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ABSTRACT

The successful biogenesis – synthesis, delivery, and insertion into designated mem-
branes – of membrane proteins is a crucial cellular process. One particular class
of membrane proteins, tail-anchored (TA) proteins have a single transmembrane
domain (TMD) that this located at their C-termini and are targeted to membranes
post-translationally. Multiple pathways have been identified to target TA proteins
to the ER membranes, but designated pathways for targeting TA proteins to the
mitochondria remain elusive. The most well understood ER TA protein pathway
is the Guided Entry of Tail-anchored proteins (GET) pathway, consisting of six
(fungal) or seven (metazoans) proteins, SGTA, Get1-5, and Bag6 (metazoans only),
has nearly been studied exclusively in Opisthokants (fungi and metazoans). Here
we employed a combination of x-ray crystallography, cryo-electron microscopy,
computational modeling, cellular biology, fluorescent imaging, and bioinformatics
in order to understand the underlying factors that regulate the targeting of these TA
proteins to their correct membranes. Our work reveals that ER-bound TA proteins
tend to have a hydrophobic face whereas mitochondria-bound TA proteins contain
a charge following their TMD. This finding corroborates our observation that the
first component of the GET pathway to interact with TA proteins, SGTA, falls in
a category of other hydrophobic segment binding domains, dubbed STI1-domains.
Structures presented here demonstrate that the overall structure of Get3 is conserved
in organisms as distant as Excavats and Opistokonts, and slight conformational
changes in the ATPase allows the described chaperone cascade of the GET pathway
to progress. Together these results refine the model for TA protein targeting to the
ER membrane.
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C h a p t e r 1

INTRODUCTION

Before animals, plants, and bacteria, there were "protocells" – RNA and proteins
encapsulated by lipids. Over the course of history, these protocells have evolved into
the cells that make up the complex organisms we know today (Schrum, T. F. Zhu,
and Szostak, 2010). Organisms are comprised of cells which are primarily proteins,
DNA, and RNA surrounded by a lipid-bilayer composed of fatty acid chains. Eu-
rkaryotes, including mammals and plants, are more complex than prokaryotes, i.e.
bacteria, as they contain membrane-bound compartments or organelles within the
cell.

For a cell, making hydrophobic integral membrane proteins (IMPs) is a complicated
but critical process. All proteins are made by ribosomes in the cytosol, but IMPs,
accounting for ~30% of the proteins encoded in the eukaryotic genome, must also be
properly delivered to and inserted into their designatedmembranes, a process known
as targeting. This is important because hydrophobic IMPs are rapidly degraded in
the cytoplasm to prevent aggregation, which can lead to broad disruptions in cellular
homeostasis. Due to the number and diversity of IMPs, the process of identifying
and targeting relies on pathways that often overlap in function. The information
for targeting, typically stored in hydrophobic alpha-helical transmembrane domain
(TMD) signals in the IMPs, is recognized by factors that then ferry the IMP clients
to the destined lipid bilayer.

The precise information encoded in molecular signals important for targeting con-
tinues to be elusive. Historically, decoding known signals into detailed rules has
proven difficult given their great variation and the lack of sequence motifs. De-
spite our inability to define these rules, cellular chaperones accurately recognize the
various signals to sort clients into their distinct cellular destinations.

1.1 Targeting tail-anchored proteins
IMP targeting is dominated by the secretory (SEC) pathway with the signal recog-
nition particle (SRP) being the central targeting factor (Guna and Hegde, 2018).
For the majority of IMPs, SRP binds the N-terminal signal sequence as it emerges
from a ribosome. The subsequent nascent protein-SRP complex is delivered to the
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endoplasmic reticulum (ER) membrane for co-translational insertion via the SEC
translocon, an ER-protein complex that acts as a conduit for the insertion of IMPs
(Shao and Hegde, 2011a). However, not all IMPs can access the SEC pathway.

