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Structure-function and a genetic roadmap of the mammalian Endoplasmic Reticulum
Membrane Protein Complex (EMC)
Katerina Dimitrova Popova
Abstract

Cells are surrounded and contained by a plasma membrane consisting of a double layer
of fats and proteins. These proteins monitor and facilitate the movement of food, oxygen and
messages in and out of the cell, and help neighboring cells communicate. Membrane proteins are
manufactured in a cell compartment called the endoplasmic reticulum. Cellular machines called
ribosomes manufacture proteins that need to be secreted or embedded into the cell’'s membranes.
As these proteins are made, they are pulled into the endoplasmic reticulum so they can be
stabilized, folded correctly and inserted in the membrane. A cellular machine in this
compartment’s membrane that aids this process is the endoplasmic reticulum membrane protein
complex (EMC). The EMC is a large protein complex made up of ten subunits in mammalian cells.
EMC’s intricate structure and large range of clients it stabilizes underscore its importance in
maintaining protein homeostasis. Our studies illuminate the structural and mechanistic basis of
EMC’s multifunctionality and point to its role in differentially regulating the biogenesis of distinct
client protein classes. Beyond the molecular role of EMC, we build a genetic roadmap of the EMC
in mammalian cells and helping decipher its crucial role in maintaining cholesterol homeostasis.
Together, this work lays the framework for understanding both the molecular and physiological

role of the EMC in mammalian cells.
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Chapter 1: Membrane protein folding at the Endoplasmic Reticulum (ER)

Integral membrane proteins make up a quarter of the human proteome and they serve
diverse and critical cellular roles, including signal transduction, lipid biosynthesis, adhesion, and
transport of molecules across the bilayer. In eukaryotic cells, the endoplasmic reticulum (ER)
serves as the primary site of integral membrane protein synthesis, targeting (co- or post-
translationally), insertion, folding, and quality control (Ellgaard et al., 2016; Costa et al., 2018).
However, the features of membrane-spanning regions (e.g. low hydrophobicity, charged residues,
non-optimal lengths, lipid- and ion-binding sites and hairpins or kinked transmembrane helices)
that mediate important functions pose particular challenges for transmembrane protein
biosynthesis and folding. Consequently, membrane protein biogenesis is prone to failure, and this
can lead to cellular stress and disease (Marinko et al., 2019). Although some aspects of these
processes are well understood, recent discoveries of new machineries that contribute to these
events has shed new light on an increasingly complex and adaptable system that drives high-
fidelity membrane protein biogenesis (Phillips et al., 2021).

The machinery necessary for membrane protein synthesis is located in the cytosol so
initial membrane protein synthesis by ribosomes begins in the aqueous environment of the cytosol
where membrane proteins are insoluble and prone to misfolding and aggregation leading to
pathologies. As the hydrophobic signal sequence or the first transmembrane domain (TMD) of a
membrane protein emerges from the cytosolic ribosome, the signal recognition particle (SRP)
captures it and delivers the ribosome nascent chain complex to the Sec61 complex at the ER
membrane. As the emerging nascent polypeptide enters the Sec61 translocon, it samples the
lipid environment, and stretches of high hydrophobicity are thought to partition through the lateral
gate to embed in the membrane (Grudnik et al., 2009; Park et al., 2012). The role of Sec61 in
membrane protein insertion and secretory protein translocation has been dissected by a
combination of genetics, biochemistry and structural approaches and was the only well

characterized machinery for membrane protein handling at the ER for a long time (Phillips et al.,



2021). Here, | will focus on several recently characterized mammalian machineries that ensure
folding, insertion, and stabilization of membrane proteins at the ER.

The ER membrane protein complex (EMC) emerged as a conserved player in membrane
protein biogenesis when it was first identified in Saccharomyces cerevisiae as an abundant and
stable multi-protein membrane complex whose disruption results in stress mirroring that caused
by misfolded membrane proteins (Jonikas et al., 2009). Loss of the EMC in mammalian cells is
associated with failed biogenesis and degradation of a subset of membrane proteins
(Christianson et al., 2012). Accordingly, the EMC has been implicated in several mechanistically
distinct steps of membrane protein biogenesis, stabilization, and quality control (Bircham et al.,
2011; Richard et al., 2013; Satoh et al., 2015; Savidis et al., 2016; Shurtleff et al., 2018; Volkmar
et al., 2019; Tian et al., 2019). One well-established EMC function is as an insertase for terminal
transmembrane helices. EMC’s insertase function has been demonstrated for two classes of
clients: low hydrophobicity tail-anchored proteins (i.e. those that contain C-terminal membrane
anchors) and a subset of polytopic transmembrane proteins in which the first helix is inserted with
the N-terminus in the lumen (Guna et al., 2018; Chitwood et al., 2018).

However, many studies indicate EMC functions beyond initial insertion of N- or C-terminal
helices. The EMC has been implicated in the biogenesis and stability of many membrane protein
classes that do not require a terminal transmembrane insertase (Bircham et al., 2011; Louie et
al., 2012; Richard et al., 2013; Shurtleff et al., 2018; Coelho et al., 2019; Luo et al., 2002; Volkmar
et al., 2019; Talbot et al., 2019; Petkovic et al., 2020). Recent studies have shown that the EMC
is required for stability of internal transmembrane helices of human and viral multi-pass
membrane proteins (Hiramatsu et al., 2019; Lin et al., 2019; Ngo et al., 2019; Coelho et al., 2019;
Xiong et al., 2020). Additionally, the human EMC (hEMC) physically interacts with the NS4A-B
region of the Dengue Virus polyprotein following Sec61-dependent translocation and signal
peptidase cleavage, suggesting roles in post-translational stabilization of polytopic membrane

proteins (Ngo et al., 2019; Lin et al., 2019). Similarly, the S. cerevisiae EMC (yEMC) co-



immunoprecipitated with full-length polytopic transmembrane clients, including Pma1p (Luo et al.,
2002), Mrh1p, and Fks1p (Shurtleff et al., 2018). In addition to varying types of transmembrane
protein clients, the EMC also associates with a range of regulatory factors, including many general
and substrate-specific chaperones in the cytoplasm and in the ER lumen (Bagchi et al., 2016;
Coelho et al., 2019; Kudze et al., 2018; Richard et al., 2013; Shurtleff et al., 2018).

The complex architecture of the EMC provides additional support for multifunctionality in
membrane protein biogenesis beyond the small subset of membrane proteins discussed above.
The EMC is an eight (yeast) or nine (mammalian) component, 248-284 kDa complex with
considerable mass in the ER lumen, membrane, and cytosol. The cytoplasmic domain contains
conserved tetratricopeptide repeats (TPR) repeats in EMC2, and the human complex
accommodates an additional subunit, EMC8/9, whose function is not yet understood. The ER
lumenal domain in yeast does not contain an N-terminal EMC1 expansion seen in hEMC. Notably,
the ER lumenal domain has been linked to a number of disease-associated phenotypes (Junes-
Gill et al., 2011; Probert et al., 2015; Harel et al., 2016; Abu-Safieh et al., 2013; Diamantopoulou
et al.,, 2017; Marquez et al., 2020), and presents the possibility of additional functions for the
human lumenal domain. One EMC subunit (EMC3) shares limited sequence homology with a
family of insertases that are evolutionarily related to the bacterial insertase YidC (Samuelson et
al., 2000; Kumazaki et al., 2014; Borowska et al., 2015; Anghel et al., 2017), perhaps explaining
the insertase function of the complex.

Beyond the characterization of EMC as a membrane protein chaperone, recent structural
characterization of an expanded translocon apparatus comprising Sec61, TMCO1, CCDC47 and
the Nicalin-TMEM147-NOMO complex suggests that an array of accessory molecules around the
Sec61 translocon may help to stabilize or insert TMDs of multipass membrane proteins
(McGilvray et al., 2020). In addition, a novel protein complex called the PAT10 complex,
comprising PAT10 and Asterix, has been demonstrated to engage poorly hydrophobic TMDs to

promote the biogenesis of multiple multipass membrane protein substrates (Chitwood et al.,



2020). The complex binds to unshielded hydrophilic or polar residues before releasing the
substrate once all the TMDs have entered the bilayer and folding can be completed (Phillips et
al, 2021).

The discoveries of these numerous membrane-bound molecular machineries engaged in
stabilization and folding of membrane proteins in recent years underscores that simplified models
of the co-translational biogenesis process have not captured the complex array of accessory
factors required for fidelity in inserting and stabilizing membrane proteins in mammalian cells.
Although we have been identifying important parts of the puzzle that is maintaining membrane
protein homeostasis, we are still only scratching the surface. Key questions remain unanswered:
What is the dependency of different types of membrane proteins on different insertion/stabilization
machineries and factors? How are these different pathways coordinated to maximize efficient
folding? What is the physiological role of these machineries beyond stabilization of a particular
set of membrane proteins? Some of these questions are addressed in the following chapters. Our
studies illuminate the structural and mechanistic basis of EMC’s multifunctionality and point to its

role in differentially regulating the biogenesis of distinct client protein classes.
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ABSTRACT

Membrane protein biogenesis in the endoplasmic reticulum (ER) is complex and failure-
prone. The ER membrane protein complex (EMC), comprising eight conserved subunits, has
emerged as a central player in this process. Yet, we have limited understanding of how EMC
enables insertion and integrity of diverse clients, from tail-anchored to polytopic transmembrane
proteins. Here, yeast and human EMC cryo-EM structures reveal conserved intricate assemblies
and human-specific features associated with pathologies. Structure-based functional studies
distinguish between two separable EMC activities, as an insertase regulating tail-anchored protein
levels and a broader role in polytopic membrane protein biogenesis. These depend on
mechanistically coupled yet spatially distinct regions including two lipid-accessible membrane
cavities which confer client-specific regulation, and a non-insertase EMC function mediated by
the EMC lumenal domain. Our studies illuminate the structural and mechanistic basis of EMC’s
multifunctionality and point to its role in differentially regulating the biogenesis of distinct client
protein classes.
INTRODUCTION

Here, we determined high-resolution cryo-EM structures of yeast EMC bound to a Fab
and two conformations of the human EMC structure. Furthermore, we characterized the
phenotypes of three distinct classes of EMC clients associated with a series of structure-based
EMC mutants. Both yEMC and hEMC structures reveal a path for transmembrane helix insertion
from the cytoplasm into the membrane via a conserved cavity. Our structures and mutants also
revealed a second lipid-filled cavity with regions of importance for all three client types probed.
Analysis of human disease mutations in hEMC1 and our structure-informed mutations enabled
us to decouple the EMC insertase function from non-insertase functions and reveal a potential
role of the EMC in differentially controlling the biogenesis of distinct classes of client proteins.
These structure-function studies collectively establish that the EMC adopts a modular architecture

enabling its diverse functions in membrane protein biogenesis.
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RESULTS
Overview of strategy to comprehensively reveal EMC structure and function

To comprehensively dissect both conserved and species-specific functions of the EMC,
we developed approaches to produce EMC for structure determination and broad mutational
analysis (Figure 2.1). We developed systems to produce robust quantities of pure intact yEMC
and hEMC to determine structures for the two organisms in which different facets of EMC function
have been described in detail (Jonikas et al., 2009; Christianson et al., 2012; Guna et al., 2018;
Shurtleff et al., 2018). Parallel efforts converged on an approach involving FLAG affinity-tagging
of the EMC5 C-terminus, which was performed for endogenous yEMC and recombinant hEMC in
human embryonic kidney (HEK) cells. In parallel, to enable testing of hypotheses based on
structures, we created a suite of human (K562) knockout cell lines deleted for individual hLEMC
subunits - hEMC1 (lumen), hEMC2 (cytoplasm), hEMC3, and hEMCS5 (transmembrane) - and a
series of reporters of EMC-dependent transmembrane protein biogenesis (Figure S2.1).
Reintroduction of the wild-type hEMC subunits in the respective knockout cells fully rescued the
knockout phenotype (Figure S2.2, S2.3). This allowed for introduction of structure-based
mutations in hEMC subunits into the respective knockout cells to determine features supporting
biogenesis of fluorescently tagged versions of three different types of EMC clients: the
transmembrane domain of a C-terminal tail-anchored transmembrane protein (squalene
synthase, SQS378-410) (Guna et al., 2018), a polytopic transmembrane protein that depends on
the EMC N-terminal insertase activity (Beta 1 adrenergic receptor, B1AR) (Chitwood et al., 2018),
and a polytopic transmembrane protein (Sigma intracellular receptor 2, TMEM97) whose
biogenesis requires the Sec61 translocon but does not require a terminal helix insertase (Figure
S2.1). Three individual EMC clients were fused to mCherry fluorescent protein and GFP
separated by a P2A ribosomal skipping sequence. Translation of the described mRNA generates
two products due to peptide bond skipping at the P2A sequence. For each molecule of the client-

mCherry fusion, there is one GFP molecule. Reduction in mCherry levels relative to GFP reflects
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post-translational degradation of the client fused to mCherry. Each of the client reporters were
introduced into five separate cell lines: wild-type K562 cells, hEMC1 knockout K562 cells, hEMC2
knockout K562 cells, hEMC3 knockout K562 cells, and hEMC5 knockout K562 cells. Monitoring
the effect of an hEMC mutation on fluorescent reporter levels provided a quantitative measure of
its impact on EMC-dependent biogenesis of each class of client protein. A number of mutations
of varying severity, varying conservation between yeast and human, were designed and tested
spanning the hEMC structure. Subsequently, these 49 mutations were mapped onto the structure
grouped by reporter phenotype. To allow for direct comparison of our structure-guided mutant
phenotypes with those published recently by others (Pleiner et al., 2020; Bai et al., 2020;
O’Donnell et al., 2020), we summarized all mutant data (see full publication for videos). A subset
of the mutant cell lines was validated by genotyping. Western blots against the endogenous hEMC
subunits allowed us to control for mutational effects on the production and stability of the hEMC
complex itself. We concurrently blotted for three clients, SQS, TMEM97, and BCAP31, to assay
changes in endogenous protein levels for each of the mutations (Figure S2.2, S2.3). This strategy
thus distinguishes effects resulting from a global disruption of the EMC complex from those
caused by specific disruption of EMC function. These functional assays of the hEMC show a
broad dependence of all these clients on the EMC, consistent with previous work (Shurtleff et al.,
2018; Guna et al., 2018; Chitwood et al., 2018; Volkmar et al., 2019; Tian et al., 2019). In order
to understand the mechanism of action, we will now go in more detail through several of the
mutants with the strongest functional phenotypes in differing regions of the three-dimensional
structure.
The EMC is an intricate molecular machine spanning the ER membrane and exhibits a conserved
core architecture

