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Stress routes clients to the proteasome via a BAG2
ubiquitin-independent degradation condensate

Daniel C. Carrettiero® 2, Maria C. Almeida® "2, Andrew P. Longhini1, Jennifer N. Rauch!, Dasol Han',
Xuemei Zhang1, Saeed Najafi3, Jason E. Gestwicki® 4 & Kenneth S. Kosik!®

The formation of membraneless organelles can be a proteotoxic stress control mechanism
that locally condenses a set of components capable of mediating protein degradation deci-
sions. The breadth of mechanisms by which cells respond to stressors and form specific
functional types of membraneless organelles, is incompletely understood. We found that
Bcl2-associated athanogene 2 (BAG2) marks a distinct phase-separated membraneless
organelle, triggered by several forms of stress, particularly hyper-osmotic stress. Distinct
from well-known condensates such as stress granules and processing bodies, BAG2-
containing granules lack RNA, lack ubiquitin and promote client degradation in a ubiquitin-
independent manner via the 20S proteasome. These organelles protect the viability of cells
from stress and can traffic to the client protein, in the case of Tau protein, on the microtubule.
Components of these ubiquitin-independent degradation organelles include the chaperone
HSP-70 and the 20S proteasome activated by members of the PA28 (PMSE) family.
BAG2 condensates did not co-localize with LAMP-1 or p62/SQSTM1. When the proteasome
is inhibited, BAG2 condensates and the autophagy markers traffic to an aggresome-like
structure.
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ARTICLE

timulus responsive phase separation in cells includes liquid-

liquid phase transitions due to sharp changes in the physical

properties of component proteins and RNA that establish a
boundary between the dilute and dense phases!. The dense phase
can be a biomolecular condensate in which the components
collaborate to implement a cellular function. In the context of
cellular stress, condensates can provide a safe harbor while
adverse conditions exist. During cellular stress most translation
shuts down and mRNAs are sequestered in a manner that allows
their restoration when the stress is relieved. Hence, many studies
have focused on membraneless organelles such as stress granules,
processing bodies, and RNA granules, all of which are char-
acterized by the presence of both mRNAs, ribosomes and RNA-
binding proteins. While these organelles maintain RNA in a non-
translatable state ready for release with relief from stress, the role
of these organelles in protein degradation appears to be limited to
ubiquitination which has a myriad of both degradative and non-
degradative functions. Less attention has been paid to cellular
complexes that directly serve protein degradation in the context
of stress, particularly the important category of proteins that
undergo ubiquitin-independent delivery to the proteasome and
operate quasi-independently of the autophagy system. One effort
in this direction was the identification of membraneless organelles
that implement proteasomal-mediated degradation in nuclear
foci under conditions of acute hyperosmotic stress>. More gen-
erally, ubiquitin-independent degradation tends to be associated
with aged proteins and the conformational rigidity of proteins
involved in neurodegeneration.

We report herein that Bcl2-associated athanogene 2 (BAG2)
condensation assumes a pivotal role in degradation decisions in
the context of hyperosmotic stress. BAG2 family members
interact with the ATPase domain of Hsp70-Hsc70 chaperones
through their BAG domains3-°. Importantly, the BAG domain of
BAG2 has a low level of homology with the other BAG domains
due to a novel dimeric structure in the Hsp70-Hsc70 binding
mode® as well as a unique ubiquitin-independent role in pro-
teotoxic stress. As client proteins cycle through rounds of folding,
BAG2 can inhibit the carboxy-terminus of Hsc70-interacting
protein (CHIP) thus preventing ubiquitination of the client and
premature delivery to the proteasome”-8. However, refolding may
not be possible and in this circumstance, BAG2 promotes
degradation via the ubiquitin independent proteasome pathway®.
Full-length BAG2 forms, in vitro, tetramers and higher-order
oligomers observed in high molecular weight complexes®. Espo-
sito et al.10 recently reported BAG2 within cytoplasmic particles
that contained about 600 other proteins. BAG2 and Hsc70
recognize hydrophobic patches flanked by positively charged
residues on one of the most studied client proteins, the first
nucleotide-binding domain of the ion channel (NBD1) in cystic
fibrosis transmembrane conductance regulator (CFTR)”. Oligo-
meric complexes in which binding properties involve patches of
hydrophobic and charged amino acids are critical features of the
multivalent interactions utilized for phase separation of
condensates!1-13,

Here we found that phase-separated membraneless organelles
characterized by BAG2 condensation represent a proteostatic-
proteotoxic organelle distinct from stress granules and processing
bodies that is highly responsive to hyperosmotic stress and other
stressors. These condensates are neither associated with RNA nor
ubiquitin, but are associated with the proteasome and chaperones.
BAG2 can condense at sites on the microtubule where it can
target Tau to the proteasome in a ubiquitin independent manner.
BAG2 condensates did not co-localize with LAMP-1 or p62-
SQSTM1. When the proteasome is inhibited, BAG2 condensates
can traffic to an aggresome-like structure.