Tail-anchored (TA) proteins, found across eukaryotic cellular compartments, are a
large class of these SEC-independent IMPs and are involved in a variety of roles
including vesicle trafficking, protein translocation, quality control, and apoptosis
(reviewed in (Krogh et al., 2001; Fry and Clemons, 2018; Guna and Hegde, 2018)).
Marked by a singleTMDnear their C-termini, TAproteins account for approximately
2% of the genome. The TMD acts as the signal that is recognized to target these
TA proteins to membranes, yet it remains hidden within the ribosomal exit tunnel
at the end of translation. This necessitates post-translational targeting of the newly
synthesized protein primarily to either the ER membrane or the outer mitochondria
membrane (OMM).

The first pathway identified specifically for TA protein targeting, dubbed the Guided
Entry of TA protein (GET) pathway, delivers TA proteins to the ER with the
ATPase Get3 as the central targeting factor (Shao and Hegde, 2011a; Stefanovic
and Hegde, 2007; Schuldiner, Metz, et al., 2008). Consisting of five proteins, Sgt2
and Get1-5, the GET pathway is responsible for targeting ER TA proteins with
extremely hydrophobic TMDs. The co-chaperone Sgt2 first captures TA proteins
from the yeast heat-shock protein 70 (Hsp70), Ssa1, and with the aid of Get4 and
Get5, transfers the client to an ATP-bound Get3 (Cho and Shan, 2018; Chartron,
Clemons, and Suloway, 2012). UponTAprotein binding andATPhydrolysis, Get4/5
disassociates from Get3 and an ER membrane bound Get1/2 complex releases the
TA protein from Get3 and drives its insertion into the ER membrane.

Conformational changes in Get3 driven by nucleotide and binding partners regulates
the GET pathway, resulting in the insertion of TA proteins into the ER membrane.
In the nucleotide free (apo) state, Get3 adopts an open conformation (Chio, Chung,
et al., 2017). Once nucleotide (ATP) binds, Get3 transitions into a closed confor-
mation that is recognized by a Get4/5 complex (Gristick et al., 2014). Get4 inhibits
ATP hydrolysis of Get3 and recruits Sgt2, facilitating the hand off of TA protein
to Get3 (Rome, Chio, et al., 2014). Once TA protein binds and ATP hydrolysis
occurs, Get4/5 disassociates from Get3; this is critical as Get4 and Get2 have over-
lapping binding sites on Get3. The Get3/TA protein complex is driven apart by the
Get1/2 complex, opening up Get3 (McDowell et al., 2020). While work structurally
characterizing Get3 in these different conformational states have been successful,
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a key missing component is characterization of the conformational changes in the
Get3/TA complex in the post-hydrolysis state that cause Get4 to disassociate and
the TA protein to continue on its route to the ER membrane.

Most of the work dedicated to the GET pathway has been limited to Opisthokonts
(humans and yeast), Archaea, and plants, with little known about the pathway in
other organisms including human pathogens. Deletion of GET pathway components
in yeast results in a variety of phenotypes including, but not limitied to defects in
Golgi-to-ER targeting, sensitivity to metal ions, and effects on the protein degra-
dation machinery, which have been attributed to the mislocalization of TA proteins
(Stefanovic and Hegde, 2007; Schuldiner, Metz, et al., 2008). In yeast, the local-
ization of TA proteins vary in their sensitivity to the loss of GET proteins – some
TA proteins, such as Sed5, remain in the cytosol whereas others, such as Sec61 and
Emp47, localize correctly in membranes (Schuldiner, Metz, et al., 2008; Rivera-
Monroy et al., 2016). Consequently, there must be alternative pathway(s) to traffic
a subset of TA proteins.

1.2 The numerous routes to the ER membrane
Recently, two new pathways capable of targeting TA proteins to the ER membrane
have been discovered, the SRP-independent (SND) pathway and one that uses the ER
membrane complex (EMC) as an insertase. The first alternative pathway identified
was the SND pathway, which has the ability to traffic several IMPs to the ER
membrane, including both TA proteins and multi-pass IMPs, although the SND
pathway may play a secondary role for some (Aviram, Costa, et al., 2016). Snd1,
the first component of the SND pathway, interacts with the ribosome and possibly
the nascent chain while the membrane bound Snd2 and Snd3 interact with the
translocon complex. In the absence of the GET pathway, the SND pathway targets
ER TA proteins with TMDs towards the center of the nascent chain.