We determined structures of yEMC and hEMC — all showing overall compositional
similarity, with regional conformational differences between the yeast and human complexes (see

publication). We obtained reconstructions of yEMC bound to an antigen binding fragment (Fab)
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and hEMC reconstituted both in detergent micelles and lipid nanodiscs, with the latter strategy
yielding the most isotropic and highest resolution data. For yYEMC+FabDH4 and hEMC, the global
map resolutions reached 3.2 A° and 3.4 A°, respectively. The cryo-EM maps allowed for de novo
model building of both human and yeast complexes (see publication). As described in the
following sections, our multiple EMC structures enable a broad survey of its conserved
architecture, with variations between the structures pointing to conformational and compositional
differences (see publication). We note that our maps and models are consistent with recent cryo-
EM data from yeast EMC (Bai et al., 2020), human EMC (O’Donnell et al., 2020; Pleiner et al.,
2020), and a crystal structure of human EMC2-EMC9 (O’Donnell et al., 2020).

The EMC is comprised of cytoplasmic, transmembrane, and lumenal domains arranged
similarly for yeast and human, despite significant evolutionary separation (Figure 2.2A-D). For
both species, subunits encompassing EMC2 to EMC7 form an interconnected core complex,
while there is additional density capping both the cytoplasmic and lumenal domains of hEMC,
occupied by an hEMC8/9 and an hEMC1 N-terminal expansion, respectively (Figure 2.2C-D).
hEMC8 and hEMC9 are paralogs of each other, which have not been identified in yeast
(Wideman, 2015). We modeled and depict only hEMCS for clarity, but due to the 44% sequence
identity with hEMC9 and both being present in the recombinant system we refer to this as
hEMCS8/9. The large hEMC1 insertion in hEMC constitutes the majority of a membrane distal beta-
propeller domain protruding into the lumen, a feature missing from S. cerevisiae. Compared to
other ER-resident proteins implicated in membrane protein biogenesis (Suloway et al., 2009;
Pfeffer et al., 2017; Ramirez et al., 2019; McDowell et al., 2020; McGilvray et al., 2020), the
arrangement of domains of the EMC is unusual with the transmembrane domain connecting
prominent cytoplasmic and lumenal domains (Figure 2.2E). On a global level, the structure
suggests complexities beyond those of some other ER machineries fulfilling select functions in

transmembrane protein biogenesis.
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The cytoplasmic domain provides a platform for protein-protein interactions

The exterior interface of the cytoplasmic domain is formed by EMC2, EMC3, EMC4, and
parts of hEMCB8/9 (in human), while parts of EMC5, EMC2, and EMC8/9 are shielded from the
cytoplasm (Figure 2.3A-B). The helical fold of EMC2 constitutes the central organizer of this
platform, established by five or six TPR motifs in human versus yeast, respectively (Figure 2.3C).
TPR domains are commonly found mediating protein-protein interactions and are present in
numerous well-characterized chaperone-protein and other interaction networks (Blatch and
La"ssle, 1999; Scheufler et al., 2000; Schlegel et al., 2007; Assimon et al., 2015; Krysztofinska et
al., 2017; Graham et al., 2019). Yeast EMC2 features a more curved helical arrangement with N-
and C-terminal domains in closer proximity to each other than seen in hEMC2. Notably, the
canonical peptide-binding TPR groove is occupied by the partially helical C-terminus of EMC5,
which forms a large interaction surface with EMC2. To test the functional roles of this interaction,
we mutated three residues within the hEMC2 TPR motif (REMC2K'25E * R126D + K127€) o g single
hEMCS residue buried in the TPR-binding groove (hREMC54). The mutations on both sides of
the interface decreased hEMC integrity by western blot, with a modest decrease of hEMC
subunits for hEMC5 and a strong reduction in the levels of several hEMC subunits for
hEMC2K125E + R126D + K127E (Figre 2.3C, S2.2). This suggests that this interface might be critical for
EMC complex assembly rather than EMC function.

The multi-protein cytoplasmic cap has distinct elements between hEMC and yEMC.
Capping the cytoplasmic domain in hEMC is hEMCB8/9; the functional roles of this cap-like
structure are not yet clear. An hEMCB8-9 heterodimer is not observed and our cryo-EM permits
tracing with both the hEMC8 or hEMC9 amino acid sequence (see publication). Mass
spectrometric analysis of our hREMC preparations reveals slightly higher abundance of hEMCS8 to
hEMC9 (see publication), so we modeled the cytoplasmic cap structure with the hEMCS8
sequence. A groove on hEMC8/9 cradles an N-terminal peptide of hEMC4, which proceeds into

the EMC4 segment that traverses over hEMC2 and the three-helix bundle of hEMC3 (Figure
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2.3D). Although yEMC lacks EMC8/9, yEMC4 follows a similar binding trajectory along
cytoplasmic yEMC2 and yEMC3 surfaces. A stretch of 20 hEMC4 amino acids (residues 23—42)
after the hEMCB8/9 binding site is only poorly resolved in our cryo-EM maps and predicted to be
disordered (40% glycine content). This loop contains primarily polar amino acids, and traverses
the top of the hEMC2 TPR domain. To see whether this dynamic hEMC2-hEMC4 interface played
a role in client stabilization, we mutated two charged patches on hEMC2 to alanines
(REMC2E1M6A+ET49A+QIS0A " E\IC2E168A*DTT0A+KITIA) [ Iving in close vicinity to hREMC4%**? (Figure 2.3E—
F). These mutants lead to a modest accumulation of the tail-anchored client (SQS*#'°) but did
not affect polytopic client abundance or decrease of hEMC subunits (Figure 2.3E-F, S2.2).
Several mutants across the cytoplasmic domain showed similar phenotypes, supporting a key
role in tail anchor protein biogenesis (Figure S2.3).
Two distinct cavities are present in the transmembrane domain

The transmembrane core of EMC is predicted to include contributions from each subunit
except for EMC2 and, in humans, hEMC8/9 (Figure 2.2C-D). The EMC presents two distinct and
structurally conserved cavities on opposite sides of the transmembrane core that differ in size,
shape, subunit compositions and apparent function (Figure 2.4A-B). One cavity, which we refer
to as the lipid-filled cavity, appears contiguous with the ER lipid environment (Figure 2.4A). The
second cavity, which we refer to as the gated cavity, appears to open toward the cytoplasm in our
structures and is more occluded by a transmembrane helix gate from the lipid environment (Figure
2.4B). Notable structural hallmarks present in both species include a superimposable core of nine
transmembrane helices, a set of flexible gate helices, and an amphipathic EMC1 brace helix
(Figure 2.4C).
The gated cavity serves as a conduit for terminal helix insertion

Evaluating potential client paths from the cytoplasm into the transmembrane domain
revealed a cavernous opening at the membrane-cytoplasmic interface of the gated cavity, wide

enough to allow passage of a client helix, and tapering toward the lumen (Figure 2.4D). Consistent
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with its potential role as a cytoplasmic conduit into the EMC, the EMC3 portion of the cytoplasmic
domain, which delineates this opening, sits approximately 45 A° from the lumenal side of the
gated cavity. This dimension exceeds the thickness of the ER membrane (Mitra et al., 2004;
Heberle et al., 2020; Cornell et al., 2020; Figure 2.4D). This cavity is lined primarily by EMC3,
EMC4, and EMC6 (Figure 2.5A). Simulating the dimension of the first transmembrane helix of a
known terminal insertase-client (B1AR - Chitwood et al., 2018) suggests that there is sufficient
space for a client helix even in the client-free state of the EMC (Figure 2.5B). The gated cavity is
hydrophilic on the cytoplasmic side and becomes increasingly hydrophobic toward the lumenal
side (Figure 2.5C).

The entrance into the gated cavity interior (Figure 2.5A) is formed primarily by the EMC3
cytoplasmic domain. To test its function, charge swap mutations were introduced along the rim of
this opening (hEMC3Ee3K + D213K + E223K - hF|\JC3RO9E + RE2E + K216E) (Figyre 2.5D). These mutants
resulted in loss of the tail-anchored client (SQS*%#°) and partial loss of the N-terminal insertase-
dependent polytopic client (B1AR), reflecting a failure to support insertase activity. These mutants
had no appreciable effect on the abundance of the polytopic transmembrane client (TMEM97)
reporter (Figure 2.5E, S2.7). A similar phenotype was observed with alanine substitutions for a
pair of lysines at the periphery of this cytoplasmic rim (REMC3K4%A**434) (Figure S2.7).

Having identified a functionally important entry route for terminal helix insertase clients,
we next considered potential surfaces inside the cavity that might accommodate a client helix. A
polar patch close to the membrane interior of this cavity was conspicuous, even though the
specific amino acid residues are not strictly conserved. Mutating a pair of adjacent asparagine
residues to equivalently sized but negatively charged aspartates (hREMC3N'4P*N'17Dy regulted in a

dramatic decrease in SQS378-41°

reporter levels and no significant decrease in the other two client
reporter levels (Figure 2.5F). Western blot analysis for this mutant showed wild-type rescue levels
of hEMC subunits and a decrease in endogenous SQS levels (Figure S2.3). Meanwhile, mutating

a neighboring positively charged residue to an alanine (REMC3R'8%), a residue that is conserved
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in some of the YidC-superfamily insertase proteins (Anghel et al., 2017), resulted in partial loss
of only the tail-anchored insertase client (SQS378-410) (Figure S2.3, S2.6).

Lastly, we surveyed residues closer to the hydrophobic lumenal side of the gated cavity.
Lipid density was resolved at positions along the cavity in hEMC and yEMC cryo-EM maps (Figure
2.4B) and the properties of this hydrophobic seal to the lumen are conserved (Figure S2.6). The
importance of this hydrophobic seal is suggested by the strong effect of a structurally mild

mutation of a conserved methionine to a leucine (REMC3%'*™t)

, which caused significant decrease
in both SQS%*®*'° and B1AR abundance (Figure 2.5G). Mutation of a neighboring aromatic
residue (hEMC3F'*®) contacting both a lipid and a hEMC4 C-terminal transmembrane helix,
caused a decrease in all three client types without altering the levels of hLEMC subunits (Figure
S2.6). Together these results indicate that proper EMC insertase function depends on the exact
composition of the cavity and not simply on its hydrophobic nature.

Structural heterogeneity suggests a role for the gate in regulating access to the insertase
transmembrane cavity

While the core transmembrane helices of the gated cavity are superimposable in all four
of our EMC structures, the adjacent gate helices appear in different relative orientations. The
structural variability likely reflects dynamics of the gate (Figure 2.4C). Comparing detergent and
nanodisc maps for both species identified two major gate conformations (see publication). One of
the conformations, referred to as the closed-gate conformation, results in a more occluded
membrane cavity. The other conformation, referred to as the open-gate conformation, would
provide space for client accommodation.

