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Abstract

The evolution of eukaryotic genomes has been propelled by a series of gene
duplication events, leading to an expansion in new functions and pathways.
While duplicate genes may retain some functional redundancy, it is clear
that to survive selection they cannot simply serve as a backup but rather
must acquire distinct functions required for cellular processes to work ac-
curately and efficiently. Understanding these differences and characterizing
gene-specific functions is complex. Here we explore different gene pairs and
families within the context of the endoplasmic reticulum (ER), the main cel-
lular hub of lipid biosynthesis and the entry site for the secretory pathway.
Focusing on each of the ER functions, we highlight specificities of related
proteins and the capabilities conferred to cells through their conservation.
More generally, these examples suggest why related genes have been main-
tained by evolutionary forces and provide a conceptual framework to exper-
imentally determine why they have survived selection.

637


mailto:maya.schuldiner@weizmann.ac.il
https://doi.org/10.1146/annurev-biochem-011520-104831
https://www.annualreviews.org/doi/full/10.1146/annurev-biochem-011520-104831

Annu. Rev. Biochem. 2020.89:637-666. Downloaded from www.annualreviews.org
Access provided by Weizmann Institute of Science on 07/05/20. For personal use only.

Contents

INTRODUCTION ...t 639
TARGETING AND TRANSLOCATION ......oooiiiiiiiiii i 640
Targeting Pathways in Yeast........co.uouniiiiiniiiiiii i 640
Translocation Channels in Yeast and Mammalian Systems......................... 641
Beyond the Conventional Translocon.................o.oo i 642
PROTEIN MODIFICATION .....oiiiiiiiiiiiiii e 642
Yeast and Mammalian Paralogs in the Oligosaccharyltransferase Complex ......... 642
Beyond Glycosylation. . .......oouueuntinniut it 643
PROTEIN FOLDING ...ttt et et 643
The HSP40 Cochaperone Family in Humans ..., 643
Beyond Hspd0s. .. ..oooiin 643
VESICULAR TRAFFICKING. .. ...ttt 643
Yeast and Mammalian COPII Cargo Recognition .............coooviiiiiii... 644
Beyond SEC24s .. ..o 644
STRESS RESPONSE AND HOMEOSTATIC REGULATION PATHWAYS...... 645
Metazoan IRE1la and TIREIB .. ..ot 645
Metazoan ATF6a and ATFOB . ... .ot et 646
UBIQUITINATION AT THE ENDOPLASMIC RETICULUM
MEMBRANE . ... 646
Protein Families Acting in Ubiquitination and Degradation
in Yeastand Humans . ............ o i 646
Beyond Endoplasmic Reticulum—Associated Degradation: Degradation
in an Endoplasmic Reticulum Subcompartment. ............c..cooviieiion... 648
LIPID BIOSYNTHESIS . ... 648
Yeast Phosphatidylserine Decarboxylases. ..., 648
Yeast and Mammalian Ceramide Synthases.....................oooiiiiiii, 648
Yeast and Human HMG-CoA Reductases...............ooooiiiiiiiiiiii ... 649
And Beyond . .. More Lipid Biosynthesis Homologs.............................. 650
CALCIUM TRANSPORT .. ..o 650
CONTACT SITES ... e 651
Yeast and Human LAM Proteins ..........ooiiuiiiiiiiiiiiii i 651
Beyond LAMS . ..ot 652
ENDOPLASMIC RETICULUM STRUCTURE ..., 652
The Reticulon Family of Proteins .............oooviiiiiiiiiiiiiiiiiiiiinnae.. 652
The REEP and Atlastin Protein Families ..., 652
Beyond Shaping Tubules ... 653
FUNCTIONAL DETERMINATION OF PROTEIN
HOMOLOG FUNCTION. ..o 653
Determining Subcellular Localization ..., 654
Tracking Changes and Differences in Expression ..., 655
Determining Metabolic Substrate Specificity ..., 655
Uncovering Protein Modifications. ...............oooiiiiiiiiiiii i, 655
Discovering Protein—Protein Interactions ...t 656
CONCLUDING REMARKS AND FUTURE PERSPECTIVES .................. 656

638  Fenech o Ben-Dor o Schuldiner



Annu. Rev. Biochem. 2020.89:637-666. Downloaded from www.annualreviews.org
Access provided by Weizmann Institute of Science on 07/05/20. For personal use only.

INTRODUCTION

The evolution of complex organisms has been coupled to the expansion of genome size and gene
number. Such an increase in complexity has often been achieved by whole-genome duplication  Homolog: gene

(WGD) or small-scale duplications of genes that have expanded the potential for diversification  related by descent
from a common

.. . . . . ancestral DNA
itis clear that many of the genes are very similar. Evolutionarily, such homologous proteins could
sequence; a homolog

not have been selected for their backup function but rather for their capacity to lend plasticity to ., be either an
existing capabilities (1). While it is clear that the presence of such closely related pairs of genes  ortholog or a paralog
has been beneficial at the organismal level (given their survival through natural selection), it is

of gene function and regulation. When looking at present-day genomes of even a simple eukaryote,

not always trivial at the experimental level to understand what the benefits are of maintaining
such closely related proteins. Moreover, the presence of pairs or groups of homologous genes that
regulate and execute each function confounds the capacity to study such processes. This is because,
while the presence of such homologs can offer functional diversity, it often also provides backup in
extreme conditions where one of the proteins is lost, which dramatically complicates the genetic
study of protein functions using loss-of-function approaches. This may also be the reason why
relatively few genes appear to be essential—a phenomenon observed in yeast, mice, and humans.
It is therefore of interest to try and explore the unique as well as overlapping functions of gene
pairs in cells.
Half of all eukaryotic proteins reside in organelles. Part of the challenge of understanding
organelle functions arises from the presence of duplicate proteins and protein families. In this
review, we use one such organelle, the endoplasmic reticulum (ER), as an example of the diversity
and regulatory capacity conferred to cells by maintaining duplicates, alongside the experimental
challenges that duplicate genes pose to understanding cell biology.
The ER is the gateway of the secretory pathway, with about a third of the eukaryotic proteome
targeted to this organelle (2, 3). For many of these proteins, the ER is not their final destination,
and they will be trafficked along the secretory pathway, first to the Golgi apparatus and some
further still to the endolysosomal system, the plasma membrane (PM), and beyond. Before being
trafficked to the Golgi, each secretory cargo is subjected to a series of quality control processes
that ensure its structural and functional integrity while maintaining cellular homeostasis. These ~ Supplemental Material >
processes are carried out by proteins that remain in the ER after being targeted there. ER-resident
proteins perform several other functions, including lipid biosynthesis, ion transfer, and contact site
formation.
This review explores homologous pairs or groups of proteins within the functional context
of the budding yeast (Saccharomyces cerevisine, referred to here as yeast unless otherwise stated)
and mammalian ER. The ER and its various functions provide a wonderful example of the diver-
sity, plasticity, and robustness imparted to eukaryotic cells by gene duplicates and families. Even
though experimental data directly comparing homologs is often lacking, the evidence collected
here strongly supports the above-mentioned notion that, while homologs can provide backup, Gene family:
they also have each evolved distinct functions, likely to be essential in particular conditions, sug- ~ a collection of multiple

gesting how selective pressure has maintained them in the genome. Since covering all protein analogous genes,
formed by duplication

of a single original

gene, that generally

of protein abbreviations, full names, and identifiers is provided in Supplemental Table 1. have comparable
The fact that there is so much diversity in ER-resident proteins has likely contributed to gen-  functions

erating capabilities that are both robust and dynamic. While this complicates the study of protein

pairs and families in the secretory pathway is impossible in the context of this review, we provide
at least one example of a protein pair/group for each ER function (Figure 1). For simplicity, a list

functions, it is a fascinating endeavor to investigate how gene families have evolved to support
optimal activity in a wide range of conditions and cellular requirements.

www.annualreviews.org o Endoplasmic Reticulum Paralogs and Homologs 639


https://www.annualreviews.org/doi/suppl/10.1146/annurev-biochem-011520-104831

Annu. Rev. Biochem. 2020.89:637-666. Downloaded from www.annualreviews.org
Access provided by Weizmann Institute of Science on 07/05/20. For personal use only.