The third targeting pathway for ER TA proteins uses the EMC as an insertase. In a
recent report, Guna and colleagues demonstrated that human Get3 (HsGet3) fails to
bind to TA proteins with relatively low hydrophobicity within their TMDs. These
proteins instead are delivered by calmodulin and inserted into the ER membrane by
the EMC (Guna, Volkmar, et al., 2018), a ten-subunit complex. Interestingly, the
same series of beautiful genetic experiments that first discovered GET components,
also found a group of proteins that formed EMC (Schuldiner, Collins, et al., 2005;
Jonikas et al., 2009). For TA proteins with moderately hydrophobic TMDs, both
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the GET pathway and EMC can facilitate insertion.

The requirement of the EMC for the targeting of perhaps as much as 50% of ER-
bound TA proteins suggests that the observed effects from the deletion of the EMC,
such as the accumulation of misfolded IMPs, could indirectly result from failed TA
protein insertion, similar to defects arising from deletion of the GET pathway. For
example, a number of ER-bound TA proteins are involved in lipid synthesis and
ER-associated degradation. Although other factors are not required, the lack of a
direct interaction between calmodulin and the EMC suggests there may be accessory
factors that remain to be determined.

These overlapping pathways, dependent on either hydrophobicity or signal posi-
tioning, highlight the diversity in these proteins and illuminate the difficulty of
identifying a common characteristic of ER-destined TMDs. The TMDs of TA pro-
teins vary in length and hydrophobicity, which likely explains the dependence on
different pathways.

1.3 Classifying TA proteins
The identification of multiple routes for targeting TA proteins to the ER membrane
challenges how we previously differentiated mitochondria- from ER-bound TA pro-
teins (Wattenberg and Lithgow, 2001; Rao et al., 2016; Guna and Hegde, 2018).
To date, while the cellular components involved in mitochondrial-bound TA protein
targeting remain unclear (Aviram, Costa, et al., 2016; Guna, Volkmar, et al., 2018;
Fry and Clemons, 2018). How the various pathways discriminate between clients
remains an open question.

From exploration of targeting information within the TMD and in the C-terminal
residues following the TMD of TA proteins general patterns have been observed.
ER-bound TA proteins tend to have more hydrophobic TMDs (Guna and Hegde,
2018; Guna, Volkmar, et al., 2018; Rao et al., 2016; Wattenberg and Lithgow,
2001) while some mitochondria-bound TA proteins are amphipathic (Wattenberg
and Lithgow, 2001). Positive charges following the TMD of TA proteins appear to
prevent insertion into the ER membrane regardless of TMD hydrophobicity (Rao
et al., 2016). Throughout these previous works, the ability of these rules to separate
ER- and mitochondrial-bound TA proteins at-large has not been assessed, so their
broader applicability is still unclear. With multiple pathways with overlapping
clients, understanding the factors within clients recognized for targeting is critical.

When I first began studying the GET pathway, we were primarily focusing on
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Opisthokont GET homologs. With the identification of alternative targeting path-
ways for ER-bound TA proteins we began to ask the question: what is encoded
in TA proteins that are recognized by all these factors to ensure correct targeting?
As time progressed we began investigating how GET components, mainly Get3 and
Sgt2, interact with TA proteins and protect the hydrophobic TMDs from the aqueous
cytosol across different eukaryotic supergroups. The work presented here addresses
these inquiries. Chapter 2 presents a new and more inclusive metric for classifying
ER- andmitochondria-bound TA proteins which was verified through a combination
of computational analyses and live-cell imaging. In Chapter 3, the first molecular
model of the TA protein binding domain in Sgt2 is proposed as well as biochemical
insights into the binding mechanism of the co-chaperone. Chapter 4 chronicles how
the molecular model of Sgt2-C domain lead to the development of a new definition
for a protein fold domain, dubbed the STI1-domain. Three structures of Get3 from
the supergroup Excavata in three distinct nucleotide states are described in Chapter
5. These structures are the first structures of a protist GET component and reveal
a previously unseen conformation of Get3. Together these structures complete the
catalytic cycle of Get3 in Giardia intestinalis. Comparisons between the fungi,
mammalian, and protist Get3 are made throughout this text. Finally, Chapter 6
concludes this thesis by reviewing the finding discussed in the previous chapters and
future experiments to further our understanding of client recognition in the GET
pathway as well as how conformational changes in Get3 drive protein targeting.
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C h a p t e r 2