The C-terminal transmembrane helix of EMC4 and ensuing lumenal segment are well
resolved in all four structures; however, other regions of EMC4, including the segment connecting
the cytoplasmic domain to the transmembrane gate helices, were poorly resolved, perhaps owing
to mobility. The yEMC detergent map, yEMC nanodisc map, and hEMC detergent map all show

the unassigned helices in the closed conformation, preventing client residence in the gated cavity.
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By contrast, the hEMC nanodisc map reveals an open-gate conformation with the unassigned
helices shifted away from the transmembrane core to provide space for a client (Figure 2.5B).
Consistent with our observations, the closed transmembrane gate conformation can also be seen
in recently published cryo-EM maps of hREMC (O’Donnell et al., 2020) and yEMC (Bai et al., 2020),
which studied LMNG and digitonin-solubilized complexes, respectively. We note that the
conformational heterogeneity and concomitant lower resolution of the gate likely accounts for the
challenges in making unambiguous subunit assignments, reflected by the three different
interpretations reported in recent structures (Pleiner et al., 2020; O’'Donnell et al., 2020; Bai et al.,
2020).

Considering the apparent flexibility of the gate, we sought to mutate the hEMC4 interfaces
resolved in the cytoplasm versus the membrane. As described above, mutating residues that
together form a composite-binding surface for the cytoplasmic domain of hEMC4
(REMC2E14BATET49AQIS0A — hE\|CE168A + DI70A + KIT3A - Figure 2.3E—F), we observed a modest
accumulation of the tail-anchored insertase client (SQS*841°). Likewise, mutating residues in the
center of the gated cavity, close to one of the unassigned helices in the closed-gate conformation
(hREMC3V'"8A*1122A) |ed to an increase of SQS**'°, This SQS*"®*' accumulation effect stands in

3F148L) “which

contrast to mutating a residue that contacts the lumenal anchor of hEMC4 (hEMC
caused a reduction of SQS*"®*" levels (Figure S2.6).
The lipid-filled cavity is critical for both insertase-dependent and insertase-independent EMC
functions

In addition to the gated cavity, the EMC harbors another membrane-accessible cavity. The
surface of the lipid-filled cavity includes contributions from EMC1, EMC3, EMC5, and EMC6
(Figure 2.6A). In our structures, the EMC2 N-terminus occludes cytoplasmic accessibility to this

cavity (Figure 2.4D, Figure 2.6A-B). However, this cavity may be accessible from the membrane

or the ER lumen. The respective distance from the cytoplasmic EMC2 N-terminus to the lumenal
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side of the lipid-filled cavity is approximately 35 A° across, which is close to the average ER
membrane thickness (Mitra et al., 2004).

The lipid-filled cavity features a uniformly hydrophobic surface (Figure 2.6C) and
superimposes across our ensemble of EMC structures. As noted, we resolved several lipids in
our cryo-EM maps lining the cavity wall and modeled four POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3 phosphatidylcholine) molecules in the hEMC nanodisc map (Figure 2.6C). The residues near
these lipids are moderately conserved (Figure S2.8). To characterize the functional role of the
lipid-filled cavity, we mutated cavity-lining and lipid-proximal residues (Figure 2.6D, S2.8). Most
of these mutations resulted in an increased abundance of the tail-anchored reporter (SQS3'841)
and wild-type rescue levels for the other two reporters (B1AR, TMEM97). However, one lipid-
proximal mutant showed decreased levels of all three client reporter types with varying severity
(hREMC3R'3F) without altering overall EMC levels (Figure 2.6E). Western blotting for the
endogenous SQS and TMEM97 revealed a decrease in endogenous SQS and TMEM97 levels
for this mutant (Figure S2.3). An analogous mutation in Drosophila EMC3 was recently reported
to cause reduced levels of Rh1 in this mutant background (Xiong et al., 2020). The amphipathic
EMC1 brace helix, which packs against the transmembrane helices of EMCS5, is a structural
hallmark of the lipid-filled cavity (Figure 2.6D). Here, mutating interfacial residues from hEMC5
(hREMC5M19L+523A+Q26L) ca15ed a marked decrease in the N-lumenal polytopic reporter (B1AR) and

S378-410)

no effect on either the tail-anchored client (SQ or the polytopic client reporter (TMEM97)

(Figure 2.6F). Unexpectedly, mutating interfacial residues from hEMC1 (hEMC1"473Y+R487K)

showed a diametrically opposed phenotype in which B1AR was unaffected, increased SQS%¢41°

levels, and TMEMO97 levels markedly decreased (Figure 2.6G). Another mutation in this brace

(hEMC 1M483A+Ra87TH+Q49TN) ragylted in a decrease in TMEM97 and no significant effect on the other

5D44K

two client reporters. An adjacent hEMC mutations in the interfacial brace had yet different

resulting client flow cytometry profiles, with an increase in SQS*"®*'° and no effect on
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either of the polytopic client reporters (Figure S2.9). The pleiotropic client phenotypes across the
panel of interfacial brace mutants suggest that this feature is critical for multiple EMC functions.
The EMC lumenal domain is crucial for the biogenesis of multi-pass transmembrane proteins

Composed primarily of EMC1, EMC7, and EMC10, the extensive EMC lumenal domain
(Figure 2.7A) is important for polytopic client biogenesis and interactions with lumenal chaperones
(Luo et al., 2002; Shurtleff et al., 2018; Hiramatsu et al., 2019; Coelho et al., 2019). EMC7 and
EMC10 are scaffolded on two beta-propellers of EMC1, one distal and the other proximal to the
membrane. The lumenal cap differs between hEMC and yEMC, with a four-bladed distal beta-
propeller in yeast and eight-bladed distal propeller the human complex (Figure 2.7B). All three
lumenal EMC subunits have structural folds known to participate in protein-protein interactions
(Reinisch and De Camilli, 2016). Mutations in this lumenal domain have been linked to loss of the
EMC complex (Bircham et al., 2011), a trafficking delay for membrane protein Pma1 (Luo et al.,
2002), and male infertility (Zhou et al., 2018).

Several regions of the lumenal domain form stabilizing interactions with the membrane
cavities. The gate helices of the gated cavity are anchored via the embedding of EMC4’s C-
terminus within the membrane-proximal EMC1 propeller. The lipid-filled cavity is connected to the
ER lumenal domain via the amphipathic EMC1 brace helix, which is tethered to the membrane-
proximal EMC1 beta-propeller. The connections between the lumenal domain and the
transmembrane cavities could allow for conformational coupling during client handling. Indeed,
superimposing the two conformations presented above, the open- and closed-gate states,
revealed not only differences in the transmembrane domain but also a rotation of the lumenal
domain relative to the membrane cavities (see publication). The lumenal positioning is consistent
for all three of our closed-gate conformation reconstructions (hEMC detergent, yEMC nanodisc,
yEMC detergent). By contrast, the one map with an open gated cavity displayed a luminal rotation
and concomitant shifts in position of the hEMC1 brace helix (Figure S2.10). Indeed, our set of

interfacial hHEMC1 brace mutants described above (Figure 2.6F-G, S2.10), showed differing client
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phenotypes when mutated from either the hEMC1 or the hEMC5 side. This suggests a complex
conformational interplay between lumenal and transmembrane domains during the engagement
of diverse client types.

We investigated several known disease mutations in both conserved and human-specific
regions of hEMC1 (Figure 2.7C-D, S2.10; Harel et al., 2016; Abu-Safieh et al., 2013; Amberger
et al., 2019). One of these disease-associated residues sits near the anchor point for the lumenal
hEMC4 transmembrane gate helix (hnEMC1R®'%) while the majority are found farther from the
membrane (hREMC1%%8R hEMC14'*4T hEMC1®M) (Figure 2.7C-D, S2.10). Incorporating each of
these disease mutations into our EMC functional assay resulted in lower levels of the N-
cytoplasmic polytopic client (TMEM97) and an increase in the level of the tail-anchored client
(SQS*#41%) discussed in more detail below.

Two different hLEMC1 mutants associated with cerebellar atrophy, visual impairment, and
psycho-motor retardation (REMC1™M hEMC18¢%R) map to the hinge region between the hREMC1
beta propellers where hEMC7 binds (Figure 2.7D). Both the mutants at this protein-protein
interface resulted in depletion of the N-cytoplasmic polytopic client (TMEM97). EMC7 and EMC10
form beta-sandwich domains on either side of the membrane-proximal beta-propeller of EMC1
and contact each other across the EMC1 surface. Consistent with our structures, coupling of
these subunits is supported by the prior finding that in the absence of EMC7, EMC10 is also lost
from the complex while the other EMC components appear unaffected (Shurtleff et al., 2018).
EMC7 and EMC10 have been proposed to be auxiliary components with weaker phenotypes
compared to core EMC subunits (Jonikas et al., 2009; Shurtleff et al., 2018; Dickinson et al.,
2016). Upon deleting yEMC7, multi-pass transmembrane clients are retained in the ER but tail-
anchored clients, including SQS-homolog Erg9, decrease in abundance (Shurtleff et al., 2018).

Several features of our data suggest dynamic association of hEMC?7. Density for the
hEMCY7 beta-sandwich at the hinge between the two hEMC1 beta propellers was relatively weak

in the consensus hEMC nanodisc map (see publication). Additional rounds of 3D classification
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revealed two distinct classes, one with clear density for REMC7, and one with weak density in this
region. Mass spectrometric analysis of purified hEMC, however, revealed that the abundance of
hEMCY7 was similar to that of the other hEMC components. Both reconstructions, with and without
density for the hEMC7 lumenal domain, displayed well-resolved density for hEMC10. Together,
we conclude that hEMC?7 is associated with hEMC1 in two different conformational states of
hEMC7 with potentially distinct functions.

The OMIM database (Amberger et al., 2019) lists a mutation of unknown significance
linked to retinitis pigmentosa (hREMC12'*47) residing in the EMC1 distal propeller (Figure S2.11).
Additionally, we also generated mutations in two surface exposed patches of the membrane-distal
EMC1 beta-propeller projecting into the lumen (REMC1°3'% hEMC1?%® hEMC1¢7'S, hEMC1H93P
+ E138D + N282K Figure 2.7E, S2.10). Overall, these mutations displayed the same client effect: a
decrease in the N-cytoplasmic polytopic client reporter (TMEM97), no change in the N-lumenal
polytopic client reporter (B1AR), and accumulation of the tail-anchored client reporter (SQS®'®
#19) Upon identifying antibodies against yEMC, we observed that the top two antibodies bind to a
similar extended loop in the distal yEMC1 beta-propeller, perhaps suggesting that this site is
accessible for co-factor binding in the ER. Intriguingly, this region of the lumenal domain
corresponds to the region where hEMC1 has an expanded distal beta-propeller. Taken together,
the data provide evidence that the lumenal domain is functionally coupled to the broader EMC
role in transmembrane client stabilization. Moreover, these data support that the EMC is acting
as a holdase chaperone to shield polytopic clients from degradation while they are folding to their
functional form.

DISCUSSION

Our collection of yeast and human EMC structures revealed the intricate and dynamic
architecture of this multifunctional transmembrane molecular machine. The structures served as
the starting point for our systematic dissection of EMC’s multifaceted functions by exploring the

impact of structure-based mutations on the ability of the EMC to support the biogenesis of
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representative members of three classes of membrane proteins: SQS, a tail-anchored protein,
which exploits EMC’s C-terminal insertase activity; B1AR, which relies on EMC’s N-terminal
insertase activity; and TMEM97, a polytopic membrane protein, which depends on the EMC for
its biogenesis but does not rely on either of EMC’s terminal insertase activities. Our data revealed
that a conserved dual membrane cavity architecture supports the biogenesis of this diverse panel
of transmembrane clients.

Overall, our studies present a nuanced picture of EMC’s multifunctionality, revealing
structural regions that differentially impact production of the three distinct client types.
Unexpectedly, we also find that alterations to either the cytoplasmic or lumenal domain of EMC
lead to enhanced abundance of the TA substrate. Moreover, our work provides a foundational
framework for understanding how discrete yet allosterically coupled regions of the complex enable
the multiple functions of the EMC to support membrane protein biogenesis. Taken together, these
studies suggest a model in which the EMC differentially regulates the biogenesis of distinct
membrane proteins, thereby contributing to cellular coordination of membrane protein abundance
in accordance with physiological needs. We propose a model of the EMC functioning both as a
terminal insertase as well as a holdase chaperone that is potentially modulated by post-
translational modifications, lipid interactions, and protein-protein interactions (Figure 2.8). Here,
we summarize our findings into a proposed model of EMC function for these three clients.
Terminal insertase clients require an embedded insertase module within the EMC

EMC3’s fold at the interface between the cytoplasm and membrane forms the core of the
gated cavity and is reminiscent of proteins from the YidC family of insertases (Borowska et al.,
2015; Dalbey and Kuhn, 2015; Anghel et al., 2017). Indeed, mutations in either the cytoplasmic
or transmembrane domains of EMC3 establish that these features are critical for terminal helix
insertase activity. In light of our observation of multiple gate conformations, we speculate that

these conformations modulate insertion and release into the ER membrane.
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Notably, mutating the surface of the cytoplasmic cap, which extends beyond the EMC3
cytoplasmic helices toward EMC8/9, resulted in an unexpected increase in C-tail anchor client
(SQS*"#41%) abundance. Of the three clients analyzed, SQS was the only one to show enhanced
levels. It is unclear if this enhancement is SQS-specific or representative more broadly of all post-
translationally targeted EMC tail-anchored clients. Future studies will be required to address if this
is due to regulated insertion of SQS by the EMC, parallel pathways for inserting SQS into the
membrane (i.e. mediated by TRC40/GET), and/or slower cytoplasmic clearance of chaperone-
bound SQS.

