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Preserve or destroy: Orphan protein proteostasis
and the heat shock response

Asif Ali™*@®, Sarah Paracha™*@®), and David Pincus'2*@®

Most eukaryotic genes encode polypeptides that are either obligate members of hetero-stoichiometric complexes or clients of
organelle-targeting pathways. Proteins in these classes can be released from the ribosome as “orphans”—newly synthesized
proteins not associated with their stoichiometric binding partner(s) and/or not targeted to their destination organelle. Here
we integrate recent findings suggesting that although cells selectively degrade orphan proteins under homeostatic conditions,
they can preserve them in chaperone-regulated biomolecular condensates during stress. These orphan protein condensates
activate the heat shock response (HSR) and represent subcellular sites where the chaperones induced by the HSR execute
their functions. Reversible condensation of orphan proteins may broadly safeguard labile precursors during stress.

Orphan protein quality control and the heat shock

response (HSR)

Few proteins are islands. Most genes in the model eukaryote
Saccharomyces cerevisiae encode proteins designated for specific
trafficking to membrane-enclosed subcellular compartments or
assembly with other cellular factors into stoichiometric com-
plexes (Gavin et al., 2006; Krogan et al., 2006). Analyses of
protein-protein interactions indicate that >50% of proteins have
the propensity to engage in heteromeric complexes of defined
stoichiometry, although membrane proteins tend to exhibit a
slightly lower degree of interaction (Aebersold and Mann, 2016;
Michaelis et al., 2023). Even under the most well-balanced ho-
meostatic cellular conditions, the lack of operonic structure to
eukaryotic genes and the inherent stochasticity of gene ex-
pression inevitably results in stoichiometric imbalances. Sub-
stituent polypeptides in a protein complex not associated with
their binding partner(s), and newly synthesized membrane or
organellar proteins not targeted to their destinations, are termed
“orphan” proteins (Juszkiewicz and Hegde, 2018).

Under nonstress conditions, cells employ degradation
mechanisms to recognize and remove orphan proteins, giving
the cell a buffering capacity to counter small imbalances in
stoichiometry. Even in aneuploid cells, in which protein com-
plexes with members on different chromosomes have consti-
tutive stoichiometric imbalances with substantial numbers of
orphan proteins, protein homeostasis pathways maintain cell
viability via degradation and adaptive aggregate/condensate
formation (Ben-David and Amon, 2020; Brennan et al., 2019;
Oromendia et al., 2012). However, saturation of this buffering
capacity, through mutations or environmental perturbations,

triggers an evolutionarily conserved transcriptional program
known as the HSR (Alford et al., 2021; Brandman et al., 2012;
Pincus, 2020) (Fig. 1 A). The HSR enhances the ability of cells to
cope with the build-up of aggregation-prone orphan proteins by
increasing the production of chaperones via the transcriptional
activator Hsfl (Dea and Pincus, 2024; Garde et al., 2024). Under
prolonged stress, the HSR upregulates Rpn4, a transcription
factor which in turn induces expression of the proteasomal
machinery (Boos et al., 2019; Work and Brandman, 2021).

The observation that orphan proteins trigger cells to produce
both chaperones and degradation machinery underscores the
key regulatory decision that cells confront when orphans accu-
mulate: to preserve or destroy them. Here, we will highlight
recent discoveries describing dedicated proteostasis mecha-
nisms that route orphans for degradation or preservation. In
addition to specific ubiquitin-proteasome pathways to degrade
different classes of orphan proteins under nonstress conditions,
we discuss novel roles for the Hsp70 chaperone system in pre-
serving orphan proteins in reversible biomolecular condensates
during stress and how these orphan protein condensates serve
as subcellular hubs that regulate—and are regulated by—the
HSR (Fig. 1 A).

Orphan protein degradation and accumulation during stress

Cells deploy specific ubiquitin-proteasome pathways to degrade
different classes of orphan proteins. For example, cells use the
mitochondrial protein translocation-associated degradation
pathway and nuclear quality control factors to continuously
survey the translocation through the outer membrane (TOM)
complex and prevent clogging of the TOM channel with
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Figure 1. Orphan proteins and the HSR. (A) Accumulation of oRPs, oMPs,
and oTAPs titrate the chaperone Hsp70 and its coregulator, the J-domain
protein Sisl, away from Hsfl, activating the HSR. (B) Variation in the activ-
ity of the HSR, global protein synthesis, and the putative accumulation of
orphan proteins as a function of temperature, highlighting key temperatures
associated with growth, HSR maximal activity, condensation of different SG
components, and cell death.

