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Abstract

Cells possess specialized machinery to direct the insertion of membrane proteins into the lipid
bilayer. In all organisms, the Sec61/SecYEG channel inserts most membrane proteins into the
membrane in concert with various accessory subunits. Additionally, other membrane protein
insertion systems have been described. In bacteria, the essential protein YidC inserts certain
proteins into the plasma membrane. Eukaryotic orthologs of YidC are present in the
mitochondrial inner membrane and the chloroplast thylakoid membrane (where they are called
Oxal and Alb3 respectively) but no homologs have been described outside the endosymbiotic
organelles. In eukaryotes, the Getl/2 complex inserts a subset of proteins with a single
transmembrane domain at their C-terminus, but whether this pathway is conserved in
prokaryotes is also unclear. Here, I present evidence that bacterial YidC and eukaryotic Getl are
both members of a superfamily of membrane protein biogenesis factors which I refer to as the
Oxal superfamily. This superfamily includes a group of archaeal proteins annotated as DUF106,
and two eukaryotic proteins named EMC3 and TMCO1. All superfamily members share a core
membrane topology and structural fold in addition to key functional features. Archaeal
superfamily members, like bacterial YidC, interact specifically with ribosomes translating a
YidC substrate. Of the eukaryotic proteins, I show that the previously poorly understood
TMCOLI protein functions in membrane protein biogenesis. TMCO1 associates with ribosomes
translating multipass membrane proteins and functions in a complex with the Sec61 channel,
some translocon accessory components and a group of poorly understood protein quality control
factors. This work establishes a new paradigm for the evolution of membrane protein biogenesis
factors and defines a biochemical function for TMCO1, paving the way for future mechanistic

analysis of this novel pathway.
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1 Introduction

1.1 An introduction to Transmembrane Proteins

A key feature that defines living cells is the presence of biological membranes that
separate the intracellular and extracellular environments, and — in eukaryotes — define specific
intracellular compartments. Biological membranes must be semipermeable — they must at the
same time establish a physical barrier from the cellular environment and facilitate
transmembrane flow of molecules and information. To accomplish these two seemingly
contradictory roles, cellular membranes are composed of a mixture of lipids and
proteins(Nicolson, 2014; Singer and Nicolson, 1972).

In the well-established fluid mosaic model of biological membrane architecture
(Nicolson, 2014; Singer and Nicolson, 1972), membranes are described as amphipathic, with a
core hydrophobic core flanked by hydrophilic regions on both sides. Both the lipid part —
composed mostly of phospholipids, sphingolipids and sterols — and the protein part follow this
basic amphipathic architecture. In particular, proteins can be divided into two categories.
Peripheral, or extrinsic, proteins are soluble proteins which are only loosely attached to
membranes through interactions with either lipid head groups or with other proteins. Intrinsic
membrane proteins, on the other hand, are integral parts of the membrane that cross the lipid
bilayer and are held in place by hydrophobic interactions with the surrounding lipids. Although
some intrinsic membrane proteins are covalently anchored to a lipid molecule, the main class of
such proteins are the transmembrane proteins — which have a part of the protein molecule
physically cross the bilayer.

Transmembrane proteins (here referred to as simply “membrane proteins”) are the crucial

functional component of biological membranes, as they perform most functions of transport of



small and large molecules, cell signaling and mediating interactions with other cells and the
extracellular environment. These proteins share a common organizational principle — a
hydrophobic core integrated into the bilayer and external hydrophilic regions which extend into
the aqueous environment — but otherwise exhibit a wide diversity. The hydrophobic core itself
can be composed of a -sheeted barrel motif. This fold is present in bacterial and mitochondrial
outer membrane “porin” proteins (Schulz, 1996) and in some bacterial toxins (Gouaux, 1997) but
is otherwise not widely encountered and not discussed in this work. Instead, the membrane-
spanning domain is usually composed of a-helices, with their number varying between one
single helix in single-pass proteins to dozens of helices in the most complex multi-spanning
membrane proteins.

Membrane proteins must be inserted into the correct lipid bilayer to perform their
biological functions. In addition, their inherent hydrophobic nature makes membrane proteins
prone to aggregation, which can be toxic (Chiti and Dobson, 2006; Kopito, 2000).

The existence of different types of membrane proteins and, in eukaryotes, different target
membranes, serves to multiply the challenge of membrane protein insertion. To deal with this
complexity efficiently, cells have evolved multiple dedicated targeting and insertion pathways.
Despite different components and mechanisms, all pathways share the same conceptual steps.
Membrane proteins are captured by a pretargeting factor during or soon after their synthesis in
order to maintain their solubility and prevent aggregation. They are then targeted to their specific

membranes, and then physically inserted into the bilayer (Figure 1).
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Figure 1. General outline of a membrane protein targeting and insertion pathway

All nascent membrane proteins must be captured by a pretargeting factor to prevent
aggregation, after which they are passed on to a dedicated targeting machinery and actively
inserted into the membrane. Sometimes two or more of these steps happen simultaneously.

1.2 The SRP-Sec61 Pathway Mediates the Insertion of Most Membrane Proteins

The best understood membrane protein insertion pathway is the co-translational pathway
in which a protein with a transmembrane domain is detected while still on the ribosome,
delivered to the membrane and inserted into the membrane before protein synthesis is completed
(Figure 2).

The substrate capture, recognition and targeting steps are all accomplished by a soluble
ribonucleoprotein complex called the Signal Recognition Particle (SRP) and the membrane-
localized SRP Receptor. The process begins with the recognition of a stretch of hydrophobic
residues on a nascent polypeptide by the SRP. The SRP is positioned adjacent to the ribosome
exit tunnel, such that substrates bind co-translationally without escaping into the aqueous cytosol
(Halic et al., 2004; Voorhees and Hegde, 2015). The SRP can accommodate a large variety of
hydrophobic substrates, an ability which has been ascribed to the many methionine residues
located inside the hydrophobic groove of the substrate binding domain (Bernstein et al., 1989;

Janda et al., 2010; Keenan et al., 1998). In classical models, the SRP has been described to bind



the first stretch of 9-12 hydrophobic stretches it encounters, which could be either a signal
sequence located at the N-terminus of soluble secretory proteins and some membrane proteins or
the first transmembrane domain of a membrane protein. However, some recent studies have
shown that in bacteria and yeast, SRP cannot efficiently bind moderately hydrophobic signal
sequences and serves predominantly to bind transmembrane domains directly (Costa et al., 2018;
Schibich et al., 2016; Valent et al., 1998). Binding of the SRP is traditionally thought to slow or
even completely arrest translation until the ribosome is delivered to the membrane (Lakkaraju et
al., 2008; Lipp et al., 1987; Mason et al., 2000; Walter and Blobel, 1981). This is a conceptually
attractive model especially for multipass membrane proteins, as it would preclude exposure of
more C-terminal TMDs to the aqueous environment. Recent studies, however, have questioned
whether stalling happens in vivo (Chartron et al., 2016). SRP was also found associated with
downstream TMDs in multipass proteins, suggesting the ribosome continues translating beyond
the first TMD before being targeted to the membrane (Schibich et al., 2016). A lack of
translational arrest implies that once the first transmembrane domain has been exposed, targeting
to the membrane and aggregation are in direct competition.

Rbosome

Sgnal Recognition
Particle
. e @; ﬂ@%

Nascent membrane SecYEG Sec61

protein

Figure 2. Outline of the SRP/Sec Pathway

The majority of membrane proteins are bound co-translationally by the Signal Recognition
Particle, which performs both substrate capture and membrane targeting functions. The
insertion step is the performed by the SecYEG/Sec61 channel, which can insert a wide range
of singlepass and multipass membrane proteins.



The SRP-ribosome-nascent chain complex then docks on the membrane, where the SRP
Receptor (SR) coordinates the handoff of the nascent chain to the Sec61 complex for insertion.
The handoff step is still poorly understood, but structural studies show that SRP and Sec61 have
overlapping binding sites on the ribosome, suggesting that extensive structural rearrangements
must occur (Frauenfeld et al., 2011; Halic et al., 2006; Mitra et al., 2005; Schaffitzel et al., 2006;
Voorhees and Hegde, 2015; Voorhees et al., 2014).

The channel which accomplishes the actual polypeptide translocation is always present as

a trimeric protein, referred to as SecYEG in bacteria and Sec61ay in eukaryotes. The central

subunit — SecY or Sec61a — has a central pore that accommodates the passage of nascent chains
(Berg et al., 2004; Cannon et al., 2005; Kedrov et al., 2011; Park and Rapoport, 2012; Voorhees
et al., 2014). The first step to insertion is the priming of the channel by docking of the translating
ribosome. Structures of the channel bound to a nontranslating ribosome suggest this step
involves little channel structural rearrangements beyond opening of the cytosolic part of the
lateral gate, a region central to both nascent chain recognition and release (Gogala et al., 2014;
Heinrich et al., 2000; Hessa et al., 2005; Voorhees et al., 2014). Priming is followed by actual
channel opening. High resolution structures of a transmembrane domain bound to the channel are
not available, but low-resolution structures of such complexes (Bischoff et al., 2014; Gogala et
al., 2014) match well with high resolution structures of the channel engaging the signal sequence
of a secreted protein (Li et al., 2016; Voorhees and Hegde, 2016). In both cases, the hydrophobic
segment sits on the side of the lateral gate, in direct contact with the lipid phase of the
membrane. This “lipid partitioning” mechanism may be utilized to expand the breadth of Sec
channel substrates beyond what be accomplished through specific protein-protein interactions

(Heinrich et al., 2000; Hessa et al., 2005). From this position, the transmembrane domain is



expected to then transition into the lipid phase, with the rest of the (hydrophilic) polypeptide
passing through the channel pore. A similar mechanism is thought to occur for multi-pass
membrane proteins, with each successive TMD contacting the lateral gate co-translationally and
the being released laterally into the bilayer. This simple and elegant model cannot however
account for all experimental observations. For example, some TMDs have been long known to
exhibit a preferred topological orientation (Gafvelin and von Heijne, 1994; Locker et al., 1992).
In one study, even mutating just the C-terminal residue of a protein can affect the topology of N-
terminal TMDs (Seppila et al., 2010). These experiments suggest that membrane protein
topology can be locally and globally regulated, although factors involved are only starting to be
characterized.

It is important to note that the Sec channel can also function post-translationally for the
translocation of soluble proteins. Such a pathway is well described in prokaryotes, where the
cytosolic chaperone SecA (sometimes together with a second chaperone named SecB) associates
with substrates and delivers them to the SecYEG channel (Rapoport et al., 2017). However, it
has long been known that membrane proteins prefer the co-translational SRP pathway (Valent et
al., 1998), and at this time no SecA post-translational transmembrane substrates are known.
Similarly, the Sec61 channel has been shown to function post-translationally in yeast (Deshaies
and Schekman, 1987; Panzner et al., 1995; Rothblatt and Meyer, 1986) and more recently in
metazoans (Lakkaraju et al., 2012b; Lang et al., 2012; Shao and Hegde, 2011a) but so far all

known substrates are soluble.



1.3 YidC Family Proteins Co-translationally Insert Simple Membrane Proteins

A membrane protein insertion system that can operate completely independently of the
Sec channel is found in bacteria and in the endosymbiotic organelles of eukaryotes. The central
components of this system are the YidC family proteins (Figure 3). These proteins are
represented by a single YidC gene in gram negative bacteria, while gram positive bacteria by two
paralogs named YidC1 and YidC2. Multiple paralogs are also present in mitochondria (called
Oxal and Oxa2) and plastids (called Alb3 and Alb4). Whether the presence of these multiple
paralogous genes reflects the ancestral state of the last common ancestor of bacteria,
mitochondria and chloroplasts or whether independent duplications have occurred is still unclear
(Cavalier-Smith, 2013). The conservation of these proteins in archaea has also previously been
suggested based on phylogenetic analyses (Luirink et al., 2001; Yen et al., 2001; Zhang et al.,
2009) but the sequence similarity to the putative homologs is very low, and no experimental data
exists to support this assignment.

YidC/Oxal/Alb3 proteins all possess the same core protein fold, composed of 5 TMDs, a
cytosolic coiled coil, and an N-out/C-in topology (Luirink et al., 2001). Some variations exist
beyond this basic topology, with important functional implications. In certain bacteria such as E.
coli, an extra TMD exists at the N-terminus (making the N-terminus cytosolic) and a large,
folded periplasmic domain connects this TMD to the core protein (Sdif et al., 1998) .
Additionally, mitochondrial Oxal and bacterial YidC2 (when present) have a long, positively
charged C-terminal which can directly bind ribosomes through electrostatic interactions (Funes et
al., 2009; Hell et al., 2001; Seitl et al., 2014).

YidC proteins can function to insert certain simple membrane proteins into the membrane

in a Sec-independent co-translational mechanism. The first substrates found to use this pathway



were the Pf3 and M 13 phage coat components (Chen et al., 2002; Samuelson et al., 2000, 2001).
Two physiological substrates have also since been identified: the Foc subunit of the ATP
Synthase and the MscL. mechanosensitive channel (van Bloois et al., 2004; Facey et al., 2007;
van der Laan et al., 2004; Yi et al., 2003). What these substrates have in common are very short
translocated regions that lack significant charged or folded domains, suggesting the YidC-only
pathway cannot handle the large free energy barrier of translocating such regions across the

bilayer.

Rbosome

. . DD

Nascent membrane YidG/ Oxa1
protein

Figure 3. YidC/Oxal directly inserts some simple membrane proteins.

Some simple membrane proteins that have few transmembrane domains and short translocated
regions can be inserted directly by the bacterial YidC insertase independent of the SecYEG
channel. Substrate capture and targeting differ between species. In some bacterial species, this
likely involves the SRP. In other bacterial species and mitochondria, the YidC/Oxal insertase
binds ribosomes constitutively, making capture and targeting unnecessary.

Although conceptually the YidC pathway must have the same substrate capture, targeting
and insertion phases as the Sec channel pathway, the initial stages are less understood. Bacterial
YidC can bind ribosomes translating the Foc substrate, but not nontranslating ribsosomes
(Kedrov et al., 2013), suggesting a need for active targeting. Targeting of substrates to YidC is
thought to involve the SRP (van Bloois et al., 2004; Facey et al., 2007), although the mechanism
of SRP handoff to YidC and the role of the SRP receptor are poorly defined. YidC homologs
with extended C-terminal tails can bind ribosomes constitutively, eliminating the need for a

nascent substrate or the SRP (Haque et al., 2010; Jia et al., 2003; Seitl et al., 2014; Szyrach et al.,



2003). This interaction in fact seems sufficient for recruitment of ribosomes to the membrane in
general, such that YidC with a long tail can partially substitute for the SRP receptor in vivo (Seitl
et al., 2014).

The insertion mechanism of YidC family proteins is still poorly understood
mechanistically. Although initially suggested to act as a dimer with a hydrophilic pore in the
middle (Kohler et al., 2009), recent YidC-ribosome structures and biochemical studies have
shown convincingly that a YidC monomer can bind a translating ribosome (Kedrov et al., 2013;
Seitl et al., 2014; Wickles et al., 2014). Functional studies employing an artificially fused YidC
dimer also suggested that one single copy is sufficient in vivo (Spann et al., 2018). The monomer
model implies no hydrophilic pore can be formed, further complicating mechanistic modelling.
An answer to this puzzle was partially provided by high resolution YidC structures. Both the
Bacillus halodurans and E. coli structures show a hydrophilic groove located deep inside the
lipid bilayer (Kumazaki et al., 2014a, 2014b). In one functional model of Bacillus YidC,
substrates were postulated to bind an essential arginine residue in the groove and then cross the
membrane through a lipid-partitioning like mechanism (Kumazaki et al., 2014b). Although
generalizing this model is difficult as the specific arginine residue is not essential in E. coli
(Chen et al., 2014) the widely conserved hydrophilic groove may accomplish such a role through

different residues in different species.

1.4 Post-translational Insertion of Transmembrane Proteins
Although far less common, post-translational insertion of membrane proteins has also

been reported. Conceptually these pathways also involve dedicated substrate capture, targeting



and insertion steps, with the added complexity that the substrate must be quickly bound before it
has the opportunity to aggregate in the cytosol.

By far the most widely established membrane proteins known to be inserted post-
translationally are Tail Anchored (TA) proteins, which possess a single TMD at the very C-
terminus. TA proteins exist in prokaryotes but have mostly been studied in eukaryotic cells
where they much more common. It was recognized long ago that these proteins cannot engage
the SRP pathway as by the time the TMD has exited the ribosome exit tunnel, translation has
terminated (Kutay et al., 1993). Multiple hypotheses were initially proposed for how a TA
protein might be inserted into the ER. These included the SRP/Sec61 system acting post-
translationally (Abell et al., 2004), insertion catalyzed by Hsc70/HSp40 in the absence of
membrane factors (Abell et al., 2007) and even completely spontaneous insertion (Brambillasca
et al., 2005, 2006; Colombo et al., 2009). However, the existence of these pathways remains
controversial, and the current consensus is that eukaryotic TA proteins are mainly inserted
through the GET (Guided Entry of Tail Anchored) pathway.

In the GET pathway, the substrate protein is captured as soon as it is released from the
ribosome, in what is known as the pre-targeting phase. In the well-understood yeast system, a
three-protein complex composed of Get4, Get5 and Sgt2 first binds the substrate TA protein.
Whether this step occurs on the ribosome in vivo is unclear, although these factors are known to
associate with ribosomes (Fleischer et al., 2006; Zhang et al., 2016). Structural and biochemical
analyses suggest a mechanism in which Sgt2 captures substrates relatively non-specifically and
passes them on — through the a Get4/5 scaffold — to Get3, the specific targeting factor of the TA
pathway (Bozkurt et al., 2010; Chang et al., 2010; Chartron et al., 2010; Wang et al., 2010). Get3

is a dimeric protein with a hydrophobic binding pocket that directly binds a transmembrane
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domain, shielding it from the aqueous environment and maintaining its solubility (Bozkurt et al.,

2009; Hu et al., 2009; Mateja et al., 2009, 2015; Suloway et al., 2009; Yamagata et al., 2010).