Post-translational insertase clients have previously been shown to be targeted to the ER
by cytoplasmic chaperones (Guna et al., 2018). Structural analysis and coupled mutagenesis,
from our and recent studies (O’Donnell et al., 2020; Pleiner et al., 2020; Bai et al., 2020), suggest
that clients then engage the cytoplasmic domain of the EMC, the transmembrane gate opens, the
terminal helix is inserted into the EMC-gated cavity, and then another conformational change
would allow for release into the lipid bilayer (Figure 2.8A-B). Further studies are needed to
establish the precise C-terminal client range, as most tail anchor clients have been shown to be
inserted by the GET (in yeast) or WRB (in human) complexes (Denic et al., 2013; Mateja and
Keenan, 2018).

Both EMC cavities have resolved lipids and are critical for client biogenesis

Both the N-terminal (B1AR) and C-terminal insertase (SQS) clients depend on the EMC-
gated cavity. Indeed, both the SQS tail-anchored helix and the first transmembrane helix of B1AR
are moderately hydrophobic, with polar residues near the cytoplasmic end of the transmembrane
helix, and both showed a strong dependence on the gated cavity. Nevertheless, our panel of
mutants revealed some notable differences in the handling of these two client types. B1AR
showed more dependence than SQS on the lipid-filled cavity in contrast to mutants elsewhere in
the complex. Consistent with this, a number of mutations, primarily in the gated cavity, show

residues of importance to both SQS and B1AR. However, there are also a number of mutations
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that appear to only affect SQS. One possible reason could be due to differences in the mechanism
of initial engagement: SQS is targeted to the ER by cytoplasmic chaperones, while B1AR is
targeted by SRP. Another key difference is that B1AR is polytopic and needs to overcome the
additional challenge of tertiary transmembrane packing to reach its folded state. This work
provides support for a model where the EMC inserts both types of terminal transmembrane
helices into the gated cavity with differences in initial targeting and perhaps release into the lipid
environment (Figure 2.8C-D). Future work will address the interplay between B1AR synthesis
and its co-translational engagement with the translocon to ascertain whether there is a direct
handoff between the translocon and the EMC or the EMC acts post-translationally to insert the N-
terminal helix of B1AR.
The EMC lumenal domain orchestrates holdase chaperone function important for polytopic clients

Unlike the two terminal insertase clients we investigated, TMEM97 biogenesis was
negatively impacted by mutation of the lumenal EMC1. The depletion of TMEM97 observed in
these mutant backgrounds is consistent with the lumenal domain contributing to a holdase
chaperone function, passively shielding its client while it is being synthesized and/or folded
(Zhang et al., 2017). Interestingly, the diametrically opposed phenotype of mutants in the EMC
lumenal domain on SQS raises the possibility that occupancy by one type of client can support
an EMC conformation that is unfavorable for receiving the other. Alternative conformations could
establish competition between client types for EMC occupancy. One explanation for this
observation is that there is a conformational change between the insertase-active versus the
holdase-active states. Interestingly, we identified at least two EMC conformations in our collection
of structures, and EMC may adopt different conformations in various client and cofactor-engaged
states.

In yeast, the polytopic clients co-purifying with the EMC are also glycosylated. One
possible model is that the putative carbohydrate-binding domains in EMC7 or EMC10 directly

contribute to engagement with client proteins. We speculate post-translational modifications on
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clients and the EMC could modulate function including client binding, chaperone binding, or
regulating signaling in response to cellular cues.

Multi-pass transmembrane proteins require membrane factors to assist after insertion into
the membrane to pack transmembrane helices in the correct order and topology. We propose that
the EMC may act as a chaperone holdase to facilitate one of the following: helix and lipid packing,
shielding from degradation while synthesis is in progress, or assisting in the assembly of multi-
protein transmembrane complex formation. This is consistent with observations that in the
absence of the EMC numerous integral membrane proteins are degraded (Shurtleff et al., 2018;
Volkmar et al., 2019; Tian et al., 2019). Direct interactions with multi-pass transmembrane
proteins have been shown previously (Shurtleff et al., 2018; Coelho et al., 2019). Furthermore,
EMC dependence of internal transmembrane domain segments has also been established (Ngo
et al., 2019; Hiramatsu et al., 2019). In the absence of yEMC7, a primarily lumenal subunit, a
polytopic membrane protein was retained for longer in the ER, suggesting the possibility that
yEMC7 may be involved in client release from the EMC. We propose a model where the EMC
engages polytopic clients either during or directly after translation and remains bound until the
client is released either to the membrane environment directly or handed off to client-specific and
general ER chaperones (Figure 2.8E-F). It remains to be seen whether these polytopic clients
directly engage with the lipid-filled cavity or the gated cavity or the lumen domain, what the
determinants for engaging with a client or release into the membrane are, and how the EMC fits
into the broader ER lumenal chaperone network
Potential role of the EMC as a master requlator of membrane protein biogenesis as the basis for
its pleiotropic phenotypes

Why does the cell use a multifunctional EMC molecular machinery rather than specialized
machinery for each of the functions encompassed by the EMC? Considering that the cell already
has general machinery (Sec61 translocon) and tail-anchor insertase machinery (GET/TRC

complex), we speculate that the EMC coordinates biogenesis of diverse membrane proteins.
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Several observations suggest broader roles of the EMC as an integrator of information sensing
the protein and lipid environment and coordinating its multiple activities, including the regulating
the biogenesis of membrane proteins. For example, the initial identification of the EMC included
numerous genetic interactions with both protein and lipid synthesis factors in yeast (Jonikas et
al., 2009) and these disparate interdependencies have been subsequently observed in numerous
species including human EMC (Lahiri et al., 2014; Tang et al., 2017; Guna et al., 2018; Volkmar
et al., 2019; Volkmar and Christianson, 2020). Also, several client proteins are enzymes or
cofactors involved in multiple stages of lipid synthesis or trafficking, and this may provide a
unifying explanation for the range of genetic interactions and co-essentiality observations reported
to date (Guna et al., 2018; Shurtleff et al., 2018; Volkmar et al., 2019; Tian et al., 2019; Wainberg
et al., 2019; Corradi et al., 2019; Volkmar and Christianson, 2020). Perhaps by facilitating the
insertion of sterol synthesis protein SQS, the EMC allows for modulation of local membrane
thickness and lipid composition to accommodate differences within the broad range of membrane
proteins being synthesized. In this regard, one structural feature of particular interest is the EMC1
amphipathic brace, which resides adjacent to the lipid-filled cavity. This conserved feature sits
within the interfacial membrane boundary, raising the possibility that it can modulate the lipid or
protein composition of this cavity. Notably, several other membrane proteins involved in ER
homeostasis, including Opi1 and Ire1, also contain amphipathic helices that have been proposed
to sense the properties of the lipid bilayer (Volmer et al., 2013; Jacquemyn et al., 2017; Halbleib
etal., 2017; Hofbauer et al., 2018; Cho et al., 2019). Future work will explore how the EMC overall,
and the EMC1 brace helix in particular, govern client release into the membrane, interface with
the local structure of the lipid bilayer, and play roles in specific client-lipid interactions.

In addition to the three client classes, we investigate here, it is clear that EMC has a
broader range of clients including multi-protein assemblies (Richard et al., 2013; Talbot et al.,
2019), lipid-modulating proteins (Volkmar et al., 2019), lipid-binding proteins (Salas-Estrada et

al., 2018; Sejdiu and Tieleman, 2020), and those with helices that do not span the bilayer (Lin et
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al., 2019; Ngo et al., 2019). The compartmentalization and interdependence that we observe for
effects of mutations on client handling provide a foundation for understanding this
multifunctionality. We propose that the complexity of the EMC machine, combining insertase and
holdase chaperone functions within one molecular machine, has arisen to mitigate the error prone
biogenesis of a diverse range of membrane spanning proteins in the dynamic environment of the
ER.
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MATERIALS AND METHODS
Cell line maintenance

K562 dCas9 KRAB cells were grown in RPMI 1640 (GIBCO) with 25 mM HEPES, 2 mM
[-glutamine, 2 g/L NaHCO3 and supplemented with 10% (v/v) fetal bovine serum (FBS), 100
units/mL penicillin, 100 mg/mL streptomycin, 2 mM I-glutamine. HEK293T cells were grown in
Dulbecco’s modified eagle medium (DMEM, GIBCO) with 25 mM d-glucose, 3.7 g/L NaHCQO3, 4
mM I-glutamine and supplemented with 10% (v/v) FBS, 100 units/mL penicillin, 100 mg/mL
streptomycin. All cell lines were grown at 37°C. All cell lines were periodically tested for
Mycoplasma contamination using the MycoAlert Plus Mycoplasma detection kit (Lonza).
DNA transfections and virus production

Lentivirus was generated by transfecting HEK39T cells with standard fourth-generation
packaging vectors using TransIT-LT1 Transfection Reagent (Mirus Bio). Media was changed 10
hr post-transfection. Viral supernatant was harvested 60 hr after transfection, filtered through 0.45
mm PVDF filters and frozen prior to transduction.
Knockout hEMC cell lines

A single and dual knockout guide system was developed in the pX458 backbone
(Addgene plasmid #48138) with guides targeting hEMC1, hEMC2, hEMC3, or hEMCS5. Targeting
guides were selected using the Broad’s guide selection tool
(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). For the single hEMC5
knockout system, an hEMCS targeting guide was cloned into pX458 by digesting with Bbsl and
ligating to annealed oligos for the hEMC5 sgRNA. For the dual knockout system, a four-step

cloning process generated the final knockout plasmid: (1) Each of the two guides targeting the
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same locus were individually cloned into pX458. (2) Then pX458 sgRNA1 was digested with
Xbal. (3) SgRNA2 cassette from pX458 sgRNA2 was PCR amplified with oligos containing
overhangs spanning the Xbal cloning site and purified. (4) Finally, the final dual guide vector was
generated by Gibson cloning (NEBuilder). To generate the hEMC knockout cell lines, K562 dCas9
KRAB cells were nucleofected with the respective hEMC knockout plasmids using Lonza SF Cell
Line 96-well Nucleofector Kit (V4SC-2096). Two days post-nucleofection, GFP-positive cells were
single cell sorted into 96-well plates using BD FACS Ariall. After colonies from single cells grew
out, genomic DNA was isolated using QuickExtract (Lucigen), the sgRNA-targeted sites were
PCR amplified and then NGS-sequenced via Genewiz's EZ-Amplicon service. Sequencing data
was analyzed and aligned to the respective reference alleles in the human genome. Clones
whose alleles harbored only indel mutations for hEMC1, hEMC2, hEMC3, and hEMC5 (full
knockouts) respectively were further validated on the protein level.
Dual fluorescent EMC client reporter cell lines

Dual client reporters for TMEM97, ADRB1 (protein name: B1AR), and FDFT1 (protein
name: SQS) were introduced lentivirally into each of the EMC1, EMC2, EMC3, and EMC5
knockout cell lines. TMEM97 and ADRB1 full-length sequences were used with a C-terminal tag
-mCherry-P2A-GFP. The sequence for FDFT1 transmembrane domain (SQS®*'®4'%) was tagged
N-terminally with GFP-P2A-mCherry- and an opsin tag on the C-terminus as used in a prior study
(Guna et al., 2018). Three days post-transduction, GFP/mCherry-positive cells were sorted on
BDAriall.
Mutant EMC cell lines

The EMC mutant genes were synthesized and cloned by Twist into pKDP119-SFFV-
[insert site]-IRES-Puro-P2A-BFP. Mutant hEMC cell lines were generated by lentiviral introduction
of the respective hEMC mutant subunit into the respective knockout cell lines (nEMC1, hEMC2,
hEMC3, or hEMCS5) containing the dual fluorescent reporters for each EMC client

(pKDP110_ADRB1_mCherry P2A_GFP,  pKDP111_TMEM97_mCherry P2A_GFP,  or
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GFP_P2A_m-Cherry_FDFT1_TMD_opsintag). The expression of each fluorescent reporter was
read out 6 days after puromycin selection in each of the hEMC mutant cell lines.
Flow analysis

For each hEMC mutant cell line, 20,000 live cells were recorded on Attune NxT flow
cytometer. FlowCal flow analysis package was used for analysis in Python. First, live cells were
gated based on FSC/SSC. Then GFP (BL1-A) and mChery (YL2-A) were plotted for each mutant
and control cell line. mCherry:GFP intensity ratios were calculated for individual cells in each cell
line. Fluorescence ratios for each substrate in an hEMC mutant cell line were normalized to the
mCherry:GFP ratio of the same substrate in the hEMC wild-type rescue cell line. Distributions of
fluorescence ratios were plotted as histograms in Python using seaborn.
Fluorescent reporter statistical analysis