D Homolog 1 To Golgi apparatus p/'s-“/;,
Homolog 2 2
O g v\ o, —
% DG G

ER exit cazt Ca%*
Contact sites

' ﬂ ﬁ Ca2* Transport
\ giogenesis "< Z\(ﬁ
\/
Prot%;\(g Ca?*

ER shaping

Ta\'geﬂng

O
o\’\)—-\/f.h\ Modification ER v 7 '

Figure 1

Homologs participating in each endoplasmic reticulum (ER) function. Within each function, homologs are depicted in red and orange.
The functions include targeting and translocation, modification by glycosylation machinery, folding by chaperones and protein
disulfide isomerases, export from the ER, activation of the unfolded protein response (UPR) upon sensing misfolded proteins, protein
degradation, lipid biosynthesis, peroxisome/lipid droplet biogenesis, Ca>* transport, contact site formation, and ER shaping.

TARGETING AND TRANSLOCATION

Hundreds of proteins reside in the ER membrane and lumen, and many more (thousands in hu-
man cells) traffic through the ER to organelles further downstream the secretory pathway and
endolysosomal system. How all these different proteins are targeted to the ER and then translo-
cated efficiently into its membranes or lumen has been the focus of intense research over the last
four decades.

Targeting Pathways in Yeast

Three conserved targeting pathways (SRP, SND, GET) have been identified in yeast and humans
(4). Interestingly, in most organisms studied, the pathways all consist of single-copy nonparalo-
gous proteins. In plants, however, multiple GET3 homologs exist (5), and this suggests that other
pathways may exist in more complex forms in other organisms.

Another way of reaching organelle membranes is through the binding of cytosolic Hsp70 chap-
erones that keep targeted cargo in a translocation-competent state. In yeast, the SSA and SSB
Hsp70 subfamilies have both been proposed to play a role in ER targeting, and together they
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comprise six cytosolic homologs: the paralogs Ssal and Ssa2, which share 98% sequence iden-
tity! (6); Ssa3 and Ssa4; and Ssb1 and Ssb2. The last two pairs are both ohnologs (Supplemental
Table 2).

The first evidence that the Hsp70 proteins could influence targeting came from in vitro translo-
cation experiments, where the addition of Ssal and Ssa2 increased the rate of protein translocation
into ER microsomes (7). These data were later supported by in vivo work showing that, in ssa-
deleted cells, there was an accumulation of the pretranslocated form of specific secretory proteins
(8). Since the deletion of the whole SSA subfamily is lethal, this study used a Assa2/ssa3/ssa4 yeast
strain, which contained a temperature-sensitive mutant of ssz1. Therefore, shifting the cells from
the permissive to the restrictive temperature allowed the authors to analyze changes in secretory
protein maturation in the absence of four out of the six homologs (8).

Recently, the crystal structure of a C-terminal peptide of Ssal together with a specific com-
ponent of the auxiliary translocon [a complex that enables the Sec61 channel to import low-
hydrophobicity signal peptide (SP)-containing proteins (9)] was solved, providing insight into
how SSA proteins target nascent polypeptides to ER translocation sites (10). Interestingly, this
study also demonstrated that Ssb1 is able to bind the same domain of the auxiliary translocon as
Ssal. SSB proteins are able to bind ribosomes and nascent chains to maintain newly synthesized
proteins in a folding-competent state (11). Only in the double knockout (Assb1/2) was there an
increase in aggregation, which was used to highlight redundancy in this gene family (11). How-
ever, under native conditions, it is possible that all six Hsp70 homologs have their own specific
subset of proteins to target. More sophisticated methods will be required to uncover their sub-
strate specificity. Additional complexity arises from the fact that targeting to other organelles such
as mitochondria (12) and peroxisomes (13) also seems to depend on these same chaperones, and
how specificity and directionality are conferred is not clear. Furthermore, the mechanism of how
these cytosolic chaperones engage the translocon, release their substrate, and get recycled back to
the cytosol for another round of targeting remains unknown. Future work should therefore focus
on elucidating the steps of this pathway and understanding if putative human homologs, such as
HSPAIA, HSPA2, and HSPAS (Supplemental Table 2), have conserved functionality.

Translocation Channels in Yeast and Mammalian Systems

Once targeted to the ER membrane, client proteins must embed into or traverse the phospholipid
barrier to enter the secretory pathway. In yeast, there are two paralogous pore-forming channels
that enable this process: the canonical translocon, Sec61, and the alternative translocon, Ssh1. To
function optimally, both proteins must be in a trimeric complex with a § and y subunit. The B
subunit is encoded by the ohnologs Sbh1 and Sbh2, which form unique interactions with Sec61
and Sshl, respectively. The transmembrane protein Sss1 is present in both complexes as a shared
y subunit. The heterotrimeric Sec61 complex is conserved to humans, with SEC61al, SECB, and
SECy representing human homologs of the yeast Sec61, Sbh1, and Sss1, respectively (reviewed
in 14).

The unique roles of each translocation channel are unclear. SSHI, unlike SEC61, is nonessen-
tial (15); however, both can support co- and post-translational translocation processes (16, 17).
While Sec61 can compensate for the loss of Sshl (17, 18), it is clear that the Sshl complex has
different roles in the cell. First, Ssh1 does not coprecipitate the same cofactors as Sec61 [for ex-
ample, the auxiliary translocon components (15)], and it displays distinct interaction preferences

Percentage identity or similarity between two amino acid sequences was calculated using EMBOSS Needle
and is cited as Reference 6.
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with different SP sequences (19). Furthermore, loss of Ssh1 gives rise to a decrease in respiration
capacity not observed in sec61 mutants (20), and finally, Sec71 was shown to be a specific substrate
of Ssh1 (18).

Given the differences in phenotype, stable interactions with adaptor proteins, and transient
interactions with substrates, it is clear that the Sec61 and Sshl translocons have unique func-
tions. Future efforts should therefore focus on uncovering the native substrate ranges for both the
canonical and alternative protein channel complexes. Similarly, humans express two SEC61 genes:
SEC61al and SEC61c2. Although the former is well-characterized as a translocation channel, al-
most nothing is known about the latter, except for the fact that its expression level in most cell
types is very low but is higher in brain tissues (21, 22; https://www.proteinatlas.org/). Hence it
would be very interesting to establish if SEC61a2 can function as a translocase specifically in the
brain and whether it plays a role in ER import.

Beyond the Conventional Translocon

Other proteins involved in ER protein translocation include the recently discovered human Oxal
homologs: GET1, EMC3,and TMCO1 (23). These proteins are related to the Oxal-like bacterial
insertase, and all share similar architecture.

PROTEIN MODIFICATION

Once in the ER lumen, polypeptide chains are subject to a series of modifications to accelerate
their folding and enable their targeting and quality control.

Yeast and Mammalian Paralogs in the Oligosaccharyltransferase Complex

One protein modification that occurs in the ER lumen is the addition of glycan decorations. The
covalent linkage of oligosaccharides to a nucleophilic asparagine (N) residue within the N-X-
serine/threonine motifis carried out by the oligosaccharyltransferase (OST) complex (reviewed in
24). This membrane-embedded, hetero-oligomeric structure is conserved from yeast to humans.
In yeast, there are two exclusive complexes, each containing the catalytic subunit Stt3, an additional
six core proteins (Ostl, Ost2, Ost4, Ost5, Swpl, and Wbpl), and one of either Ost3 or Ost6
(25, 26)—nonessential paralogous genes required to maximize the efficiency of glycosylation (25).
Interestingly, the distinct complexes seem to be associated with the two different translocons, since
Ost3 was found to interact with Sbh1 (adjacent to the Sec61 channel) and Ost6 with Sbh2 (a unique
interactor of Ssh1) (27). Furthermore, mass spectrometry (MS) analysis of the glycopeptides from
Aost3/ost6 strains reconstituted with either Ost3 or Ost6 revealed different efficiencies in site-
specific glycosylation (28).

