange at these
two nexūs. As the points of attachment between these two membranes, these positions are
critical to understanding the tethering function of ERMES. The diminished contribution
of the ER and OMM signal to the aligned STA indicates that these interfaces are variable.
This seems functionally relevant given that the distance between the ER and mitochondrial
membrane is greatest at the edges of MCS. The unstructured domains of ERMES could
provide flexibility to accommodate slight variations in the distance that each bridge must
span. Indeed the tail of Mmm1 displays flexibility; Mmm1-Mmm1 homodimer have closed
tails but open tails when complexed with Mdm12 (Kawano et al., 2018). MD simulations
show that the tail of Mdm12 is closed. It is reasonable to assume that the tail of Mdm12 is
similarly flexible so that Mdm12 opens when bound to the hydrophobic pocket within the
predicted SMP domain of Mdm34. Whether such a flexible interface could impart sufficient
force to distort or constrict the protein dense, double membraned mitochondria could be
explored with a more complete model of these interfaces between ERMES and the ER-OMM.

Thus the molecular architecture of ERMES as revealed by cryo-CLEM and STA is directly
relevant to understanding the role ERMES plays to influence mitochondrial fission. This
data has revealed the structure of the tether between ER-mitochondria as well as supported a
model whereby ERMES functions as a continuous conduit of three head-to-tail assembled
SMP domains. Quantitative live-cell FM has also determined the median number of ERMES
components within fluorescent punta (~24, Figure 4.2) as well as the number of ERMES
puncta per cell (~24, Figure 3.4). As discussed, the EM density map suggests that ERMES
components organise as a continuous rod-like structure, composed of a 1:1:1 ratio of Mmm1,
Mdm12 and Mdm34. Thus cells have less than 100 copies of ERMES within each of them
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which are responsible for handling the flow of lipids that move directly between the ER
and mitochondria at MCS. These results are tantalisingly close to providing an estimate
of the rate which lipids must be transported by this limited number of ERMES complexes.
Although the surface area of the ER and OMM covered by ERMES was not measured, this
in situ data contains such information which could be quantified. Such measurements could
be combined with the estimated rate of lipid transport by each ERMES complex to construct
an molecular model of lipid transport at ER-mitochondria MCS.
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Appendix A

Yeast strains, plasmids and
oligonucleotides

Yeast strains

Name Genotype

WKY0100 S288C, MATa, his3-200, leu2-3,112, ura3-52, lys2-801
WKY0102 S288C, MATα , his3-200, leu2-3,112, ura3-52, lys2-801
WKY0105 S288C, MATa/MATα , his3-200/his3-200, leu2-3,112/leu2-3,112, ura3-52/ura3-

52, lys2-801/lys2-801
WKY0107 S288C, MATa/MATα , his3-200/his3-200, leu2-3,112/leu2-3,112, ura3-52/ura3-

52, lys2-801/lys2-801, GalL-ISce1 natNT2
WKY0119 WK0Y102, Mdm12-EGFP (His3)
WKY0203 sporulated from WKY0201/ WKY0198 MATα , sfGFP-Mdm34 (seamless),

Mdm12-mCherry (KanX)
WKY0262 WKY0100, Dnm1-mCherry (KanX), Mdm34-EGFP (His3)
WKY0337 WKY0102, Nuf2-EGFP (His3)
WKY0344 sporulated from WKY0107 MATα , sfGFP-Caf4 (seamless)
WKY0350 sporulated from WKY0107 MATα , sfGFP-Caf4 (seamless), Dnm1-mRuby

(KanX)
WKY0352 sporulated from WKY0107 MATa, sfGFP-Fis1 (seamless), Dnm1-mRuby

(KanX)
WKY0355 WKY0102, Cse4-EGFP (His3)
WKY0359 WKY0100, TEF1pr-Dnm1 (natNT2), Dnm1-mCherry (KanX), Mdm34-EGFP

(His3)
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WKY0360 WKY0100, TEF1pr-Caf4 (natNT2), Dnm1-mCherry (KanX), Mdm34-EGFP
(His3)

WKY0361 WKY0100, TEF1pr-Fis1 (natNT2), Dnm1-mCherry (KanX), Mdm34-EGFP
(His3)

WKY0362 WKY0100, Tom20-mCherry (KanX)
WKY0367 WKY0100, Tom20-mCherry (KanX), TEFpr-Dnm1 (natNT2)
WKY0368 WKY0100, Tom20-mCherry (KanX), TEFpr-Fis1 (natNT2)
WKY0369 WKY0100, Tom20-mCherry (KanX), TEFpr-Caf4 (natNT2)
WKY0370 WKY0100, Tom20-mCherry (KanX), TEFpr-Mdv1 (natNT2)
WKY0373 WKY0100, TEFpr-Mdv1 (natNT2), Dnm1-mCherry (KanX), Mdm34-EGFP