Rbosome
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Nascent membrane
protein

Figure 4. The eukaryotic GET pathway inserts Tail Anchored proteins posttranslationally

In the yeast GET pathway, TA proteins are captured by the Sgt2/Get4/Get5 targeting complex,
handed off to the Get3 targeting factor, and then inserted into the ER membrane by the
Getl/Get2 complex. The mammalian pathway has a more complex pretargeting step — which
occurs on the ribosome — but highly conserved targeting and insertion steps.

After the Get3/TA complex migrates to the membrane of the ER, it binds to a specific
receptor composed of the Getl and Get2 proteins (Schuldiner et al., 2008). The Getl/2 complex
functions both as Get3 receptor and insertase, as biochemical and genetic experiments have
shown that Get1/2 is sufficient to accomplish insertion of a TA substrate comparable to that
observed in wild type membranes (Mariappan et al., 2011; Wang et al., 2011a). The Get1/2
complex directly stimulates substrate release from Get3, and actively guides the substrate into
the membrane, forming multiple interactions with the substrate as it is being inserted (Mariappan
et al., 2011; Stefer et al., 2011; Wang et al., 2011a, 2014). In vitro reconstitution studies suggest
that a single Get1/2 dimer is sufficient for maximal rates of insertion (Zalisko et al., 2017). The
exact mechanism of Getl/2 mediated insertion, however, awaits high resolution structural data
for the complex.

The mammalian TA protein insertion pathway is remarkably similar to the yeast one,
although most steps are not as well understood. Pre-targeting is more complex, as a large,

ribosome-attached protein named Bag6 forms a scaffold for the assembly of homologs of Get4,
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Get5 and Sgt2 (referred to as TRC35, Ubl4a and SGTA respectively)(Leznicki et al., 2010;
Mariappan et al., 2010). Bag6 seems to be a protein biogenesis hub, as in addition to the TA
targeting pathway, it also serves a protein quality control factor, recruiting an E3 ligase which
tags some substrate proteins for degradation (Hessa et al., 2011; Minami et al., 2010; Wang et
al., 2011b). In the TA targeting pathway, Bag6 hands off the substrate to the soluble chaperone
TRC40 (the Get3 homolog) (Mariappan et al., 2010; Stefanovic and Hegde, 2007). The substrate
is then delivered to the ER membrane and inserted by a complex of WRB and CAML (the
equivalents of Getl and Get2), which just like in yeast are sufficient to support insertion in a
purified system (Vilardi et al., 2011, 2014; Yamamoto and Sakisaka, 2012). Interestingly,
although Getl and WRB are clearly homologous, yeast Get2 and mammalian CAML share no
similarity and appear to have evolved independently (Yamamoto and Sakisaka, 2012).

TA protein insertion in prokaryotes is much less understood than in eukaryotes. The Get3
targeting factor does have an archaeal homolog that can bind TA substrates and deliver them to
yeast ER membranes in vitro (Borgese and Righi, 2010; Sherrill et al., 2011; Suloway et al.,
2012). Nevertheless, membrane-associated components are not known, and the physiological
relevance of this pathway in archaea remains unclear. In bacteria, insertion of some TA proteins
seems to depend on the YidC insertase (Aschtgen et al., 2012; Peschke et al., 2018; Pross et al.,
2016). YidC is an attractive candidate for TA protein insertion, as a hydrophilic groove-based
insertion model could easily operate for TA substrates. Since the closest bacterial Get3 homolog
is incapable of binding TA substrates (Borgese and Righi, 2010) some other mechanism must
exist for targeting. So far studies have suggested that SRP and the Hsp70 protein DnaK might
have this function, but this hypothesis remains speculative (Aschtgen et al., 2012; Peschke et al.,

2018).
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Much better understood is the post-translational insertion of certain membrane proteins
by the YidC chloroplast homolog Alb3, the classical substrate being the Light Harvesting
Complex Protein (LHCP) (Moore et al., 2000). LHCP is a nuclear-encoded protein synthesized
as a precursor on cytosolic ribosomes that is first transported through the outer membrane of the
chloroplast. In the chloroplast, LHCP is captured post-translationally by the chloroplast SRP
(cpSRP) complex (Schuenemann et al., 1998) which then docks onto the SRP Receptor in the
thylakoid membrane (Moore et al., 2003). Alb3 then captures the substrate by a direct interaction
of the C-terminus of Alb3 with the cpSRP (Falk et al., 2010). Notably, the insertion step is fully
independent of the chloroplast SecYE channel (Mori et al., 1999) even though LHCP is a
multipass 3-TMD protein. If Alb3 is indeed able to catalyze insertion of this protein independent
of other components, it would suggest that proteins of the YidC/Oxal/Alb3 family are
significantly more versatile than previously thought. However, such a conclusion awaits

reconstitution of cpSRP/Alb3-mediated insertion with purified components.

1.5 Integral Membrane Accessory Factors of the Bacterial Translocon

Although the SecYEG channel is sufficient for some level of insertion of all substrates, in
vivo the channel is often found as a protein supercomplex known as the holo-translocon. This
larger complex contains, in addition to SecYEG, the YidC insertase and the trimeric SecDFYajC
complex (Komar et al., 2016; Schulze et al., 2014; Scotti et al., 2000).

Functionally, the role of YidC in the holotranslocon is in facilitating the biogenesis of
certain Sec-dependent membrane proteins. Specifically, YidC stimulates the translocation of
specific TMDs in certain multipass proteins (Urbanus et al., 2001; Zhu et al., 2012). The physical

location of YidC, directly contacting the SecYEG lateral gate (Petriman et al., 2018; Sachelaru et
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al., 2013, 2017) suggest that YidC might prime the lateral gate for accepting a TMD. Such a
model is supported by the observations that YidC alters the conductance of the SecY channel
(Sachelaru et al., 2017) and that a nascent TMD displaces YidC from the lateral gate (Sachelaru
et al., 2013).

Additionally, YidC has been shown to catalyze the folding of some multipass proteins. In
the absence of YidC, the proteins LacY and MalF are inserted into the membrane but remain
inactive (Beck et al., 2001; Nagamori et al., 2004; Wagner et al., 2008; Zhu et al., 2013). In vitro
single molecule studies suggest YidC forms sequential, transient interactions with multipass
proteins, stabilizing folding intermediates along the correct folding pathway at the expense of
misfolded conformations (Serdiuk et al., 2016). Structural investigations of the holotranslocon
suggest that its architecture may be adapted for this sequential interaction folding cycle, as the
holotranslocon subunits define a central lipid-filled chamber which could accommodate protein
folding (Botte et al., 2016).

The chloroplast YidC homolog Alb3 may also function similarly to bacterial YidC, as it
associates with the chloroplast SecYE channel (Klostermann et al., 2002). The mechanism of
Alb3 in this context has not been determined, however the most established substrate of this
pathway — photosystem II D1 — is a multipass membrane protein with 5 TMDs (Walter et al.,
2015). Other proposed substrates — based on their ability to bind Alb3 in a split ubiquitin system
— are also multipass proteins: PSII D2 (5 TMDs), PSII CP43 (6 TMDs) and PS1-A (11
TMDs)(Pasch et al., 2005). The topology of these described substrates suggest that Alb3 may
also support the insertion or folding of multipass proteins.

This SecY-dependent role of YidC family proteins does not survive in mitochondria in

most organisms, as mitochondria usually lack a SecY gene (Glick and Heijne, 1996). Thus far,
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no experiments have been done to investigate the existence of this pathway in organisms where
mitochondria do contain a mitochondrial SecY gene (Lang et al., 1997). Nevertheless, the
totality of the evidence suggests an ancestral role for YidC family proteins in Sec-dependent
multipass membrane protein biogenesis.

Significantly less is known about the other components of the bacterial holotranslocon,
SecDFYajC. The SecDF complex can conduct protons, and has been proposed to facilitate the
harnessing of the trans-membrane proton motive force to catalyze the exit of translocated
substrates from the SecYEG channel (Arkowitz and Wickner, 1994; Duong and Wickner, 1997;
Economou et al., 1995; Matsuyama et al., 1993). One intriguing possibility is that these subunits
harness the proton-motive force for a co-translational chaperone activity (Tsukazaki et al., 2011).
No studies so far have linked these subunits to biogenesis of inner membrane proteins. The role

of YajC in the holotranslocon likewise remains poorly understood.

1.6 Integral Membrane Accessory Factors of the Eukaryotic Translocon

The eukaryotic translocon has a more complex subunit composition than its bacterial
counterpart, and the different components in eukaryotes seem to assemble in a substrate specific
manner (Conti et al., 2015). Most accessory subunits have poorly defined roles, although many

seem to play some role in the biogenesis of membrane proteins.

1.6.1 The Oligosaccharyl Transferase Complex
The Oligosaccharyl Transferase (OST) complex is one of the most crucial translocon
accessory factors. OST catalyzes N-linked glycosylation — one of the most common

posttranslational modifications of proteins, predicted to be present in about 70% of secretory
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pathway proteins (Zafar et al., 2011). Specifically, OST catalyzes the transfer of a glycan from a
dolichol lipid carrier to an asparagine residue contained in the consensus Asn-X-Thr/Ser
sequence, where X can be any amino acid except proline. (Tai and Imperiali, 2001).

The components of the OST are remarkably conserved throughout eukaryotic evolution.
The central, catalytic component is referred to as STT3 in yeast, with two homologues in
metazoans called STT3A and STT3B (Kelleher et al., 2003; Nilsson et al., 2003; Yan and
Lennarz, 2002). Metazoan STT3A and STT3B have complementary and overlapping roles, and
define different OST complexes. STT3A-containing complexes associate with the Sec61 channel
and work co-translationally to glycosylate proteins as they exit the channel (Braunger et al.,
2018; Chavan et al., 2005; Cherepanova and Gilmore, 2016; Ruiz-Canada et al., 2009; Shibatani
et al., 2005; Yan and Lennarz, 2005). SST3B complexes are free-standing entities in the
membrane that can function post-translationally on any sequences skipped by STT3A (and
supposedly on TA proteins which never encounter the translocon) (Cherepanova and Gilmore,
2016; Ruiz-Canada et al., 2009). The physical location of the catalytic subunit is important for
glycosylation of membrane proteins: at least 12-14 residues between the TMD and the
glycosylation sequence are required for efficient glycosylation(Nilsson and Heijne, 1993; Wild et
al., 2018).

The function of the remaining OST subunits is so far poorly understood. However, recent
structural data suggest that most subunits — referred to as OST2, OST4, OSTS, OST1, SWPI,
WBPI1 in yeast and Dadl, Ost4, TMEM258, Ribophorin I, Ribophorin II and Ost48 respectively
in metazoans — play a structural role, stabilizing the large complex and positioning the catalytic
subunit (Braunger et al., 2018; Pfeffer et al., 2014; Wild et al., 2018). In addition to these core

structural subunits, the yeast OST contains one of two paralogous subunits called OST3 and
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OSTé6. These subunits, which have oxidoreductase activity, can capture substrates by disulfide
bond formation and present them to the catalytic core (Poljak et al., 2018; Schulz et al., 2009;
Zacchi and Schulz, 2016). OST3 and OST6 seem to display somewhat different substrate
specificities, and have been proposed to work to improve the efficiency of glycosylation by
tethering a substrate region within a binding pocket, maintaining it in an unfolded state to allow
glycosylation to occur (Schulz and Aebi, 2009; Schulz et al., 2009). The mammalian homologs
of OST3 and OST6 — called Tusc3 and MagT1 respectively — are found exclusively in the Sec61
independent STT3B complex and, and are required for function by capturing and presenting a
substrate to the STT3B enzyme (Cherepanova and Gilmore, 2016; Cherepanova et al., 2014).
Instead of OST3/6, the metazoan Sec-associated STT3A complex contains two subunits called

DC2 and KCP2, which mediate the interaction with the Sec61channel (Shrimal et al., 2017).

1.6.2 The Translocating Chain Associating Membrane Protein (TRAM)

Another important translocon accessory factor is the Translocating Chain Associated
Membrane Protein, or TRAM. TRAM is a single multipass polypeptide (Tamborero et al., 2011)
that was first identified as a crosslinking partner for soluble proteins with signal sequences
(Conti et al., 2015; Gorlich et al., 1992; Krieg et al., 1989; Sauri et al., 2007; Voigt et al., 1996)
but then subsequently proven to also crosslink to TMDs (Do et al., 1996; Heinrich et al., 2000;
McCormick et al., 2003). In vitro reconstitution studies have shown TRAM to be necessary for
the successful translocation of some soluble secretory pathway proteins and also the insertion of
some membrane proteins (Gorlich and Rapoport, 1993). Functional interactions show that
TRAM can directly influence the lipid partitioning mechanism of the Sec61 channel by retaining

certain TMDs that are then released in a coordinated fashion into the lipid bilayer (Cross and
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High, 2009; Do et al., 1996; Heinrich and Rapoport, 2003; Heinrich et al., 2000; Sadlish et al.,
2005). Additionally, TRAM has been suggested to stimulate the insertion of some membrane
proteins (Heinrich et al., 2000) and signal-sequence containing proteins (Voigt et al., 1996) of
moderate hydrophobicity. In all, TRAM might work to adjust the inherent hydrophobicity of
TMDs, to either facilitate lateral gate opening in the presence of a hydrophobic domain or keep

the gate closed in its absence (Shao and Hegde, 2011D).

1.6.3 RAMP4

Another accessory factor that seems to have some specificity to membrane protein
substrates is RAMP4. RAMP4 is a small Tail Anchored protein that was originally found in
complex with the ribosome and the Sec61 channel but did not seem to have an appreciable
impact on protein translocation in vitro (Gorlich and Rapoport, 1993; Wang and Dobberstein,
1999). Functional studies then showed that induction of ER stress by tunicamycin treatment
leads to upregulation of RAMP4 (Yamaguchi et al., 1999) and conversely that deletion of
RAMP4 can induce the unfolded protein response (Hori et al., 2006). In cultured cells subjected
to ER stress, overexpression of RAMP4 suppressed membrane protein aggregation and
degradation, suggesting a role for RAMP4 in membrane protein biogenesis (Yamaguchi et al.,
1999). Subsequent studies then showed that the presence of a TMD in the ribosome exit tunnel
induces the recruitment of RAMP4 to the ribosome (Pool, 2009) and that RAMP4 can directly
bind a substrate through a hydrophobic interaction (Schroder et al., 1999). Postulating the exact
function of RAMP4 is difficult, partially due to its small size of ~7kDa, and more work is needed

on this poorly-understood protein.
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1.6.4 The Sec62/Sec63 Proteins

Two highly studied but still poorly understood translocon accessory factors are Sec62 and
Sec63. Yeast Sec62 is a two TMD membrane protein with a positively charged N-terminus
which directly interacts with the negatively charged Sec63 C-terminus (Deshaies and Schekman,
1989; Lang et al., 2012; Wittke et al., 2000). The human Sec62 homolog has gained the ability to
bind ribosomes, an ability which seems to be mutually exclusive with Sec63 binding (Miiller et
al., 2010). Sec63 is a multipass membrane protein with a luminal Hsp40 J-domain, which
interacts with the luminal chaperone Kar2/BiP (Brodsky et al., 1995; Feldheim et al., 1992;
Skowronek et al., 1995).

The Sec62/Sec63 complex has been best described in the post-translational translocation
of certain soluble proteins in yeast. In this pathway, Sec62/Sec63 work — together with the other
membrane proteins Sec71 and Sec72 and the soluble Kar2 chaperone — to adapt the translocon
for translocating certain proteins with moderately hydrophobic signal sequences post-
translationally (Deshaies et al., 1991; Ng et al., 1996; Panzner et al., 1995). In this pathway,
Sec71/72 recruit substrates bound to cytosolic Hsp70 chaperones and pass them onto the other
translocon components(Plath and Rapoport, 2000; Tripathi et al., 2017). Sec62 then directly
contacts the signal sequence of a soluble substrate at the same time as Sec61 (Plath et al., 2004).
The described mechanisms suggest that Sec62/Sec63 post-translational translocation may
operate on substrates that are not efficiently engaged by the SRP.

Recent work has shown that the post-translational pathway is conserved in mammalian
cells (Johnson et al., 2013; Lakkaraju et al., 2012b; Lang et al., 2012) which do contain
ribosome-free Sec61/Sec62/Sec63 complexes (Meyer et al., 2000). Like in yeast, there is some

evidence this pathway is utilized by proteins that cannot efficiently recruit SRP, for example
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because of their small size does not allow sufficient time for SRP binding to the ribosome
(Johnson et al., 2013; Lakkaraju et al., 2012b; Shao and Hegde, 2011a). Unlike yeast, metazoans
do not have a Sec71/72 complex — the targeting is instead accomplished by the cytosolic
chaperone calmodulin (Shao and Hegde, 2011a).

Although much less understood, it is clear that Sec62/63 also play a role in co-
translational translocation of soluble proteins in both yeast (Brodsky et al., 1995; Young et al.,
2001) and metazoans (Conti et al., 2015; Lang et al., 2012; Miiller et al., 2010; Tyedmers et al.,
2000). The exact role of the Sec62/63 in this process is almost completely unknown, but they
were recruited to the ribosome-Sec61 complex in a substrate dependent manner by a substrate
that was stalled in the channel and unable to translocate (Conti et al., 2015). One simple model is
that for some substrates Sec62/63 work to recruit BiP (the metazoan homolog of Kar2), which
assists with substrate translocation by its characteristic ratcheting mechanism.