Results

BAG2 condensation in response to stress. In stably expressing
clover-BAG2 SH-SY5Y cells, less than 50% of the cells contained
large numbers of condensates while the remaining cells contained
a diffuse BAG2 appearance (Fig. 1a). For most of the cells, these
two states were readily distinguishable with very few cells falling
in an intermediate range. The average number of condensates was
218.9+74.1 per cell with a mean diameter of 0.86+0.20 um
(Fig. 1b). These condensates were motile, underwent fusion
(Fig. 1c; Supplementary Movie 1), and dynamically exchanged
BAG2 molecules with the dilute phase within a time frame
indicative of LLPS (Fig. 1d) as demonstrated by FRAP (Fluores-
cence Recovery after Photobleaching). Hyperosmotic stress (125
mM, sucrose) induced further BAG2 condensation (Fig. le,
Supplementary Movie 2). Under these conditions, clover-BAG2
condensation increased 4.5 + 3.4-fold (p < 3.0 x 10~2) in total area
after one minute and reached a plateau after 10 min with a
22.6+0.1-fold increase in total area at 14 min (p<1.0 x 107%)
(Fig. 1f). Hyperosmotic stress also increased the percentage of
cells containing clover-BAG2 condensates from 42.7 +11.7% to
77.4 + 11.4% after 14 min (p = 4.0 x 10~ Fig. 1g). Dissolution of
BAG2 condensates occurred in less than two minutes following
recovery from hyperosmotic stress (Supplementary Fig. 1la).
Other stressors also induced BAG2 condensates over different
time intervals: MG132 (30 min), oligomycin (80 min), tempera-
ture (42 °C, 30 min) and lipopolysaccharide (LPS; 20 min) (Sup-
plementary Fig. 1b-e).

Staining of endogenous BAG2 in SH-SY5Y cells revealed
numerous small puncta distributed throughout the cytoplasm
(Fig. 1h, left image). These BAG2 puncta appear to be phase
separated, but experimental validation of LLPS of endogenous
protein was not technically feasible. After hyperosmotic stress
(sucrose, 30 min, 125mM, Fig. 1h), the average number of
endogenous BAG2 puncta per cell did not change significantly
(Fig. 1i), but their diameters increased from 0.28 +0.13 um to
036+0.19um (p<1.0x10~% Fig. 1j), with many BAG2
condensates of ~1um. Other stressors such as temperature
(42 °C), LPS, oligomycin (Supplementary Fig. 2) and MG132 (see
below) also increase endogenous BAG2 condensation.

BAG2 condensates are distinct from stress granules (SGs) and
processing bodies (PBs). The first clue that BAG2 condensates
were distinct from SGs was the finding that sodium arsenite
(NaAsO,), among the different stressors we tried, was unique in
that it neither induced BAG2 condensates nor significant co-
localization of BAG2 with G3BP1 in stress granules (Supple-
mentary Fig. 3a). In fact, a time course experiment in cells
stably expressing clover-BAG2 and exposed to arsenite
(500 uM, 120 min) (Fig. 2a) reduced the total area of BAG2
condensation by 2.3 +0.3-fold (p = 1.1 x 103, 120 min; Fig. 2b,
Supplementary Movie 3). NaAsO, also decreased the percentage
of clover-BAG2 cells that contained condensates from
46.4+10.0 % to 44+3.4% (p=2.0x10"% Fig. 2c). Arsenite
treatment decreased BAG2 by western blot (Supplementary
Fig. 3b). BAG2 condensation shows a preferential response to
hyperosmotic stress over oxidative stress with arsenite!. To
support this mechanistic distinction, we immunolabeled endo-
genous G3BP1, a marker for SGs, in clover-BAG2 cells after
hyperosmotic stress. Although hyperosmotic stress can induce
stress granules’1>16, most of the BAG2 signal (~80%) failed to
co-localize with G3BP1 after hyperosmotic stress (Fig. 2d). Nor
did pEGP-TIA1, another SG marker, colocalize with ruby-
BAG2 (Supplementary Fig. 3c). Similarly, less than 20% of PBs
colocalized with BAG2 condensates (Fig. 2e).
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Fig. 1 BAG2 condensation in response to stress. a Representative image of cells expressing BAG2 in both dilute (arrowhead) and dense phases (arrow) in
SH-SY5Y cells stably expressing clover-BAG2. 49.7 £12.5% of the clover-BAG2 population contained condensates (915 cells, n =5, mean = SD).