mitochondrial precursor proteins (Martensson et al., 2019;
Shakya et al., 2021). When this safeguard is overwhelmed, such
as via the acute blockage of mitochondrial import by engineered
clogger proteins, orphan mitochondrial proteins (oMPs) accu-
mulate in the cytosol in reversible condensates and selectively
induce the HSR among all cellular stress responses (Boos et al.,
2019; Kramer et al., 2023). Since these mitochondrial precursors
require cytosolic chaperones to initiate targeting, their accu-
mulation in the cytosol titrates Hsp70 away from repressing
Hsfl in the nucleus and thereby inducing the HSR (Feder et al.,
2021; Krakowiak et al., 2018; Masser et al., 2019; Zheng et al.,
2016) (Fig. 1 A). In further support of this mitochondria-to-HSR
signaling axis, the mitochondrial unfolded protein response in
mammalian cells was recently shown to be similarly triggered
by oMPs accumulating in the cytosol and activating the HSR by
Hsp70 sequestration (Sutandy et al., 2023).

The most heterotypic complex in the cell is the ribosome,
which in eukaryotes requires the stoichiometric assembly of
~80 different proteins and four RNAs (Lempidinen and Shore,
2009; Shore and Albert, 2022; Shore et al., 2021). When there isa
moderate excess of ribosomal protein production, such as when
a single protein is overexpressed, the E3 ubiquitin ligase Toml
targets the orphan ribosomal proteins (oRPs) for degradation by
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the proteasome (Sung et al., 2016a, 2016b). In human cells,
HUWEI1 and UBE20 have been implicated in degradation of or-
phan proteins including oRPs (Nguyen et al., 2017; Xu et al.,
2016; Yanagitani et al., 2017). However, in cases when this
clearance mechanism is inundated via genetic mutation or
chemical perturbation, oRPs form nuclear condensates with
chaperones and the ribosomal protein gene transcriptional ac-
tivator Ifhl (Albert et al., 2019; Tye et al., 2019). As when the
oMP degradation system is overwhelmed, accumulated oRPs
activate the HSR by sequestering Hsp70 (Albert et al., 2019; Ali
et al., 2023; Tye et al., 2019) (Fig. 1 A).

Tail-anchored proteins represent a third class of orphan
proteins known to activate the HSR. Like mitochondrial import,
tail anchor membrane insertion is mediated by a chaperone
cascade that begins with Hsp70 delivering clients to the guided
entry of tail-anchored proteins (GET) pathway (Brandman et al.,
2012; Cho et al., 2024; Shan, 2019; Wang et al., 2014). Glucose
depletion and deletion of GET pathway factors result in accumula-
tion of orphan tail-anchored proteins (0TAPs) in cytosolic clusters
that in current parlance would be termed condensates (Powis et al.,
2013; Wang et al., 2014). While it remains unclear whether these
OTAP condensates form as HSR signaling hubs during physiological
heat shock, their formation upon glucose depletion—a condition
known to activate the HSR (Hahn and Thiele, 2004; Zid and O’Shea,
2014)—suggests that they may serve as physiological HSR activa-
tors under some conditions (Fig. 1 A).

In addition to oMPs, oRPs, and 0TAPs, other classes of orphan
proteins have been found to have dedicated E3 ligases to enforce
stoichiometries in mammalian cells, including kinases, tran-
scription factors, the chaperonin containing t-complex protein
(CCT) complex, and the proteasome itself (Mark et al., 2023;
Mena et al., 2018; Padovani et al., 2022; Yagita et al., 2023;
Zavodszky et al., 2021). Many of these proteins fold on their
own, so their accumulation may not activate the HSR. By con-
trast, defective ribosome products, a terminal class of orphan
proteins, are misfolded by definition and can translocate to the
nucleus and accumulate at the nucleolus (Davis et al., 2021;
Mediani et al., 2019). Whether these additional classes of orphan
proteins form condensates and activate the HSR during stress is
not currently known.