Perhaps related to this co-translational function, Sec62/63 have also recently been linked
to the biogenesis of membrane proteins. The same substrate-dependent recruitment of Sec62/63
was also reported for Prion protein, which carries a weakly hydrophobic TMD (Conti et al.,
2015). Functionally, Sec63 is required for the in vivo maturation of a 7-TMD G-protein coupled
receptor (Fedeles et al., 2015) and its expression is negatively correlated with the steady state
level of a number of multipass membrane proteins (Mades et al., 2012). These data suggest that
Sec63 captures multipass proteins and slows their insertion, perhaps assisting with their folding.
Evidence also exists that Sec62/63 insert specific TMDs of both single-pass and multipass
membrane proteins (Jung et al., 2014; Reithinger et al., 2013) and may assist with establishing

the proper topology of some single-pass proteins with a moderately hydrophobic TMD
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(Reithinger et al., 2013). No functional studies have so far established which of these activities

(if any) occur co-translationally as part of the translocon.

1.6.5 Calnexin

For glycosylated ER proteins, attachment of a glycan is only the initial step of the
modification: successive trimming of the initially attached large, branched glycan is then
performed (Aebi et al., 2010). The initial trimming is done by glucosidase I, followed by
glucosidase II trimming one sugar monomer to result in an intermediate glycan
(GlciManoGIcNAc»). Glucosidase II then acts again on this substrate, resulting in the final
branched glycan (MangGlcNAc,) that marks proteins as competent for ER exit (Aebi et al.,
2010).

Calnexin is a single-pass membrane protein that can associate directly with the Sec61
channel (Boisramé et al., 2002; Lakkaraju et al., 2012a). Together with its soluble homolog
calreticulin, calnexin participates in the folding of nascent glycoproteins by forming direct
interactions with proteins containing the intermediate GlciManoGlcNAc: glycan (Caramelo and
Parodi, 2008). This substrate capture by calnexin is thought to give proteins time to fold
appropriately and prevent aggregation and premature ER exit of unfolded proteins. Additionally,
calnexin actively facilitates folding by recruiting the ER oxidoreductase ERp57, which catalyzes
correct disulfide bond formation (Solda et al., 2006). The membrane association is important for
calnexin function: calnexin seems to mostly interact with glycans close to the membrane, while
calreticulin associates with peripheral glycans (Molinari et al., 2004; Pieren et al., 2005). The
association with the translocon why calnexin can act co-translationally as well as post-

translationally (Chen et al., 1995). If after dissociating from calnexin a protein is still unfolded
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and displays exposed hydrophobic patches, it is recognized by UGT1 which restores the
GlciManyGlcNAcs glycan (Sousa and Parodi, 1995) and allows calnexin/calreticulin to rebind, in

what is known as the calreticulin/calnexin cycle.

1.6.6 The Translocon-Associated Protein Complex (TRAP)

The Translocon-Associated Protein (TRAP) is a 4-subunit complex consisting of three
single pass membrane protein subunits (a,3,0) and one larger, 4-TMD subunit (y) (Bafio-Polo et
al., 2017; Hartmann et al., 1993). TRAP associates in a 1:1 ratio with the Sec61 channel both in
the presence and absence of a substrate protein (Conti et al., 2015; Dejgaard et al., 2010;
Meénétret et al., 2008; Shibatani et al., 2005; Snapp et al., 2004) but has been proven to interact
directly with translocating substrates by chemical crosslinking (Gorlich et al., 1992; Wiedmann
et al., 1987, 1989). Additionally, TRAP forms a higher-order complex with the Sec61 channel,
the ribosome, and the OST (Braunger et al., 2018; Pfeffer et al., 2017; Shibatani et al., 2005).

TRAP is still poorly understood functionally but studies have found effects associated
with both soluble and membrane protein substrates. Loss of the TRAP complex causes a
congenital disease of glycosylation where some glycosylation sites are skipped (Losfeld et al.,
2014; Ng et al., 2015; Pfeffer et al., 2017). This suggests that the TRAP-OST interactions are
important for optimal choice of glycosylation sites. TRAP also directly stimulates the
translocation of some soluble proteins; TRAP dependence may depend on the efficiency of their
signal sequence in transport initiation (Fons et al., 2003). For membrane proteins, TRAP seems
important for the establishment of the topology of some single pass proteins where the topology

is ambiguously encoded in the sequence (Sommer et al., 2013).
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2 A YidC-like Protein in the Archaeal Plasma Membrane

2.1 Overview

The work presented in the chapter started as an attempt by the Keenan lab to solve a
crystal structure of an archaeal Getl homolog. The Keenan lab was successful in producing a
structure of Mj0480 (a protein from Methanocaldococcus jannaschii) but numerous biochemical
experiments had failed to show an interaction between Mj0480 and the M. jannaschii TRC40
(the archaeal homolog of Get3).

I started work on this project conducting a phylogenetic analysis that showed a possible
distant homology between Mj0480 and bacterial YidC, largely reproducing earlier phylogenetic
work. After unsuccessfully attempting functional complementation of bacterial YidC by M;j0480,
I showed that Mj0480 binds ribosomes programmed with a YidC substrate. This showed the first
functional similarity between an archaeal protein and YidC. Together with the obvious structural
similarities between Mj0480 and the newly published structure of bacterial YidC, this
established Mj0480 as a bona fide YidC homolog. Subsequent crosslinking work showed
specific crosslinks between Mj0480 and the nascent substrate on the ribosome.

A version of this work was published as Borowska, M.T., Dominik, P.K., Anghel, S.A.,
Kossiakoff, A.A., and Keenan, R.J. (2015). A YidC-like Protein in the Archaeal Plasma

Membrane. Structure 23, 1715-1724.

2.2 Contributions
In this work, I performed the phylogenetic analysis, complementation studies and ribosome
binding analysis. M.T.B. carried out the production and characterization of M;j0480 and sABs,

crystallization and data collection of the Mj0480-sAB complex, and the photocrosslinking
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studies. P.K.D. performed the nanodisc reconstitution and sAB selections with guidance from
A.A K. R.J.K. conceived the project, guided experiments and solved and analyzed the crystal

structure.

2.3 Phylogenetic Analysis Shows a Group of Archaeal Proteins Related to YidC

No archaeal homologs of YidC have been described, but proteins with low sequence
similarity to the YidC/Oxal/Alb3 family have been identified in archaea (Luirink et al., 2001;
Makarova et al., 2015; Yen et al., 2001; Zhang et al., 2009). These proteins are annotated as
‘Domain of Unknown Function 106’ (DUF106), reflecting their highly diverged sequences and
the absence of any experimental insight into their function. Thus, whether archaea possess bona
fide members of the YidC/Oxal/Alb3 family remains unknown.

To gain insight into the evolutionary distribution and mechanism of YidC/Oxal/Alb3-
type insertases, we carried out structural and functional studies of an archacal DUF106 protein
from Methanocaldococcus jannaschii (Mj0480). We determined the 3.5 A resolution crystal
structure of Mj0480, revealing an overall fold and unusual structural features that define it as a
member of the YidC/Oxal/Alb3 family. We also show that 0480, like YidC, binds selectively
to stalled RNCs and can be crosslinked to the nascent chain via a conserved, lipid-exposed
hydrophilic surface. These data provide direct experimental evidence that the archaecal DUF106
proteins function as YidC-like insertases within the archaeal plasma membrane.

We constructed a phylogenetic tree based on a multiple sequence alignment of a
representative set of YidC/Oxal/Alb3 and archaeal DUF106 sequences. Three separate clades
are observed, corresponding to mitochondrial Oxal, bacterial YidC (including chloroplast Alb3

family members) and the archaeal DUF106 proteins (Figure 5). Consistent with previous
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analyses, the YidC/Oxal/Alb3 homologs are more closely related to each other than to the highly
diverged archaeal DUF106 sequences (Luirink et al., 2001; Zhang et al., 2009).

A

YidC/Oxa1/Alb3 Archaeal DUF106

Figure 5. Phylogenetic and topological analysis of the archaeal DUF106 family.

(A) Phylogenetic tree of representative eukaryotic and bacterial YidC/Alb3/Oxal insertases
(grey) and members of the archacal DUF106 family of unknown function (light blue).
Branch lengths for the three main clades are indicated; note the high divergence of the
archaeal proteins. The archaeal DUF106 protein from M. jannaschii (Mj0480) is indicated
with an asterisk.

(B) Members of YidC/Oxal/Alb3 family are predicted to share a core topology comprising
5 TMs and a cytosolic-facing coiled-coil region between TM1 and TM2; these sequences
are most divergent at their N- and C-termini (dashed lines). Depending on the algorithm,
members of the archaeal DUF106 family are predicted to contain either three or four TMs,
with a cytosolic-facing coiled coil between TM1 and TM2.

The archaeal DUF106 proteins share a low level of sequence identity (~10-15%) with
members of the YidC/Oxal/Alb3 family. Moreover, they are generally smaller than their
eukaryotic and bacterial homologs, which show large variations in length, particularly at their N-

and C-termini (Figure 5B). Nevertheless, the predicted membrane topology and secondary
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structure reveal common features. The YidC/Oxal/Alb3 proteins are thought to share a
conserved core comprising five transmembrane (TM) helices (Kumazaki et al., 2014a, 2014b;
Luirink et al., 2001; Saif et al., 1998) and a cytosolic-facing coiled-coil region between the first
two TMs. Likewise, COILS sequence analysis (Lupas et al., 1991) of the archaeal DUF106
proteins predicts a cytosolic-facing coiled-coil region between TM1 and TM2. However, in
contrast to YidC/Oxal/Alb3, the conserved transmembrane core of the shorter archaeal proteins

is only predicted to contain three or four TMs (Figure 5B).

2.4 The structure of Mj0480

To gain insight into the function of the archaeal DUF106 family, we expressed an archaeal
homolog from M. jannaschii (Mj0480) in E. coli. Although we could purify milligram quantities
of n-dodecyl-f-D-maltopyranoside (DDM)-solubilized M;j0480, it formed oligomers in a
concentration-dependent manner (Figure 6B), and failed to crystallize. To facilitate
crystallization we generated high affinity synthetic antibody fragments (sABs) using a novel
strategy to screen a phage library against biotinylated nanodiscs reconstituted with A;j0480

(Dominik and Kossiakoff, 2015). These sABs were screened for the ability to bind DDM-

solubilized Mj0480 and promote crystallization. One such sAB (‘M1’), which appears to form 1:1

and 2:2 complexes with Mj0480 in DDM (Figure 6C,D), gave rise to crystals that diffracted
anisotropically to ~3.5 A; the structure of this complex was solved by molecular replacement

using an antibody fragment as a search model (Figure 7).
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Figure 6. Production and characterization of Mj0480 and Mj0480-sAB complexes.

(A) Overview of the purification and sAB complex formation strategy.

(B) Size-exclusion chromatography of Mj0480 in DDM reveals concentration-dependent
oligomerization. (C) Purification of the Mj0480-sAB ‘M1’ complex by gel filtration. Peak
fractions were analyzed by SDS-PAGE and stain-free imaging (right panel). Note that the
~25 kDa band corresponds to overlapping heavy and light chains of the sAB.

(D) SEC-MALLS analysis of the Mj0480-sAB complex, showing ultraviolet (A280),
refractive index (RI) and light scattering (LS) detector readings across the peak fractions.
The red, green and blue lines in the LS trace indicate the observed molecular mass of the
M;j0480-sAB-detergent complex (PDC), the Mj0480-sAB complex (protein) and detergent,
respectively. Although the Mj0480-sAB complex elutes as a single, symmetric peak in
DDM, it appears to be a mixture of 1:1 and 2:2 complexes.
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Figure 7. Overview of the electron density map and crystal packing architecture

(A) Cross-eyed stereo view of a cA-weighted 2Fo-Fc electron density map, calculated at 3.5
A and contoured at 2.5 sigma after a single round of 4-fold NCS averaging. A portion of the
final refined model, corresponding to part of the Mj0480 core, is superimposed (magenta
sticks).

(B) Packing arrangement gives rise to alternating layers of Mj0480 (red) and sAB (grey)
molecules in the crystal.

The asymmetric unit comprises four Mj0480-sAB complexes packed in an antiparallel
arrangement (Figure 8A) that gives rise to alternating layers of sSAB and Mj0480 molecules in the

crystal (Figure 7B). Two of the Mj0480 molecules are in direct contact and form an antiparallel
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dimer in which the C-terminal 50 residues from one monomer are swapped with those of the

second monomer (Figure 8B).
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Figure 8. A domain-swapped dimer in the Mj0480-sAB complex crystal.

(A) The asymmetric unit comprises four sAB molecules sandwiched around four M;0480
molecules; in this arrangement, the four ;0480 molecules form two anti-parallel, domain-
swapped dimers (cyan and magenta; blue and green).

(B) Close-up showing the anti-parallel arrangement of ;0480 subunits (cyan, magenta) in
the domain-swapped dimer. The swap is initiated at residue 149 (indicated by the asterisk),
located in the loop following TM2, and extends through EH2 and TM3 to the C-terminus.
(C) Comparison of the crystallographic ‘open’ and modeled ‘closed” monomers, color-
ramped from N- (blue) to C- (red) terminus. The closed monomer model is generated by
connecting residue 148 of one monomer to residue 149 of the other.

(D) Model of the closed Mj0480 monomer (cyan) bound to a single sAB molecule (grey).
The sAB-Mj0480 contacts are mediated by residues within the H2 and H3 loops (orange).

The observation of domain-swapping in protein crystals is not unusual (Liu and and
Eisenberg, 2002) but it complicates assignment of the physiologically relevant species. Because
the Mj0480 monomers are inverted (Figure 8B), it is unlikely that the domain swapped dimer
exists in the archaeal membrane. More likely, the C-terminal swap arises from the high protein
concentration used for crystallization and the destabilizing effect of detergent. We therefore
constructed an unswapped (‘closed’) model of monomeric M;j0480 by connecting residue 148 of

monomer A to residue 149 of monomer B (Figure 8B,C).
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This M;j0480 monomer spans the membrane with a longest dimension of ~50 A; viewed
from the cytosol, its overall length and width are ~25 and 36 A. The N-terminus of M;j0480 faces
the extracellular space and is followed by an amphipathic helix (EH1) that lies nearly parallel to
the plane of the membrane (Figure 9A). This helix ends in a sharp turn and is followed by the
first of three bona fide TMs. The cytosolic-facing end of TM1 connects to TM2 via the predicted
coiled-coil motif that is disordered in the crystal, presumably reflecting its flexibility. TM2 spans
the membrane and packs against TM1 in an antiparallel orientation. This is followed by a short
extracellular loop region and a second amphipathic helix (EH2) that also lies nearly parallel to
the extracellular face of the membrane. Finally, an extracellular loop connects to TM3 which
packs against TM1 and TM2 in the core of the protein and extends toward the disordered C-
terminus, which ends in the cytosol.

The cytosolic-facing half of M;j0480, including TM1-3, is loosely packed and likely
dynamic, as evidenced by its relatively high B-factors (Figure 9B). A striking feature of this
region is the presence of a concave hydrophilic surface, presented by TM1-3, that is exposed to
both the lipid bilayer and the cytosol (Figure 9C). Importantly, this surface is not accessible to
the extracellular side of the membrane, by virtue of the tightly packed hydrophobic core
comprising residues from each of the five helical elements and the extracellular loops. Moreover,
the hydrophilic character (Figure 9D) of the surface is conserved in both archaea (Figure 10) and
bacteria (Figure 11). Thus, a key structural feature of the archaecal DUF106 family is the
presence of a conserved, lipid- and cytosol-exposed hydrophilic surface presented by three

transmembrane helices.
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Figure 9. Overall structure of the monomeric Mj0480 model.

(A) Cartoon representation viewed from the plane of the membrane and color-ramped from
the N- (blue) to the C- (red) terminus. The structure comprises three transmembrane helices
(TM1, TM2, TM3) and two amphipathic helices (EH1, EH2) that lie nearly parallel to the
plane of the membrane on the extracellular side of the membrane. The predicted coiled-coil
region connecting TM2-TM3 is disordered in the crystal (dotted lines).

(B) Crystallographic B-factors are indicated using a three-color gradient from blue (60 A?) to
red (160 A?).

(C) Electrostatic surface potential colored from negative (red) to positive (blue), reveals an
exposed hydrophilic surface within the lipid bilayer.

(D) Sequence conservation of 33 archaecal DUF106-containing proteins mapped to the
molecular surface of Mj0480 from most (pink) to least (cyan) conserved. The lipid exposed
surface along one face of TM1-3 shows strong sequence conservation.
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Figure 10. Sequence alignment of representative archaeal DUF106 proteins

Secondary structural elements and residue numbering are shown above each alignment for

M;j0480. Hydrophilic residues lining the lipid-exposed groove (grey) and disordered regions

(dashed lines) are indicated. All homologs are unusually rich in methionine residues (red),

and these cluster near the cytosolic opening of the hydrophilic groove.
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Sequence alignment of representative bacterial YidC proteins

Secondary structural elements and residue numbering are shown above each alignment for
BhYidC. Hydrophilic residues lining the lipid-exposed groove (grey) and disordered regions
(dashed lines) are indicated. Like the archaeal homologs, bacterial YidC proteins unusually
rich in methionine residues (red), and these cluster near the cytosolic opening of the
hydrophilic groove.
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2.5 Comparison to bacterial YidC

Despite only ~14% overall sequence identity, the Mj0480 structure shares striking architectural
similarities with the recently determined crystal structures of B. halodurans YidC2 (BhYidC)
(Kumazaki et al., 2014b) and E. coli YidC (Kumazaki et al., 2014a). The Mj0480 structure
superimposes on BhYidC with a root-mean-squared deviation of 3.9 A (over 105 core residues)
and a Dali similarity Z-score of 6.0 (Figure 12A) (Holm and and Park, 2000). This analysis
defines a core structural motif that includes EH1, TM1, TM2 and TM3 in M;0480, and EHI1,
TMI1, TM2 and TMS in BAYidC. (Figure 12A).