(His3)
WKY0379 WKY0105, Tom20-mCherry (KanX), mdm34∆ (Ura3)
WKY0381 WKY0100, Tom20-mCherry (KanX), dnm1∆ (Ura3)
WKY0382 WKY0105, Tom20-mCherry (KanX), mdm34∆ (Ura3), ups1∆ (natNT2)
WKY0384 WKY0105, Tom20-mCherry (KanX), mdm34∆ (Ura3), ups2∆ (natNT2)
WKY0386 WKY0105, Tom20-mCherry (KanX), mdm34∆ (Ura3), dnm1∆ (natNT2)
WKY0389 sporulated from WKY0379 (MATa), Tom20-mCherry (KanX), mdm34∆ (Ura3)
WKY0390 sporulated from WKY0382 (MATa), Tom20-mCherry (KanX), mdm34∆ (Ura3),

ups1∆ (natNT2)
WKY0391 sporulated from WKY0384 (MATa), Tom20-mCherry (KanX), mdm34∆ (Ura3),

ups2∆ (natNT2)
WKY0392 sporulated from WKY0386 (MATa), Tom20-mCherry (KanX), mdm34∆ (Ura3),

dnm1∆ (natNT2)
WKY0393 WKY0100, Tom20-mCherry (KanX), ups2∆ (natNT2)
WKY0394 WKY0105, Tom20-mCherry (KanX), ups1∆ (Hph), ups2∆ (natNT2), mdm34∆

(Ura3)
WKY0399 WKY0105, Tom20-mCherry (KanX), mmm1∆ (natNT2), mdm12∆ (hph),

mdm34∆ (ura3-52)
WKY0400 WKY0100, Mdm34-mNeon (His3), Dnm1-mCherry (KanX)
WKY0401 WKY0100, Mdm34-mNeon (His3), Tom20-mCherry (KanX)
WKY0408 WKY0105, TEFpr-Dnm1 (natNt2), Tom20-mCherry (KanX), mdm34∆ (Ura3)
WKY0409 WKY0102, Tom20-mCherry (KanX), ups1∆ (natNT2)
WKY0410 sporulated from WKY00394, Tom20-mCherry (KanX), ups1∆ (Hph), ups2∆

(natNT2), mdm34∆ (Ura3)
WKY0413 WKY0399, pWK0139
WKY0417 WKY0399, pWK0147
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WKY0418 WKY0399, pWK0148
WKY0420 sporulated from WKY0415 (MATa), Dnm1-EGFP (His3), Tom20-mCHERRY

(KanX)
WKY0421 sporulated from WKY0355/WKY0362 (MATα), Tom20-mCHERRY (KanX),

Cse4-EGFP (His3)
WKY0422 WKY0105, TEFpr-Dnm1 (natNt2), Dnm1-EGFP (His3), Tom20-mCherry

(KanX)
WKY0423 WKY0105, Dnm1-EGFP (His3), Tom20-mCHERRY (kanX)
WKY0424 sporulated from WKY0399 (MATa), mdm34∆ (Ura3), Tom20-mCHERRY

(KanX), mmm1∆ (natNT2), mdm12∆ (Hph)
WKY0425 sporulated from WKY0413 (MATα), Tom20-mCherry (KanX), mmm1∆

(natNT2), mdm12∆ (Hph), mdm34∆ (Ura3), pWK0139
WKY0426 sporulated from WKY0417 (MATa), Tom20-mCherry (KanX), mmm1∆

(natNT2), mdm12∆ (Hph), mdm34∆ (Ura3), pWK0147
WKY0427 sporulated from WKY0418 (MATα), Tom20-mCherry (KanX), mmm1∆

(natNT2), mdm12∆ (Hph), mdm34∆ (Ura3), pWK0148
WKY0428 WKY0105, TEFpr-Dnm1 (natNt2), Dnm1-EGFP (His3), Tom20-mCherry

(KanX), mdm34∆ (Ura3)
WKY0431 sporulated from WKY0130/WKY0310 (MATα), Mdm34-EGFP (His3), Tom20-

mCherry (KanX)
WKY0432 WKY0102, Mdm34-EGFP (His3)
WKY0433 WKY0102, Mmm1-EGFP (His3)
WKY0434 MATa/MATα , Mdm34-EGFP (His3), Tom20-mCherry (KanX), mmm1∆

(natNT2)
WKY0435 MATa/MATα , Mdm34-EGFP (His3), Tom20-mCherry (KanX), mmm1∆

(natNT2), pWK0158
WKY0435 MATa/MATα , Mdm34-EGFP (His3), Tom20-mCherry (KanX), mmm1∆

(natNT2) pWK0159
WKY0456 sporulated from WKY0434 (MATα), Mdm34-EGFP (His3), Tom20-mCherry

(KanX), mmm1∆ (natNT2)
WKY0457 sporulated from WKY0435 (MATa), Mdm34-EGFP (His3), Tom20-mCherry