The respective mammalian homologs of yeast Ost3 and Ost6 are MAGT1 and TUSC3, which
share 72% sequence identity with each other (29). All four proteins share the same topology of
four transmembrane domains (TMDs) with an ER-luminal N terminus, which harbors oxidore-
ductase activity. However, the role of these homologs in mammals is not yet clear. In contrast,
substrate specificity in the mammalian OST complex is at least partially provided by the two ho-
mologs of the yeast catalytic subunit Stt3: STT3A and STT3B, which were found to coordinate
co- and post-translational N-linked glycosylation, respectively (30). These homologs have unique
interaction partners that specify their functions. For example, DC2 acts as an adaptor for STT3A,
recruiting it to the SEC61 channel and poising it for cotranslational glycosylation (31). On the
other hand, MAGT'1 and TUSCS3 are unique components of the STT3B complex (29, 32), and
knocking out both of these oxidoreductases renders STT3B virtually inactive (33). Hence it should
be determined whether MAGT'1 and TUSC3 confer client specificity to STT3B.
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Beyond Glycosylation

N-linked glycosylation is not the only modification of secretory proteins. One additional example
is O-linked mannosylation carried out by ER-resident protein O-mannosyltransferases (PMTs).
There are several yeast and human PMT family members with distinct functions and substrates
(reviewed in 34).

PROTEIN FOLDING

The ER lumen is a specialized environment abundant in chaperones and foldases, which assist
newly synthesized polypeptides in achieving their functional conformation.

The HSP40 Cochaperone Family in Humans

BIP (homolog of Kar?2 in yeast) is the principal ER Hsp70 chaperone, which recognizes extended,
hydrophobic stretches in its substrates (35). Cochaperones (also known as Hsp40s or J-domain
proteins) stimulate the ATPase activity of BIP, which in turn induces conformational changes in
its substrate binding domain. There are three BIP-interacting J-domain proteins facing the lumen
of the yeast ER (Sec63, Scjl, and Jem1) and at least seven in the human ER (ERDJ1, 2,4, and 7,
which are all predicted to have 1 TMD, and ERD]J3, 5, and 6, which are soluble proteins). All
ERDJ proteins, except for ERDJ1 and 2, are upregulated by ER stress, with ERDJ4 being the
most strongly induced (36).

ERD]J1 and ERD]J2 share 30% amino acid sequence similarity (6) and appear homologous to
yeast Sec63 (37). ERD]J1 simultaneously binds BIP and the ribosome exit tunnel via its luminal and
cytosolic termini, respectively (38, 39). ERD]2 (more commonly referred to as SEC63) is a com-
ponent of the auxiliary translocon and enables conformational changes in the SEC61 channel that
facilitate the translocation of weakly hydrophobic SP-containing proteins (40, 41). ERDJ3, on the
other hand, seems to cater preferentially for unassembled substrates, including immunoglobulin
heavy chain and unfolded light chains (37), whereas ERDJ4, 5, and 6 all bind misfolded proteins,
with ERDJ4 and 5 playing a role in endoplasmic reticulum-associated degradation (ERAD) (42,
43). These functions of ERD]J3-6 are consistent with their upregulation by ER stress. The func-
tion of ERD]J7 is currently still unknown. Given the fact that hundreds of proteins are correctly
folded in the ER, and that J-domain proteins generally provide substrate specificity to their cog-
nate Hsp70s, future endeavors should focus on understanding the client range of each of these
cochaperones, since very little is known about the unique function of these proteins. Understand-
ing their dynamic regulation and whether any of these family members can compensate for one
another during perturbations in ER homeostasis will also be of great interest.

Beyond Hsp40s

Two additional protein families that assist in folding are the protein disulfide isomerases (PPIs),
which promote disulfide bond formation in client proteins, and prolyl peptidyl cis-trans isomerases
(PPIases) which promote isomerization of peptide bonds preceding proline residues (reviewed in
44). Like the Hsp40s, there are several PDI and PPIase family members, and generally very little
is known about their redundancies or specificities.

VESICULAR TRAFFICKING

Following targeting, translocation, glycosylation, disulfide bonding, and protein folding, secretory
proteins will exit the ER and be trafficked to the Golgi apparatus, where further modifications can
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take place and sorting to their final destination occurs. Transport from the ER to the Golgi begins
at an ER-exit site, where COPII machinery ensnares the cargo and its surrounding membrane,
inducing vesicle formation. Vesicles subsequently bud off the ER and fuse to Golgi acceptor mem-
brane sites where the cargo is delivered. The COPII coat comprises five cytosolic subunits: Sarl,
the Sec23/Sec24 dimer, and the Sec13/Sec31 tetramer (45).

Yeast and Mammalian COPII Cargo Recognition

Sec24 proteins function as the cargo adaptors of the COPII coat (46) by recognizing sorting se-
quences within cytosolic domains of secretory proteins. The ability of the COPII coat to transport
a highly diverse repertoire of cargo is achieved not only through the different substrate binding
sites of Sec24 (47) but also through its homologs, which have specific cargo preferences (48).

In yeast, Stb2 (also called Iss1) and Stb3 (also called Lst1) are the respective ohnolog and para-
log of Sec24. Stb3 was found in a screen designed to find synthetic lethal interactors of COPII mu-
tants (49). The observation that the Asfb3 strain shared the same growth phenotype on a low-pH
source as cells knocked out for the PM ATPase, Pmal, led to the discovery that Pmal trafficking
was dependent on Sfb3 (49). However, optimal packaging of Pmal into COPII vesicles requires
both Sfb3 and Sec24 to be present, and vesicles containing both paralogs are slightly larger than
those formed by Sec24 alone (46, 50). Vesicles generated with only Sfb3 are devoid of SNARE
proteins (which mediate fusion of vesicles to membranes) and consequently are unable to fuse
with the Golgi membrane (46). The third homolog, Sfb2, can recruit SNARESs just like Sec24
(51); however, there is currently no known cargo that is strictly dependent on it.

In mammals there are four members of the SEC24 family, which can be divided into the
SEC24a/b and SEC24c/d subfamilies. Both pairs share high sequence similarity (52, 53). To gain
insight into whether each human SEC24 homolog has distinct cargo specificities, a set of glyco-
sylatable ERGIC-53 reporters was used to assess ER to Golgi transport upon single or combined
depletion of the different SEC24 proteins (54). The transport of ERGIC-53 with a cytosolic
C-terminal di-leucine signal was only significantly blocked by the knockdown of SEC24a.
Interestingly, however, the combined reduction of SEC24b and SEC24c levels also inhibited
ERGIC-53 di-leucine transport, suggesting that these homologs can compensate for one another,
at least to some extent (54). The different SEC24 subfamilies were also shown to have distinct
preferences in sorting SNAREs, with SEC24a/b responsible for the recognition of an unassem-
bled arginine (R)-SNARE protein, SEC22, and SEC24c/d for the glutamine (Q)-SNAREs
syntaxin-5 and membrin/GS27 (55, 56). These results were recapitulated in a later study that
additionally demonstrated that the differential recruitment of R- and Q-SNARE:s is required to
maintain them in a fusion-competent state (57). Interestingly, SEC24c has recently been shown
to play a role in ER-phagy (58), an autophagy-mediated process that selectively degrades the ER.
This function is conserved from the SEC24c yeast homolog, Stb3, and highlights the possibility
that each of the SEC24 proteins may also contribute to alternative processes independent
of vesicular trafficking. In addition, mutations in individual SEC24 homologs cause distinct
disorders: Cranio-lenticulo-sutural dysplasia is caused by a SEC24s2 mutation (59), whereas
Cole-Carpenter syndrome is mapped to two mutations in SEC24d (60).

Beyond SEC24s

Many more homologous protein pairs exist in trafficking, such as the Sec23 homologs (61) and
other cargo receptors that provide specificity to recognition of cargo. One well-studied exam-
ple is the family of p24 proteins. One role of p24s is to coordinate the COPII transport of
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GPI-anchored proteins (62), which due to their topology lack the cytosolic motifs normally rec-
ognized by SEC24s. However, for this single role it is not clear why so many family members
are required—there are 11 mammalian family members, 8 of which have yeast homologs (63). In
yeast, deleting all 8 homologs (64) creates a viable strain that can serve as a tool to study speci-
ficity of a single, reintroduced p24 protein. Precisely how these proteins recognize their cargo is
unknown, and like for the SEC24 proteins, future research will undoubtedly uncover differential
cargo preferences for the different homologs.