In YidC, this core motif forms part of an unusual element—a hydrophilic, lipid- and
cytosol-exposed groove lined with the sidechains of polar and positively charged residues (e.g.,
R72, Q187 and W244 in BhYidC) (Figure 12C) that facilitate the insertion of membrane protein
substrates (Kumazaki et al., 2014a, 2014b). Although it is constructed from three TMs (TM1-3)
instead of five as in YidC (TM1-5), the Mj0480 groove is also lined with polar (e.g., S38, Y180,
S184, S188) and positively charged (e.g., K46, R192) sidechains (Figures 12 and 13C). Thus, the
presence of an unusual lipid- and cytosol-exposed hydrophilic groove is also conserved between
bacterial YidC and M;0480.

Members of the YidC family contain a dynamic coiled-coil motif near the cytosolic
entrance of the hydrophilic groove (Figure 12A).This motif is essential for YidC function in vivo
(Chen et al., 2014; Kumazaki et al., 2014b). The corresponding region in Mj0480 is predicted to
form a coiled-coil, but is disordered in the crystal (Figure 12A). Sequence analysis reveals that
the cytosolic entrance (including the coiled-coil motif and cytosolic ends of the TMs) contains an
unusual abundance of methionine sidechains, a conserved feature of the archaeal DUF106 and

bacterial YidC families (Figures 10 and 11). By analogy to other methionine-rich TM-binding
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proteins including SRP54 (Bernstein et al., 1989; Hainzl et al., 2011; Janda et al., 2010) and Get3
(Mateja et al., 2015), we propose that this region facilitates interaction with different
hydrophobic substrates. Thus, despite their low sequence identity, Mj0480 and the bacterial

YidCs share an overall fold and key structural features.
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Figure 12. Archaeal Mj0480 and bacterial YidC share key structural features.

(A) Structure-based alignment of M;j0480 (light blue) and BAYidC (grey; 3WO6), showing views
from the plane of the membrane (left) and from the cytosol (right); the proteins superimpose
with an RMSD of 3.9 A over 105 equivalent residues (out of 141 visible).

(B) Structure-based topology cartoons for the YidC/Oxal/Alb3 (left) and archaecal DUF106
(right) protein families.

(C) Close-up of the region highlighted in panel A (dashed box), showing details of the BAZYidC
hydrophilic groove; TM4 has been removed for clarity. Despite its location within the lipid
bilayer, the groove is lined with polar and charged residues; R72, Q187 and W244 are
functionally important for membrane protein insertion (Kumazaki et al., 2014a). The cytosolic-
facing vestibule and cytosolic coiled coil (only partially shown for clarity) are lined with
methionine sidechains.

(D) Close-up of the corresponding region in Mj0480. The conserved, lipid-exposed surface in
M;j0480 is lined with polar and charged residues (e.g., N42, T45, W107, Y180, S184, R192); the
cytosolic-facing vestibule and the cytosolic coiled-coil (disordered) are also enriched in
methionine residues.
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2.6 Functional analysis of M;0480

To directly test whether the archaeal DUF106 proteins function as YidC-like insertases, we
attempted genetic complementation of YidC depletion in E. coil and of an Oxal knockout in S.
cerevisiae mitochondria. Despite testing mesophilic and thermophilic archaecal DUF106
homologs, no complementation was observed. The inability of distantly related archaeal proteins
to complement in these heterologous systems might reflect gross differences in function, or more
subtle differences in lipid requirements, substrate specificity or interaction partners.

As an alternative to complementation we took advantage of the observation that during
co-translational insertion of Sec-independent substrates, YidC and Oxal interact with the
ribosome-nascent chain complex (RNC) (van Bloois et al., 2004; Jia et al., 2003; van der Laan et
al., 2004). In E. coli, this is accomplished by selective binding of YidC to RNCs containing a
substrate nascent chain (Kedrov et al., 2013), while mitochondrial Oxal recruits ribosomes even
in the absence of a nascent chain (Jia et al., 2003).

To test this with archaeal Mj0480, we first isolated total 70S ribosomes and affinity-
purified RNCs from E. coli. In the absence of a known archaeal substrate, we chose to monitor
binding to RNCs containing the Foc subunit of the FoF1 ATPase, a known substrate of both YidC
and Oxal (van Bloois et al., 2005; Jia et al., 2007; Laan et al., 2004). To generate stable RNCs
displaying only the first TM of Foc, we used a previously characterized construct containing the
stall sequence of SecM fused to the N-terminal region of Foc (Figure 13) (Kedrov et al., 2013;

Schaffitzel and and Ban, 2007).

36



A no plasmid 3xStrep-F c-SecM B

no plasmid  3xStrep-F c-SecM

NP4 NP4
| L FF LEFS

75 -

50 -

37 - 75 -

25 50 -

20 : 37- ~ |- peptidyl-
25 tRNA

15 - 20 -
15 -

10 - ¥ |} nascent
10 - chain

Figure 13. Purification of stalled RNC-Foc from E. coli.

(A) Cells were transformed with a plasmid encoding an N-terminal triple Strep II tag fused to
the first TMD of Foc and a SecM stall sequence. Affinity purified material was analyzed by
SDS-PAGE and Coomassie blue staining. Note that multiple bands corresponding to
ribosomal proteins are present in the sample containing the stalled substrate, but not in a
control purification carried out in the absence of substrate.

(B) The presence of the stalled 3xStrep-FOc-SecM nascent chain (~13 kDa) and peptidyl-
tRNA (~35 kDa) were confirmed on a Western blot using a StrepTactin-HRP conjugate

To determine whether Mj0480 binds ribosomes, total E. coli 70S ribosomes or affinity-
purified, stalled RNCs were incubated with detergent-solubilized Mj0480, sedimented by
ultracentrifugation, and analyzed for binding by immunostaining (Figure 14A). We observed
binding only to stalled RNCs, suggesting that like E. coli YidC, M;j0480 binds selectively to

ribosomes containing an exposed hydrophobic nascent chain.
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Figure 14. Mj0480 binds selectively to RNCs displaying a YidC substrate and can be
photocrosslinked to substrate via the hydrophilic groove.

(A) Total E. coli 70S ribosomes (100 nM) or affinity-purified, stalled RNCs (100 nM) were
incubated with recombinant ;0480 (1 uM) and subjected to ultracentrifugation. Supernatant
(S) and pellet (P) (1x, 5x and 10x volume equivalents of the supernatant) samples were
analyzed by SDS-PAGE and immunoblotting (anti-His antibody).

(B) Stalled RNC:s or total 70S ribosomes (100 nM) were incubated with proteoliposomes
containing either wild-type or the indicated BpF-containing mutant (~100 nM), and subjected
to UV crosslinking and analyzed by SDS-PAGE and immunoblotting (anti-Strep antibody).
Uncrosslinked nascent chain (NC) and its adducts with ;0480 are indicated.

(C) Photocrosslinking data mapped to the structure of A;0480. Positions that crosslink to the
stalled nascent chain are highlighted in orange; non-crosslinked sites are shown in yellow.

To test whether direct interactions occur between the stalled substrate and A;j0480, we
carried out a site-specific photocrosslinking analysis. For this, we designed a series of 70480

variants containing p-benzoyl-L-phenylalanine (BpF) substitutions at eight different sites. Seven
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of these are located within the bilayer, including four that line the hydrophilic groove, while the
eighth site is located in a solvent accessible position on the extracellular side of Mj0480. After
purification, BpF-containing Aj0480 variants were reconstituted into proteoliposomes, incubated
with stalled RNCs and subjected to UV crosslinking (Figure 14B).

All four bilayer positions lining the hydrophilic groove (141, W107, F114, F185) could be
crosslinked to the stalled Foc substrate, as expected for a membrane-embedded docking site
(Figure 14C). In contrast, only one (W179) of the three bilayer positions distal to the hydrophilic
groove (F17, 132, W179) could be crosslinked to substrate. The solvent-exposed extracellular
site (Y 140) could also be crosslinked, possibly via the soluble N-terminal region of the stalled
Foc substrate that would be accessible after translocation; however, because some Mj0480 might
reconstitute into liposomes in the opposite orientation, the Y140 crosslink is not diagnostic for
substrate insertion. Together, these data demonstrate that the stalled nascent chain makes direct
contacts with the lipid-exposed hydrophilic groove of 0480, similar to what has been shown
previously for E. coli and B. halodurans YidC (Klenner and and Kuhn, 2012; Kumazaki et al.,

2014b; Yu et al., 2008).

2.7 Discussion

Our structural and biochemical analysis provides direct experimental evidence that the archaeal
DUF106 proteins are members of a larger YidC/Oxal/Alb3 superfamily. We determined the
crystal structure of Mj0480 and found that it shares a fold with bacterial YidC (Kumazaki et al.,
2014a, 2014b), including a core ‘TM1-cytosolic coiled coil-TM2-X-TM3’ motif (Figure 12).
This scaffold presents a conserved hydrophilic surface that is exposed to the membrane bilayer

and the cytosol. Importantly, we found that this surface directly contacts a stalled membrane
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protein substrate (Figure 14B), similar to what has been observed previously with bacterial YidC
(Klenner and and Kuhn, 2012; Kumazaki et al., 2014b; Yu et al., 2008).

A conserved function of many bacterial YidC and mitochondrial Oxal homologs is the
co-translational, Sec-independent insertion of certain topologically ‘simple’ proteins into the
membrane. This requires an interaction between YidC/Oxal and the ribosome. Oxal and some
bacterial YidC homologs contain an extended, positively charged C-terminus that allows
ribosome binding in the absence of an associated nascent chain (Jia et al., 2003; Seitl et al., 2014;
Szyrach et al., 2003). In contrast, E. coli YidC, which lacks a C-terminal extension, binds
selectively to ribosomes displaying hydrophobic nascent chains (Kedrov et al., 2013). We
showed that Aj0480, which also lacks a C-terminal extension, binds to stalled RNC-Foc but not
70S ribosomes. Taken together, these structural and functional similarities establish the
universality of the YidC/Oxal/Alb3 family in all three domains of life.

Our data are consistent with a role for ;0480 in co-translational, Sec-independent
insertion, but this remains to be demonstrated directly. Doing so will necessitate identification of
archaeal substrates that require a DUF106 protein for insertion in vivo, and development of a
reconstituted in vitro insertion assay that faithfully mimics the unique lipid composition of the
archaeal plasma membrane.

It is intriguing that because M;j0480 lacks two of the five TMs present in bacterial YidC
(i.e., TM3 and TM4), its hydrophilic groove is smaller and more exposed to the lipid bilayer.
This may reflect differences in substrate specificity or in mechanism of action. For example, the
smaller hydrophilic groove might require Mj0480 to oligomerize, or to coordinate with the Sec
machinery to facilitate insertion and/or folding of certain substrates, in a manner analogous to the

Sec-dependent chaperone activity of bacterial YidC (Scotti et al., 2000; Urbanus et al., 2001).
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Finally, we note that the core TM1-cytosolic coiled coil-TM2-X-TM3 topology observed here is
predicted to be present in the eukaryotic integral membrane protein Getl/WRB, a subunit of a
complex required for TA protein insertion into the ER membrane (Mariappan et al., 2011;
Schuldiner et al., 2008; Vilardi et al., 2011; Wang et al., 2011a). TA proteins, like Sec-
independent YidC/Oxal/Alb3 substrates, lack large translocated regions. It will be of interest to
determine if Getl/WRB belong to a superfamily of functionally diverse proteins including
YidC/Oxal/Alb3 and the archaecal DUF106 proteins, whose main similarity is mediating

insertion of topologically simple membrane proteins.
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3 Identification of Oxal Homologs Operating in the Eukaryotic Endoplasmic

Reticulum

3.1 Overview

Having shown the existence of archaeal homologs of YidC, we extended our analysis to
eukaryotes. Remarkably, phylogenetic analyses showed that distant homologs of YidC include
the Getl insertion factor as well as two less understood proteins, EMC3 and TMCO1. We
hypothesized that these proteins are all part of a superfamily of membrane protein biogenesis
factors. We refer to this here as the Oxal superfamily.

The two core predictions of the Oxal superfamily hypothesis are that the members share
a common structure and function. Using evolutionary-based structural modeling and in vivo
topology analysis, we show that Getl, EMC3 and TMCO1 share the same core fold as YidC and
Ylpl. Functionally, TMCO1 was the only one of these proteins not previously linked to protein
biogenesis. Here we showed that TMCO1 forms a native complex with both the Sec61 channel
and the ribosome. Separate experiments show that TMCO1 has direct affinity for both the
ribosome and the Sec61 channel.

A version of this work was published as Anghel, S.A., McGilvray, P.T., Hegde, R.S., and
Keenan, R.J. (2017). Identification of Oxal Homologs Operating in the Eukaryotic Endoplasmic

Reticulum. Cell Rep. 21, 3708-3716.

3.2 Contributions
In this work, I performed the phylogenetic analysis, the glycosylation mapping and the

biochemical analyses from HEK293 cells and canine microsomes. P.T.M. performed the
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recombinant TMCO1 purification and the in vitro ribosome binding experiments and assisted
with the developing of the native purification of TMCO1-ribosome complexes. R.S.H. and

R.J.K. conceived of the project. R.J.K. performed the structural modeling.

3.3 Phylogenetic and functional comparisons define the ‘Oxal superfamily’

Although YidC homologs are widely conserved among bacteria and archaea (Borowska
et al., 2015), none have yet been identified in the eukaryotic endomembrane system. The absence
of any such homolog has been puzzling, since the eukaryotic endomembrane system is derived
from invagination of the plasma membrane of a prokaryotic ancestor (Cavalier-Smith, 2002).
Here we present evidence that the ER membrane possesses multiple proteins related to the
Oxal/Alb3/YidC family. These include the WRB/Getl subunit of the TA protein insertase
complex, and two less understood but highly conserved proteins, TMCO1 and EMC3. We
propose that these proteins are members of a superfamily—which we designate the ‘Oxal
superfamily’—that all function broadly in membrane protein biogenesis.

In searching for archaeal homologs of the TA membrane protein insertion factor
WRB/Getl, we identified a family of archaeal and eukaryotic membrane proteins annotated as
‘Domain of Unknown Function 106’ (DUF106) that are distantly related to the Oxal/Alb3/YidC
family (Figure 15A,B). The DUF106 group includes an archaeal family of uncharacterized
membrane proteins, the eukaryotic ‘ER Membrane Complex” (EMC) subunit 3 (EMC3) family,
and the eukaryotic ‘Transmembrane and Coiled-coil Domains 1’ (TMCO1) family. DUF106
proteins appear to be phylogenetically ancient, as they are present in the Asgard Archaea, a
group of organisms postulated to be the closest living relative of the last common ancestor of

both archaeans and eukaryotes(Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017).
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Consistent with these phylogenetic observations, there are clear functional similarities
between members of the Oxal/Alb3/YidC clade and members of the other clades for which some
biochemical activity has been established (Figure 15C-F). For example, during co-translational,
translocon-independent insertion of a substrate protein into the bacterial plasma membrane, YidC
binds to ribosome-nascent chain complexes (RNC) and directly contacts the hydrophobic nascent
chain(Kumazaki et al., 2014a, 2014b). Similarly, the archaeal DUF106 protein Aj0480
(henceforth called the “YidC-like protein 1’ or Ylp1) binds RNCs, and can be crosslinked to a
model substrate in vitro (Borowska et al., 2015). Moreover, the known translocon-independent
substrates of YidC and Oxal, and the post-translational substrates of Alb3 and WRB/Getl are all
simple membrane proteins with few transmembrane helices and small translocated regions
(Aschtgen et al., 2012; Hegde and Keenan, 2011; Wang and Dalbey, 2011). Finally, although its
precise function remains to be defined, the EMC has been linked to ERAD and biosynthesis of
multi-pass membrane proteins (Richard et al., 2013; Satoh et al., 2015). Given these
phylogenetic and functional similarities, we propose to assign these proteins as members of a

superfamily, which we hereafter refer to as the ‘Oxal superfamily’.
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Figure 15. Phylogenetic and functional comparison defines the Oxal superfamily.

(A) Identification of remote DUF106 homologs using HHpred. Eukaryotic (human), bacterial (E.
coli) and archaeal (M. jannaschii) proteomes were searched for each query (UniProt ID:
WRB=000258; Oxal=Q15070; TMCO1=Q9UMO00; EMC3=Q9P012; Ylp1=Q57904) using
default settings in HHpred in ‘global’ alignment mode. Top hits are listed, along with the HHpred
probability score, the number of residues aligned, and the sequence identity.

(B) Maximum likelihood tree of representative sequences. Branch lengths for the five main clades
are indicated.

(C) During Sec-dependent, co-translational assembly and folding, substrates are delivered to the
membrane by the ribosome; insertion requires participation of the Sec translocon. Substrates of
this pathway typically contain multiple TMDs and/or large translocated regions. Superfamily
members exemplifying this activity include bacterial YidC and chloroplast Alb3.

(D) During Sec-independent, co-translational insertion, topologically ‘simple’ substrates that lack
large or highly charged translocated regions are delivered to the membrane by the ribosome.
Superfamily members exemplifying this activity include Oxal and YidC; archaeal Ylp1 proteins
function similarly in vitro.

(E) Post-translational TMD repositioning, exemplified by Oxal.

(F) During Sec-independent, post-translational insertion, topologically simple substrates are
delivered to the membrane by soluble targeting factors. Superfamily members exemplifying this
activity include WRB/Getl, which inserts tail-anchored proteins delivered by TRC40/Get3,
chloroplast Alb3, which inserts specific proteins delivered to the thylakoid membrane by
cpSRP43, and bacterial YidC.
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3.4 Oxal superfamily members share membrane topology and core structural features

A key prediction is that, owing to their common ancestry and conserved function, all members of
the Oxal superfamily share a common architecture. As noted previously (Borowska et al., 2015),
comparison of the crystal structures of bacterial YidC (Kumazaki et al., 2014a, 2014b) and
archaeal Ylp1 (Borowska et al., 2015) reveals considerable structural overlap, including a three-
TMD core, an N-in/C-out orientation, a cytosolic coiled coil between the first two TMDs, and a
lipid-exposed hydrophilic groove which has been shown to contact substrate proteins (Figure
17A).