Orphan protein condensates as physiological activators of

the HSR

The stress conditions under which orphan protein condensates
may form to signal the HSR, while potentially numerous, are
physically constrained. Heat shock, as perhaps the best studied
environmental stress, presents an illustrative example. Yeast
cells grow readily at 30°C with no signatures of stress evident in
the transcriptome or proteome, and they die by lysis after a few
minutes at 50°C. As the temperature rises above the standard
growth condition, i.e., as the magnitude of stress increases, the
HSR is induced, while overall protein synthesis and growth are
concomitantly repressed. The magnitude of the HSR peaks at
39°C, when Hsfl forms transcriptional condensates, and begins
to decrease as the temperature is further increased due to the
formation of stress granules (SGs) that enforce the shutdown of
translation (Iserman et al., 2020; Chowdhary et al., 2022; Kik

Journal of Cell Biology
https://doi.org/10.1083/jcb.202407123

920z Atenuged 0} uo3senb Aq 4pd-€z1 204202 A0l/68.L7E6L/EZ L L0Y20Z8/Z1L/cZZ/HPd-8loie/qol/Bio sseidny/:dpy woly pepeojumoq

20f7


https://doi.org/10.1083/jcb.202407123

et al,, 2024; Riback et al., 2017) (Fig. 1 B). This loss of HSR output
at temperatures above which SGs form and global translation is
reduced is consistent with observations that Hsfl activity is also
impaired at mild and moderate heat shock if translation is in-
hibited by cycloheximide or rocaglamide treatment or amino
acid depletion (Masser et al., 2019; Santagata et al., 2013;
Triandafillou et al., 2020; Tye and Churchman, 2021). Since
production of orphan proteins requires translation, this tight
correlation of HSR output and ongoing protein synthesis further
supports the notion that orphan protein accumulation activates
the HSR during physiological stress.

Reversible condensation of labile proteins in the nucleus
during stress

While initially generated by cytosolic ribosomes, oRPs—which
constitute a substantial fraction of all orphan proteins due to
their high abundance—are subsequently imported into the nu-
cleus for assembly with rRNA in the nucleolus. With the help a
nuclear-specific proteostasis network and specialized phase-
separated sites devoted to quality control, the nucleus helps
maintain the many metastable proteins that make up its pro-
teome (Miller et al., 2015a, 2015b; Park et al., 2013; Prasad et al.,
2018; Samant et al., 2018; Sontag et al., 2017, 2023).

The most prominent membrane-free compartment in the
nucleus is the nucleolus, the site of ribosome biogenesis (Feric
et al,, 2016; Lafontaine et al., 2021). The outer granular compo-
nent (GC) of the nucleolus in human cells is densely packed with
the negatively charged protein nucleophosmin (NPM1) that
scaffolds the phase separation of the GC and has long been im-
plicated in cancer (Grisendi et al., 2006; Mitrea et al., 2018). This
GC has been found to host ~200 stress-sensitive proteins during
acute heat shock, affording these proteins from both outside and
within the nucleolus protection during stress (Frottin et al.,
2019). Hsp70 and cofactors localize to this site as well, main-
taining proteins in a soluble state until stress recovery, sug-
gesting an adaptive role for the nucleolar compartment. If the
cells undergo prolonged stress, the GC solidifies and is no longer
able to carry out its proteostasis function (Frottin et al., 2019).

Similarly, in S. pombe cells during heat stress, nuclear and
nucleolar proteins segregate to the nucleolar periphery and re-
arrange to form rings. The rings serve to isolate essential pro-
teins required for cellular transcription, processing, and cell
cycle regulators, thereby inhibiting and protecting these pro-
teins during acute stress (Gallardo et al., 2020). Upon release
from heat stress, the nucleolar rings disassembled, allowing the
proteins to revert to their previous locations. Hsp70 is present in
these nucleolar rings during heat shock, and the disaggregase
Hspl04 was found to be required for the efficient dissolution of
these rings upon recovery (Cabrera et al., 2020; Gallardo et al.,
2020).

During nutrient depletion, budding yeast cells enter a qui-
escent state where cells exit the cell cycle, translation rates de-
cline and there is oxidative metabolic activity, essentially
placing the cells in a state of stress as they must work to protect
their proteomes and maintain function (Sagot and Laporte, 2019;
Sun and Gresham, 2021). Cellular reprogramming following
nutrient depletion involves the assembly of reversible cytosolic
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biomolecular condensates including SGs and processing (P)-
bodies, long thought to be sites of mRNA storage and degrada-
tion (Decker and Parker, 2012). Multiple studies have identified
the presence of SGs and P-bodies in the cytosol that sequester
and maintain essential components of the proteostasis and
translation machinery during quiescence, allowing them to be
reactivated when protein synthesis is once again resumed
(Coller, 2011; Grousl et al., 2022; Liu et al., 2012; Marshall and
Vierstra, 2018; Protter and Parker, 2016). Recently, the nucleus
has also been shown to harbor reversible clusters of translation-
associated proteins during prolonged stress and starvation
(Kohler et al., 2024). Hspl04 likewise accumulates in the nu-
cleus, safeguarding these factors for the rapid restart of protein
synthesis upon refeeding. These nuclear localized translation
factors qualify as orphan proteins due to their localization away
from their functional home in the cytosol, and the chaperone-
associated condensates they form preserve them rather than
facilitating degradation.