(KanX), mmm1∆ (natNT2), pWK0158
WKY0458 sporulated from WKY0436, Mdm34-EGFP (His3), Tom20-mCherry (KanX),

mmm1∆ (natNT2), pWK0159
WKY0459 sporulated from WKY0423, Dnm1-EGFP (His3), Tom20-mCherry (KanX),

mdm34∆ (Ura3)
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WKY0460 sporulated from WKY0422 (MATα), TEFpr-Dnm1 (natNt2), Dnm1-EGFP
(His3), Tom20-mCherry (KanX)

WKY0461 sporulated from WKY0428, TEFpr-Dnm1 (natNt2), Dnm1-EGFP (His3),
Tom20-mCherry (KanX), mdm34∆ (Ura3)

WKY0467 sporulated from WKY0408, TEFpr-Dnm1 (natNt2), Tom20-mCherry (KanX),
mdm34∆ (Ura3)

WKY0469 WKY0100, Tom20-mCherry (KanX), pWK0195
WKY0470 WKY0100, Tom20-mCherry (KanX), pWK0197
WKY0473 WKY0100, Tom20-mCherry (KanX), mmm1∆ (natNT2), pWK0195
WKY0474 WKY0100, pWK0195
WKY0475 WKY0102, pWK0197
WKY0476 sporulated from WKY0107 (MATa), sfGFP-Mdv1 (seamless) Dnm1-mRuby

(KanX)
WKY0477 WKY0100, Tom20-mCherry (KanX), mmm1∆ (natNT2), pWK0197
WKY0478 WKY0100, Tom20-mCherry (KanX), mmm1∆ (natNT2)

Table A.1 Yeast strains used in this thesis and relevant genotypic descriptions.
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Plasmids

Name Reference

pFA6a-EGFP-HIS3MX6 Janke et al. (2004)
pFA6a-mNeon-HIS3MX6 This study and Shaner

et al. (2013)
pFA6a-mCherry-KanMX Janke et al. (2004)
pYM-N-sfGFPC-I-SceI-CYC1term-URA3- TEF1pr-I-SceI-sfGFP Khmelinskii et al.

(2011)
pFA6a-natNT2 Janke et al. (2004)
pFA6a-hphNT1 Janke et al. (2004)
pFA6a-klURA3 N/A
pFA6a-yomRuby2-KanMX Hoffmann et al.

(2019)
pRS316-His3 Sikorski and Hieter

(1989)
pRS316-GPD-Mmm1-P2A-Mdm12-Mdm34-EGFP-P2A (His3) This study and Liu

et al. (2017)
pRS316-GPD-Mmm1SB-P2A-Mdm12-Mdm34-EGFP-P2A (His3) This study and Liu

et al. (2017)
pRS316-Ura3 Sikorski and Hieter

(1989)
pRS316-Mmm1pr-Mmm1 (Ura3) This study
pRS316-Mmm1pr-Mmm1SB (Ura3) This study
pRS316-Mmm1pr-Mmm1-EGFP (Ura3) This study
pRS316-Mmm1pr-Mmm1SB-EGFP(Ura3) This study

Table A.2 A table of the plasmids used in this thesis and reference to their description.
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Mmm1SB gene block

Mmm1SB gene block

AACCTATTATAATGTCGACGTGCACCCTGCAGAGTCATTGGACTGGTTCAACGTTT
TAGTTGCCCAAATAATACAGCAATTCCGCAGTGAGGCTTGGCACAGGGACAATAT
CCTTCATTCCTTGAATGATTTTATTGGAAGAAAATCACCCGATgagCCTGAATATT
TGGATACCagaAAAATAACTGAACTGGATACAGGTGATGATTTCCCCATTTTCTCG
AATTGCAGAATACAATATTCGCCAAATTCAGGAAATAAAAAGCTAGAGGCTAAA
ATTGATATAGATTTAAATGACCACTTAACTTTAGGAgaaGAAACAAAACTATTAC
TTAACTATCCAAAGCCTGGTATTGCCGCACTCCCCATAAATCTAGTAGTGTCAATT
GTGAGGTTTCAGGCGTGTTTGACCGTATCTTTAACTAATGCAGAGGAGTTTGCTTC
TACTTCGAACGGTAGCAGTAGTGAAAACGGTATGGAGGGCAATTCAGGATACTTT
TTGATGTTTTCTTTTTCTCCTGAATATAGAATGGAATTTGAAATCAAGTCGCTAAT
TGGCTCACGGTCTAAACTTGAAAATATTCCCAAGATCGGCAGTGTCgagGAATACtc
gATAAAAAAATGGTTCGTTGAACGATGCGTTGAACCAAGATTCCAATTTGTCAGG
TTACCAAGTATGTGGCCACGTAG

Table A.3 The gene block sequence used to introduce the SB mutations to the Mmm1
sequences within pERMES, pMmm1 and pMmm1-EGFP. The mutated nucleotides are in
lower case.
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