Secondary structure and topology predictions for Getl, TMCO1 and EMC3 suggest they
share this architecture (Figure 16B), but the topology of these proteins has not been conclusively
established. Indeed, a recent study proposed that TMCO1 has an N-in/C-in topology, with only
two TMDs and a lumenal-facing coiled-coil (Wang et al., 2016); this topology is incompatible
with placement of TMCOI into the Oxal superfamily.

To define the topology of Getl, TMCO1 and EMC3, we designed 3xFlag-tagged
constructs containing a consensus glycosylation sequence at the N- or C-terminus, or within the
predicted cytosolic coiled coil or lumenal loop regions (Figure 16B and 17). In all cases, we
observed glycosylation of the N-terminus and the loop between the second and third TMDs, and
no glycosylation of the C-terminus or the coiled-coil domain (Figure 16C). These data are
consistent with the observation that the Getl coiled-coil binds to the cytosolic targeting
machinery (Mariappan et al., 2011; Stefer et al., 2011; Wang et al., 2011a), and with proteomic
analyses showing that serine residues in the coiled-coil and C-terminal regions of TMCOI are

phosphorylated by cytosolic kinases (Dephoure et al., 2008; Olsen et al., 2010).
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We also performed an unbiased, 3D structure prediction of TMCO1, Getl and EMC3
using distance restraints derived from evolutionarily coupled residue pairs (Wang et al., 2017).
Remarkably, the top-ranked models for human TMCO1 and yeast Getl recapitulated the core
structural features of bacterial YidC and archaeal Ylp1 proteins, including a lumenal N-terminus,
cytosolic-facing coiled-coil and C-terminus, and a three TMD core (Figure 16D and 17). The
top-ranked EMC3 models also possessed a three TMD core and a coiled-coil motif between the
first two TMDs but showed physically implausible orientations for the coiled-coil and C-
terminus (Figure 17); this may reflect the limited number of available sequence homologs, the
relatively larger size of EMC3, and the absence of any membrane bilayer energy term.
Nevertheless, these models suggest that members of the Oxal superfamily share a membrane

topology and core architecture.
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Figure 16. Oxal superfamily members share a membrane topology and core structure.

(A) Comparison of known structures from two clades: bacterial YidC (left; PDB 3WO06) and
archaeal Ylp1 (right; PDB 5C81J). These proteins share a common N-out/C-in topology, a
cytosolic-facing coiled-coil between TM1 and TM2 (disordered in the archaeal structure) and a
three TMD core (colored) that harbors a lipid-exposed hydrophilic groove implicated in
binding to nascent polypeptides during insertion.

(B) Predicted topology of the Oxal superfamily members.

(C) Experimentally defined topology of human TMCO1, EMC3 and yeast Getl. Glycosylation
acceptor sequences were introduced at the indicated positions (grey arrowheads in (B)), and
glycosylation was monitored by western blotting after treatment with or without PNGase F.
All three proteins conform to the predicted Oxal superfamily topology. A non-specific, cross-
reacting band visible in all EMC3 samples is marked (red asterisk).

(D) Evolutionary covariation-based computational 3D models of human TMCO1 and yeast
Getl recapitulate the core structural features of bacterial YidC and archaeal Ylpl: lumenal N-
terminus, cytosolic-facing coiled-coil and C-terminus, and a three TMD core. Here the
predicted coiled-coil region of Getl has been replaced with the experimentally-determined
structure of the Getl coiled-coil (PDB 3ZS8).
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Figure 17. Additional details for the topology mapping experiments and 3D modeling.

(A) Constructs used for glycosylation mapping. An opsin tag (red) containing two N-
glycosylation sites (underlined) was inserted at the indicated positions of human TMCOI,
human EMC3 and yeast Getl. Tag positions correspond to the native (untagged) sequence. For
the TMCO1 and EMC3 constructs, a GSS linker connects the 3xFlag tag and the protein
sequence. For the N-terminally opsin-tagged Getl sequence, a 3xGSS linker was inserted
before the first TMD, as sufficient distance from the membrane is required for effective
glycosylation.

(B) Co-variation-based 3D models of human WRB (left) and yeast Getl (right), as in Figure
2D; note how the highly charged coiled-coil region of yeast Getl (brown) bends back into the
membrane bilayer (grey bars) in a non-physiologic conformation; this is likely due to the lack
of a membrane bilayer energy term during 3D modeling (see Methods). In this case, a better,
hybrid model is obtained by replacing the distorted coiled-coil (brown) with a
crystallographically-defined Getl coiled-coil (yellow; PDB 3ZS8) by manually docking it as a
rigid body between TM1 and TM2

(C) Co-variation based 3D model of human EMC3 colored as in Figure 2D; a coiled-coil motif
between TM1 and TM2, and the three TM core are both visible. However, similar to the yeast
Getl model, the coiled-coil and extended C-terminal region (both features colored brown)
adopt physically implausible orientations in which they become embedded in the bilayer,
despite being highly charged.
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3.5 TMCOL1 interacts with the ribosome and the Sec61 channel

A second prediction of the Oxal superfamily model is that all of the proteins function in some
capacity in membrane protein biogenesis. To test this, we focused on human TMCOI, the only
member of the superfamily not yet linked to membrane protein biogenesis. TMCOI is an ER
resident membrane protein that is conserved in most eukaryotes(Iwamuro et al., 1999). Genetic
variations around 7TMCO] are linked to glaucoma (Burdon et al., 2011; Sharma et al., 2012) and
nonsense mutations cause a disorder associated with craniofacial dysmorphisms, skeletal
anomalies, and intellectual disability(Alanay et al., 2014; Caglayan et al., 2013; Xin et al., 2010).

We asked whether any of the interactions of TMCO1 are similar to those of the better
characterized members of the Oxal superfamily. In the case of bacterial YidC, primary
interaction partners include the Sec translocon and the ribosome (Figure 15C,D). We first
explored whether TMCOL is part of complex with translating ribosomes, as would be expected if
it functions in co-translational insertion like some members of the Oxal superfamily (Figure
15C,D).

When digitonin-solubilized HEK293 membranes were fractionated on a sucrose gradient,
TMCOI and Sec61 were present in the 80S ribosome fraction (Figure 18A). In contrast, Derlin-
1, an abundant ER membrane protein not known to bind the ribosome, did not co-migrate with
ribosomes. Next, we tested whether TMCO1 and Sec61 are part of the same ribosome-bound
complex. After immunoprecipitating digitonin-solubilized membranes prepared from a 3xFlag-
tagged TMCO1 HEK293 cell line (Figure 19A), we observed a complex containing TMCOI1,
Sec61 and ribosomes (Figure 18B). Thus, TMCO1-Sec61-ribosome complexes can be isolated

from cells under native conditions.
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Figure 18. TMCO1 forms a complex with the Sec61 channel and RNCs.

(A) HEK293 membranes were solubilized with digitonin, fractionated by sucrose cushion,
separated on a high resolution sucrose gradient and analyzed by western blotting. TMCO1
co-fractionates with intact 80S particles and the Sec61 channel, but not the unrelated ER
membrane protein Derlinl, which does not bind to ribosomes. Blots for the large (L.17) and
small (S16) ribosomal subunits are also shown; a non-specific, cross-reacting band visible in
the L17 blot is indicated with an asterisk.

(B) Digitonin-solubilized membranes from wild-type (WT) HEK293 cells or a HEK293 cell
line containing an N-terminal 3xFlag-tagged TMCO1 allele were analyzed by anti-Flag
immunoprecipitation, sucrose cushion and western blotting.

(C) Digitonin-solubilized canine pancreatic rough microsomes were tested for interaction
between TMCOI1 and Sec61 by co-immunoprecipitation and western blotting. An anti-
TMCOL, but not a control anti-3F4 antibody, pulls down two components of Sec61. The
absence of TMCOL in the reciprocal pull-down is consistent with the higher levels of Sec61
in these membranes.

(D) Recombinant, purified TMCOI1 co-sediments with unprogrammed ribosomes isolated
from rabbit reticulocyte lysate (top panel). This interaction is salt-sensitive, and can be
stabilized by chemical crosslinking (XL) (bottom panel). The pellet (P) fractions correspond
to 5x volume equivalents of the input (I) fractions.
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We next explored whether TMCO1 can exist in complex with Sec61 in the absence of
ribosomes, as is true for YidC (Botte et al., 2016; Duong and and Wickner, 1997). To identify
ribosome-independent complexes we used antibodies that recognize cytosolic epitopes on
TMCOI1 and Sec61p that are expected to be occluded by a bound ribosome. After
immunoprecipitating digitonin-solubilized canine pancreatic microsomes (which contain high
levels of Sec61), the anti-TMCO1 antibody pulled-down components of the Sec61 translocon
(Figure 18C). As expected, none of the antibodies pulled-down ribosomes or the control protein,
Derlin-1. This suggests that TMCO1 and Sec61 can exist in the same complex in the absence of
ribosomes.

Finally, we asked whether TMCOI has an intrinsic affinity for ribosomes, as is the case
for Oxal and some YidC homologs with long, positively charged C-terminal regions(Jia et al.,
2003; Seitl et al., 2014). To test this, we incubated recombinant, purified TMCO!1 (Figure 19B)
with unprogrammed ribosomes from a rabbit reticulocyte lysate. After sedimentation through a
sucrose cushion, we observed ribosome-dependent pelleting of TMCO1 (Figure 18D). This
interaction was salt-sensitive, could be stabilized by chemical crosslinking and is specific, since
high concentrations of bulk RNA did not disrupt the interaction (Figure 18D and 19C,D). Thus,
in addition to its conserved structural features, TMCO1 shares key functional properties with
members of the Oxal/Alb3/YidC family, consistent with the predictions of the Oxal superfamily

hypothesis.
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Figure 19. Additional characterization of the ribosome binding properties of TMCOI.

(A) Western blot analysis of TMCO1 expression levels in wild-type (WT) HEK293 cells,
CRISPR/Cas9 generated knockout (KO) HEK293 cells, an integrated 3xFlag-tagged TMCO1
cell line and either KO or WT cells transfected with a 3xFlag-tagged TMCO1 construct either
with (‘Opt”) or without (‘Nat’) codon optimization. A stain-free image of the gel prior to
PVDF transfer shows that equal amounts of protein were loaded in each lane. Note that the
transfected constructs express at lower levels than endogenous TMCO1 (‘“WT?, lane 1).

(B) Size-exclusion chromatography (SEC) of Ni-NTA affinity purified, recombinant TMCO1
in DMNG; pooled fractions are shown at right.

(C) Sucrose gradient analysis of recombinant TMCOI after chemical crosslinking to nuclease-
treated rabbit reticulocyte lysate ribosomes. TMCOI1 co-sediments with 80S ribosomes (but
not the 40S ribosomal small subunit), while free TMCO1 remains at the top of the gradient.
(D) Sedimentation analysis of TMCO1-ribosome complexes in the presence of excess
competitor RNA; assays contained 1 uM TMCOI, 0.1 pM ribosomes and the indicated
concentrations of competitor RNA.

3.6 Discussion
Our phylogenetic, topological and functional data identify an unexpected evolutionary
relationship among a diverse group of integral membrane proteins that together define the ‘Oxal

superfamily’. These proteins include bacterial YidC and its homologs in mitochondria and
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chloroplasts, archaeal Ylp1 proteins, and three ER-resident proteins: WRB/Getl, EMC3 and
TMCOL. The best characterized members of the superfamily function in membrane protein
biogenesis (Figure 15C-F). In particular, Oxal/Alb3/YidC proteins facilitate the insertion,
folding and/or assembly of a variety of membrane proteins(Wang and Dalbey, 2011), while the
WRB/Get1 subunit of the GET pathway transmembrane complex mediates the insertion of TA
membrane proteins into the ER (Hegde and Keenan, 2011). Similarly, the EMC3 subunit of the
‘ER membrane complex’ has been proposed to play a role in membrane protein quality control
(Richard et al., 2013) and biogenesis (Satoh et al., 2015).

The function of TMCOI has been less clear. Here we show that TMCO1 possesses an
Oxal-like architecture, and that TMCO1-Sec61-ribosome complexes can be isolated from
HEK293 cells under native conditions. We also show that TMCO1 can be isolated in ribosome-
free complexes with Sec61, and that TMCO1 has an intrinsic affinity for ribosomes. These
properties suggest that TMCO1 functions most analogously to bacterial YidC, and may facilitate
the co-translational insertion, folding and/or assembly of newly synthesized membrane proteins
into the ER membrane (Figure 15C,D).

This assignment is not incompatible with the previous proposal that TMCO1 functions as
a Ca’" channel (Wang et al., 2016). Indeed, other well-characterized membrane protein
insertases, including the bacterial and eukaryotic Sec translocon (Sachelaru et al., 2017; Simon
and Blobel, 1991; Simon et al., 1989; Wirth et al., 2003) and mitochondrial Oxal(Kriiger et al.,
2012), have also been shown to conduct ions. This activity is likely related to their ability to
translocate polypeptides across a membrane bilayer, and the same may be true for TMCO1.
Alternatively, TMCO1 may modulate the Ca** efflux properties of Sec61 (Erdmann et al., 2011;

Lang et al., 2011) or facilitate the biogenesis of a protein that functions in Ca?*-transport.
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We speculate that Oxal superfamily proteins are all descendants of an ancestral machine
that could insert topologically ‘simple’ membrane proteins into the bilayer. Over time, the need
to handle more complex substrates with additional TMDs and/or larger translocated regions
would have been satisfied by evolution of the translocon. Subsequently, Oxal superfamily
members would have been freed to evolve more specialized functions in concert with other
membrane-bound and soluble factors. This might manifest in the translocon-dependent
chaperone activities of YidC and Alb3, and the evolution of eukaryotic WRB/Getl and EMC3 to
function in association with other integral membrane components. Likewise, adaptation of
WRB/Getl and Alb3 to post-translational insertion would have resulted from modification of
their cytosolic-facing coiled-coil and C-terminus for binding to the TRC40/Get3 and cpSRP54
targeting factors, respectively, instead of the ribosome.

The Oxal superfamily illustrates how a single structural scaffold has been diversified to
handle the insertion, folding and assembly of different proteins into different cellular
membranes. The shared characteristics of Oxal/Alb3/YidC and WRB/Get!1 translocon-
independent substrates raises the possibility that Oxal superfamily members might, under certain
circumstances, act on overlapping sets of substrates in the ER. Consistent with this, it is notable
that disruption of WRB (Sojka et al., 2014; Vogl et al., 2016), TMCOI1 (Caglayan et al., 2013;
Xin et al., 2010) or EMC3 (Ma et al., 2015) is non-lethal. Such functional redundancy would
impart robustness to membrane protein biogenesis, particularly under conditions of stress
(Aviram and and Schuldiner, 2014; Aviram et al., 2016). Identifying the native substrates and
molecular mechanisms underlying EMC3- and TMCO1-mediated biogenesis are important

topics for future investigation.
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4 TMCO1 Works on Multispanning Membrane Proteins and May Connect

Biogenesis and Quality Control

4.1 Overview

Our work up to this point had suggested TMCO1 functions as a protein biogenesis factor,
as it directly associates with the ribosome and the Sec61 channel. However, the exact identity of
TMCOLI clients was not known. Based on the Oxal superfamily framework, the expectation was
that TMCO1 will function to assist with the insertion, folding or quality control of membrane
proteins. Whether TMCO1 functions in direct insertion of small membrane proteins (like Getl
and the Sec-independent function of YidC) or in the folding/assembly of large, multispanning
membrane proteins (like the Sec-dependent function of YidC) or has a yet undescribed function
remained unknown. The observation that TMCO1 is in complex with the Sec61 channel favored
a folding function for multispanning proteins. Here, we confirmed a role for TMCO1 in
biogenesis of multispanning membrane proteins by showing that TMCO1-attached ribosomes
specifically translate multispanning membrane proteins. Furthermore, mass spectrometry
analysis of the TMCO/1-ribosome complexes showed they contain low amounts of TRAP,
Ribophorin I and Calnexin. Additionally, the complexes are rich in CCDC47, Nicalin and
NOMO, proteins previously linked to protein quality control but not shown to act co-
translationally. This suggests that TMCO1 may be part of a pathway that connects membrane

protein biogenesis and quality control.
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4.2 Contributions

I performed all experiments. RNA sequencing was performed at The University of
Chicago Genomics Core Facility. Mass Spectrometry was performed at the Harvard University
FAS Center for Systems Biology. R.J.K and I performed the analysis of the RNA sequencing

data.

4.3 Profiling of TMCO1 Clients Reveals a Bias for Multipass Membrane Proteins
To accurately characterize TMCOI function, the first step is a comprehensive characterization of
TMCOL client proteins. To accomplish this task, we took advantage of our Flag-pulldown
approach which allows us to isolate native TMCO1/Ribosome/Sec61 complexes. Because
TMCOLI only binds to a minority of ribosomes, we reasoned that these complexes contain
ribosomes translating TMCO/1 clients. We isolated 3xFlag-TMCO1/Ribosome complexes as
described in Figure 19B, followed by a Trizol RNA extraction, cDNA library preparation and
high throughput Illumina sequencing. A similar strategy was utilized recently to identify clients
of the Signal Recognition Particle (Chartron et al., 2016; Schibich et al., 2016) and bacterial
Trigger Factor (Oh et al., 2011). Because past experiments of this type did not employ membrane
proteins and thus the effect of detergents was unclear, we performed this experiment with both
digitonin and DDM. The results were qualitatively similar but usage of DDM resulted in higher
background (as judged by the differences between the Flag pulldowns from 3xFlag-TMCO1 and
control wild type cells).