Preservation of oRPs in stress-induced condensates

Cells regulate the rate of ribosome production according to nu-
tritional cues, and ribosomal protein gene transcription by RNA
Pol 1I is tightly coordinated with rRNA synthesis by RNA Pol I
(Lempidinen and Shore, 2009; Shore and Albert, 2022; Shore
et al., 2021; Woolford and Baserga, 2013). Across a wide range
of environmental conditions, a common transcriptional re-
sponse to the stress is to repress transcription of ribosomal RNA
(rRNA) and mRNAs encoding ribosomal proteins and biogenesis
factors (Gasch et al., 2000; Gasch and Werner-Washburne,
2002). However, as described above in the case of case of heat
shock, protein translation remains active at intermediate levels
of stress (Iserman et al., 2020; Miihlhofer et al., 2019). To the
extent that preexisting mRNAs encoding ribosomal proteins
continue to be translated during stress, they produce oRPs as
there is no rRNA for them to bind to. In the absence of rRNA,
oRPs require chaperones and nuclear import factors to maintain
their solubility and prevent aggregation (Pillet et al., 2022;
Seidel et al., 2023; Tye et al., 2019).

As described above, cells target oRPs for proteasomal deg-
radation when expressed ectopically (Sung et al., 2016a, 2016b).
By contrast, during heat shock, endogenous oRPs form adaptive,
reversible condensates localized to the outer region of the nu-
cleolus in yeast and human cells that preserve the oRPs for usage
once the cell is no longer under stress (Ali et al., 2023) (Fig. 2).
Although it is unclear why oRPs have distinct fates in these
conditions, it could be in part due to the number of molecules: a
single overexpressed protein can be degraded, but a sudden
accumulation of all ~80 oRPs may overwhelm the ubiquitin
proteasome system.

As with previously described adaptive condensates such as
SGs, oRP condensates interact with chaperone proteins, most
prominently the J-domain protein (JDP) Sisl/DnaJB6 and Hsp70.
Sisl is an essential JDP and co-chaperone for Hsp70 required for
biogenesis of mTORCl1-like kinase complexes and for partial
repression of the HSR under nonstress conditions by targeting
Hsp70 to bind to Hsfl (Feder et al., 2021; Garde et al., 2023;
Klaips et al., 2020; Luke et al., 1991; Schilke and Craig, 2022).
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Figure 2. Preservation of oRPs in chaperone-regulated condensates. The ribosome biogenesis cycle is disrupted during stress, resulting in the formation of
oRP condensates at the nucleolar periphery, the reversibility of which is maintained by the activity of Hsp70 and Sis1. Even solid oRP condensates are reversible
if Sis1 and Hsp70 are allowed to resume their activity. NPC, nuclear pore complex; RPG, ribosomal protein gene.

When Sisl was depleted or Hsp70 was inhibited, oRP con-
densates solidified, showing that these chaperones are required
for the maintenance of the dynamic state of these condensates.
Recently, the ubiquitin-related modifier protein Urml was
shown to localize to peri-nucleolar and cytosolic condensates
during stress, promote the reversibility of SGs, and preserve
labile proteins (Cairo et al., 2024). Thus, the Sisl/Hsp70 chape-
rone system may collaborate with other proteostasis mecha-
nisms to modulate condensate dynamics. Without Sisl or Hsp70,
the reversibility of oRP condensates was delayed, and recovery
from heat shock and resumption of cell growth was postponed
(Fig. 2). This example represents a case where the biophysical
properties of the oRP condensates—the liquid-like fluidity en-
forced by interactions with Sisl and Hsp70—serve an adaptive
advantage of preserving oRP functionality, allowing them to be
readily incorporated into nascent ribosomes once rRNA syn-
thesis resumes (Ali et al., 2023).