STRESS RESPONSE AND HOMEOSTATIC REGULATION PATHWAYS

In some cases, proteins cannot be correctly folded and are hence not trafficked to the Golgi. At
other times, such as during secretory cell development, the ER has to increase its folding capacity
in response to secretory requirements. In both circumstances, the accumulation of un/misfolded
proteins in the ER lumen activates a program termed the unfolded protein response (UPR). The
UPR targets both transcriptional and post-transcriptional pathways aimed at restoring ER ho-
meostasis, increasing ER folding capacity, or, in metazoan cells in the event of chronic stress,
initiating apoptosis. The conserved and ancient UPR pathway is built around IRE1. However,
the metazoan UPR signals through two additional ER membrane-embedded transducers: PERK
and ATF6 (reviewed in 65). While these three pathways are not evolutionarily related, it is re-
markable that they converge on highly similar mechanisms, which have unique but overlapping
transcriptional targets.

Metazoan IREla and IRE18

IREL is a single-pass ER membrane protein conserved from yeast to humans. It comprises an
N-terminal luminal sensing domain, a single TMD, and a cytosolic domain, which harbors both
RNase and kinase activities (66). ER stress triggers IRE1 dimerization (and later oligomerization),
autophosphorylation, and activation of the RNase domain (67), which performs alternative splic-
ing of the XBP]I transcript generating spliced XBPI (XBP1Is) (68). XBP1s is a potent transcription
factor that upregulates a subset of prosurvival genes, including chaperones and components of the
ERAD pathway.

In mammals, there are two paralogs, a and B (also termed ERN1 and ERN2). IRE1« is ubiq-
uitously expressed across different tissue types and is essential for embryonic viability (69, 70). On
the other hand, IRE1f expression is restricted to epithelial cells of respiratory tissues (71) and the
gastrointestinal tract, and its knockout in mice is not lethal (72). The kinase and RNase domains
of the two IRE1 homologs share 80% and 61% identity, respectively (73). While both paralogs are
able to splice XBPI messenger RNA (mRINA), in vitro cleavage studies were used to demonstrate
that IRE1a had a much higher activity toward the XBP1 transcript relative to IRE18 (74). This is
consistent with the fact that the majority of the research carried out on the IRE1-XBP1 axis has
been done on the o form.

IREL1 has also been demonstrated to cleave other mRNAs such as transcripts of secretory pro-
teins that are found proximal to the ER membrane and bear a consensus sequence similar to that
found in XBPI. This process, termed regulated IRE1-dependent decay of mRNA (RIDD), was
first described in the fruit fly (75) and later shown to be conserved in mammals (76, 77) and fis-
sion yeast (78). While RIDD was initially proposed to help restore ER homeostasis by reducing
the load of incoming proteins into the ER (75, 77), it seems that this pathway is also required
to orchestrate cell death following irremediable ER stress (76). RIDD activity is present in both
IREla and IRE1B, and it is clear that at least five substrates are processed by both paralogs (79).
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However, since they show distinct tissue expression patterns, to date no direct comparisons be-
tween IREla and IRE1B in appropriate physiological settings have been made to assess their
substrate specificities.

Metazoan ATF6o and ATF6f

The UPR also signals through ATF6, a multipass membrane protein in the metazoan ER. Upon
induction of ER stress, ATF6 is trafficked to the Golgi by a yet undefined mechanism and un-
dergoes intramembrane proteolysis by site 1 and site 2 proteases (SP1 and SP2) (80). This results
in the liberation of its N-terminal fragment, ATF6(IN), which encodes a transcription factor that
binds the ER stress response element motifs in the genome, causing the upregulation of a similar
but distinct subset of prosurvival genes compared to IRE1 (81).

Two paralogs, ATF6a and B, are expressed in vertebrates, and both undergo the same process-
ing event during ER stress (82). Despite initial reports showing the capacity of ATF6B(N) to in-
duce expression of UPR target genes (82), it was noted that the transcriptional activation domain
(TAD) of ATF6p differed significantly from that of ATF6a. Exogenously expressed ATF6a(N)
can upregulate gene expression in a manner inversely proportional to the levels of ATF6B(IN).
Consistently, higher gene expression was reported in cells that were ATF6B-depleted relative to
control cells. These observations suggested that the p variant with its divergent TAD sequence
may actually have an inhibitory and not a stimulatory function on gene expression (83).

From these results, however, one could not exclude the possibility that the increased response
in ATF6p-depleted cells could be the result of overcompensation by ATF6a, consistent with the
original data arguing that this paralog pair has overlapping functions. Indeed, a later study con-
firmed that ATF6a and p must have at least partially redundant functions, since the double knock-
out was embryonic lethal in mice (84) and Japanese rice fish (85), whereas both single knockouts
were viable. Yet despite this striking evidence, it is clear that both ATF6 homologs do not function
identically. UPR-mediated gene expression was almost completely lost in ATF6a~/~ mouse em-
bryonic fibroblasts (MEFs) but essentially unperturbed in the ATF68~/~ cells. Additionally, the
latter MEFs showed a very modest loss in viability upon induction of ER stress compared to the
former ones, which were dramatically sensitive to the same conditions (84). Therefore, although
ATF6B might be able to act as a limited backup for ATF6a, other approaches are required to
understand the endogenous function of this protein.

UBIQUITINATION AT THE ENDOPLASMIC RETICULUM MEMBRANE

ERAD constitutes the quality control machinery that recognizes and degrades misfolded proteins
and unassembled complex components, as well as regulating levels of metabolic proteins to meet
cellular demands. The process of ERAD can be divided into four steps: (#) recognition of the
substrate, () retrotranslocation into the cytosol, (¢) substrate ubiquitination by E3 ubiquitin lig-
ases (E3s), and (d) destruction by cytosolic 26S proteasomes (86). Although ERAD has been the
main context within which ubiquitination at the ER membrane has been studied, the focus on
nondegradative ubiquitination has been growing, and several examples are highlighted below.

Protein Families Acting in Ubiquitination and Degradation in Yeast and Humans

All E3s embedded in the ER membrane are members of the RING-type family. Yeast encodes
only two ER-resident E3s: Hrd1, which ubiquitinates substrates containing misfolded luminal or
intramembrane domains, and Doal0, which caters for substrates with misfolded cytosolic domains
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(87) or preinserted proteins (88). Doal0 uses two E2 ubiquitin-conjugating enzymes (89): the
membrane-spanning Ubc6, required for initializing ubiquitination, and Ubc7, a soluble enzyme
that extends the ubiquitin chain (90). Hrd1, on the other hand, preferentially uses Ubc7 (91).

The human genome encodes two yeast Ubc6 homologs, UBE2J1 and UBE2]2, which share
high sequence similarity (92). Both enzymes are upregulated by ER stress-inducing agents (93,
94) consistent with their role in ERAD of misfolded proteins. However, only UBE2]1 is phos-
phorylated upon UPR activation (93), and it has recently been suggested that this modification
contributes to limiting ER stress-induced cell death (94).

UBE2]1 and UBE2J2 also differ in their interactions with specific E3 ligases. For example,
UBE2J1 interacts with RNFS5 and HRD1 (a homolog of yeast Hrd1), promoting ubiquitination
and degradation of mutant CFTR and misfolded MHC class I heavy chains, respectively (95, 96).
UBE2]J2 also plays a role in MHC class I molecule degradation; however, this is achieved through
its interaction with another E3 ligase, TMEM129, and under the specific conditions of viral-
mediated suppression of antigen presentation (97). Loss of UBE2]2 has also been shown to affect
degradation of squalene epoxidase, a substrate of the MARCHG6 E3 (a homolog of yeast Doal0),
and an interaction between this E2-E3 pair was confirmed (98).