We first asked whether this immunoprecipiation strategy selectively enriched certain
transcripts. For this we first calculated a “corrected abundance” for each transcript, representing

the difference in transcript abundance in the 3xFlag-TMCO1 and wild-type
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immunoprecipitations. Regardless if digitonin or DDM was utilized, we observed a significant
negative correlation between the abundance of a transcript in the membrane fraction overall and
in the pulldown sample (Pearson’s correlation coefficient of -0.47 and 0.61 for digitonin and
DDM respectively) (Figure 20A). This suggested that the immunoprecipitation selectively
enriched a subpopulation of membrane-associated mRNAs that are normally present at lower
levels. Such a result is expected if TMCO1 clients are membrane proteins, which are expressed
at a lower level than soluble proteins. Furthermore, when compared to the total membrane
fraction, the pulldowns were highly enriched in secretory pathway proteins as judged by their
Uniprot localization annotation (Figure 20B). Conversely, transcripts annotated as encoding for
cytosolic, nuclear and mitochondrial proteins were highly depleted by the pulldown procedure.
Transcripts annotated as “secreted” were also depleted even though they are part of the secretory
pathway, again consistent with TMCOI1 acting exclusively on membrane proteins.

Since our hypothesis is that TMCO1 functions in membrane protein biogenesis, we next
asked whether genes encoding membrane proteins are overrepresented in TMCO1-associated
transcripts. Of the protein-coding genes represented among the 1,000 transcripts most enriched
by immunoprecipiation, 98% are predicted to be transmembrane proteins (Figure 21A). This
compares favorably with the percentage of transmembrane proteins in the total membrane
fraction RNA (35%) and the entire human genome (30%) (Linn et al., 2010). This strongly
suggests that TMCOI, like all other proteins of the Oxal superfamily, functions in the biogenesis

of transmembrane proteins.
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Figure 20. Selective enrichment of a subset of TMCO1-associated mRNAs.

(A) For the 1000 most abundant transcripts in the digitonin (left) and DDM (right)
immunoprecipitation experiments, the IP corrected abundance was plotted against the overall
abundance in the Hek293 membrane fraction. Values indicate transcripts per million (tpm).
The Pearson correlation values (calculated for the entire datasets not just the 1000 displayed in
the graph) are indicated.

(B) Uniprot annotated localization for the protein products of the transcripts in the total
membrane fraction (grey) and the 1000 most enriched transcripts in the DDM (blue) and
digitonin (red) IP experiments. Peroxisomal localization was omitted for clarity, as it accounts
for less than 1% of the proteins in all datasets.

We next asked whether TMCOI1 functions as a biogenesis factor for a particular type of
membrane protein, as do Getl, YidC and likely EMC3. To this end, we compared the number of

transmembrane domains — as predicted by TOPCONS (Tsirigos et al., 2015) — present in the
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TMCO1 immunoprecipitated dataset and the total membrane transcript dataset (Figure 21B).
Transcripts encoding single TMD proteins—by far the most abundant type of membrane protein
in the human genome—were strongly depleted (>20-fold) in the TMCO/1-associated dataset
relative to the total membrane dataset. In contrast, multispanning membrane proteins were
enriched among TMCO/1-associated transcripts. Transmembrane proteins with 4 TMDs or more
were enriched by at least a factor of 2 when compared to both the total membrane dataset and the
previously reported distribution for human membrane proteins in general (Linn et al., 2010). This
data suggests that TMCOI, like bacterial YidC, functions collaboratively with the Sec61 channel

to promote the biogenesis of multispanning membrane proteins.

-

Total Proteins Membrane Fraction DDM IP Digitonin IP
B
40
& 30
c
g 20
&
. I ‘ . .
; L & ) 1
1 2 3 4 5 6 7 8 9 >9

Number of Transmembrane Domains

Figure 21. TMCO1 pulldown selectively enriches for multipass membrane proteins.

(A) Percentage of membrane proteins (red) in the total human proteome, the Hek293
membrane fraction and the DDM and Digitonin 3xFlag-TMCO1 pulldowns

(B) Division of membrane proteins by the number of transmembrane domains. Shown are
distributions for all human membrane proteins (light grey), the Hek293 membrane fraction
(dark grey), the DDM 3xFlag-TMCO1 pulldown (blue) and the digitonin 3xFlag-TMCO1
pulldown (red).
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4.4 TMCOI1-ribosome complexes contain CCDC47, NOMO and Nicalin

To begin probing the function of TMCOI1, we set out to perform an exhaustive
characterization of the protein components of TMCO1-ribosome complexes. To identify
additional interaction partners of the TMCO1-ribosome complex, we prepared complexes from
3xFlag-TMCOI1 and wild-type cells using either digitonin or DDM for solubilization. After
immunoprecipitation, excess Flag peptide (used for elution) was removed by two successive
sucrose cushions. These samples were then processed by trypsin digestion, TMT isobaric
labeling and LC-MS/MS analysis, yielding a list of enrichment ratios (3xFlag/control) for each
identified protein. As expected, we detected a large number of highly enriched ribosomal
proteins, core subunits of the Sec61 complex and TMCOL1 itself (Figure 22). Of the previously
described translocon accessory complexes, the majority of OST complex subunits, as well as
TRAM, Sec62, Sec63 and the signal peptidase complex were either absent or present at a higher
level in the control pulldown (Figure 22 and Table 1). Some previously identified chaperones,
however, looked moderately enriched by Flag pulldown (Table 1). These include the TRAP
complex components, Calnexin, and the Ribophorin I subunit of the OST. When DDM was used
instead of digitonin, the results were noisier with less clear enrichment of the translocon
accessory subunits (Figure 22B), suggesting these subunits interact with the core complex in a
detergent-sensitive manner.

Three poorly understood membrane proteins — CCDC47, NOMO and Nicalin — were very
highly enriched in the TMCO1 pulldown (Figure 22 and Table 1). Each of these was separately
validated by immunoblotting with the respective antibody (Figure 23). CCDC47, also known as
Calumin, is a Ca?>*-binding protein which has been proposed to play a role in ER-associated

degradation (ERAD) and Ca?* handling (Konno et al., 2012; Yamamoto et al., 2014; Zhang et
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al., 2007). Nicalin and NOMO form a stable complex with a third protein called TMEM147.
Together they have also been linked to membrane protein quality control, and to the Nodal
signaling pathway, which plays an important role in vertebrate development(Almedom et al.,
2009; Dettmer et al., 2010; Haffner et al., 2004; Kamat et al., 2014; Rosemond et al., 2011). We
did not identify TMEM147 in our proteomic experiment, presumably because it lacks significant
soluble regions (Figure 23) which are preferentially detected by LC-MS/MS. Attempts to
identify TMEM 147 by immunoblotting failed because of the poor quality of commercially
available antibodies. Notably, none of these proteins has previously been reported to function co-
translationally, or to interact with ribosomes, the Sec61 complex, or TMCO1. The presence of
CCDC47, NOMO and Nicalin in this complex suggests TMCO1 may function to connect
membrane protein biogenesis to quality control.

Another protein possibly enriched in the Flag pulldown is a poorly understood protein
named C200rf24. This protein has been associated with colorectal carcinoma progression
(Carvalho et al., 2012) but its molecular function is completely unknown. Because the
enrichment ratio is relatively low (Table 1), it is difficult to definitively assign it as a complex
member. Attempts to verify enrichment by western blotting were unsuccessful, as commercial

antibodies did not work.
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Figure 22.TMCO1 forms defined ribosome-associated complexes.

(A) After digitonin solubilization, 3xFlag-TMCO1-ribosome complexes were isolated and
analyzed by mass spectrometry. Compared to control pulldowns, 3xFlag-TMCO1 pulldown
enriched for ribosomal proteins (green), Sec61 subunits (blue), some translocon accessory
subunits (red), some proteins loosely connected to protein quality control (orange) and a
previously uncharacterized protein named C200rf24 (yellow).

(B) Like (A) but using DDM instead of Digitonin during solubilization and pulldown.
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Subunit Role Protein Digitonin IP Enrichment DDM IP Enrichment

ubt (Flag/Ctrl IP) (Flag/Ctrl IP)
TMCO1 TMCO1 6.92 15.80
Quality CCDC47 7.67 17.23
Control NOMO1 4.56 11.96
Factors NOMO3 3.05 11.77
Nicalin 2.78 10.38
Sec61 Sec61f3 3.63 11.09
Complex Secb 1oL 1.96 6.52
Chaperone Calnexin 2.51 4.77
TRAP TRAPy 2.34 3.68
Complex TRAPS 3.49 4.72
TRAPa 2.16 1.86
OST Ribophorin | 2.3 3.46
Complex STT3A 0.68 1.59
Ost48 0.6 2.92
Other Sec63 0.49 3.56
Unknown C200rf24 2.17 5.66

Table 1. Enrichment of protein biogenesis and quality control factors by TMCO1 IP.

3xFlag-TMCO1 and control pulldowns were analyzed by TMT isobaric labeling followed by

mass spectrometry. As judged by ratios of ribosomal proteins, values to be considered
significantly enriched are over 1 for the digitonin approach and over 5 for the DDM

approach.
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Figure 23. Identification of a new ribosome-attached quality control complex.

(A) Western blotting-based validation of quality control components identified by mass
spectrometry. TMEM147 is also predicted to be present in this sample, based on its known
association with Nicalin and NOMO, but none of the commercially available antibodies were
of sufficient quality to detect it. This is likely due to the absence of useful epitopes in
TMEM147, given its very short extra-membrane loops.

(B) Schematic diagram of quality control hits and their approximate domain structures.

4.5 Discussion

These observations support the hypothesis that TMCO1 functions as a membrane protein
biogenesis factor, validating a key prediction of the Oxal superfamily hypothesis.

The identification of TMCOI client proteins as multipass membrane proteins, together
with the presence of TMCOI in complex with both the Sec61 channel and ribosomes naturally
prompts comparisons to the SecY EG-dependent function of bacterial YidC. Future studies are
needed to establish the exact molecular mechanism of TMCO1. The YidC similiarity suggests
TMCO1 may facilitate substrate folding, insertion of specific transmembrane domains, or both.
From an evolutionary perspective, the retaining of the TMCO1-Sec61 interaction in eukaryotes
serves to further support the idea that the Sec-dependent protein biogenesis is an ancestral

function of Oxal superfamily proteins.
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The interaction profile of TMCOI in the ribosome-bound complex suggests that it may
work to bridge the biogenesis of membrane proteins with quality control. The exact sequence of
events is difficult to ascertain because the mass spectrometry enrichment results may represent
an average of different subcomplexes that contain different components. Nevertheless, the
presence of TRAP, Calnexin, and Ribophorin I on at least some particles is consistent with a role
for the complex in the folding and/or insertion of nascent membrane proteins. Interestingly, we
did not observe a wholesale enrichment of the OST complex, suggesting our procedure enriches
for complexes containing TRAP but not OST. Such complexes have recently been observed by
cryo-electron tomography of native ER membranes (Braunger et al., 2018). Structural analysis of
the mammalian OST complex (Braunger et al., 2018) indicates that Ribophorin I and the
catalytic STT3 A subunit both contain large soluble domains that are expected to be identified by
mass spectrometry. We did identify both, but only the former was enriched in the Flag pulldown
(ratio>2); the latter was depleted (ratio 0.5). Ribophorin I has been suggested previously to
function in membrane protein biogenesis independent of its role in glycosylation (Wilson et al.,
2005). In this previous study, the association of Ribophorin I with a nascent transmembrane
domain was independent of substrate glycosylation and specific to the identity of the TMD, as
crosslinks could be observed to the first but not the fifth TMD of rhodopsin (Wilson et al., 2005).
Whether other OST subunits are present in our TMCO1 affinity purified complexes remains to
be determined. Within the OST complex, Ribophorin I and another subunit named TMEM258
form subcomplex I (Braunger et al., 2018; Kelleher and Gilmore, 2006; Wild et al., 2018).
TMEM258 was not identified in our mass spectrometry approach (possibly because it has no

soluble domains), so whether it is present in these complexes remains uncertain.
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The identified quality control factors present an interesting possibility that TMCO1
might connect membrane protein biogenesis to quality control. CCDC47 is the single most
enriched protein in our mass spectrometry dataset. This protein was originally identified by its
ability to bind Ca?" through an acidic lumenal domain (Zhang et al., 2007) although the
physiological relevance of this binding is unclear. A later study suggested a completely different
role for CCDC47 in Endoplasmic Reticulum Associated Degradation (ERAD) based on its
interaction with known ERAD components and modulation of degradation of known ERAD
substrates (Yamamoto et al., 2014). The role of CCDC47 in Ca?" signaling may therefore be
indirect. CCDC47 was shown to bind Ca®* release-activated Ca?" channels and affect their
permeability (Konno et al., 2012), possibly in connection with its quality control function.
Regardless, the involvement of CCDC47 in Ca*" flow may explain the similar phenotypes seen
in TMCO1 knockout experiments (Wang et al., 2016).

The other identified proteins, NOMO and Nicalin, together with their binding partner
TMEM147, have a better-defined role in folding and quality control, where they seem to act on
transmembrane proteins. NOMO binds the heteropentameric nicotinic acetylcholine receptor in
C. elegans (Gottschalk et al., 2005) and together with Nicalin controls its cell surface
localization and subunit stoichiometry (Almedom et al., 2009). This may be a general function of
this complex, as other studies showed a similar effect on the regulation of cell surface
localization of other ion channels (Kamat et al., 2014; Rosemond et al., 2011). The exact role of
this complex, however, remains poorly understood. The localization at the ribosome (described
in this work) suggests it might capture membrane proteins as they are synthesized and coordinate
proper folding and/or complex assembly in order to prevent immature or improperly assembled

complexes from exiting the ER.
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Finally, it is worth noting that a full mechanistic description of TMCO1 function depends
on demonstrating an effect of TMCO1 on the insertion, folding or quality control of a particular
substrate. The identification of hundreds of client proteins by mRNA sequencing makes this goal
within reach, and the exhaustive component characterization of TMCO1-ribosome complexes

opens the door towards step-by-step mechanistic analysis of the pathway.
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5 Future Directions

This work provides a conceptual framework for understanding the evolution of certain
membrane protein biogenesis factors and presents clear ways to frame future research questions.
Conceptually, the future directions of research facilitated by this work fall into two broad
categories: facilitating the discovery of new components in existing pathways and mechanistic
dissection of known components.

In certain pathways likely to involve Oxal superfamily members, not all factors have yet
been identified. This is perhaps most notable in the cases of Get3 homologs without known
membrane receptors. Plants contain a Get3 homolog (known as Get3b) that localizes to the
chloroplast and functions in a different pathway from cytosolic Get3 (Xing et al., 2017). This
raises the possibility that a separate pathway targets Tail Anchored or similar proteins to the
thylakoid membrane. Based on the distant homology of YidC and Getl family members, the
prime candidates would be one of the two superfamily members Alb3 or Alb4. Remarkably,
some plants contain a third homolog Get3 homolog, known as Get3c, that localizes to the
mitochondrial matrix (Xing et al., 2017), raising the possibility of yet another targeting pathway.
The role of Get3c remains unstudied, but targeting a subset of mitochondrial inner membrane
proteins and delivering them to either of two Oxal mitochondrial paralogs is an attractive
possibility (Benz et al., 2013).

Similarly, most archaea contain a Get3 homolog (usually referred to as TRC40). Archaeal
Get3 homologs have been shown to be bind TA substrates and can substitute yeast Get3 in an
artificial insertion assay with yeast membranes (Sherrill et al., 2011; Suloway et al., 2012).
Despite numerous attempts by the Keenan lab to demonstrate binding of Ylp1 to the archaeal

Get3 homolog, no interaction was ever observed. One hypothesis based on the difference
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between bacterial YidC and archaeal Ylp1 that shows two extra transmembrane helices in YidC,
is that Ylp1 requires an as-yet unidentified binding partner as an adaptor for a post-translational
function. Such a mechanism would be analogous to the requirement for Get2 in the yeast GET
pathway. However, without further experimental data such an explanation remains speculative.
The archaeal Get3 homolog might function solely as a soluble chaperone without a need for a
membrane-bound insertase.

Based on the common ancestry of EMC3 with YidC, TMCO1 and Getl, this work also
allows for specific mechanistic predictions of how the ER Membrane Complex (EMC) might
function. The EMC as a whole has very recently shown to work as an insertase for TA proteins
with a TMD that is not hydrophobic enough to engage the GET targeting machinery (Guna et al.,
2017). However, the EMC is a ten-subunit complex in which subunits depend on one another for
expression (Guna et al., 2017), which would likely hamper future efforts at mechanistic
characterization of the individual subunits. We predict that EMC3 is one of the catalytic
subunits, and that it possesses the ability to stabilize a transmembrane domain during the
insertion process. Designing specific mutations in the membrane-enclosed hydrophilic binding
pocket of EMC3 may allow for both activity-modulating variants and substrate crosslinks to be
identified.

Another promising research avenue opened by this work is the discovery of the TMCO1-
mediated membrane protein biogenesis pathway. The immediate next goal of this project will be
to demonstrate a specific phenotype for TMCO1 null cells in the biogenesis of at least one
substrate. This can be shown through a combination in vitro and in vivo analyses using
previously published methods. Cell surface localization of the identified TMCO1 clients can be

assayed directly using antibodies or previously published protocols utilizing chemical
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biotinylation followed by mass spectrometry (Belleannee Clémence et al., 2011; Shin et al.,
2003). It is possible, however, that very few proteins depend on TMCO1 for insertion and
TMCOLI instead works to accelerate insertion and/or folding. Such a role is supported by the
observation that TMCOL is recruited relatively non-specifically to ribosomes translating any one
of a very large number of multipass membrane proteins. This type of activity would not be easily
detected by cell surface membrane protein analysis, but would be well suited for in vitro
analysis. In this long-established assay, translation is performed in vitro in the presence of
purified cell membranes. By comparing the insertion of a substrate protein into wild type and
TMCO1 KO membranes, activity can be investigated along a precise time course and under
various external conditions which cannot be easily varied in a live cell.

