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Targeting tail-anchored proteins into

plant organelles

Xiaohong Zhuang?, Kin Pan Chung?, and Liwen Jiang®*"'

The extensive evolution of intracellular compartmen-
talization requires highly selective mechanisms for
protein targeting to distinct membrane systems. One
of the fundamental processes in protein targeting is
the insertion of proteins into biological membranes.
The efficient and accurate insertion of membrane pro-
teins is an important step for their proper function in
different organelles, and any targeting error may lead
to mislocalization of these proteins with detrimental
cellular effects. Posttranslational insertion is required
for a class of tail-anchored (TA) proteins, which are
characterized by a transmembrane domain (TMD) near
their C terminus, for their correct targeting to the des-
tined membrane (1). In PNAS, Xing et al. uncover a
pathway for TA protein insertion into the endoplasmic
reticulum (ER) in the model plant Arabidopsis thaliana,
which plays an unexpected role in root hair growth (2).
The authors identify several key components in the
guided entry of tail-anchored protein (GET) complex
that has a conserved function in regulating TA protein
insertion. However, in contrast to yeast and animals,
the core GET system in Arabidopsis involves a distinct
GET3 clade, suggesting an ancient evolution of the
GET3 paralogs in plants and which may function di-
vergently as plant-specific organelle chaperones.
The GET pathway is the most extensively studied
system for shuttling TA proteins to distinct organelles
in yeast and mammalian cells. Structural and bio-
chemical investigations in yeast have provided in-
sights into the molecular mechanism of the GET
complex (1). In the yeast GET pathway, newly synthe-
sized TA proteins are initially recognized by a cytosolic
pretargeting complex (PTC), comprising SGT2 and
GET4-GET5, and then transferred to the ATPase
GET3. GET3 loaded with a TA protein will then bind
to its receptor: the ER-localized GET1-GET2 complex,
which subsequently promotes the insertion of the TA
protein into the ER membrane (Fig. 1A). The recogni-
tion and insertion processes mediated by the GET
complex give rise to the membrane specificity for TA
proteins, as overexpression of a subset of TA proteins
in get mutants results in the redistribution of the

aberrant protein into the yeast mitochondrial mem-
brane (3, 4). Alternatively, TA proteins may use other
chaperones/receptors for insertion into the ER, as
defects in the GET pathway are only conditionally
lethal in yeast (4). In contrast, loss of the GET3
homolog in mammals leads to embryonic lethality
(5), indicating a divergent role of GET components
in different organisms.

By contrast, the underlying mechanism for TA
protein targeting in plants remains obscure, although
increasing evidence supports the existence of a similar
regulatory pathway. Bioinformatic screens have pre-
dicted over 500 TA proteins in the Arabidopsis thali-
ana genome that are directed to distinct membrane
compartments, including the ER, mitochondria, and
chloroplast (6). However, genetic evidence for a func-
tional GET pathway guiding the TA protein insertion
process in plants is currently lacking, thus hindering
our understanding of TA protein targeting in plants.
Previous sequence alignment analyses indicate that,
except for GET3, most GET homologs are missing in
the Arabidopsis genome. However, whether GET3
isoforms are able to mediate protein insertion inde-
pendently of the other GET components or whether
divergent proteins have evolved to function similarly
in plant cells, is an unresolved question.

To address this issue, Xing et al. have performed an
in silico sequence comparison and identified several
core GET homologs, including AtGET1, AtGET3a-c,
and AtGET4 in Arabidopsis. Consistent with their
yeast homologs, AtGET1 and AtGET4 are found to
be localized on the ER and in the cytosol, respectively.
Strikingly, the three AtGET3 paralogs display different
subcellular distributions (AtGET3a, cytosol; AtGET3b,
chloroplast stroma; AtGET3c, mitochondria matrix)
(Fig. 1B). Among these three AtGET3 paralogs, only
AtGET3a was shown to be involved in TA protein in-
sertion into the ER membrane. AtGET3a, but neither
AtGET3b nor AtGET3c, underwent homodimerization
and could interact with AtGET4 as well as AtGET1,
demonstrating that the AtGET3a protein interactome
resembles the yeast GET complex.
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Fig. 1. Working model for the GET system. (A) In yeast, some TA proteins targeted to the ER membrane are GET dependent (black arrows),
whereas targeting to mitochondria is GET independent and uses receptors including TOM and SAM complexes (red arrows). In the GET pathway,
the newly synthesized protein is initially recognized by the PTC complex (SGT2 and GET4-GET5), and then is transferred to the ATPase GET3.
Subsequently, cytosolic GET3 guides the TA protein to the ER membrane via interacting with the ER-localized GET1-GET2 complex, and finally
promotes the insertion of the TA protein into the ER membrane. (B) In Arabidopsis, the AtGET3a-dependent pathway is involved in TA protein
insertion into the ER (black arrows). TA protein transport to mitochondria and chloroplast is likely GET independent (red arrows) and requires
distinct receptors, including TOM and SAM complexes, as well as a plant-specific receptor OMé4 for mitochondria and TOC complex for
chloroplast. For TA proteins targeted to the ER, the PTC complex (AtGET4 and possibly other unidentified components?) binds to the nascent
proteins and recruits the cytosolic AtGET3a. Then, AtGET3a interacts with AtGET1 and a possible coreceptor (?) to transfer the TA protein to
AtGET1 for insertion into the ER. In contrast, AtGET3b is distributed in chloroplast stroma, whereas AtGET3c is found in the mitochondrial matrix
or on the mitochondrial outer membrane. The biological function of both AtGET3b and AtGET3c in chloroplast or mitochondrial remains elusive.