From these observations it is clear that the human Ubc6 family members contribute to the
modification of different substrates by interacting with different E3s. In addition to the four E3s
mentioned above, there are at least another 21 in humans (99, 100). The reason behind the expan-
sion of RING-type ER E3s in humans is unknown; however, evidence suggests that while closely
related members are likely to have individual functions, they may also be able to compensate for
one another in specific conditions, thus lending robustness to ER quality control systems.

For example, human HRD1 and AMFR share 30% amino acid sequence similarity (6) and are
commonly referred to as orthologs of yeast Hrd1 (101). While they may be able to compensate
for one another in the degradation of certain model ERAD substrates (102), each E3 also ubiq-
uitinates distinct client proteins. HRD1-specific substrates include the UPR sensor IRE1a (103)
and the unassembled glycoprotein CD147 (104). Interestingly, all substrates of HRD1 or AMFR
that were tested for ubiquitin chain type were shown to be modified with lysine (K)48-linked
polyubiquitin, with just one exception. STING, an ER-localized immune signaling transducer, is
K27 ubiquitinated by AMFR, and this modification is required to facilitate downstream signaling
and elicit an appropriate antiviral response (105). HRD1 and AMFR are also controlled by differ-
ent transcriptional programs, and during ER stress HRD1 expression strongly increases, whereas
AMFR levels remain unchanged (106).

Similar lessons can be learned from other homologous ER E3s such as RNF5 and RNF185,
which are 60% identical on the amino acid level (6). Like HRD1 and AMFR, they seem to have
some degree of overlapping function, as evidenced by their shared contribution to the degradation
of mutant CFTR (107, 108). Both are also reported to play a role in regulating STING signaling,
although through opposing mechanisms, which involve the ubiquitination of two distinct sub-
strates with different chain linkages (109, 110).

With the exception of the examples discussed above, most of the ER-resident E3 family re-
mains poorly characterized in terms of both cofactors and substrates. Cofactors are not limited to
E2-conjugating enzymes but also include a range of luminal, membrane-spanning and cytosolic
binding proteins that mediate regulation, substrate recognition, retrotranslocation, and transfer
to cytosolic proteasomes. Intriguingly, many of these cofactors are related family members and/or
homologs such as the DERLIN, ERLIN, and EDEM proteins (reviewed in 111), which impart
distinct functionalities on the different E3s they interact with. Future research should therefore
focus on performing comparative studies within this E3 family to discover new cofactors and sub-
strates for uncharacterized E3s and to understand which interactions are unique or shared between
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several family members. This in turn will help elucidate unique and shared functions of this class
of enzymes.

Isoenzyme (or

i : that . . . . .
ti?fz }rlzi)aﬁxﬁil d * Beyond Endoplasmic Reticulum-Associated Degradation: Degradation
sequence from a in an Endoplasmic Reticulum Subcompartment

similar enzyme but
catalyzes the same or a

similar chemical A C . . . .
reaction on the AST ubiquitin ligase complex, which is composed of the pair of ohnologs Asil and Asi3 as

The ER is continuous with the outer nuclear membrane (ONM) and therefore also with the inner
nuclear membrane (INM). In yeast, degradation of misfolded INM proteins was shown to depend

well as Asi2 (112). The human homologs responsible for this quality control mechanism remain
unknown.

LIPID BIOSYNTHESIS

The majority of cellular lipid biosynthetic enzymes are embedded in the membrane of the ER—
the central hub for generating phospholipids, sphingolipids, and sterols. The simplest phospho-
lipid, phosphatidic acid, is de novo synthesized in the ER and is used to generate phosphatidylser-
ine (PS), phosphatidylcholine (PC), and phosphatidylethanolamine (PE), the primary constituents
of eukaryotic lipid bilayers. The specific composition of different phospholipids, sphingolipids,
and sterols is critical in defining and regulating the function of each organelle’s membrane (re-
viewed in 113).

Yeast Phosphatidylserine Decarboxylases

PS is usually present at relatively low concentrations in eukaryotic membranes, as it is efficiently
converted to PE via the phosphatidylserine decarboxylase (PSD) pathway. The first enzyme to be
discovered was named Psd1, and early fractionation studies were used to show that Psd1 localized
to the inner mitochondrial membrane (114). The second PSD discovered was called Psd2 (115),
and it was later found to be resident in endosomes (116). Although Psd1 and Psd2 are isoenzymes,
they are not paralogs, as evidenced by their low sequence similarity (6). Furthermore, knockout
of each gene yielded unique phenotypes, and the pools of PE generated by Psd1 and Psd2 are re-
quired to support the function of the mitochondria and vacuole, respectively (116, 117). It has also
recently been shown that Psd1 is actually dually targeted to the ER and mitochondrial membranes
and that Psd1gg is required for maintaining ER homeostasis (118). Therefore, de novo synthesis
of PE by this isoenzyme pair distributed across three organelles ensures the maintenance of local
membranes and functions. In humans, only one PSD is encoded (PISD), and it is localized to mi-
tochondria. Although it undergoes alternative splicing, there is currently no evidence to suggest
that this gives rise to differentially localized proteins.

Yeast and Mammalian Ceramide Synthases

Lagl and Lacl are the paralogous ceramide synthases of budding yeast, which were both thought
to catalyze the conversion of dihydrosphingosine (DHS) into dihydroceramide (DHCer) and of
phytosphingosine (PHS) into phytoceramide (PHCer) during sphingolipid biosynthesis. Curi-
ously, however, the deletion of Lagl caused a dramatic increase in replicative life span (119), a
phenomenon not observed in Lacl-deleted cells (120).

"To uncover any differences in substrate specificity, their activity was assayed on the background
of a deletion in Sur2, which converts DHS to PHS and DHCer to PHCer and would hence mask
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any effect of single Lagl or Lacl knockout strains. Under these conditions it was demonstrated
that Lacl is more effective in converting DHS to DHCer, while Lagl is more effective in con-
verting PHS to PHCer (the K, of Lagl for PHS was about four times lower than that of Lacl).
Indeed, loss of Lagl was demonstrated to correlate with the formation of a less effective diffu-
sion barrier between mother and daughter cells known to depend on PHCer (121). This suggests
that the life span phenotype in Alag! is due to the overall reduction of PHCer synthesis, which
negatively impacts barrier formation, causing mother cells to remain younger.

Mammals have six ceramide synthases (CERS1-6), all of which are multipass membrane pro-
teins. Each enzyme displays specificity toward particular acyl-CoA chain lengths, thereby deter-
mining the fatty acid structure of different ceramide species. CERS1 and CERSS are only active
toward C18 and C16 acyl-CoA chains, respectively, whereas the remaining CERS enzymes have
broader substrate ranges and overlap in function (reviewed in 122). Recently, a stretch of 11 amino
acids between the last two TMDs was found to specify the preference of these enzymes. The inser-
tion of the 11-residue region of CERS2 into CERS5 caused the preference of CERSS to change
from long-chain acyl-CoA to very-long-chain acyl-CoA, the preferred target of CERS2 (123).
Hence, in the case of these isoenzymes it is clear that while much overlap exists between their func-
tions and while cellular pathways (such as Sur2) have evolved to help buffer any small changes in
pathway flux, each enzyme still has a very unique substrate range that defines its physiological role.

Yeast and Human HMG-CoA Reductases

In humans, the enzyme HMGCR catalyzes a rate-limiting step at the beginning of the
sterol biosynthesis pathway, converting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
to mevalonate. Yeast contain two homologous HMGCR genes, HMG1 and HMG?2, which are the
result of a WGD event. This isoenzyme pair shares very high sequence similarity in their cat-
alytic domains, the same topological organization, and a conserved motif called a sterol-sensing
domain (reviewed in 124). Yet despite their similarities, early experimental evidence comparing
mutant alleles of either isoenzyme concluded that Hmg1 provides over 80% of the reductase ac-
tivity to this reaction (125). Despite being the less competent enzyme, it is Hmg?2 that undergoes
Hrd1-dependent ubiquitination and degradation upon accumulation of sterol-biosynthetic path-
way intermediates (126) as part of a negative feedback cycle to avoid excessive sterol generation.
This fate is not shared by Hmgl, a protein that is stable thanks to protective sequences at its
extreme N terminus that are sufficient, if transplanted, to also render Hmg? resistant to degrada-
tion (127). More work is required to clarify the disparity between the original observation placing
Hmg]1 as the major reductase and later data showing that the flux through the sterol biosynthetic
pathway is controlled by the metabolic induction of Hmg2 degradation.