We performed bootstrap estimates of the mean of normalized mCherry/GFP ratio from the
FACS data. For bootstrapping, we performed 1000 iterations with 50 cells/iteration to fit normal
distributions. We performed two separate one-sided T-tests at a p-value cutoff of 0.01 between
each mutant and the respective subunit WT to test for significant decreases or increases in ratios
based on bootstrapped estimates of the mean.
Western blotting

Cell pellets were lysed using lysis buffer (20 mM Tris pH 7.5, 150 mM NacCl, 5 MgCI2, 1%
Triton x-100, 1 mM DTT, 24 U/ml) Turbo DNase (Ambion). Clarified lysate was quantified and
samples were boiled with 4x LDS sample (Thermo Fisher, NP0007) buffer for 5 min at 95°C.
Samples were separated on 4-12% or 12% Bolt Bis-Tris Plus Gels (Invitrogen, NP0322PK2).
Proteins were transferred onto nitrocellulose membranes using Bio-Rad Trans-Blot Turbo transfer
system. Membranes were blocked in Odyssey Blocking Buffer (LI-COR, 927-50000) for an hour
at room temperature. Blocked membranes were incubated with primary antibody diluted in TBST
and incubated overnight at 4°C on a shaker. Primary antibodies were detected by incubating

membranes with 1:10,000 dilution of IRDye-conjugated (LI-COR) secondary anti-mouse and anti-
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rabbit antibodies for 1 hr at room temperature. Blots were visualized using LI-COR imaging

system.
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Figure 2.1. Experimental strategy for the dissection of EMC function. Schematic representation
of the combined structural and mutational approach to dissect EMC function. (A) yEMC was
purified either by overexpression of all subunits together and affinity pulldown with 3xFlag-tagged
yEMCS5 or by pulldown of endogenous yEMC proteins using an affinity pulldown with 3xFlag-
tagged yEMCS. For hEMC, all subunits were overexpressed together with Flag-tagged EMC5 via
a single recombinant BacMam virus. Both yEMC and hEMC were purified by column
chromatography and subjected to cryo-EM analysis. (B) The obtained collection of cryo-EM
structures of yYEMC and hEMC in lipid nanodiscs or detergent micelles were compared to identify
similarities and differences. (C) Structure-guided mutagenesis was performed across four core
hEMC subunits: hEMC1, hEMC2, hEMC3, and hEMC5 in mammalian K562 cells. (D) Each hEMC
subunit knockout (KO) cell line was individually transduced with three different fluorescent client
reporters: SQS378-410, full-length B1AR, and full-length TMEM97. Mutant hEMC subunits were
then introduced into the corresponding subunit KO cell lines carrying each of the three fluorescent
hEMC client reporters. hEMC client stability in each mutant hEMC subunit cell line was assessed
by quantifying the mCherry-to-GFP ratio. Western blotting was performed for each mutant-
transduced cell line to assess EMC integrity (by immunoblotting for hREMC subunits) as well as
client stability (by immunoblotting for hREMC clients) compared against both wild-type (WT) and
KO cell lines.
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Figure 2.2. Overall structures of yeast and human EMC. (A) Cryo-EM structure of yEMC in
nanodiscs. Three orthogonal views of the yEMC cryo-EM structure shown as surface rendering.
Gray bars delineate the approximate ER membrane boundaries with the cytoplasmic (C) and



lumenal (L) sides indicated. The FAb molecule bound to the yEMC1 lumenal domain is colored in
gray. (B) Cryo-EM structure of hEMC in nanodiscs. Labeling as in (A). (C) Subunit composition
and color scheme of yEMC used throughout the manuscript. Dotted line indicates a portion of
yEMC4 unresolved in the cryo- EM map and left unmodeled. (D) Subunit composition and color
scheme of hEMC used throughout the manuscript. (E) Schematic depiction and comparison of
the EMC architecture to known transmembrane protein biogenesis factors in the ER and the
bacterial plasma membrane. Cytoplasmic, transmembrane and lumenal domains are depicted as
cartoons colored red, gray and blue, respectively. E, eukaryotic; P, prokaryotic.
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Figure 2.3. The EMC cytoplasmic domain contains conserved functional interfaces and may
engage C-tail-anchored clients directly. (A) Position of the hEMC cytoplasmic domain relative to
the membrane and the rest of the complex. Shown is the surface rendered hEMC structure
reconstituted in nanodiscs. (B) EMC2 nucleates a protein-protein interaction hub in the cytoplasm.
Zoomed-in view of the cytoplasmic domain from (A). EMC2 is shown as surface rendering while
interacting EMC subunits are shown as cartoon cylinders. (C) EMC2 forms a TPR domain which
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binds EMCS5. Overlaid are hEMC2 (red) and yEMC2 (dark red), illustrating the more tightly wound
yEMC2 TPR solenoid. Two mutants, one in EMC5 and three in EMC2, are colored in blue, and
show destabilizing phenotypes for EMC integrity. (D) A cytoplasmic cap structure involving EMC4
is conserved in yEMC and hEMC. Shown is a side-by-side comparison between the cytoplasmic
domains of hEMC (left) and yEMC (right), highlighting the similar path EMC4 takes from the
cytoplasmic domain toward the transmembrane domain. While an interaction surface between
EMCB8/9 and the EMC4 N-terminus is absent in yeast, yYEMC4 binds at the top of the EMC2 TPR
domain and assumes as similar position across the EMC3 cytoplasmic domain at the cytoplasm-
membrane interface. (E) Fluorescent client reporter stability assay for TMEM97 (N-cytoplasmic
polytopic client), B1AR (N-lumenal polytopic client) and SQS*"®#'° (C- lumenal tail-anchored
client) in EMC2 KO cells expressing mutant hEMC2F68A*DTT0AKITIA (shaded) or WT hEMC2
rescue (unshaded). Shown is the model of hEMC in nanodiscs superposed with the unsharpened
cryo-EM map, where the weaker density for EMC4 (23—42) becomes apparent. Mutated residues
are colored blue and marked with asterisks for clarity. (F) Fluorescent client reporter stability
assay, as in E, for the hREMC2F46A*ET49A*QTS0A mytgnt.

39



©hEMC (nanodiscs) yEMC (nanodiscs)

@) | tipic-illed cavity

©

) ' |hEMC3|
hEMC3 hEMC4

hEMC5
hEMC6

o o[\ T 12 Misid po
[oated | (8] P8 | filea | | 3
L 3]
-“ »
L >

4

Figure 2.4. The EMC houses two transmembrane cavities with conserved core structures and
distinct accessibilities. (A) Location and composition of the lipid-filled cavity. A zoom-in view on
the cavity is shown below, which is composed of EMC1, EMC3, EMC5, and EMCG6. Resolved lipid
densities from the cryo-EM map of hEMC in POPC nanodiscs are shown as black mesh zoned
within 3 A° of modeled POPC molecules. (B) Location and composition of the gated cavity. Two
orthogonal zoom-in views of the cavity are shown below, which is composed of EMC3 and EMC&6.
A transmembrane gate opposite the cavity wall is depicted as transparent cartoon cylinders and
has contributions from the C-terminal EMC4 transmembrane helix along with up to two additional,
unassigned helices. Resolved lipid densities are shown as in (A). (C) The dual-cavity architecture
of the EMC transmembrane domain is conserved between yEMC and hEMC. Unsharpened cryo-
EM maps of hEMC and yEMC in nanodiscs (top) are shown along with corresponding schematic
representations of the spatial organization of all transmembrane helices (bottom). The gate
helices of the gated cavity represent the region of highest conformational heterogeneity across
our collection of EMC structures. (D) The two EMC transmembrane cavities feature distinct
accessibilities. Shown is a central slice through the surface rendered hEMC nanodisc structure
with the two membrane cavities on opposite sides. Measuring from the lumenal to the cytoplasmic
side, gated and lipid-filled cavities measure 45 A° and 35 A° across, respectively. This suggests
that the gated cavity has accessibility from the cytoplasm while the lipid-filled cavity does not.

40



©

@ |Positions along gated cavityl

 nEwC | z
°2 T )
= ] ™=
hEMC3 < ) -
hEMC4 e ] o - )
3 4 o 3
hEMC6 £ ?‘\ 9 A o
= s n iy 5 .
< buried polar patch (\) o<
) hydrophobic seal
8 .}
© | IR b [
L

Negative Positive | P! gi tated |
@ ® buried polar patch <G) hydrophobic seal
hEMC3Es3K+D213K+E223K| hEMc3N1|4D+Nu7D o SQs7E419) hEmc3M|51L » SQS®7E410)

+ hEMCQEﬁsxmmon:zsx‘
+hEMC3 WT

+ hEMC3Ni1epsii70

+hEMC3 WT < g +hEMC3 WT

Relative Frequency

WL ool " A/L
S R E—— e e —
R C— e e s N ——
TMEMG? B1AR TMEMS? B1AR TMEMS? B1AR
. L+ hEMCgEswriscseask { o [F hEMGa=sswvoziarsezn \ & hEMCa oI ‘ + hEMC3 i . +hEWCaC| % + hEMCSIE
+hEMC3 WT ;. +hEMC3WT +hEMC3 WT +hEMC3 WT g +hEMC3 WT % +hEMC3 WT
2 &

Relative Frequancy

Relative Frequency

00
05 00 05 0 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

Figure 2.5. EMC houses an insertase module centered on EMC3 in the gated membrane cavity.
(A) A transmembrane gate anchored in the cytosol and the lumen is a structural hallmark of the
EMC gated cavity. Shown is a surface rendering of the hEMC model in lipid nanodiscs with an
unresolved EMC4 connection between the cytoplasm and the membrane depicted as a dashed
line. An unassigned helix of the gate is shown in gray (H1). (B) The gated cavity in the hEMC
nanodisc structure has sufficient space to accommodate a client transmembrane helix. The
space-filling model of the first transmembrane helix of B1AR (B1AR TMH1) is shown placed inside
an outline of the EMC gated cavity. (C) A hydrophobic gradient characterizes the surface of the
EMC gated cavity from the cytoplasmic to the lumenal side. Gate helices have been omitted for
clarity. The surface of the hEMC nanodisc structure is colored by electrostatic surface potential
ranging from -15 (red) to +15 (blue) kcal/(mol e). (D) Distinct EMC3 regions along the gated cavity
hydrophobic gradient targeted for mutagenesis. Mutated residues are colored in lime. (E)
Fluorescent client reporter stability assay for the EMC3 cavity entrance mutant,
hEMC3Fe3K+D213K+E223K " (F) Ag in (E) for the EMC3 buried polar patch mutant, hREMC3N'4P*N117D,
(G) As in (E) for the EMC3 hydrophobic seal mutant, AEMC3"'°™,
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Figure 2.6. A lipid-filled cavity in the EMC transmembrane domain stabilizes disparate client
proteins. (A) An EMC1 amphipathic brace helix delineates the boundary of the lipid-filled
transmembrane cavity and packs against EMC5. Shown is a surface rendering of the hEMC
model in nanodiscs. EMC4, EMC5, EMC6, and EMC1 subunits all contribute to the cavity lining.
(B) The lipid-filled cavity in the hEMC nanodisc is occupied by several lipid molecules. Cartoon
outlines of the gated cavity illustrate that the cavity could in principle allow for occupancy of a
client helix (B1AR TMH1), possibly by lipid displacement or movement of the EMC1 brace helix.
(C) The lipid-filled cavity has a uniform hydrophobic lining. Shown is an electrostatic surface
rendering of the hEMC nanodisc structure colored as in Figure 5C. The cytoplasm-membrane
interface contains positively charged residues and the lumenal interface contains negatively
charged residues. Modeled phospholipid molecules are displayed in black. (D) Lipid-proximal and
brace interface residues targeted for mutagenesis. Selected regions targeted for mutagenesis are
colored in magenta and include brace interface mutations both in EMC1 and EMCS5, as well as a
lipid-proximal residue in EMC3. (E) Fluorescent client reporter stability assay for the hEMC3R'3€
mutant, which is in close proximity to a modeled POPC molecule. (F) As in (E) for the
hEMCSH19L+S23A+Q26L mytant, which sits at the interface to the EMC1 amphipathic brace helix. (G) As
in (E) for the hEMC1P73Y*R4%®7K mytant, which sits at the interface to the EMC5 transmembrane
helices.
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Figure 2.7. The large EMC lumenal domain is the site for several annotated disease mutations.
(A) Two views of the hEMC nanodisc structure. Two beta propellers are present in EMC1, one
proximal to the membrane and one distal. (B) EMC1 is the largest EMC subunit and differs in size
between yeast and human. Shown are human EMC1 (nanodisc), an overlay of human and yeast
EMC1 (both nanodisc), and yeast EMC1 (nanodisc). (C) The hEMC1R®'® mutant sits near the
EMC4 lumenal gate anchor. Left: Location of the mutation (colored pink). Right: Fluorescent client
R881C reporter stability assay for hEMC1. (D) As in (C) for for the hREMC18¢8R mutant. (E) As in
(C) for the hEMC 13" mutant.
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Figure 2.8. Model of coordinated EMC functions. (A) Model of EMC insertase function for a C-
lumenal tail-anchored client. Cytosolic factors bring post-translationally localized clients to the ER.
Then the client engages the EMC cytoplasmic domain. The polar roof modulates entry into the
gated cavity. A hydrophobic slide facilitates the client helix fully entering the cavity. A lateral
movement of the gate releases the client helix into the membrane and the EMC gate closes. (B)