DETERMINING FEATURES ENCODED IN TA PROTEINS
THAT ENSURE CORRECT TARGETING

Adapted from:

Fry, Michelle Y et al. (2021). “Sequence-based features that are determinant for tail-
anchored membrane protein sorting in eukaryotes”. In: Traffic 22.9, pp. 306–318.
doi: 10.1111/tra.12809.

M.Y. Fry designed and executed of all in vivo imaging experiments and participated
in bioinformatical analyses, and image processing.
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Abstract

The correct targeting and insertion of tail-anchored (TA) integral membrane proteins
is critical for cellular homeostasis. TA proteins are defined by a hydrophobic
transmembrane domain (TMD) at their C-terminus and are targeted to either the ER
or mitochondria. Derived from experimental measurements of a few TA proteins,
there has been little examination of the TMD features that determine localization.
As a result, the localization of many TA proteins are misclassified by the simple
heuristic of overall hydrophobicity. Because ER-directed TMDs favor arrangement
of hydrophobic residues to one side, we sought to explore the role of geometric
hydrophobic properties. By curating TA proteins with experimentally determined
localizations and assessing hypotheses for recognition, we bioinformatically and
experimentally verify that a hydrophobic face is the most accurate singular metric
for separating ER and mitochondria-destined yeast TA proteins. A metric focusing
on an eleven residue segment of the TMD performs well when classifying human
TA proteins. The most inclusive predictor uses both hydrophobicity and C-terminal
charge in tandem. This work provides context for previous observations and opens
the door for more detailed mechanistic experiments to determine the molecular
factors driving this recognition.
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2.1 Introduction
Biogenesis of membrane proteins is an essential, yet complicated, process necessary
for maintaining cellular homeostasis. Synthesized by ribosomes in the cytosol,
membrane proteins account for approximately a third of the proteome and must be
targeted to specified membranes (reviewed in (Krogh et al., 2001; Fry and Clemons,
2018; Guna and Hegde, 2018)). A hydrophobic alpha-helical stretch, often a
transmembrane domain (TMD), encodes this information and its position within an
open reading frame dictates the cellularmachinery responsible for its recognition and
targeting (Guna and Hegde, 2018). While computational methods have refined the
ability to detect and predict cellular localization of these integral membrane proteins
over time (Almagro Armenteros et al., 2017), the precise molecular signals continue
to be elusive. Historically, decoding known signal sequences into detailed rules has
proven difficult given their great variation and the lack of sequence motifs—thus
these signals are often discussed at a high level, e.g. hydrophobic alpha-helical
stretches. Despite the inability to define these rules, cellular chaperones accurately
recognize the various signals to sort clients into their distinct cellular destinations.

Here, we attempt to address one class of membrane proteins, tail-anchored (TA)
proteins, found across cellular compartments and involved in a variety of roles
including vesicle trafficking, protein translocation, quality control, and apoptosis
(reviewed in (Fry and Clemons, 2018; Borgese, Colombo, and Pedrazzini, 2003;
Chartron, Clemons, and Suloway, 2012; Rabu et al., 2009a)). TA proteins are
marked by a single TMD near their C-terminus and account for approximately 2%
of the genome (Kutay, Hartmann, and Rapoport, 1993; Denic, 2012; Wattenberg
and Lithgow, 2001; Chartron, Clemons, and Suloway, 2012). Due to the posi-
tion of their signal sequence, TA proteins are translated by the ribosome and then
post-translationally targeted primarily to the endoplasmic reticulum (ER) or outer
mitochondrial membrane. The TMD and C-terminal residues following have been
demonstrated to be necessary and sufficient for correct targeting in many experimen-
tal contexts (F.Wang, Brown, et al., 2010; Lin et al., 2021). Thus, it is suggested that
the information recognized by TA protein targeting pathways is contained within
the transmembrane domain and neighboring residues.