Although there is only one gene encoding human HMGCR activity, there exist at least two
splice variants. The first, missing exon 13 (128), annotated as isoform 2, corresponds to the 90-kD
form of HMGCR that was earlier found to localize to the peroxisomal compartment (129). Iso-
form 1, which is the full-length transcript, gives rise to the 97-kD protein found in the ER. Like
yeast Hmg2, this isoform undergoes degradation to limit de novo cholesterol production in a pro-
cess that depends on three ER-resident E3s: HRD1, AMFR, and RNF145 (130). Unlike isoform 1,
isoform 2 turnover is not increased by the addition of sterol pathway intermediates (131). Further-
more, statins, which are a class of drugs that lower cholesterol levels by targeting HMGCR, have
been shown to be less effective at inhibiting isoform 2 (132). Therefore, our understanding of the
specific contribution of each of these isoforms in different cell/tissue types is crucial to developing
more effective pharmaceutical agents to combat the global threat of cardiovascular disease.
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And Beyond . .. More Lipid Biosynthesis Homologs

Other homologs in lipid biosynthetic enzymes include the yeast paralogs Pem1 and Pem2, which
generate PC by methylating PE, and the human isoenzymes PSS1 and PSS2, which synthesize PS.
Both pairs display distinct substrate preferences (133, 134). Additionally, yeast contain a paralogous
pair of glycerol-3-phosphate acyltransferases (Sctl and Gpt2) (135), of which there are four in
mammals (GPAT1-4), each displaying a variety of unique features (136).

CALCIUM TRANSPORT

Another major function of the ER is to coordinate the transport and storage of ions. A plethora
of different transporters are resident in the ER membrane, and in higher eukaryotes, the ER
represents the largest cellular reserve of calcium (Ca’*).

Ca?* is an important second messenger, regulating several processes, including gene transcrip-
tion, secretion, cell death, and muscle contraction. The ER membrane houses four separate trans-
port systems, which collectively maintain Ca’* homeostasis: the SERCA pumps; IP; receptors
(IP;Rs); ryanodine receptors (RYRs); and the STIM proteins, which can engage the ORAI Ca**
channels in the PM (see below). None of these machineries have conserved homologs in yeast,
potentially since the ER plays a less critical role in regulating Ca** homeostasis and instead the
vacuole is the principal Ca** storage organelle.

SERCA pumps drive ATP-mediated Ca** import across an electrochemical gradient, thereby
maintaining a much higher Ca’* concentration in the ER relative to the surrounding cytosol
(137). In vertebrates, three SERCA paralogs are encoded, SERCAI-3 (or ATPAI-3), all of which
undergo alternative splicing. Collectively, this produces ten different isoforms, which have distinct
developmental and tissue-specific expression profiles (reviewed in 138). Studies comparing the
SERCA paralogs and isoforms have also revealed functional differences. For example, SERCAL1
and SERCA2a, both of which are present in muscle cells, transport Ca** at a higher rate than the
nonmuscle variant SERCA2b, and SERCA3 was shown to have a lower affinity for Ca’* relative
to the other tested variants (139). The different paralogs are also differentially regulated: SERCA2
activity is inhibited by the addition of unphosphorylated phospholamban (a small integral mem-
brane protein), whereas the activity of SERCA3 is unchanged (140). Furthermore, the lactone
thapsigargin inhibits the different SERCA pumps with varying effectiveness (141).

In mammals, there are three RYRs (RYR1-3), and there are three IP;Rs in vertebrates (IP;R1-
3). Both sets are often referred to as isoforms; however, this terminology is incorrect since they
are not the product of alternative splicing but are rather encoded by three separate homologous
genes (see the sidebar titled Describing Related Genes and Proteins). As with the different SERCA

DESCRIBING RELATED GENES AND PROTEINS

The terminology used to describe homologous genes is not always correct and frequently goes unchallenged. Con-
trary to common misconceptions, while homologs in the same genome will always be paralogs, homologs in different
organisms can have a paralogous or orthologous relationship. Since paralogs are the result of gene duplication, and
orthologs arise due to speciation, it would initially seem that the term paralog would only be fit to describe ho-
mologs in the same genome; however, this is not the case (see 193). In cases where paralogy/orthology is not clear,
the blanket term homolog should be used. Another common misconception is that the term isoform is interchange-
able with homolog or paralog. Isoform should strictly be reserved for describing proteins that come from a single
gene that is subject to variable promoter usage and/or post-transcriptional modification such as alternative splicing.
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pumps, the three variants of RYRs and IP;Rs have highly conserved sequences but show distinct
tissue expression patterns and respond uniquely to specific regulators (reviewed in 142, 143). Con-
versely, the vertebrate STIM paralogs, STIM1 and STIM2, show comparable expression levels in
a range of different tissues and cell lines (144). However, since STIM2 has a lower affinity to-
ward Ca** than STIM1, it can promote Ca** import upon relatively minor decreases in ER Ca?*
levels, whereas STIMI is required for responding to more dramatic decreases (145). The variety
in expression, regulation, and function of the many forms of Ca?* transporters in the ER mem-
brane highlights the need for the diversification of genes that share common ancestors to create
an adaptable system able to maintain organellar and cellular homeostasis.

CONTACT SITES

A membrane contact site is an area of close proximity between two organelle membranes that
are tethered together by either protein—protein or protein-lipid interactions. One important role
of contact sites is as hubs for nonvesicular transport of lipids, amino acids, and small molecules
(146). The ER was the first organelle described to make contact sites, and it is now known to form
contact sites with all organelles and the PM (147, 148). Considering that the ER is the primary site
for synthesizing and modifying lipids, several different contact sites are required to support lipid
exchange and thus the maintenance of specific biochemical and biophysical properties of other
organellar membranes. These properties in turn are crucial for coordinating protein trafficking
and signaling processes. The proteins that maintain contact sites have been dubbed tethers, and
many tethers have already been described, most of which are part of large protein families.

Yeast and Human LAM Proteins

Lipid exchange at contact sites is carried out by lipid-transfer proteins (LTPs). The StARkin LTP
superfamily has a subfamily of proteins called LAM (LTP anchored at membrane contacts). Hu-
mans have three LAM homologs (GRAMD1a, GRAMD1b, GRAMD1c), whereas yeast have six,
which can be subdivided into two pairs of ohnologs (Lam1/Lam3 and Lam2/Lam4) and one pair
of paralogs (Lam5/Lam6) (149). The LAM proteins all possess a structure consisting of an N-
terminal pleckstrin homology (PH)-like GRAM domain, followed by one or two START domains
and, lastly, a C-terminal TMD, which serves as a membrane anchor (149). All the LAM proteins
are embedded in the ER membrane, with Lam1-4 residing at contact sites between the ER and
PM (149), LamS5 at the ER-Golgi interface (150), and Lam6 at ER-mitochondria and ER-vacuole
contacts (149, 151, 152). Lam6 is recruited to these two distinct contacts via interactions with ei-
ther Tom70/71 or the ER-vacuolar tether, Vac8 (151, 152).

The ER-PM LAM proteins, Lam1-4, have been suggested to function as retrograde sterol
transporters (149), trafficking sterols obtained from extracellular sources back to the ER, where
they can be modified depending on the specific metabolic demand. On the other hand, Lam6
(which is also called Ltc1) is able to transport sterols away from the ER. This was demonstrated for
the ER-vacuolar subpopulation of Lam6, which is required for sterol-enriched domain formation
in the vacuolar membrane under stress conditions (152). It has recently been established that Lam6
has a specific PH domain fold, which is necessary for its localization to contacts between the ER
and mitochondria (153). The function of the Lam6 paralog, Lam5, remains to be determined,
although they appear nonredundant, since stress-induced vacuolar membrane domain formation
was reduced upon the loss of Lam6 even though Lam5 was present (152).