Our mutagenesis data provide the following insights into EMC regions of functional importance
for each of the three client types we tested. Mutants are depicted by yellow triangles. Tail-
anchored client (coral) abundance was depleted upon mutagenesis of the cytoplasmic domain
entrance to the gated cavity, polar and charged residues at the cytoplasm-membrane boundary,
residues along the length of the gated cavity, in the hydrophobic seal to the lumen, and lipid
interacting residues in both cavities (left). We also observed a subset of mutants that resulted in
higher levels of the C-lumenal tail-anchored client (right) that are positioned in the cytoplasmic
domain cap, throughout the ER lumenal domain, and one mutation at the center of the gated
cavity. (C) The EMC facilitates biogenesis of N-lumenal polytopic client protein B1AR (dark red).
(D) Regions important for B1AR stability primarily map to the transmembrane region of the EMC
structure, with depletion observed for lipid proximal residues on both sides of the cavity, the polar
entrance roof of the gated cavity, and the EMC1 brace helix. (E) The EMC facilitates biogenesis
of N-cytoplasmic polytopic client protein TMEM97 (dark purple). (F) Regions important for
TMEM97 stability were primarily located in the lumenal domain spanning both propellers, in
EMCA1. In addition to these lumenal regions, there was a depletion of TMEM97 at the lipid-
interacting positions at the lumenal interface of both membrane cavities of the EMC

46



®

Wild type

K562 cells

1. Client reporters
introduced into wild
type and knockout
cells lines

2. Rescue by
introducing wild
type subunit

Client reporters

introduced into EMC1 |

+ hEMC1 mutant

> —>
Mutant EMC1 x15 e
N i .
> > —
mCherry:GFP . T
w measured by eenn
flow cytometry
" g WAV N
[| Bas=d |
© Client reporters A |
introduced into EMC2 | “
KO cells v i
= ;V - —
"\ Mutant EMC2 X0 o
| introduced mutants |
N /' into cell lines ’
> > —> e
3
~ mCherry:GFP .
) measured by ]
@ Client reporters P > FnEiGS meta
introduced into EMC3 E IR T
> — o
e [B1AR]
EMC3 Mutant EMC3 " x14 ] (| e
introduced mutants g
knockout N into cell lines
cells > > —> L
: o, |
mCherry:GFP .. | ‘e
( measured by ;
\ flow cytometry / \
3 p MCS
@ Client reporters / Ny C
: introduced into EMC5 | AEMC5 i
KO cells F
= NSy, 54
' Mutant EMC5 | ¢ o
x11 H
EMC5 ( introduced mutants
knockout N . into cell lines
I 2 - —p i
cells ] v g, o Crvene?]
mCherry:GFP ;* | "Eoe
measured by *
flow cytometry
~, ~ —

47




Figure S2.1. Overview of strain creation and functional assays. (A) Into each K562 cell line (WT
or knockout of respective subunit), fluorescent client reporters were introduced lentivirally.
Subsequently, knockout phenotypes were rescued by re-introducing the wild-type hEMC subunit.
(B) After introducing client reporters into hEMC1 knockout cell lines cells were sorted to obtain a
pure population. Then mutant hEMC subunits were re-introduced lentivirally and selected with
puromycin. Upon reaching a pure population, cells lines were subjected to flow cytometry to
measure abundance of mCherry and GFP for each client reporter in each mutant background.
Cell pellets were collected for subsequent western blot analysis for each mutant in WT and
knockout cell line in a cell line with an mCherry-P2A-GFP reporter. (C) Same as (B) for hREMC2.
(D) Same as (B) for hEMC3. (E) Same as (B) for hEMC5.
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Figure S2.2. Western blots for EMC1 and EMC2. Western blots of endogenous human EMC
subunits and client proteins functional assay to check for complex stability and endogenous
protein levels. For each mutant, abundance of several hEMC subunits as well as several
representative client proteins were tested. (A) Western blots for hEMC1 mutant cell lines, blotting
for hEMC subunits hEMC1, hEMC3, hEMC4, and hEMC10. In addition, levels of three
endogenous client proteins (SQS, BCAP31, and TMEM97) were blotted for. Wild-type cells with
the fluorescent reporter displayed in Lanes 1 and 16. hEMC1 knockout cells displayed in Lanes
2 and 17. hEMC1 knockout cells with reintroduction of wild-type hEMC1 shown in Lanes 3 and
18. (B) Western blots for hEMC2 mutant cell lines, blotting for hREMC subunits hEMC2, hEMC3,
hEMC4, and hEMCS5. In addition, levels of three endogenous client proteins (SQS, BCAP31, and
TMEM©97) were blotted for. Wild-type cells with the fluorescent reporter displayed in Lane 1.
hEMC2 knockout cells displayed in Lane 2. hEMC2 knockout cells with reintroduction of wild-type
hEMC2 shown in Lane 3. Mutant hLEMC2 E206A+E209A+D252A is in Lane 10, flow cytometry of
this mutant is not included. For the remaining mutants, both western blot and flow cytometry were
conducted.

50



hEMC3

hEMC4

hEMC5

GAPDH

hEMC1

TMEM97

GAPDH

SQs

BCAP31

GAPDH

hEMC2

hEMC5

GAPDH

hEMCA

hEMC3

TMEM97

GAPDH

SQs

BCAP31

GAPDH

< NS o
S o> "Lb‘
2 & &
g X X
\,)\ QOQ) bt:})?~ \\Q{)/ Q)qg/ \‘)\ 0\)@ S q:\"?)l‘ é*\'\/\ \'\Qgﬁ \e‘q'b,‘\
© F T 4 AT T P & Wy A AR
I & F SR S €@ T QY v (R o
L ELEFTEE L E E T EIT LR
> 1] D DS D D D D D > o3 o) D DD DD DD D
QO ®O QO ®0 ®0 @O ®0 QO QO O ®0 ®0 ®0 ®0 ®0 QO ®0 ®0 @0 QC) QO
LI LI Y CELLLLLEEY
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
S B8 TR B o Sl iy — —— e ——___ hEMC subunit
— - | [ e e o | MEMC sUbUNIt
— —— — — — « - - - hEMC subunit
T ey w— — v— — — y— V— p— p— W e gy p— — p— gy gy gy | | 0ading control

B S — ———

— . —— —

T — —— - —— — — — —

hEMC subunit

W —————— —

Polytopic client

Loading control

— — — - Y ew

R I . — — — — g—

e s — S W — — — — — \—

— PN e e gy S e p—

- -

— P — p— iy p— g

Tail anchor client

Polytopic client

Loading control

©
S v"& X
O XV
S &S o 5 s &
& (@) &\ &\ Q}/ W qy“ Q\," (o?’ O_,\’ e & o) NV QV
N & LR FFEE LSOO
FPPCLCLEC L e L@
T L LCLL, L LS
.é‘/ ‘(‘Q/ é(/ AN AN AR N AN AN NGNS ANERN AN
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
— apypaEEEsmEmEITENE W™ | Evcsubunit
— —
— -— — - . - we= *=== === | hEMC subunit

Loading control

S T e S— e p—_—

W e — —

hEMC subunit

- —————— ———— —— hEMC subunit

—— —— e ——— — — o | Polytopic client
—

T W ——— N ——— -~ — —— —

Loading control

o ey oy Y

-ﬁ-—'-——-'—ﬁnﬁi'_

—

Tail anchor client

Polytopic client

Loading control

51



Figure S2.3. Western blots for EMC3 and EMC5. Human functional assay to check for complex
stability. For each mutant, abundance of several EMC subunits as well as several representative
client proteins was tested. (A) Western blots for hEMC3 mutant cell lines, blotting for hEMC
subunits hEMC1, hEMC3, hEMC4, and hEMCS5. In addition, levels of three endogenous client
proteins (SQS, BCAP31, and TMEM97) were blotted for. Wild-type cells with the fluorescent
reporter displayed in Lanes 1 and 12. hEMC3 knockout cells displayed in Lanes 2 and 13. hEMC3
knockout cells with reintroduction of wild-type hEMC1 shown in Lanes 3 and 14. (B) Western blots
for hEMC5 mutant cell lines, blotting for hREMC subunits hEMC1, hEMC2, hEMC3, and hEMCS5.
In addition, levels of three endogenous client proteins (SQS, BCAP31, and TMEM97) were blotted
for. Wild-type cells with the fluorescent reporter displayed in Lane 1. hEMC5 knockout cells
displayed in Lane 2. hEMC5 knockout cells with reintroduction of wild-type hEMC5 shown in
Lanes 3 and 4.
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Figure S2.4. Flow cytometry for mutations in the EMC cytoplasmic domain. (A) Mutant
hEMC2K125E+R126D+KI2TE  \yith TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
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lines. Image of hREMC ND model displaying the residues mutated. (B) Mutant hEMC2K'8A*K21A wjith
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (C) Mutant hEMC2K248E+D252K+255E yith  TMEM97-
mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model
displaying the residues mutated. (D) Mutant hEMC2N"37A*N167A with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hREMC ND model displaying the residues
mutated. (E) Mutant hEMC2W269A*E286A+E290A \yith TMEM97-mCherry, B1AR-mCherry, and
mCherry-SQScterm cell lines. Snapshot of hLEMC ND model displaying the residues mutated.
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Figure S2.5. Additional Flow cytometry for mutations in the EMC cytoplasmic domain. (A) Mutant
hEMC2R266A+Q269A+R2T3A \yith TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
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lines. Snapshot of hEMC ND model displaying the residues mutated. (B) Mutant
hEMC2REVEFRBIEHKOERNZE ith TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
lines. Snapshot of hEMC ND model displaying the residues mutated. (C) Mutant hEMC57%°* with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (D) Mutant hEMC557°* with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hREMC ND model displaying the residues
mutated. (E) Mutant hEMC5P32A*R8A with TMEM97-mCherry, B1AR-mCherry, and mCherry-
SQScterm cell lines. Snapshot of hREMC ND model displaying the residues mutated.

56



)

TMEM97 B1AR SQSe78-410

0.4 0.4

504 + hEMC1 K951+K957A 5 + hEMC1K95|&K957A 3 + hEMC1 K951A+K957A

g g g

3 +hEMC1 WT g +hEMC1 WT g +hEMC1 WT

£ & £

2 2 2

k| Fo2 o2

@02 @ &

. )\ A _/\ L N
00 05 10 15 2.0 0.0 05 10 15 20 1 2 3 4
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio
TMEM97 B1AR SQg¥e0 =)

o " hEMC3KO | _ hEMC3KO | S

504 + hEMC3E 5 [+ hENIC3™# 5 [+ hEMC3#7E S

ES +hEMC3 WT 3 +hEMC3 WT S +hEMC3 WT

& & &

2 g 2o2

Kt To2 k}

oz /\ & 3

00 00 J\ 0.0 //\ |
0.0 05 1.0 15 20 00 05 10 15 20 0 1 2 3 4
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

©

TMEM97 | B1AR 0 SQS37e-410
+ hEMC3Fi#t o + hEMC3Fi#st + hEMC3Fi#t
204 L B 3 —_—— | 7 B e
§ +hEMC3 WT 5 +hEMC3 WT & +hEMC3 WT
H g g
IS & £
H 2 202
k4 Boz2 k<t
@02 & &
. A /\
0.0 0.0 0.0 =
0.0 0 1 20 0.0 0 1 20 0 4

0.5 1 5 0.5 1 5 1 a 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

©

TMEM97 | B1AR e SQSe78-410
04
204 + hEMC3V115A+I|22A 2 ‘+ hEM03V|1BA4I|22A 3z + hEMcaV“BA"12u
g’ +hEMC3 WT ES +hEMC3 WT S +hEMC3 WT
E E’ lg’oz
k| B2 Kt
To2 k e e
00 00 /\ 00 /\
00 20 00 20 [ 4

05 1.0 15 05 10 15 1 2 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

@

TMEM97 | B1AR o4 SQS378-410 hEMC4

o4 |+ hEMC3R180A 30'4 ‘+ hEMC3R180A > + hEMC3R180A
§’ +hEMC3 WT g +hEMC3 WT g + hEMC3 WT
E’ E’ L5’02
k5 To2 kK Arg 180
o2 k 2 &