The recent identification of a new route for TA proteins to the ER membrane has
challenged how we previously differentiated between mitochondria and ER-bound
TA proteins (Guna and Hegde, 2018; Rao et al., 2016; Wattenberg and Lithgow,
2001). To date, while the cellular components involved in mitochondrial TA protein
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targeting remain unclear, multiple overlapping pathways have been identified for
TA protein targeting to the ER membrane (Chartron, Clemons, and Suloway, 2012;
Schuldiner, Metz, et al., 2008; Stefanovic and Hegde, 2007; Aviram, Costa, et al.,
2016; Guna, Volkmar, et al., 2018; Fry and Clemons, 2018). The first identified and
most studied pathway is the Guided Entry of TA protein (GET) pathway (Stefanovic
and Hegde, 2007; Schuldiner, Metz, et al., 2008). Consisting of six proteins, Sgt2
and Get1-5, the GET pathway is responsible for targeting ER TA proteins with more
hydrophobic TMDs. In yeast, the co-chaperone Sgt2 first captures TA proteins from
Ssa1 and, with the aid of Get4 and Get5, transfers the client to the ATPase Get3
that acts as the central targeting factor of the pathway (Chio, Cho, and Shan, 2017;
Shao and Hegde, 2011b; Guna and Hegde, 2018; Shao and Hegde, 2011a; Cho and
Shan, 2018). An ER membrane bound Get1/2 complex facilitates disassociation of
the Get3/TA complex and insertion of the TA protein into the membrane. Recently,
Guna and colleagues demonstrated that human Get3 (HsGet3) fails to bind to TA
proteins with relatively low hydrophobicity within their TMDs. These proteins
instead are inserted into the ER membrane by the ER Membrane Complex (EMC)
(Guna, Volkmar, et al., 2018). A ten-subunit complex, the EMC inserts TA proteins
delivered by calmodulin. For TA proteins with moderately hydrophobic TMDs,
both the GET pathway and EMC can facilitate insertion. A third dedicated pathway
capable of targeting TA proteins into the ER membrane is the SRP-independent
(SND) pathway (Aviram, Costa, et al., 2016). Snd1, the first component of the
SND pathway, interacts with the ribosome and possibly the nascent chain while
the membrane bound Snd2 and Snd3 interact with the translocon complex. In the
absence of the GET pathway, the SND pathway is capable of targeting ER-bound TA
proteinswith TMDs further away from their C-termini. These overlapping pathways,
dependent on either hydrophobicity or signal sequence positioning, highlight the
diversity in these proteins and the difficulty in identifying a common characteristic
of ER-destined TMDs (Aviram, Costa, et al., 2016).

General patterns have been observed based on exploration of targeting information
within the TMD and the C-terminal residues of TA proteins. ER-bound TA proteins
tend to have more hydrophobic TMDs (Guna, Volkmar, et al., 2018; Chitwood et al.,
2018; Rao et al., 2016; Wattenberg and Lithgow, 2001) while somemitochondria TA
proteins are amphipathic (Wattenberg and Lithgow, 2001). By modifying the posi-
tive charge following their TMDs with an example TMD, studies have shown how
insertion by the GET pathway into the ER membrane can be impaired (Figueiredo
Costa et al., 2018; Rao et al., 2016). Distinction between peroxisomal and mito-
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chondria TA proteins have been made based on the charge of their C-terminal tails,
whereas mitochondria- and ER-bound TA proteins in mammals are differentiated
by a combination of TMD hydrophobicity and C-terminal charge (Costello et al.,
2017). A charged tail was overcome by increasing the hydrophobicity of the TMD,
directing the mitochondrial TA protein to the ER. Guna and colleagues determine
a threshold in total hydrophobicity by modifying a model TMD to delineate clients
that are inserted either via the GET or EMC pathways (Guna, Volkmar, et al., 2018).
Throughout these previous works, the ability of these rules to separate ER vs mito-
chondrial TA proteins at-large has not been systematically assessed, so their broader
applicability is still unclear.