Further investigations on the physiological function of the GET
complex in plants using different get mutants has uncovered a role
for the GET complex in root hair growth. Loss of AtGET1, AtGET3a,
and AtGET4 leads to reduced growth of root hairs, and this defect
in get mutants can be rescued by transforming back the corre-
sponding GET components. However, mutation of the ATPase
binding site in AtGET3a failed to recover the atget3a mutant phe-
notype, implying that a functional ATPase activity of AtGET3a is
responsible for root hair growth. In addition, several TA protein
substrates have been identified as interacting with AtGET3a,
whereas other AtGET3a-independent TA proteins underpin that
additional posttranslational pathways are required in plant. The
authors used the root hair-specific Qa-SNARE SYP123, which tar-
gets to the PM, and showed that loss of AtGET components im-
pacts on the protein abundance with a reduction in both transcript
and protein levels of SYP123, rather than its subcellular localization.
These findings suggest that an alterative pathway for TA protein
insertion exists in plants as SYP123 could still be targeted to the PM
in Atget mutants. This conclusion is also supported by the obser-
vation that Atget mutants are viable, whereas overexpression of
AtGET3a in AtgetT causes severe growth defects. The authors sug-
gest that overexpressed AtGET3a may saturate the binding sites of
some essential TA protein substrates, thus preventing their recog-
nition by other receptors and subsequent targeting.

Xing et al. thus uncovered a conserved GET pathway for
posttranslational regulation of TA proteins in Arabidopsis, which
allows for the efficient insertion of TA proteins to the prescribed
compartment (Fig. 1B). Another recent related study (7) using an
in vitro assay showed that yeast GET1/2 is able to promote the
insertion of the Arabidopsis SNARE SYP72 by the aid of GET3,
which further supports the conserved nature of the GET pathway
for TA protein insertion in eukaryotes. Although most of the GET
counterparts have been identified in Arabidopsis, it remains to be
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seen whether other GET orthologs such as GET2 and GETS5 exist
in plants. Because CAML, the mammalian GET2, shows no signif-
icant sequence similarity to its yeast ortholog (8), it would appear
that different organisms might have evolved sequence diver-
gency or other counterparts in this pathway.

The GET system in plants may contribute to specific plant
developmental processes such as root hair growth and ER stress
response, through the alteration of abundance of SYP123 (2) or
subcellular localization of SYP72 (7). It was recently noted that mul-
tiple selection filters have been used to distinguish correct and in-
correct substrates based on minor differences of the TMD and
C-terminal elements of TA proteins (9). Because several TA proteins
have been identified as the AtGET3a substrates, future studies will
aim at elucidating the underlying molecular mechanisms for plant
TA protein recognition in plants to understand why and how the
plant GET complex impacts the substrates to different extents (e.g.,
abundance or mislocalization), and their other specific physiological
roles during plant growth and development.

Gene duplication may also have given rise to the evolution of
novel functions in plants, such as the plant-specific organelle
chloroplast. Plants contain the conserved translocase of the inner
membrane (TOM) and sorting and assembly machinery (SAM)
components for TA protein delivery to mitochondria, but also use
the plant-unique receptor, OM64 (10). On the other hand, targeting
to chloroplast requires the translocon at the outer envelope mem-
brane of chloroplasts (TOC) complex as the general entry gate for
most of the chloroplast TA proteins (11). However, only a few chlo-
roplast chaperones including AKR2 and HSP70 have been reported
(12). The study by Xing et al. showed that Arabidopsis has another
two GET3 paralogs (AtGET3b and AtGET3c) with distinct functions
to AtGET3a, because (i) both AtGET3b and AtGET3c do not
contain a GET1-binding motif and show lack of interaction
with AtGET1, (ii) both AtGET3b and AtGET3c reside on distinct
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compartments (chloroplast and mitochondria, respectively), and
(iii) both cytosolic-localized truncated forms of AtGET3b and
AtGET3c fail to rescue the root hair growth defect in AtGET3a. There-
fore, it is very likely that the gene duplication event of AtGET3 evolves
as an adaptation in plant cells to function as plant-specific organelle
chaperons, either within the chloroplast stroma or mitochondria

matrix (Fig. 1B). In addition, because AtGET3c was previously shown
to localize on the mitochondria outer membrane in transient-
expressed protoplasts (13), alternatively, AtGET3c might also
be involved in mitochondria TA protein targeting. Further in-
depth investigations are required to explore the biological func-
tions of the AtGET3b/c paralogs in plant distinct organelles.
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