The different human LAM proteins also have unique properties. GRAMD1a—c, homologs
of yeast Lam4-6, localize to ER-PM contacts upon sterol treatment (154). Although all three
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proteins have been suggested to transfer cholesterol from the PM (154), GRAMDI1b is also
suggested to transfer PI(4,5)P; and, to a lesser extent, PI(4)P (155). Furthermore, GRAMD1b
is expressed in specific tissues (154) and localizes to ER-PM contacts distinct from those of
GRAMD1a (156).

Beyond LAMs

In addition to the LAMs, many other tethers are part of larger protein families such as human
VAPs, E-SYTs, VPS13 proteins, and ORPs (all of which have related homologs in yeast) (157).
These contribute to the diversity of functions at contact sites. Future questions should therefore
address how the different homologs and family members are recruited to specific contact sites and
what their specific substrates for transfer are.

ENDOPLASMIC RETICULUM STRUCTURE

The ER is a highly dynamic and interconnected network that can occupy the majority of the
cytosol in some cell types. Incredibly, the ER lumen is enclosed by a single, continuous lipid bilayer,
which extends from the ONM. ER morphology can be classified into either tubular or cisternal
structures. In higher eukaryotes, the sheet-like cisternae tend to be closer to the nucleus, whereas
the tubules spread throughout the cytosol toward the periphery of the cell. In yeast, the peripheral
ER resides beneath the PM and forms extensive contacts with it, and this is connected to the
nuclear envelope by a few tubules (158). ER shape is maintained by ER shaping proteins, several
of which are members of large families.

The Reticulon Family of Proteins

Within the last 15 years, several different protein families have been found to play a role in tubular
network formation and maintenance. The first of these families to be identified were the reticulons
(RTNs), which were discovered as targets of ER network formation inhibitors (159). This study
focused in particular on vertebrate RTIN4A and the two yeast ohnologs, Rtnl and Ren2. All of
these homologs are localized specifically to tubular ER and excluded from the perinuclear area.
Furthermore, they have a hairpin-like TMD arrangement, which stabilizes the high-curvature
structure of ER tubules (159). ER sheet edges also represent domains of high curvature, and indeed
human RTN4A and yeast Rtnl were additionally shown to localize there (160). Although there
are four human RTN proteins, all of which undergo alternative splicing, ER shaping has only
been extensively explored in the context of RTN4 isoforms. The other RTN family members,
with the exception of the uncharacterized RTIN2, all have distinct functions independent of ER
shaping, such as RTIN3, the long isoform of which functions as a receptor for ER-phagy of ER
tubules (161). One can therefore speculate that each RTN might play a unique role in controlling
ER morphology, and this should be addressed in future research.

The REEP and Atlastin Protein Families

RTN4A was also shown to interact with DP1, the ortholog of the yeast protein Yop1 (159). DP1
is a member of the REEP family and was shown to share characteristics with the RTNs such as
possessing a hairpin TMD structure and localizing specifically to tubular ER (159). There are six
REEP family members in humans and metazoans, and they can be categorized into two subfamilies
containing either REEP1-4 or REEP5-6 (162). Although DP1 (which is REEPS) had previously
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been established to play a role in shaping the tubular ER network (159), antibodies raised against
common domains in REEP1-4 inhibited ER network formation (162), thus at least some of the
REEP1-4 proteins are also effectors of ER morphology.

Furthermore, REEP1 was shown to interact with the three human atlastin proteins (ATLs)
(162), which comprise a family of dynamin-like GTPases that likely also adopt a hairpin-like
wedge structure (163). ATL1-3 also interact with specific RTN isoforms, and their function is to
interconnect ER tubules (163). The fact that only the combined knockdown of ATL2 and ATL3
generated a disconnected ER network (163) suggests that there might be some functional overlap
within the ATL family. Further still, a synthetic sick phenotype was observed for yeast deleted
for both yopI and seyl (the yeast ATL ortholog) (163), hinting that atlastins, with their hairpin
structure, may also have a role in curvature stabilization and not only in tubule fusion.

In general, the studies on ER morphogenic proteins have not focused on comparing fami-
lies or family members, and as a consequence the extent of redundancy and how each of these
hairpin-domain proteins specifically affect the structure of the ER network remain to be deter-
mined. Understanding how these proteins function, interact, and cooperate with one another is an
important step in gaining insight into neurological disorders such as hereditary spastic paraplegia,
which is caused by mutations in different ATL and REEP family members (164).

Beyond Shaping Tubules

The ER membranes must be shaped not only at tubular invaginations. The biogenesis of lipid
droplets (LDs) and peroxisomes from the ER also requires specific structural changes, and dif-
ferent paralogs are involved in these processes. For example, the ohnolog pair Pex30 and Pex31
is known to play a role in preperoxisomal vesicle formation, and the FI'T homologs in yeast and
mammals are critical for LD biogenesis (reviewed in 165).

FUNCTIONAL DETERMINATION OF PROTEIN
HOMOLOG FUNCTION

Every functional aspect of the ER has homologs of proteins or entire families maintaining it. While
this adds richness to regulatory capacity and dynamic distribution, it creates dramatic complexity
for the study of each process. Below are some suggestions on how to elucidate homolog functions
in such cases.

The examples highlighted above focus on pairs or families of proteins functioning inside the
ER. However, they demonstrate a more general trend in the area of protein homologs, which is
that studies tend to focus on either a single protein from a pair or family of homologs or on the
function of one homolog in the absence of its relative(s) (such as for the yeast Hsp70s and Ost
paralogs). Naturally, the latter approach is used to remove the potential masking effect of ho-
mologs, which might provide backup; however, this artificial situation is unlikely to fully uncover
endogenous protein function. While it is not always easy to compare and contrast expression, reg-
ulation, substrate specificity, interactors, or post-translational modifications (PTMs), this lack of
information on most protein homologs in eukaryotic genomes keeps us in the dark when it comes
to understanding why a pair of proteins or an entire family has evolved.

Since in every cellular compartment, not just in the ER, homologs carry out diverse functions,
it is important for the future of cell biology research to get better information on such protein
pairs and families. Extrapolating from the above examples, we suggest that in most cases the evo-
lutionary reason to evolve protein pairs or families in one organism falls into one (or more) of
the following six categories (Figure 2): (#) targeting to different organelles to perform specific
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Figure 2

Ways in which homologs can differ from one another. In each of the six panels, homologs are depicted in red and orange. In panels b
and e, the vertical, dotted line demarcates a change in conditions. The different homologs can (2) be targeted to different organelles;
(&) have altered abundance as part of a response; () display cell/tissue-specific expression patterns or different developmental patterns
[in this example, one of the homologs (red) is expressed only in the digestive tract, and the other (orange) is ubiquitously expressed
throughout all tissues]; (4) have differential substrate preference; (¢) undergo unique post-translational modifications; and (f) have
distinct protein—protein interactions.

functions or be active in specialized biochemical environments, () differential expression in the
same cell type by distinct transcriptional or post-translational mechanisms to enable response to
different environmental/stress conditions or as part of a developmental program, (c) expression
in different cell types or tissues important for maintaining functions in distinct environments,
(d) preference toward distinct substrates, (¢) unique PTMs that enable specific modulation of func-
tion under different conditions, and (f) distinct protein—protein interactions (PPIs) that impart
different functionality.

We suggest here that our capacity to truly understand cell biology, development, and disease
would be enhanced if papers addressing the function of a protein that is part of a pair or family of
homologs would acknowledge the other proteins in the family and, where possible, address how
they behave in the same system of study. Listed below are methodologies and resources that would
enable comparison of the pairs and/or families in question.

Determining Subcellular Localization

Since targeting to different organelles or to different tissues is an important aspect of function
diversification, finding out where proteins from a family localize is a crucial step in understanding
each individual function and can help distinguish between protein paralogs. In yeast, the creation
of whole-genome libraries in which green fluorescent protein (GFP) is appended to either the C
terminus (166, 167) or the N terminus (3, 168) of each gene allows the comparison of the res-
idence of each paralog pair. Data from these libraries, and therefore the localization of nearly
the entire yeast proteome, are freely available for the community [http://www.weizmann.ac.il/
molgen/loqate (169); http://www.yeastrgb.org (170)]. In other model organisms and cell lines,
immunofluorescence (IF) can be used to visualize endogenous or tagged proteins. The Human
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Protein Atlas (https://www.proteinatlas.org/) (21) has collected endogenous IF data for thou-
sands of proteins so far.