With multiple pathways with overlapping clients, understanding the factors within
clients recognized for targeting is critical. Here we show that formalizing previously
suggested criteria, while adequate, are not sufficient for classifying ER-bound TA
proteins with moderately hydrophobic TMDs suggested to be clients of the EMC
insertase. We demonstrate through computational and experimental methods that
classifying TA proteins by the presence of a hydrophobic face in their TMD is
more inclusive, properly capturing both ER TMDs with low hydrophobicity and
mitochondrial TA proteins in both yeast and humans.
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2.2 Results
Curating TA proteins with experimentally determined localizations
In order to screen TA proteins to identify a concise criterium for localization, we
first curated a comprehensive set of TA proteins from the yeast proteome pulling
together localizations across public repositories and publication-associated datasets.
We screened the reference yeast genome from UniProt (Consortium, 2020) for pu-
tative TA proteins and filtered for unique genes longer than 50 residues (Fig. 2.1 A).
Uniprot and TOPCONS2 (Tsirigos et al., 2015) were used to identify proteins with
a single TMD within 30 amino acids of the C-terminus (Borgese, Colombo, and
Pedrazzini, 2003) that lacked a predicted signal sequence (as determined by SignalP
4.1 (Nielsen, 2017)). While this set encompasses proteins previously predicted as
TA proteins (Beilharz et al., 2003; Kalbfleisch, Cambon, andWattenberg, 2007), it is
larger (95 vs 55 or 56) andwe believe amore accurate representation of the repertoire
of TA proteins (Fig. 2.1B). Based on their UniProt-annotated and Gene Ontology
Cellular Components (GO CC) localizations (Gene Ontology Consortium, 2021),
TA proteins were subcategorized as ER-bound (encompassing labels including cell
membrane, Golgi apparatus, nucleus, lysosome, and vacuole membrane), mitochon-
drial (inner and outer mitochondria membrane (IMM & OMM)), peroxisomal, and
unknown (Fig. 2.1 C). This set is readily available for future analyses (Table S2.1).
The majority of proteins have no annotated cellular localization. Several previously
suggested TA proteins are excluded from this new set including, for example, OTOA
(otoancorin) that contains a likely signal sequence, FDFT1 (squalene synthase or
SQS) with two predicted hydrophobic helices by this method, and YDL012C which
has a TMD with very low hydrophobicity (Guna, Volkmar, et al., 2018; Beilharz
et al., 2003). This analysis was also applied to the human genome and a list of 573
putative TA proteins was compiled and annotated based on published localizations
(Fig. 2.1 A-C). Like with the yeast list, the human list is larger than previous reports
(573 vs 411), and the majority of the proteins have no annotated localization.

Assessing current metrics for TA classification
To identify factors encoded within TA proteins that ensure correct localization, we
began by considering several posited properties including the charge following the
TMD, TMD length, and TMD hydrophobicity. Previous reports suggest that the
presence of positively charged residues following the TMD of mitochondria-bound
TA proteins prevents insertion into the ER membrane (Figueiredo Costa et al.,
2018; Rao et al., 2016). The number of positively charged C-terminal residues for
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Figure 2.1: Compiling a list of TA proteins from the human and yeast genomes.
A) A schematic of the pipeline used to gather TA proteins by filtering the Human and Yeast
proteomes for TA proteins. B) A comparison of the TA proteins collected for the analyses
here versus previous datasets. C) Localizations gathered from Uniprot entry Subcellular
Localizations (CC) and Gene Ontology Cellular Compartment (GO) annotations. Those
with conflicts were resolved by manually parsing the literature to build the final set.