Using AlphaFold Multimer (Evans et al., 2021, Preprint), we
have generated model structures of the complex of Sisl dimers
with four different oRPs to guide our molecular interpretation
(Fig. 3 A). Importantly, these artificial intelligence-based models
do not necessarily represent reality and have not been experi-
mentally validated. With these models, we do not intend to claim
that any specific residues form binding interfaces with Sis1—it
is likely that Sisl interacts with these proteins in multiple con-
figurations. Rather, we generated these models to determine
whether Sisl may recognize any common features on the dif-
ferent oRPs. Two of the modeled oRPs are constituents of the
60S subunit, two of the 408S, and each of the four are incorpo-
rated at different ribosome assembly steps (Woolford and
Baserga, 2013). The models uniformly predicted that Sisl inter-
acts with regions of the oRPs that would be buried away from
the surface of the ribosome and the surrounding solvent by in-
teracting directly with rRNA (Fig. 3 B). These regions where Sisl
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is predicted to bind are also predicted to interact with Hsp70
(Ridiger et al., 2001). This suggests a simple mechanism by
which the reappearance of rRNA would outcompete Sisl and
Hsp70 to release the oRPs from the chaperones to resume ri-
bosome biogenesis (Fig. 3 C). Notably, this molecular logic of oRP
recognition by Sisl—binding to the surfaces buried in the ma-
ture complex—is analogous to how the ubiquitin ligases recog-
nize orphan proteins for degradation (Juszkiewicz and Hegde,
2018; Padovani et al., 2022).

Outlook: Who needs a chaperone more than an orphan?
In this perspective, we draw a through line connecting orphan
proteins, stress-induced adaptive condensates, and the HSR.
Since the discovery of the HSR, the endogenous signals that
activate the response following heat shock and other stressors
were long presumed to be toxic aggregates of denatured proteins
(Lindquist, 1986; Zheng et al., 2016). However, much recent
work has provided evidence in support of a different paradigm
in which the protein aggregates that form during heat shock are
nontoxic and programmed by evolution as adaptive mechanisms
under specific conditions (Franzmann et al., 2018; Iserman et al.,
2020; Riback et al., 2017; Wallace et al., 2015; Yoo et al., 2019).
From the perspective of HSR activation, two major classes of
proteins have been implicated as the physiological ligands: heat-
and pH-dependent condensates such as SGs and newly synthe-
sized proteins (Garde et al., 2023; Santiago et al., 2020;
Triandafillou et al., 2020; Tye and Churchman, 2021). As oRPs
have directly been shown to be a subset of the newly synthesized
proteins that activate the HSR (Ali et al., 2023), and oMPs and
oTAPs have been strongly implicated (Boos et al., 2019;
Brandman et al., 2012; Krimer et al., 2023; Wang et al., 2014), we
speculate that different classes of orphan proteins will serve as
physiological ligands of the HSR across diverse conditions. From
the perspective of the orphan proteins, the chaperones provide

Journal of Cell Biology
https://doi.org/10.1083/jcb.202407123

920z Atenuged 0} uo3senb Aq 4pd-€z1 204202 A0l/68.L7E6L/EZ L L0Y20Z8/Z1L/cZZ/HPd-8loie/qol/Bio sseidny/:dpy woly pepeojumoq

40f7


https://doi.org/10.1083/jcb.202407123

Sis1::Rps14

e\ Y %
rRNA::Rps7

solvent-
exposed

——
RNA- 'SWB‘
embedded {
oRP

Figure 3. Predicted structures of Sisl interacting with oRPs. (A) Al-
phaFold Multimer structure of Sisl dimers with oRPs depicted above the
region of the ribosome containing each mature ribosomal protein (Evans
et al, 2021, Preprint). These RPs are each integrated into the ribosome at
different assembly steps. Sis1 dimers shown in gray; oRPs shown in magenta;
rRNA shown in blue. The regions predicted to interact with Sisl, circled in
green, are buried in rRNA in the mature ribosome. Importantly, these
structures represent only single poses predicted by the model. These are
almost certainly not the only way in which Sisl can interact with these
proteins. (B) Schematic of a single oRP. (C) Schematic for how RPs bind in a
mutually exclusive manner to Sisl and rRNA.
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binding partners and protection against promiscuous interac-
tions. Moreover, the condensates they form function as nurs-
eries to provide distributed coverage for precursor proteins by a
limited number of chaperone proteins, signaling the HSR to
increase chaperone production all the while. The notion that
newly synthesized proteins are being “chaperoned” in an “or-
phanage” to conserve limited resources during stress is a

Ali et al.
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powerful metaphor to describe these recently discovered pres-
ervation mechanisms.
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