0.0 0.0 A 0.0 //A\ _— <

00 20 20 0 4

05 1.0 15 05 1.0 15 1 2 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

Figure S2.6. Flow cytometry and western blot of gated cavity mutants (A) Mutant
hEMC1K®'A+HK97A with TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines.
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Snapshot of hEMC ND model displaying the residues mutated. (B) Mutant hEMC3R"'E with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (C) Mutant hREMC37"8- with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues
mutated. (D) Mutant hEMC3V""84*122A with TMEM97-mCherry, B1AR-mCherry, and mCherry-
SQScterm cell lines. Snapshot of hEMC ND model displaying the residues mutated. (E) Mutant
hEMC3R'84 with  TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines.
Snapshot of hEMC ND model displaying the residues mutated.
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Figure S2.7. Additional flow cytometry of gated cavity mutants. (A) Mutant hREMC3K#2A*43A wjith
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (B) Mutant hEMC3K244AH247A*E249A \yith TMEM97-mCherry,
B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the
residues mutated. (C) Mutant hEMC3R9ERE2E+K216E \yith TMEM97-mCherry, B1AR-mCherry, and
mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues mutated. (D)
Mutant hEMC3¥"®" with TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines.
Snapshot of hEMC ND model displaying the residues mutated.
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Figure S2.8. Flow cytometry of lipid-filled cavity mutants. (A) Mutant hREMC5X"E with TMEM97-
mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model
displaying the residues mutated. (B) Mutant hEMC5K7A with TMEM97-mCherry, B1AR-mCherry,
and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues mutated.
(C) Mutant hREMC3'82V*1188V \yjith TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
lines. Snapshot of hREMC ND model displaying the residues mutated. (D) Mutant hREMC5'®*" with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (E) Mutant hREMC5""®" with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hREMC ND model displaying the residues
mutated.
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Figure S2.9. Additional flow cytometry of lipid-filled cavity mutants. (A) Mutant hEMC57%2- with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
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model displaying the residues mutated. (B) Mutant hEMC1M483A+R4STHQIOIN \with TMEMO7-
mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model
displaying the residues mutated. (C) Mutant hEMC5R#4*R32A with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues
mutated. (D) Mutant hREMC3P** with TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm
cell lines. Snapshot of hREMC ND model displaying the residues mutated. (E) Mutant hEMC5P*#
with TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC
ND model displaying the residues mutated.

63



>

TMEMY7 | B1AR SQSere-410 ) Q hEMC1
0.4 0.4 2>
304 + hEMC1547tR - + hEMC15471R - + hEMC16471R
g +hEMC1 WT g +hEMC1 WT g +hEMC1 WT Gy
§ Eo.z 'L%o.z
) ﬂk | |
. o A o /p\
0.0 20 0.0 20 0 4

05 1.0 15 05 1.0 15 1 2 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

|TMEM97 | B1AR | SQS378-410

+ hEMC1A147
+hEMC1 WT

°
s
°
e

+ hEMC141447
+hEMC1 WT

+ hEMC1A1447
+hEMC1 WT

o
s

o
o

Relative Frequency
=
S

Relative Frequency
Relative Frequency

o
o

. ;& o /\ N

0.0 0.5 1.0 15 20 0.0 05 1.0 15 0 [ 1 2 3 4
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio
| TMEM97 B1AR | SQSa7e-410
04 04
504 + hEMC1ReeP 5 + hEMC1Ree® 5 + hEMC1ReeP
2 2 g
A +hEMC1 WT 3 +hEMC1 WT E +hEMC1 WT
£ £ £
r s s
2 2 2
5 To2 Bo2
& 02 & &
a5 K W _/\ o
0.0 20 0.0 20 0 4

0.5 1.0 15 05 1.0 15 1 2 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

©

| TMEM97 B1AR | SQSe7e-410
04 04
o +hEMC157 5 +hEMC197s 5 +hEMC157
g +hEMC1 WT g +hEMC1 WT g +hEMC1 WT
& i i
2 E E
z To2 To2
202 2 2
00 e 00 /\ 00
0.0 0.5 1.0 15 20 0.0 05 1.0 15 20 0 1 2 3 4
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

@

| TMEM97 B1AR | SQsSssre41e hEMC?7|

+ hEMC1™2"
+hEMC1 WT

°
S
°
S

+ hEMC1Te2M
+hEMC1 WT

+ hEMC1™2"
+hEMC1 WT

o
=

Relative Frequency

o
S
Relative Frequency
°
S
Relative Frequency
o
S
s
|
E g g g Ey
@
8

- & o /\ o N
0.0 2 ]

0 0.0 20

05 10 15 05 10 1.5 1 2 3
Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio Normalized mCherry/GFP Ratio

Figure S2.10. Flow cytometry of lumenal domain mutants. (A) Mutant hREMC1%*""R with TMEM97-
mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model
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displaying the residues mutated. (B) Mutant hEMC1°*"% with TMEM97-mCherry, B1AR-mCherry,
and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues mutated.
(C) Mutant hEMC17%%® with TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
lines. Snapshot of hEMC ND model displaying the residues mutated. (D) Mutant hEMC1¢"'S with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (E) Mutant hEMC1™ with TMEM97-mCherry, B1AR-
mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues
mutated.
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Figure S2.11. Additional flow cytometry of lumenal domain mutants. (A) Mutant hEMC1782* with
TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND
model displaying the residues mutated. (B) Mutant hEMC1R76P*K8%0 \ith TMEM97-mCherry,
B1AR-mCherry, and mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the
residues mutated. (C) Mutant hEMC 1H93D+E138D*N282K \yith TMEM97-mCherry, B1AR-mCherry, and
mCherry-SQScterm cell lines. Snapshot of hEMC ND model displaying the residues mutated. (D)
Mutant hEMC1R#75E+R40E \yith TMEM97-mCherry, B1AR-mCherry, and mCherry-SQScterm cell
lines. Snapshot of hEMC ND model displaying the residues mutated.
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Chapter 3: Building a genetic roadmap of the mammalian Endoplasmic Reticulum
Membrane Protein Complex (EMC)

Abstract

As discussed in Chapter | and Chapter Il, we are just beginning to understand the role of
newly characterized molecular machines and accessory factors involved in membrane protein
stabilization and folding. However, studying membrane protein folding processes has been limited
to using mainly biochemical and structural approaches. Although high-throughput unbiased
approaches have proven useful in the identification of membrane protein homeostasis factors
such as the EMC back in 2009 (Jonikas et al, 2009), only recently is screening emerging as a tool
to ask questions about membrane protein stabilization and trafficking processes (Kotov et al.,
2019; Coukos et al., 2021; Cecchetti et al., 2021). Additionally, with the advent tracking
transcriptional changes upon gene perturbation at the single cell level (Adamson et al., 2016; Dixit
et al., 2016), we now have the ability to understand the role of membrane protein folding
machineries not just at the molecular level — which protein gets stabilized by which chaperone
complex — but also at the overall cellular level — what happens in each cell when given genes are
turned off one at a time in combination with perturbing membrane protein folding complexes.
Given the detailed molecular characterization of the each of EMC’s functional subunits described
in Chapter Il and their role in stabilization of a range of membrane proteins, EMC must play a
crucial role in maintaining a healthy cell. As a result, we set out to understand the broader
physiological role of the EMC by building a genetic roadmap of the complex. Here, we perform
the first unbiased screen and a follow up Perturb-Seq experiment in the context of a perturbed
mammalian EMC.
A genetic screen identifies pathways genetically interacting with the EMC

We wanted to identify cellular pathways that the EMC interacts with genetically in a
genome-wide and unbiased manner. To do so, we first generated a genetic and functional

knockout of a core EMC subunit, EMC4. Knocking out EMC4 led to the destabilization and
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depletion of the whole EMC complex and depletion of its client membrane proteins. We show that
upon reintroducing EMCA4 lentivirally, we rescue the knockout phenotype (Fig 3.1). We leveraged
our CRISPRI functional genomics platform to screen for genes whose knockdown in EMC4
knockout cells affected their viability compared to WT EMC4 cells (Gilbert et al., 2013; Horlbeck
et al., 2016). Briefly, we infected chronic myeloid leukemia (K562) EMC4 KO, EMC4 WT or EMC4
Rescue cells expressing dCas9-KRAB (CRISPRI) with our genome-scale CRISPRI five-guide
library (Fig 3.2A). After performing a 10-day screen, the resulting gene-level phenotypes revealed
genes for which knockdown strongly affects viability in EMC4 knockout cells. These genes can
be characterized as buffering or synthetic with EMC (Fig 3.2B). Buffering arises when the
combined perturbation of two genes results in a less severe phenotype than expected indicating
the genes act in a linear pathway or encode subunits of a functional protein complex. Synthetic
interactions are those in which the combined perturbation of two genes leads to a more severe
phenotype than perturbing either of them alone. Synthetic interactions classically reflect genes
acting in parallel pathways.

The EMC4 genetic interaction screen resulted in ~200 genes that were synthetic with
EMC4 (Fig 3.2C). Before starting to investigate new biology, we wanted to confirm that the EMC4
genetic interaction screen replicated known membrane protein biology. Firstly, genetic
knockdown of all the other EMC subunit genes (except for EMC1) resulted in mostly buffering
interactions with EMC4 confirming their belonging to the same functional complex (Fig 3.2D). We
believe that guides targeting EMC1 promoter also target the promoter of a nearby gene, MRTO4,
leading to a its knockdown and phenotype different from the rest of the EMC genes (data not
shown). Secondly, a number of genes responsible for tail-anchor protein insertion through the
canonical TRC40 pathway (ASNA1, WRB1, CAMLG) and membrane protein folding (TMEMZ208,
TMCO1) were strongly synthetic with EMC confirming the redundant role of EMC in tail-anchor
insertion and multipass membrane protein stabilization with other characterized pathways Fig

3.2E). The EMC Gl screen validated known EMC genetic interactions which confirmed our
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confidence in the biological relevance of the screen. We next set out to dissect newly identified
genetic interactions with EMC. The ~200 EMC synthetic genes fell in the following general
pathway/functional categories: cholesterol synthesis, endosomal trafficking, membrane
biogenesis, ERAD, translation, and uncharacterized. In order to elucidate the functional
relationship of each synthetic gene with EMC and understand the transcriptional consequence of
perturbing synthetic gene in EMC4 depleted cells, we performed a single-cell RNA seq screening
experiment in EMC4 KO and Rescue cells.
Perturb-Seq in EMC KO mammalian cells defines functional clusters of genetic interactors

We used Perturb-seq, a platform for multiplexed profiling of perturbations with single-cell
resolution, and used it to systematically dissect the interaction between the mammalian EMC and
the synthetic pathways identified in the genome-wide screen. Briefly, we designed a single-guide
sgRNA library targeting all (~200) strongly synthetic genes with EMC and cloned it into pJR85
Perturb-Seq vector including 5 non-targeting control guides (Joseph et al). Our sequence-verified
library was then packaged into lentiviruses transfection, and lentiviral preparations was pooled for
transduction into K562 dCas9-KRAB EMC4 KO and K562 dCas9-KRAB EMC4 Rescue cells.
Three days post infection, transduced cells were sorted to near purity. Seven days post infection,
cells were separated into droplet emulsions using the 10x Genomics Chromium controller and
10x sequencing library was prepared according to the 10x protocol (Fig 3.3A, 10x protocol
reference). We used Cell Ranger 3.0 software (10x Genomics) for alignment of scRNA-seq reads,
collapsing reads to unique molecular identifier (UMI) counts, cell calling, and depth normalization
of transcriptome library. We sequenced it using the standard format for scRNA-seq from 10x
Genomics (28 bp Read 1, 98 bp Read 2, and 8 bp Index Read 1) on a NovaSeq 6000 System
(Mumina) with NovaSeq 6000 S4 Reagent kits (lllumina). Index reads were aligned to expected
sequences using bowtie for GBC Perturb-seq.

To explore these data, we first constructed synthetic bulk expression (metacell) profiles

by averaging normalized expression across cells containing each sgRNA. Heatmap displays
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correlations between hierarchically clustered average bulk expression profiles for each of ~200
perturbations in the EMC4 KO background (Fig 3.3B, C). This hierarchical clustering revealed
four distinct fictional clusters driven by EMC4 KO background. Each cluster is defined by a group
of genes whose knockdown leads to a similar transcriptional response in cells. The brighter a
cluster is the strongly these genes are correlated to each other based on gene expression. First,
to confirm the validity of the transcriptional signatures in each cluster in the EMC KO experiment,
we superimposed the name of the genes making up the clusters onto the EMC Rescue dataset.
They showed no self-correlation suggesting that this unique transcriptional signature is specific
to EMC KO phenotype (Fig 3.4). Second, we wanted to characterize the effect of control non-
targeting guides in this experiment — we expect them to cluster with genes whose perturbation
does not change the transcriptional profile of EMC KO cells. Reassuringly, (1) the non-targeting
guides clustered tightly together in and (2) they belonged to the most strongly correlated cluster
of genes defined by membrane protein biogenesis and ERAD (Fig 3.3). One possibility explaining
this is that EMC KO cells have a high level of protein misfolding and cellular stress and perturbing
other genes exacerbating protein folding and inhibiting the ability to recycle misfolded proteins
drives the cell towards a similar but more exacerbated transcriptional response.