all 95 yeast proteins was calculated, avoiding issues associated with defining the
extent of TMDs by counting any charge from the center of the predicted TMD to
the C-terminus. No clear separation is observed when plotting TA proteins with
known localizations by number of positively charged residues (Fig. 2.2 A). As a
metric this does a poor job distinguishing between the two; six ER-annotated pro-
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teins have a C-terminal positive charge of three or more and one out of the eight
mitochondria-annotated proteins has no C-terminal positive charge. Furthermore,
neither negative nor net charge of the C-terminal loop separates ER from mitochon-
drial TA proteins (Fig. 2.2 B&C). While modulating the C-terminal positive charge
affects localization (Rao et al., 2016), cells do not solely use this signal to specify
protein localization. Considering the difference in lipid compositions of the ER and
mitochondrial membranes, a signal might be encoded in the TMD lengths, but this
metric also fails to separate the two sets (Fig. 2.2D).

Figure 2.2: Investigating properties encoded in the C-terminal residues of TA
proteins.
For A-F, Jitter plots of property distribution for predicted TA proteins identified as ER
(green) or mitochondria (purple) with the best predictive threshold indicated by a dashed
red line. Properties visualized are for the C-terminal number of (A) positive residues, (B)
negative residues, and (C) net charge and then for (D)TMD length, (E)TMDhydrophobicity,
and (F)maximum hydrophobicity of an 18-residue stretch. (G) The AUROC across various
hydrophobicity scales for the mean, total, and 18-residue windows of the predicted TMDs.

TMD hydrophobicity is the proposed localization-determining feature of TA pro-
teins in studies thus far (Guna and Hegde, 2018; Rao et al., 2016; Wattenberg and
Lithgow, 2001). The TM tendency scale, used here and in past studies with TA
targeting (Guna, Volkmar, et al., 2018; Guna and Hegde, 2018), is a statistical
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hydrophobicity scale that incorporates both hydrophobicity and helical propensity
into a single value assigned to each of the 23 amino acids by using amino acid
propensities in TMDs known at the time of its creation (Zhao and London, 2006)
(Fig. 2.2E). The total hydrophobicity (sum of each residue’s hydrophobicity value)
of a TMD sufficiently splits ER and mitochondrial proteins but places a significant
number of ER-bound TA proteins amongmitochondrial-bound TAproteins. In other
words, the total hydrophobicity can classify GET pathway clients as ER-bound but
fails to identify clients of the EMC insertase that are also ER-bound TA proteins
(Guna, Volkmar, et al., 2018). For example, the TMD of squalene synthase, a bona
fide EMC client (Guna, Volkmar, et al., 2018), has a lower hydrophobicity than
that of model mitochondrial TA protein, Fis1 (Total TM Tendency = 12.5 vs 18.78,
respectively). Limiting the hydrophobicity to a single helix stretch, i.e. 18aa, sees
no improvement in classification (Fig. 2.2 F).

To examine this inability to correctly classify lower hydrophobic ER-bound TA
proteins, we comprehensively assess hydrophobicity across a variety of established
scales (Eisenberg et al., 1984; Fauchere and Pliska, 1983; Roseman, 1988; Wimley,
Creamer, and White, 1996; Zhao and London, 2006) (Fig. 2.2 G) and then quan-
titatively assess predictive power using the receiver operating characteristic (ROC)
framework (Swets, Dawes, and Monahan, 2000). An ROC curve captures how well
a numerical score separates two categories, here ER vs mitochondria, and whose
figure of merit is the area under the curve (AUROC). This is a more accurate rep-
resentation of prediction than simpler numbers like accuracy and precision, which
require setting a specific threshold in a numerical score. A perfect separation gives
an AUROC of 100 whereas a random separation results in an AUROC of 50. No
matter the hydrophobicity scale used, the total hydrophobicity captures the ER vs
mitochondria split to varying extents. In each case, the mean hydrophobicity per-
forms more poorly, yet considering the most hydrophobic 18-residue single-helix
stretch results in a slight improvement in predictive ability suggesting that a subset
of the helix can explain recognition (Fig. 2.2 G).