The identification of hundreds of multi-spanning membrane proteins as cotranslational
clients of TMCO1-containing ribosome-Sec61 complexes also raises a series of mechanistic
questions about TMCOI functions in the cell. For example, what client features are recognized
by the TMCO1 machinery? How do these clients engage the Sec61 complex, TMCO1 and other
components of the complex at different stages of their biogenesis? The protocols we establish in
this work will make tackling these questions possible. For example, programming an in vitro
translation reaction with a series of truncated, stop codon-less client mRNAs of various lenghts
will generate ribosome-nascent chain complexes stalled at defined stages of translation. When
translation is carried out in the presence of membranes derived from 3xFlag-TMCOI cells, our
co-IP/western blot strategy can be utilized to define when TMCO1 (and the other components we
have identified) is recruited to the ribosome-Sec61 complex. Such an approach has been used
successfully for generic Sec61 substrates (Conti et al., 2015). Incorporating site-specific

crosslinkers into the nascent substrate will then allow for mapping of the substrate interactions

71



with the different biogenesis factors. These types of experiments will define the specific features
that define TMCOI clients, which can then be tested by mutational analysis in the same assays.
As a complementary goal, the affinity purification of TMCOI1 complexes will allow for the
reconstitution of TMCO1-mediated biogenesis with purified components. This will allow for
definitive determination of the role of TMCO1 complexes in multi-spanning membrane protein
biogenesis. Immunoaffinity purification followed by co-reconstitution of all different
components into proteoliposomes was recently demonstrated for the EMC (Guna et al., 2017).
By purifying TMCO1 complexes from cells that are selectively depleted for various components
(e.g. Nicalin, TMEM147, NOMO, CCDCA47 etc.) these experiments will allow for the
identification of the minimal machinery required for biogenesis of TMCOI1 substrates.

Finally, little is known more generally about how different accessory factors coordinate
with the core Sec61 complex to facilitate membrane protein insertion. Our native purification of
TMCO1-containing ribosome-Sec61 complexes from cells provides an excellent starting point
for structural studies by single particle cryo-EM. Programming ribosomes with stalled substrates
of various lengths would then also allow for the structural analysis of the Sec61-ribosome
complexes that recruit the various components we have identified, an approach that has been
used recently for the determination of the Sec61/ribosome/OST structure (Braunger et al., 2018).
High resolution structural analysis of these complexes will provide valuable mechanistic
information on the highly conserved TMCO1 membrane protein biogenesis pathway and reveal
how factors not known to act co-translationally interact with the translating ribosome.
Additionally, a high resolution structure of the TMCO1-ribosome complex will provide a case

study of the substrate-specific assembly of a specific holotranslocon complex in human cells.
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6 Materials and Methods

6.1 Protocols related to Borowska et al. Structure (2015)
6.1.1 Phylogenetic Analysis
1. Archaeal DUF106 sequences were obtained using Mj0480 as a query in NCBI Blast with
an E-value cutoff of 10-3°
2. Sequences were aligned with representative bacterial YidC, eukaryotic Oxal and
eukaryotic Alb3 sequences using T-Coffee (Notredame et al., 2000) with the default
parameters.

a. Note: Multiple MSA programs can be used. In our experience, T-Coffee performs
best (ie: results in shortest branch lengths and highest level of statistical support)
for YidC and related proteins. For larger alignments that exceed the capacity of T-
Coffee, we have used MUSCLE with good results.

3. Gaps were trimmed automatically using the Software TrimAl (Capella-Gutierrez et al.,
2009) with a cutoff of 0.55.

a. Note: Gap trimming cutoff is determined empirically. We have mostly kept this
value relatively low (0.3 - 0.6) as the alignments we present here include highly
divergent sequences

4. The resulting alignment was tested in Prottest (Darriba et al., 2011) to find the best
evolutionary model, which for this data was: LG substitution matrix, empirical amino
acid frequencies, fixed gamma shape parameter (1.491) with 4 substitution rate
categories.

5. The phylogenetic tree was then assembled in PhyML (Guindon et al., 2010) using

determined parameters
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a. Note: It is now possible to perform steps 4 and 5 at once using the new PhyML

Smart Model Selection feature.
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6.1.2

Bacterial YidC Complementation

The M;j0480 gene and two closely related mesophilic archaeal homologs (from
Methanococcus aeolicus and Methanococcus maripaludis) were cloned into pQE81-L
vector encoding a C-terminal 6xHis tag using Gibson assembly (Gibson et al., 2009); we
also cloned chimeras in which the gene of interest was fused to the first 330 residues of
E. coli YidC. Full-length YidC was used as a positive control and protein expression was
verified by western blot using an anti-6xHis antibody.

a. Chimeras were included because E. coli YidC has an extra TMD and a large
periplasmic domain. The 1-330 YidC fusion gene conserves these features
Transform E. coli JS7131 YidC depletion strain (gift from R. Dalbey) (Samuelson et al.,

2000) with the appropriate experimental construct, incubate overnight at 37 degrees.
Pick single colonies and grow for 4-6 hours in LB media supplemented with 0.2%
arabinose, 25 pg/mL spectinomycin and 100 pg/mL ampicillin, taking care that cells
never entered stationary phase.
Pellet 0.2 ODeoo of cells for 5 min at 5000 x g at 4 °C
Wash with 1 mL LB, resuspend to a final ODsoo of 0.1
Spot 2 uLL of 1:10 serial dilutions on LB plates supplemented with spectinomycin,
ampicillin, and either 0.2% arabinose (positive control) or 0.2% glucose (negative
control).

a. The latter condition was necessary as the JS7131 strain sometimes spontaneously

reverts to a wild-type phenotype.
b. For the experimental condition, we tested IPTG concentrations between 20 and

500 uM.
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6.1.3

Yeast Oxal Complementation
To test Oxal complementation, we generated a yeast W303-1A Adoxal knockout strain by
homologous recombination. This strain was verified by PCR and exhibited an inability to
grow on nonfermentable carbon source as previously reported (Preuss et al., 2005).
Complementation was tested by cloning either the Mj0480 gene or its M. aeolicus
homolog into a Yeplac195 vector (gift from B. Glick) with a C-terminal 6xHis tag. Each
gene was fused to the Oxal mitochondrial targeting sequence and optionally also the long
Oxal C-terminal tail, which is important for its function (Preuss et al., 2005). A vector
carrying a C-terminally 6xHis-tagged Oxal was used as a positive control and empty
vector was used as a negative control.
Transform the knockout strain with the appropriate construct using the Lithium Acetate
method (Gietz and and Woods, 2002), incubate at 30 degrees until colonies are observed
(2-3 days)
Restreak a single colony on fresh plates, incubate 1 day at 30 degrees
Inoculate CSM-Ura cultures, grow at 30 degrees until they became cloudy (ODeoo < 2)
Centrifuge 0.5 ODeoo of cells for 4 min at 2,600 x g at 4 °C and resuspend in 1 mL cold
water.
Spot 2 uLL of 5 x 1:10 serial dilutions on YP agar plates supplemented with either 2%
glucose or 3% glycerol

a. We incubated plates at room temperature, 30 °C and 37 °C, with similar results.

b. Only strains transformed with the Oxal gene grew on 3% glycerol plates.
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6.1.4

5.

Ribosome binding assays

. We purified 70S E. coli ribosomes according to a published protocol (Wu et al., 2013)

with the exception that we used E. coli BL21(DE3) cells.

Stalled ribosome-nascent chain complexes (RNCs) were obtained using a construct
containing a 3x Strep-tag II sequence fused to the first transmembrane segment of the
YidC substrate Foc and to the SecM stalling sequence, similar to a previously utilized
construct (Kedrov et al., 2013). An artificially synthesized gene was Gibson assembled
into pET21a, and transformed into BL21(DE3) cells. Stalled RNC-Foc were expressed
and purified according to the published protocol (Wu et al., 2013) (Figure S4).

a. Note: Both the total 70S ribosomes and the stalled RNCs were quantified by Axeo,
flash frozen and stored at -80 °C. They seem to be stable for at least a month.

Incubate 100 nM ribosomes or RNCs with 1 uM Mj0480 in 1.5 mL of assay buffer
containing 50 mM Tris pH 7.5, 150 mM KCI, 5 mM MgCl, and 0.04% DDM for 1 hour
on ice.

Pellet for 3 h at 100,000 x g at 4°C in a TLA100.3 rotor. Save an aliquot of the
supernatant for analysis.

a. Note: We did see some pelleting of Mj0480 in the absence of ribosomes, likely
due to the fact that we did not include a sucrose cushion in this step. A modified
pelleting protocol was used in later studies with mammalian ribosomes where a
sucrose cushion was included, and that did seem to make a difference.

Wash pellets with 300 pL assay buffer, resuspend in 50 pL SDS sample buffer and then

adjusted to 1x, 5x and 10x volume equivalents of the supernatant sample.
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6. Analyze supernatant and pellet samples by SDS-PAGE and western blotting with a

Penta-His HRP conjugated antibody (Qiagen catalog #34460).
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6.1.5 Plasmids

Purpose Identifier Plasmid schematic
Ribosome-RNC bSA013 pET21c-2StrepTag-AtpE-SecM
Purification
YidC complementation bSA004 pQESI1L-M;Ylp1-6xHis
bSA005 pQES81L-YidC(1-330)-M;0480-6xHis
bSA009 pQES81L-MaYlpl1-6xHis
bSA010 pQESIL-MmYIpl-6xHis
bSA016 pQES81L-YidC(1-330)-MtYIp1-6xHis
bSA017 pQE81L-YidC(1-330)-MmYIp1-6xHis
bSA018 pQES81L-YidC(1-330)-MaYIp1-6xHis
bSA039 pQES81L-YidC-6xHis
Oxal Complementation bSA056 Yeplac195-Oxal-6xHis
bSA057 Yeplac195-Oxalts-MjYlp1-6xHis
bSA058 Yeplac195-Oxalts-MjYIp1-Oxaltail-6xHis
bSA059 Yeplac195-Oxalts-MaYlp1-Oxaltail-6xHis
bSA060 Yeplac195-Oxalts-MaYlp1-6xHis
bSA061 Yeplac195-Oxalts-YidC(1-330)-Oxaltail-

6xHis

Table 2. Plasmids used in the subset of this work described in Borowska et al. 2015
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6.2 Protocols related to Anghel et al. Cell Reports (2017)

6.2.1

1.

Phylogenetic analysis
Distant homologs of Ylp1 were identified using the M. jannaschii Ylp1 sequence
(Mj0480) using HHpred (Soding et al., 2005)
Sequences were obtained using Mj0480 as a query in NCBI Blast with an E-value cutoff
of 103¢

a. Note: We made an effort to include organisms as diverse as possible

phylogenetically, as this resulted in shorter branch lengths.

Proteins in the master list were then aligned using MUSCLE (Edgar, 2004) with standard
parameters
Gaps in the alignment were trimmed using TrimAl (Capella-Gutierrez et al., 2009) with a
cutoff of 0.4
The phylogenetic tree was then assembled in PhyML-SMS (Guindon et al., 2010) using

nearest-neighbor interchange (NNI) and the Akaike Information Criterion
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6.2.2 Generation of the TMCO1 antibody
Note: These services were performed by Lampire Biologicals
1. A peptide representing a region of the TMCOI cytosolic coiled coil
(EKKKETITESAGRQQKK) was chemically synthesized and conjugated to KLH.
2. Two rabbits were immunized and antibody was generation through a 50 day protocol,
with final exsanguination bleed at day 57.
3. Exsanguination bleed was supplemented with 0.02% sodium azide, flash-frozen in liquid
nitrogen and stored at -80°C
4. A minority of experiments used antibody that was purified against the
EKKKETITESAGRQQKK peptide using the SulfoLink Kit (Fisher Scientific).
a. The affinity purified antibody can be used at a 1:10,000 dilution in a standard
western blot (as opposed to a 1:1000 dilution for the raw antiserum) and provides

much better signal and specificity.
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6.2.3

Hek293 Transfection

Grow cells until ~90% confluent.

For one 10 cm dish, mix 10 pg of DNA with 20 pL of Trans-It 293 reagent (Mirus Bio
LLC) in serum-free DMEM medium.

Incubate complexes 20 minutes at room temperature. While complexes are incubated,
add fresh DMEM supplemented with 10% FBS (no antibiotics) to cells.

Add complexes drip-wise to cells, incubate 24 hours in a cell culture incubator
Subcultivate cells 1:2 and incubate a further 24 hours in a cell culture incubator

Harvest cells (48 hours after original transfection)
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6.2.4 Generation of a TMCO1 KO cell line by CRISPR/Cas9 Genome Editing
Note: This cell line was generated with the technical services of the Genome Engineering Core
Facility at the University of Chicago.

1. Hek293-Cas9 cells were generated by the Hegde lab by integrating a 3xFlag-Cas9 gene
into the Flp-In site of Hek293 Flp-In T-REx cells (Invitrogen).

a. For genome editing, we supplement the media with 15 pg/mL Blasticidin and 100
pg/mL Hygromycin B although we do not use these antibiotics otherwise.

2. Cas9 expression was induced by addition doxycycline at 10 ng/mL, followed by
transfection of a plasmid expressing the guide RNA 5°-
GAAACAATAACAGAGTCAGCTGG-3’

3. Single cells were seeded into 96 well plates and allowed to grow clonally

4. The final TMCOI1 knockout line was verified by both genomic DNA sequencing and
immunoblotting with an a-TMCO1 antibody

a. Three clones were isolated, labeled D3, D5 and G11.
i. D5 is a true knockout as it carries a frameshift mutation on both
choromosomes. This clone is our designated TMCO1 KO clone.
ii. Gl11 is heterozygotic (it carries a frameshift mutation on only one
chromosome).
iii. D3 resembles a true knockout by immunoblotting. but in fact one
chromosome carries a 12 residue deletion in the epitope for our a-TMCO1

but the protein is predicted to be made.
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6.2.5 Generation of a 3xFlag-TMCOI1 cell line by CRISPR/Cas9 Genome Editing

Note: This cell line was generated with the technical services of the Genome Engineering Core

Facility at the University of Chicago.

1.

N-terminally Flag tagged TMCO1 was also generated at the same facility using a
previously described two step strategy with transfections and selection identical to the
TMCO1 KO generation procedure.

The 3xFlag-TMCOI1 lines were verified by both genomic DNA sequencing and
immunoblotting with a-TMCO1 and a-Flag antibodies.

a. Multiple clones were obtained, four of which (P1A6, P1F1, P1F3, P2C4) have
one nonfunctional TMCOL allele and one allele containing a 3xFlag-tagged
TMCOI1 with a 13 residue linker (ITSYNVCYTKLSG, from the Cre-lox
recombination) before the TMCO1 ORF. We use P2C4 as our primary tagged cell

line.
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6.2.6 Preparation of the total membrane fraction from Hek293 cells
1. Harvest cells at a density of 70-100% while growing

a. Do not supplement media of Hek293 TRex cells with Blasticidin and Hygromycin
B when growing cells if membranes will be used for translation. Supplementing
media with these antibiotics makes resulting membranes incompetent for
translation.

b. The yield of this procedure is about 10 pL membrane pellet from one 15 cm cell
culture dish at ~80% confluence.

c. Keep cells at room temperature until ice cold DPBS is added. Afterwards,
perform procedure on ice.

d. After preparation, membranes can be frozen and stored at -80°C for at least
several months without negative consequences. Do not flash freeze membranes
repeatedly.

2. Aspirate media, and add 10 mL DPBS to one 15 cm dish. Scrape cells and collect into 50
mL conical tubes.

a. If cells will be used for purification of ribosome complexes, I add 50 pg/mL
emetine to DPBS and throughout the procedure. Do not add emetine if
membranes will be used for translation

3. Pellet cells 5 minutes at 500 x g centrifugation at 4°C
4. Resuspend in HM Buffer (10 mM Hepes pH 7.5, 10 mM potassium chloride, 1 mM
magnesium chloride) equal to 3.5x the volume of the cell pellet.

5. Incubate on ice for 15 minutes
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10.

1.

12.

13.

a. If desired, analyze swelling by dilution 5 pL of cell suspension with 5 pL. and
observing under an inverted microscope.

Dounce for 15 strokes (up-down is considered one stroke) in a douncer with a tight-fitting
“B” pestle (Kontess)

a. If desired, analyze lysis by dilution 5 uL of cell suspension with 5 pLL and
observing under an inverted microscope. Less than ~20% cells should remain
unlysed, and no significant clumping of nuclei should be present.

Add sucrose to 250 mM to balance osmolarity.
Pellet 3 minutes at 700 x g to remove nuclei and unlysed cells. Save supernatant.
Pellet 10 minutes at 10,000 x g to pellet membrane fraction

a. Contrary to previous studies, in our hands this was sufficient to pellet most
biological membranes of interest, including the endoplasmic reticulum, Golgi,
plasma membrane and mitochondria.

Wash membranes with assay buffer (150 mM potassium acetate, 50 mM Hepes pH 7.4, 5
mM magnesium acetate) and centrifuge again 10 minutes at 10,000 x g to remove any
residual cytosolic proteins.

If using membranes for sucrose cushions, gradients, pull-downs or translation, digest
polysomes by adding Calcium Acetate to 1 mM and 100 Units of Microccocal Nuclease
(NEB)

Incubate 10 minutes at 25°C, and then quenche by addition of EGTA to 2 mM.

a. If membranes will be used for translation, nuclease treatment is performed for 30
minutes at 37°C as in this case partial digestion of ribosomes is not problematic.