We next proceeded to characterize each cluster. For each cluster, we are showing the
group of genes making up that cluster (visualized in StringDB) and the transcriptional response
defining that cluster. We will start with the most highly correlated cluster, Cluster 2, we named
“Protein Homeostasis”. Firstly, as mentioned earlier, Cluster 2 is defined by a few pathways
consistent with protein folding, insertion, and degradation (Fig 3.6). Aside from canonical TA
insertion pathway cytosolic genes (GET4, BAG6, SGTA, UBL4A), the cluster contains recently
identified membrane protein biogenesis genes physically associating with Sec61 channel -
TMCO1, CCDC47, and NOMO-NCLN-TMEM147 complex, a relationship that was not fully
captured in StringDB association networks (ref; Fig 3.6). Another large group making up this

cluster are E3 ubiquitin ligase genes and ERAD component genes ensuring proper handling of
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misfolded proteins. The gene expression signature defining this cluster is defined by upregulation
of stress response genes (Fig 3.5). The unifying thesis for the functionality of this cluster is that
EMC4 KO cells are stressed at baseline level so perturbing any other parallel pathways or quality
control pathways stress those KO cells even more. This result motivates follow up work that we
are doing on parallel pathways for membrane protein biogenesis, range of substrates for each
pathway, and redundancy between these pathways.

The next most highly correlated cluster is Cluster 3, we named “Cholesterol Synthesis”
cluster. There were a few groups of genes defining this cluster: 1) in the middle of them all were
the master transcriptional cholesterol regulators (SREBF1, SREBF2, MBTPS2, and the sensor
SCAP); 2) the ER bound TA insertion machinery components (WRB, ASNA1, and CAMLG)
together with peroxisomal protein import genes (PEX5 and PEX13); and 3) lobe A of the
conserved oligomeric Golgi (COG) complex (COG2, COG3, COG4 including COG8 belonging to
lobe B and connecting lobe A to lobe B) together with the RINT1-NBAS-ZW10 (NRZ) complex
(Fig 3.7). The defining feature of this cluster is upregulation of immune response genes (Fig 3.5).
Let us break down each group of genes and their potential resulting effect on EMC knockout cells.
The transcriptional regulators in this group were one of the most strongly synthetic genes from
the Gl screen. This is most likely because EMC knockout cells have a lowered capacity for
cholesterol production due to depletion of EMC client proteins such as: SQS, an enzyme
important for cholesterol synthesis; TMEM97, a protein at the lysosome regulating cholesterol
trafficking; and SOAT1, which uses long chain fatty acids to modify surplus free cholesterol for
inert storage in lipid droplets (Pol et al., 2004). Any further abrogation of the cholesterol synthesis
pathway causes further cholesterol depletion and synthetic lethality. The second strongly related
genes in this group, according to StringDB are the TA protein insertion and peroxisomal import
machinery genes. Interestingly, the TA insertion canonical pathway genes were split between this
cluster and Cluster 2 — ER components in this cluster versus cytosolic components in Cluster 2.

This may be because there are compensatory chaperones to bring TA proteins to the ER from
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the cytosol but limited machinery at the ER for insertion. SQS is mainly an EMC client but could
also be inserted less efficiently through the TRC40 pathway (Guna et al., 2018). It has been shown
that functional peroxisomes are essential for efficient cholesterol sensing and synthesis, which
could explain the functional grouping of PEX5 and PEX13 in this cluster (Charles et al., 2020).
The last group, made up of COG genes, the NRZ complex, and COPE is crucial for intracellular
trafficking (Willett et al., 2013; Raote et al., 2018). The COG complex, both physically and
functionally, interacts with all classes of molecules maintaining intra-Golgi trafficking, namely
SNAREs, and mediates intra-Golgi vesicle tethering. The evolutionarily conserved NRZ tether is
a multi-subunit tether complex (MTC) that assembles at the surface of the ER and is required for
retrograde capture of membranes, partially localizes to ER exit sites and interacts with SNAREs
mediating Golgi-to-ER vesicle tethering (Aoki et al., 2009; Arasaki et al., 2006; Hirose et al., 2004;
Liu et al., 2020; Schroter et al., 2016; Ren et al., 2009). These genes may be in the “Cholesterol
Synthesis” functional cluster because they secure an alternative source of cholesterol in an EMC
knockout background. As mentioned earlier, the “Cholesterol Synthesis” cluster is defined by
upregulation of immune response genes. Pro-inflammatory molecules like IL32 have been found
to induce cholesterol accumulation through inhibition of cholesterol efflux, thus, increasing the
cholesterol capacity of cholesterol depleted EMC4 KO cells (Xu et al., 2017). Furthermore,
cholesterol biosynthesis genes in cluster 3 are down regulated, possibly due to lack of master
cholesterol regulators (Fig 3.8). The characterization of this cluster underscores the many ways
the cell can make cholesterol and the importance of the EMC as a key player in cholesterol
homeostasis.

The next cluster of interest, albeit not as strongly correlated as Clusters 2 and 3, is Cluster
4 we named “Cholesterol Uptake” (Fig 3.9). This cluster is characterized by upregulation of
cholesterol and lipid metabolism genes (Fig 3.5). The groups of genes making up this cluster are:
1) cholesterol import and synthesis enzymes (LDLR — crucial role for cholesterol uptake, HMGCR,

ACLY); 2) COMMD/CCDC22/CCDC93 (CCC) complex genes crucial for membrane trafficking
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(COMMD2, COMMD9, COMMD9, COMMD10, CCDC22, VPS29, C160rf62, ZNF207, SPSB3); 3)
V-type ATPase genes crucial for endosomal acidification (ATP6AP1, ATP6VOA, ATP6VOC,
ATP6VOD1, ATP6VOE1, ATP6V0G1). Aside from de novo cholesterol biosynthesis, uptake of
cholesterol via LDL Receptor is another way to maintain cholesterol homeostasis. This happens
as follows: extracellular LDL is captured by LDLR on the cell surface and the LDL-LDLR complex
is internalized via endocytosis. LDLR dissociates from LDL and is recycled by the CCC (COMMD-
CCDC22-CCDC93) protein complex back to the surface. LDL is further delivered towards
lysosomes, and the carried cholesteryl esters are hydrolyzed to cholesterol. The genes in this
cluster, that are also strongly synthetic with EMC, all belong to this pathway for internalization of
extracellular LDL its processing into cholesterol. When this process is perturbed in EMC4
knockout cells, it drives cholesterol depletion further. Not surprisingly, the cell tries to compensate
by upregulating genes for de novo cholesterol synthesis (Fig 3.5). Yet another cluster from this
Perturb-Seq experiment underscores the key role of EMC in cholesterol homeostasis validating
our approach to understand the physiological role of the EMC in the cell beyond simply its
molecular role.

The last cluster we will address is Cluster 4 and we will call “Translation” (Fig 3.10). It
includes RNA binding proteins associated with splicing and translational regulation (HNRNPM,
PQBP1, DNAJCS8, ILF3, IGF2BP1, CSDE1); a translational initiation group (EIF4A1, EIF3H,
RPS8, DDX3X), and a group of DNA damage genes (part of the CCC complex together w/
RBBP5, DPY30, and LEO1). This cluster is characterized by upregulation of ribosomal protein
genes (Fig 3.5). One possible explanation is that in EMC KO cells, there is an increase in
misfolded proteins which induces the UPR and leads to decrease in total protein translation. As
a results, there is an overabundance of RPLs and RPSs that are not being translated. Given the
presence of multiple small subclusters in Cluster 1, there are alternative hypotheses that could

be tested.
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Validation of cholesterol defect in EMC KO cells

Given the 1) strong synthetic interaction of EMC with cholesterol homeostasis genes from
the screen 2) the functional validation of cholesterol synthesis and cholesterol uptake clusters as
the most synthetically lethal with EMC and 3) reports that EMC deficiency limits the cellular
boundaries defining cholesterol tolerance, reflected by diminished viability with limiting or
excessive extracellular cholesterol, we wanted to further investigate the role EMC in cholesterol
homeostasis (Volkmar et al., 2019). Our hypothesis was that EMC may be acting to maintain
cholesterol homeostasis through sets of genes 1) whose protein products are EMC client proteins
2) that are epistatic to EMC and 3) that are post-translationally regulated. We took advantage of
the different sets of high-throughput data we have generated and asked the question what those
genes might be. Using the synthetic score for each gene from the Gl screen, the transcriptional
information from the Perturb Seq data, and the protein level expression data from a Mass-
Spectrometry experiment all in EMC4 KO and EMC4 Rescue cells, we identified a set of genes
that have epistatic relationship with EMC and are highly post-translationally downregulated in
EMC4 KO cells meaning they are not transcriptionally inhibited but rather they get degraded after
protein has been made consistent with misfolding of these proteins in the absence of the
chaperone EMC (Fig 3.11). There was a group of proteins that are strongly depleted post-
translationally and are epistatic with EMC. We have grouped them in a few major categories:
cholesterol synthesis (FDFT1 (SQS), EBP, MSMO1), cholesterol storage (SOAT1, PLIN2),
cholesterol trafficking (TMEM97, SOAT1), and fatty acid-related (ANO6, ELOVLG6), and others
well-characterized EMC clients (BCAP29, BCAP31, TRPV2). Clearly, EMC clients are crucial
players in maintaining cholesterol homeostasis on every level — de novo synthesis, uptake and
trafficking, and storage.

We next quantified the cholesterol defect in EMC4 KO cells vs EMC4 Rescue cells.
Knockout cells had ~2-fold less total cholesterol and ~6-fold less stored cholesterol (Fig 3.11).

This quantitative phenotype was validated in a microscopy experiment where in EMC KO cells
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we clearly see the accumulation of cholesterol 1) at the plasma membrane and 2) intracellularly
due to perturbed trafficking (Fig 3.12).
Conclusion

The research described in Chapter Il is proof for the utility of using high-throughput and
unbiased genetic approaches to answer fundamental physiological questions about protein
homeostasis. Starting with a phenotype-first approach, we identified a set of ~200 genes that
were synthetic interactors with the EMC. We then took these genes whose depletion in EMC KO
background made cells sick and characterized the synthetic phenotype on transcriptional level
using Perturb Seq. We identified four distinct functional clusters of genes of which the most
synthetic were associated with cholesterol synthesis and cholesterol uptake. In fact, the most
highly correlated cluster of genes was the Protein Homeostasis one and was relatively less
synthetic than the cholesterol clusters (Fig 3.3C). This underscores the fact that EMC KO cells
are not that sick when we perturb protein homeostasis further possibly due to compensatory
mechanisms for maintaining protein balance in the cell. However, if we further perturb cholesterol
balance, cells cannot cope, due to the central role of cholesterol in so many cellular processes.
Here, we present the first complete view of the EMC cellular roadmap, an unbiased genetic-based
approach to characterize the role of this conserved complex in mammalian cells. In two large
scale experiments, we identified relationships of the EMC with other cellular pathways that have
been studied in the past decade using single-track biochemical approaches. The EMC roadmap
opens a wealth of exciting follow-up opportunities for the fields of membrane protein homeostasis

and cholesterol homeostasis.

93



N (]
9 N < (/] (7
A <& < < <
v ¢ < o < . AN
¢ § §FFfFe & & & &
T TS
) - —— — — v +<— GAPDH

Figure 3.1. Functional knockout and rescue of EMC function in K562 dCas9 KRAB cell line. Four
independent genetic EMC4 knockout clones were generated using CRISPR-Cas9. In all four EMC
knockouts, clients BCAP31 and SQS are severely depleted, and upon lentiviral reintroduction of
EMC4, functional defect is rescued. GAPDH — loading control.
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Figure 3.2. Genetic interaction screen identifies genes synthetic with EMC. A. Flowchart of a
genetic interactions (Gl) screen. B. Gl screens differentiate between synthetic, buffering, or no
interactions. C. Results from EMC4 genetic interactions screen. D. EMC complex subunits are
slightly buffering. E. Parallel membrane protein biogenesis pathways are synthetic with EMC.
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Figure 3.3. Perturb-Seq identifies functional mammalian EMC clusters. A. Flowchart of Perturb
Seq experiment with a GI sublibrary in EMC4 KO or EMC4 Rescue cells. B. Heatmap displays
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Figure 3.4. KO clusters superimposed on the rescue dataset show poor correlation.
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Figure 3.13. EMC4 KO and ECM4 Rescue cells stained for cholesterol distribution. Cyan: Filipin
(binds free cholesterol). Magenta: LAMP1 (lysosomal protein)
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