Tracking Changes and Differences in Expression

Another important reason for preserving homologs or isoforms is so that they can be differen-
tially expressed either in specialized cell types at specific developmental stages or in response
to changes in intra/extracellular conditions. To compare transcript levels of a pair of homologs
or members of a gene family, qRT-PCR (quantitative reverse transcription polymerase chain
reaction) offers a sensitive and affordable method. For high-throughput experiments, microar-
rays were historically utilized, and large databases contain information on expression changes in
multiple conditions such as for yeast [https://spell.yeastgenome.org/ (171)]. RNA-sequencing
is currently the preferred high-throughput technique, with data collected in databases (e.g.,
https://www.ebi.ac.uk/gxa/home) that serve as an open resource to extract expression data for
almost any gene of interest. Additionally, FISH (fluorescence in situ hybridization) can be used as
a method to uncover RNA localization in a tissue.

For tracking expression on the protein level in a high-throughput manner, MS is used.
Although SILAC (stable isotope labeling with amino acids in cell culture) used to be the gold
standard in quantitative proteomics, modern MS instruments reliably quantify peptide and pro-
tein levels from unlabeled samples. As with transcriptomics, proteomic data are stored in an online
repository, PRIDE (172), through which protein abundance from all recent studies can be freely
downloaded. Particularly useful studies include those that compare protein expression levels in a
wide range of cells or tissues (173, 174). Additionally, some MS studies have attempted to map the
half-life of the proteome (175), providing a useful resource for gaining insight into the stability
of individual proteins. The LoQAtE website (http://www.weizmann.ac.il/molgen/loqate) also
provides information on how localization and abundance of each protein in yeast changes under
different external perturbations (169). Of course, protein expression and stability can be explored
on a smaller scale using conventional Western blotting and translational shut-off/pulse-chase
experiments.

Determining Metabolic Substrate Specificity

A vast repertoire of biochemical tools exist to elucidate substrate preference or the generation of
specific products that may uncover differential functions of each homolog. It is now possible to use
metabolomics to do this more globally or without a predetermined hypothesis. Metabolomics,
which encompasses the subfield of lipidomics, is based on the detection, identification, and
quantification of intermediate and end-product metabolites and the full complement of different
metabolites in cells, tissues, and fluids. While MS is the principal analytical platform used in
this field, nuclear magnetic resonance (NMR) is also used. NMR allows sample recovery after
analysis, but it is less sensitive and requires larger amounts of starting material relative to MS
techniques (176). Different methods for extraction and sample preparation as well as the different
types of MS that can be used and their advantages have been reviewed elsewhere (177). MS
methods ideally require the spike-in of isotope-labeled standards so that their conversion can be
easily traced, as was done for monitoring sphingolipid and ceramide biogenesis in the Lagl/Lacl
study (see above and 121).

Uncovering Protein Modifications

Protein modification is a spatially and temporally controlled process, which is frequently used
to activate, alter, or attenuate specific pathways as part of a response to a stimulus. Modification
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can alter protein function, interaction profile, substrate preference, stability, localization, or any
combination of these properties. Importantly, different paralogs can have unique PTM signatures,
which functionally distinguish them from one another, as discussed above for the E2-conjugating
enzymes UBE2J1 and UBE2]J2 and the HMGCOoA reductase variants.

Hundreds of PTMs exist, with some of the most pursued classes being acetylation, methy-
lation, phosphorylation, and ubiquitination, all of which are reversible. Fortunately, recent de-
velopments in tandem MS (MS/MS) protocols and instrumentation mean that modification of
amino acid residues within peptides produces a detectable mass shift sufficient to distinguish
it from the unmodified form. For example, whole-proteome studies identified ubiquitination
sites in ~5,000 different proteins (178). These data can be accessed using an online resource
(https://ggbase.hms.harvard.edu/). Since this study, many other methods for studying the dif-
ferent types of ubiquitination have been developed (179). Similarly, phosphoproteomics has iden-
tified thousands of modifications and has been instrumental in discovering differential regulation
of homologs. Progress has been made on developing high-sensitivity and multiplex workflows,
which will enable hundreds of phosphorylation events to be monitored in different conditions
(180, 181).

Discovering Protein-Protein Interactions

Paralogous protein pairs or members of the same protein family often form unique interactions
that define their specific functions. Hence, when studying protein pairs or families, it would be
wise to assess potential differences in their interaction partners. The recent expansion in large-
scale interaction studies has produced an extensive network of PPI data, which in turn has sig-
nificantly accelerated our discovery of novel protein regulators. There are two main methods for
discovering PPIs: binary and cocomplex. The yeast two-hybrid (Y2H) approach is the classical bi-
nary technique, whereas affinity purification (AP) followed by MS represents the most frequently
used cocomplex method (182). Two large-scale AP-MS projects found hundreds of yeast protein
complexes (183, 184), and two years later, a genome-wide binary PPI screen using a protein-
fragment complementation assay rather than Y2H identified nearly 3,000 interactions (185). In
human cells, the largest-scale interaction study was performed using a pipeline based on a lentivi-
ral system to express thousands of C-terminally FLAG-HA-tagged proteins, which were then
subjected to AP-MS and comparative proteomic profiling analysis (186). All the data from these
studies and others (both large- and small-scale) have been collected and are available on BioGRID
(https://thebiogrid.org/).

Of course, putative interactors of bait proteins found by these high-throughput methods need
to be validated and can represent either cofactors or substrates—both providing insight into speci-
ficity of a homolog. In general, substrates are more challenging to detect due to the transient nature
of enzyme-substrate interactions. However, different tags that modify proteins proximal to them
with a molecule that serves as a ligand for AP have been developed and will facilitate finding new
substrates for different enzymes. These tags include BioID2 (187), APEX2 (188), and TurboID
(189). Progress has also been made on generating trapping mutants, which lock onto their sub-
strate upon interaction, such as the ubiquitin-activated interaction traps (UBAI'TS), modified E3s
designed to irreversibly capture their substrates (190). Collectively, these methods can be used to
discriminate the stable and transient interactomes of different protein homologs.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Throughout evolution, gene duplication has dramatically expanded the genome. While gene du-
plicates originally would have been identical, the combination of random changes and natural
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selection has created a situation whereby, over time, they evolved unique features and character-
istics, which in turn lend plasticity and robustness to a living system. This intrinsic feature often
makes it very hard to understand the biological roles of individual proteins and their impact on
cells and organisms. However, it is clear that they have a fundamental role in allowing complex
biological traits to arise. While for many years there has been much focus on uncovering the role
of single members of protein homologs or families, our next big frontier and what will now need
to be explored is the exact role of each member of such families and their dynamic interplay. This
review uses the ER as a platform to showcase the differences between genes that share a common
ancestor. The specificities of each protein contribute to the capacity of the ER to handle such a
broad range of functions and to its tunability in changing conditions.

In yeast, WGD has been successfully mapped, and a list of ohnologs is freely available
(http://ygob.ucd.ie/ygob/ (191)]. To provide a strong starting ground for those wishing to ex-
plore the various homologs of the ER and other organelles, we have created a resource in which
each ohnolog pair is annotated with localization data (3) and corresponding human homologs
(Supplemental Table 2). Protein localization and human gene cluster references were also added
to a list of all yeast paralogs (192) (Supplemental Table 2).

More globally, we suggest that future studies aimed at finding functions for homologous pro-
teins should be careful when exploring what the function of one protein is in the absence of its
homolog(s), as although this may help reveal potential redundancy, it is unlikely to uncover en-
dogenous functional variation. Therefore, comparative approaches must be employed to truly un-
derstand the intricate roles of each homolog, how they enhance organelle dynamics, and therefore
why genes and proteins with similar sequences have been preserved by evolution.
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