Wash membranes one more time with assay buffer to remove nuclease.
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14. If freezing, supplement membrane suspension with sucrose to 250 mM and flash freeze.

Store membrane suspensions at -80°C

87



6.2.7 Topology analysis by glycosylation mapping in Hek293 cells

1.

8.

9.

Design N-terminally 3xFlag-tagged construct into the pGFP plasmid (Clontech). Add an
opsin N-glycosylation tag (MNGTEGPNFY VPFSNKTVD) at the positions to be tested.
a. For TMCOI1, we have used a bacterially codon-optimized DNA sequence. EMC3
plasmids were identical, but contained a cDNA-derived EMC3 sequence.
b. The resulting constructs encode a 3xFlag-tagged protein under the control of a
CMYV promoter and an SV40 polyA signal.
Transfect 10 pg of DNA with 20 pL of Trans-It 293 reagent (Mirus Bio LLC) as usual
Subcultivate cells 1:2 the next day and harvest 48 hrs after transfection as usual
Prepare membrane fraction as usual.
Resuspend membranes in 100 pL of 1% SDS with 100 mM DTT. Incubate for 5 minutes
at 95 °C, and then cool at room temperature.
Adjust buffer to 50 mM Hepes pH 7.4, 150 mM NaCl, 1% NP40, 0.1% SDS and
supplement with 50 Units of Benzonase (Sigma, E1014). Benzonase is required for
reducing viscosity.
a. Final volume does not seem relevant. 800 uL has worked well in the past.
Split reactions in half. To half, add 20 Units of PNGase F (Promega).
Incubated for 4 hours at 37 °C with 200 rpm shaking to mix well.

TCA precipitate.

10. Resuspend in Lamelli Sample Buffer and analyze by SDS-PAGE.
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6.2.8

1.

Topology analysis by glycosylation mapping in yeast cells

Design a 3xFlag-tagged construct with the endogenous promoter in the Yeplac195 vector.
Add an opsin N-glycosylation tag (MNGTEGPNFYVPFSNKTVD) at the positions to be
tested.

a. For Getl, we used a C-terminal tag as that is better tolerated for this protein
Transform plasmid into BY4741 yeast using lithium acetate/PEG (Gietz and and Woods,
2002). Incubate at 30°C for 2-3 days.

Pick a single colony from transformation plates and restreak onto a fresh plate. Incubate
at 30°C for an extra day

Inoculate a 4 mL SD —URA +2% glucose culture with about half of the amount of yeast
on the restreaked plate. Incubate for 1 hour at room temperature with 225 rpm shaking
Measure. Agoo. Collect 4 Agoo units and mix with sodium azide to a final concentration of
0.01%. All manipulations should be done on ice from here on.

Pellet cells 3 minutes at 16,000 x g and resuspend in 350 mM freshly diluted NaOH
supplemented with 1 mM PMSF and 1x cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail tablets (Roche)

Incubate 5 minutes on ice

Resuspend pellet in 120 pL of 1% SDS, 100 mM DTT, 50 mM Tris pH 6.8. Incubate 5
minutes at 95 °C and then cool to room temperature

Pellet 3 minutes at 16,000 x g to remove insoluble material. Save supernatant and discard

pellet.
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10. Adjust buffer composition of supernatant to 5 mM Tris pH 6.8, 50 mM Hepes pH 7.4,
150 mM NacCl, 1% NP40, 0.1% SDS and supplement with 25 Units of Benzonase
(Sigma, E1014).

11. Split reactions in half. To half, add 20 Units of PNGase F (Promega).

12. Incubated for 4 hours at 37 °C with 200 rpm shaking to mix well.

13. TCA precipitate.

14. Resuspend in Lamelli Sample Buffer and analyze by SDS-PAGE.

90



6.2.9 Co-fractionation of native TMCO1-ribosome complexes from Hek293 cells

1. Prepare membrane fraction from Hek293 cells.

a. This entire procedure should be done on ice.

b. Usually I add emetine to 50 pg/mL to all buffers to inhibit ribosome dissociation,
although this does not seem to make a difference in yield of ribosome/TMCO1
complexes.

2. Resuspend membranes in assay buffer (150 mM potassium acetate, S0 mM Hepes pH
7.4, 5 mM magnesium acetate). Add recrystallized digitonin from a 5% stock to a final
concentration of 2%.

a. Digitonin displays large lot-to-lot variability. For the work in Anghel et al. (Cell
Reports 2017) we used Calbiochem Lot #2913883 that had been recrystallized in-
house

b. Even after recrystallization, digitonin is only moderately soluble in water. Do not
attempt to make stock solutions at higher concentrations than 5%. All stocks
should be used within ~4 hours of preparation, or digitonin impurities will start to
precipitate.

c. Resolubilization volume appears relatively insensitive to dilution. I usually use a
resolubilization volume of 3 times the membrane pellet volume to conserve
digitonin but much higher volumes work well and may increase yield slightly.

3. Incubate for 30 minutes at 4°C with gentle end over end mixing (wheel in the Keenan
Lab cold room set at 20-30 rpm works well)

4. Pellet 10 minutes at 10,000 x g to remove insoluble material.
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. Layer supernatant on a 1 mL sucrose cushion 150 mM KCl, 50 mM Tris pH 7.4, 5 mM
MgCl,, 1 M Sucrose, 0.1% digitonin)
. Pellet for 2 hours at 250,000 x g in a TLA100.3 rotor
. Resuspend pellet in 400 uL assay buffer supplemented with 0.1% digitonin and spin
again over a cushion as before
a. Ribosome pellets from cushions are extremely difficult to resuspend. Gently
pipetting up and down for ~15 minutes (until no more particles are visible) is the
best way that does not damage ribosome complexes.
. Resuspend pellet in 400 uL assay buffer supplemented with 0.1% digitonin and layer
over a sucrose gradient (10-50% sucrose, 150 mM potassium acetate, SO0 mM Tris pH 7.5,
5 mM MgCl,, 0.1% digitonin) at 130,000 x g (SW28.1, Beckman-Coulter) for 12 hrs at
4°C
a. Some digitonin may precipitate overnight at the bottom of the gradient. This does
not appear to negatively affect outcomes
b. A 12 hour centrifugation time results in 80S ribosomes migrating about 2/3 of the
way through the gradient. A centrifugation time as short as 4 hours may sufficient

depending on the experiment.

9. Collect fractions from the top of the gradient.

a. 900 uL fraction volumes work well as they result in 20 fractions total.

10. TCA precipitate.

11. Resuspend in Lamelli Sample Buffer and analyze by SDS-PAGE.
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6.2.10 Co-immunoprecipitation analysis from Canine Pancreatic Membranes
1. Resuspend 50 uL. membranes in a total of 300 pL of 250 mM potassium acetate, S0 mM
Hepes pH 7.4, 5 mM magnesium acetate, 15% glycerol and 3% recrystallized digitonin
a. Perform the entire procedure on ice, except final elution
b. Digitonin displays large lot-to-lot variability. For the work in Anghel et al. (Cell
Reports 2017) we used Calbiochem Lot #2913883 that had been recrystallized in-
house
c. Even after recrystallization, digitonin is only moderately soluble in water. Do not
attempt to make stock solutions at higher concentrations than 5%. All stocks
should be used within ~4 hours of preparation, or digitonin impurities will start to
precipitate.
2. Incubate for 30 minutes on ice
3. Pellet 10 minutes at 10,000 x g to remove insoluble material.
4. Divided soluble material in three and layer on top of Protein A resin that had been
crosslinked to antibodies against TMCO1, Sec61f or 3F4 (as control)
5. P reactions were incubated for 2 hours at 4°C with end-over-end mixing (wheel in the
Keenan Lab cold room set at 20 rpm works well)
6. Wash six times with 500-1000 puL 250 mM potassium acetate, 50 mM Hepes pH 7.4, 5
mM magnesium acetate, 15% glycerol and 0.1% digitonin
7. Elute in three successive 10 minute incubations with 200 pL of 1 M Glycine pH 3
supplemented with 0.1% Fos-choline-12. Add to 100 pL. of 1 M Tris pH 9 or above.
a. Resin can in fact be saved and used in a subsequent experiment, although capacity

seems to decrease somewhat. Do not save resin for longer than one week
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8. TCA precipitate.

9. Resuspend in Lamelli Sample Buffer and analyze by SDS-PAGE.
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6.2.11 Co-immunoprecipitation analysis from 3xFlag Hek293 cells

1. Prepare membrane fraction from Hek293 cells.

2. Wash membrane pellet twice in assay buffer, recovering membranes by spinning

3. Resuspend membrane pellet in buffer containing 250 mM sucrose, 300 mM potassium
acetate, 50 mM Hepes pH 7.4, 10 mM magnesium acetate, 2% digitonin.

a. A higher salt concentration helps reduce background signal in these experiments.

4. Incubate for 30 minutes at 4°C with gentle end over end mixing (wheel in the Keenan
Lab cold room set at 20-30 rpm works well)

5. Pellet 10 minutes at 10,000 x g to remove insoluble material.

6. Add soluble fraction to Flag M2 resin (Sigma) and incubate for 1 hour at 4°C with gentle
end-over-end mixing (wheel in the Keenan Lab cold room set at 20 rpm works well)

7. Wash four times with 350 mM potassium acetate, 50 mM Hepes pH 7.4, 5 mM
magnesium acetate, 250 mM sucrose and 0.1% digitonin.

8. Elute by 2 successive 30 minute incubations with same buffer as the wash but
supplemented with 0.5 mg/mL 3xFlag peptide (ApexBio).

9. Clear residual resin from elutions by passing through a Paper Spincup (Pierce).

10. Layer elution on a 1 mL sucrose cushion 150 mM KCl, 50 mM Tris pH 7.4, 5 mM
MgCl,, 1 M Sucrose, 0.1% digitonin)

11. Pellet for 2 hours at 250,000 x g in a TLA100.3 rotor

10. Discard supernatant, resuspend pellet in Lamelli Sample Buffer and analyze by SDS-

PAGE.

95



6.2.12 Plasmids

Purpose Identified Plasmids Schematic

TMCO1 bSA143 pGFP-3xFlag-Tmcol

topology bSA149 pGFP-Opsin-3xFlag-Tmcol

mapping bSA150 pGFP-3xFlag-Tmco1-Opsin (Cterm)
bSA152 pGFP-3xFlag-Tmco1-Opsin (Loop)
bSA153 pGFP-3xFlag-Tmco1-Opsin (CC)
bSA154 pGFP-3xFlag-Tmco1-Opsin (CC2)

EMC3 bSA156 pGFP-3xFlag-EMC3

topology bSS165 pGFP-Opsin-3xFlag-EMC3

mapping bSA168 pGFP-3xFlag-EMC3-Opsin (Cterm)
bSA167 pGFP-3xFlag-EMC3-Opsin (Loop)
bSA166 pGFP-3xFlag-EMC3-Opsin (CC)

Getl bSA169 Yeplac195-Getlp-Getl-3xFlag

topolqu bSA171 Yeplac195-Get1p-3xGSS-Get1-3xFlag

mapping bSA172 Yeplac195-Getlp-Get1-Opsin(Loop)-3xFlag
bSA173 Yeplac195-Getlp-Get1-Opsin(CC)-3xFlag
bSA174 Yeplac195-Getlp-Getl-3xFlag-Opsin(Cterm)

Table 3. Plasmids used in the subset of this work described in Anghel et. al. 2017
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6.3

6.3.1

Other protocols

TCA Precipitation of Protein Samples

This protocol is useful if starting with a large sample volume

1.

2.

9.

Add TCA from a 100% stock to a final concentration of 25% and mix
Incubate 10 min at 4°C. Perform the entire procedure on ice until drying step.
Spin for 5 minutes at 20,000 x g.
Remove supernatant, leaving protein pellet intact.
If precipitating sucrose-containing fractions, wash pellet with 500 puL. 30% TCA and spin
again
a. This removes residual sucrose. As sucrose is not soluble in acetone, it will
otherwise precipitate in acetone and contaminate the gel sample
Wash pellet with 200uL ice-cold acetone.
Spin 10 minutes at 20,000 x g.
a. Remove acetone quickly. Pellet is much more fragile at this step.
Repeat acetone wash.
a. Failure to remove residual TCA will negatively affect the pH of the gel sample,
making the pellet much harder to resuspend and the resulting SDS-PAGE gel run
poorly.

Air dry pellet

10. Resuspend pellet in Lamelli Sample Buffer by incubating 20 minutes at 50°C

a. Incubating gel samples at significantly higher temperature or for significantly

longer will cause membrane proteins to aggregate.
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6.3.2

Preparation of 10-50% Continuous Sucrose Gradients

. Prepare 10% and 50% sucrose solutions in the buffer to be used for the final experiment

a. For ribosomes, we use 150 mM potassium acetate, 50 mM Tris pH 7.5, 5 mM
MgCl,, supplemented with any detergents depending on the experiment

Fill a SW28 or SW28.1 tube with 10% sucrose solution until the half way mark by
pouring
Fill a syringe with the required amount of 50% sucrose solution for the remaining half of
the centrifuge tube and attach a metal cannula
Place syringe upside down such that the tip of the metal cannula is in the bottom of the
centrifuge tube
Slowly extrude 50% sucrose solution taking care to minimize air bubbles that will flow to
the top and disturb the interface between the two layers
Place tube(s) in dedicated holder on the Gradient Maker Station and run program

a. Standard preset program for a 10-50% linear gradient takes around 7 minutes
Gradients should be stored at 4°C and used as soon as possible after they are poured, as

diffusion will degrade the gradient over time
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6.3.3 In vitro Translation and Insertion Assays

This protocol uses the Rabbit Reticulocyte Lysate system perfected in the Hegde Lab (Sharma et

al., 2010)

1. For transcription, start by designing a DNA construct coding for a substrate

a.

Transcription will proceed either by a T7 or SP6 RNA polymerase. They should
both work, although in the Keenan lab we have always used SP6. Cloning the
substrate into a pS64 vector works well, as it includes the promoter as well as the
Kozak sequence in the vector

Include tags if desired. If including tags for detection, 3XFLAG and 3xHA work
well as the triple nature makes them possible to detect by Western Blotting even
at the low levels they are synthesized in this system

If generating a truncated product to enrich for translating ribosomes, replace the
stop codon with a valine.

The transcription will be done from a PCR reaction (use at 50 ng/ul) or from the
plasmid itself (use at >200 ng/uL). We generally use a column purified PCR

product.

2. Set up Transcription (T1) reaction on ice by mixing 7.6 uL T1 master mix with 0.2

Superaseln, 2 uLL PCR and 0.2 puL Polymerase

3. Incubate at for 1 hour at 40°C (for SP6 polymerase) or 37°C (for T7 polymerase)

4. Set up Translation (T2) reaction on ice by mixing 5.6 uL T2 master mix with 0.2 pL

Superaseln, 2 uLL T1 reaction to a total volume of 10 puL

a. For some templates the Mg?* concentration may need to adjusted upwards by 1-2

mM
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b.

If doing co-translational insertion, supplement with 1 uL. of 50% microccocal
nuclease treated Hek293 membrane suspension. Note that some preparations of
membranes can inhibit translation to a significant degree. If desired, include a
positive control of Canine Pancreatic Membranes (Promega)

If the substrate is to be monitored by phosphor imaging, add 0.2 uL of S*>-labeled

methionine at this stage

5. Incubate T2 reaction at 32°C

a.

Incubation time will dependent on the template length and translation difficulty,
but 10 minutes for 10 kDa of substrate is a good starting point. Substrates larger
than ~50kDa are increasingly difficult to translate in this system

Translation will work at temperatures between 25 and 34°C although synthesis

time must be adjusted empirically

6. If more than 0.2 uL is to be loaded on a gel (which is sufficient if detecting substrate by

phosphor imaging), remove hemoglobin before proceeding as too much hemoglobin will

interfere with SDS-PAGE

a.

If only the membrane fraction of a co-translational experiment is of interest, pellet
membranes for 5 minutes at 13,000 x g, discard the supernatant and keep the
pellet. Pellet should be chlorophorm-methanol extracted to remove lipids.

An alternative method is to add an equal volume of the equilibrated Ni-NTA resin
to the translation reaction, incubate 10 minutes at room temperature with
occasional mixing, spin in tabletop picofuge and keep supernatant (resin should

be red). This method cannot be employed if the substrate or any other proteins
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that are desired are 6xHis tagged. If supernatant volume is too large, TCA
precipitate it.
7. Mix with Lamelli Sample Buffer and denature by incubating 20 minutes at 50°C
8. Analyze by SDS-PAGE
a. If sample is to be analyzed by immunoblotting, take note that the T2 mixture
contains high levels of rabbit antibodies and therefore the use of an anti-rabbit-

HRP secondary antibody is suboptimal
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6.3.4

Chloroform-methanol extraction of proteins

This protocol was kindly provided by D. Allan Drummond. It is useful for extracting proteins

from mixtures containing a large amount of lipids and also for purifying samples for mass

spectrometry analysis.

1.

2.

10.

To up to 100 uL of sample, add 400 pL. methanol and vortex thoroughly.
Add 100 pL chloroform and vortex.
Add 300 pL water and vortex.
a. The mixture should become cloudy after addition of water
Centrifuge 1 minute at 14,000 x g.
a. Three layers should form: a large aqueous layer on top, a circular flake of protein
in the interphase, and a smaller chloroform layer at the bottom.
Remove top aqueous layer carefully, trying not to disturb the protein flake.
Add 400 pL methanol and vortex.
Centrifuge 10 minutes at 20,000 x g
a. Pellet will be very delicate after this step
Remove as much methanol as possible by pipetting without disturbing the pellet
Air dry the pellet to remove residual methanol
a. If submitting samples to mass spectrometry, cover loosely with foil to prevent too
much keratin from contaminating the sample
If analyzing by SDS-PAGE, resuspend pellet in Lamelli Sample Buffer by incubating 20

minutes at 50°
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