TMD residue organization better classifies TA protein localization
We wondered if TA protein classification could be improved by carefully assessing
the hydrophobicity of the TMDs. Data showing that Sgt2 (a co-chaperone in the
GET pathway) binds a TMD of a minimal length of 11 residues suggests only
a subset of each helix may be necessary to classify localization (Lin et al., 2021).
Indeed, the maximum hydrophobicity of segments, specified by the number residues
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selected, better classifies ER vs mitochondrial TA proteins across hydrophobicity
scales (Fig. 2.3 A&B).

Furthermore, it was also reported that TMDs where the most hydrophobic residues
cluster to one side of a helical wheel plot (Schiffer and Edmundson, 1967), a 2D
representation of an alpha-helix, bind more efficiently to Sgt2 (Lin et al., 2021).
We sought to examine if this clustering is a feature of ER-bound TA proteins and
absent in mitochondria-bound TA proteins. This clustering we define as a helical
wheel face (Wheel Face) and specify a length by the number of residues selected
(Fig 2.3 A&B). We also extend the face along the sides of the helix, defining a Patch,
selecting three of the four residues in a single turn of a helix. Patch geometries
are specified by length of the segment considered, i.e. Patch 11 is confined in a
11 segment residues with 9 residues selected (Fig. 2.3 A&B). Improvements in
classification over the total hydrophobicity metric are seen in several cases (Fig 2.3
B, green, Fig. 2.4 B, green, S2.2). The metrics with the best classification capability
are Patch 15 (Kyte & Doolittle and TM Tendency), Wheel Face 5 (TM Tendency),
and Patch 11 (Kyte & Doolittle) (Fig 2.3 B, dashed red box). These metrics have an
improved AUROC value of 96, 96, 95, and 95, respectively, compared to the TMD
hydrophobicity score of 90 (Kyte & Doolittle) and 88 (TM Tendency) (Fig 2.3 B).
At the best threshold of the ROC curve, these metrics correspond to five, seven, six,
and eight miscategorized proteins, respectively. A scatter plot illustrates how these
metrics translate to improved separation of ER and mitochondrial TA proteins (Fig.
2.3 C).

Other hydrophobic geometries were also explored as potential competing hypothe-
ses: residues in a line (every fourth residue), rectangle (one residue plus two residues
two away on either side), or star (two adjacent residues and one residue two away
on either side) (Fig. 2.4 A&B). As with the Patch geometries, these geometries are
specified by the length of the TMD considered. Again, improvements are seen in
geometries that present hydrophobic patches, i.e. Rectangle 9 and Star 8, where
line geometries rarely improved classification regardless of scale used (Fig. 2.4
B). Given the relative dearth of experimental data and the substantial number of
hypotheses being tested (geometries and hydrophobicity scales), it is difficult to
definitively say if one geometry is the sole deciding factor for localization based
only on bioinformatics. Regardless of the hydrophobicity scale used, it is clear that
the organization of hydrophobic residues within a TMD is important for targeting
TA proteins to their intended membranes.
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Figure 2.3: Analyzing different geometries of hydrophobic residues in TMDs to
improve classification.
A) U-helices and helical wheel plots illustrating the residues selected (orange) for each metric tested,
patch, wheel face, and segment, showing residues selected and not selected (blue) in each analysis.
B) AUROC values for the metrics illustrated in (A) and total hydrophobicity. C) Jitter plots as in Fig.
3.3 for the top four hydrophobic metrics: Patch 15 (Kyte &Doolittle), Patch 15 (TMTendency scale),
Wheel Face 5 (TM Tendency scale), and Patch 11 (Kyte & Doolittle). Red dashed line indicates the
best predictive threshold. D) 2D comparison plot of total hydrophobicity (y-axis) and a Wheel Face
5 (TM Tendency scale) (x-axis). TA proteins are colored by localization, ER (green), mitochondria
(purple), Unknown (grey), both mitochondria and ER (blue), and peroxisome (orange). TA proteins
selected for experimental determination of localizations are marked squares. Dashed lines indicate
best predictive threshold.