b Representative image of cells containing BAG2 condensates illustrating puncta detection (insert). Number of condensates per cell (45 cells, n=3);
condensate diameter (2798 condensates, 10 cells, n = 3). Box: 25th and 75th percentiles. Line: median. Whiskers: smallest to the largest values. Dots:
individual cell. ¢ Image over time (Supplementary Movie 1): fusion of two BAG2 condensates. d Condensates dynamically exchanged BAG2 molecules with
the dilute phase as demonstrated by FRAP analysis. Images showing representation of pre-bleaching (baseline), bleaching and post-bleaching fluorescence
recovery; graph: fluorescence recovery quantification over time. Colors: different condensates. Insert: Fitting curve mean values for exponential recovery.
e Representative image of a clover-BAG2 stable cell before and after stress (Sucrose 125 mM, 15 min). f Quantification of the total BAG2 condensation area
over time. Condensation area is shown as the total sum of clover-BAG2 area normalized by its highest value, * from p=3x10=2 (2 min) to p<1.0 x 10~4
(14 min); one-way ANOVA followed by the Dunnett's test, n =3, 8 cells, mean £ SD. g Percentage of clover-BAG2 cells that contained condensates before
and after stress (Sucrose, 125 mM) (n = 6; 1023 cells for control and 1216 for stress, *p = 4.0 x 10~4, two-sided Student's t test. Box and whiskers: same as
in “b". Dots: replicates. Experiments in a-g performed in clover-BAG2 stable SH-SY5Y cells. h Immunostaining images of endogenous BAG2 in SH-SY5Y
cells before and after stress (Sucrose 125 mM, 30 min). i Average number of 932.2 £ 264.4 BAG2 puncta/cell after exposure to stress, mean = SD. Box and
whiskers: same as in “b". 13 cells, n = 3. J BAG2 puncta diameter (*p < 1.0 x 10~4, two-sided Students’ t test, 12 cells, 10,883 puncta for control and 13 cells,
11,202 puncta for stress). Box: same as in “b". Whiskers: 10th and 90th percentile. Dots (individual condensate) below and above the whiskers are shown.
n = independent replicates.

RNA is a critical component of SGs and PBs!”. mRuby-BAG2
stable cells were incubated, in vivo, with the cell-permeant SYTO
14 green fluorescent nucleic acid stain. In contrast to SGs and
PBs, only a small percentage of BAG2 condensates colocalized
with RNA (Fig. 2f). Taken together these observations suggest
that BAG2 condensates represent a distinct membraneless
organelle.

Structural determinants of BAG2 condensates. BAG2 can
undergo multi-oligomerization in vitro® which depends on both
the amino terminal coiled-coil domain and the carboxy terminal
BAG2 domain. BAG2 oligomerization (Fig. 3a) likely lowers the
energy barriers for LLPS!8 due to heterogeneous nucleation on
the surface of the oligomer complexes. Based upon classical
nucleation theory, heterogeneous LLPS lowers the free-energetic
barrier for nucleation relative to homogeneous LLPS due to

increased multivalent and heterotypic interactions in presence of
the oligomers. To investigate this possibility, two different clover-
BAG2 mutants were initially cloned: BAG2-1160A (point muta-
tion in the BAG2 domain) and BAG2-A20-61 (coiled-coil region
deleted) (Fig. 3b). The point mutation disrupted both the inter-
action with Hsp70 and Hsp70 NEF activity, in vitro (Supple-
mentary Fig. 4a). To determine whether these BAG2 mutations
affected their ability to undergo condensation, clover-BAG2 wild
type and the mutants (BAG2-1160A and BAG2-A20-61) were
separately transfected into SH-SY5Y cells and subjected to
hyperosmotic stress (Fig. 3¢, images). In clover-BAG2 wild type
cells, the percentage of clover-BAG2 cells that contained con-
densates  increased from 12.0+64% to 78.0+11.1%
(p=1.9 x 1077; Fig. 3c, graph). However, neither of the mutants
induced BAG2 condensation before or after stress (Fig. 3¢, images
and graph). This finding suggested that BAG2 condensation
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Fig. 2 BAG2 condensates are distinct from stress granules and processing bodies. Representative images (a) and BAG2 condensation area over time (b)
in stably expressing clover-BAG2 SH-SY5Y cells exposed to arsenite (500 uM, 120 min, 3 independent replicates, * from p = 4.8 x 10~2 (50 min) to
p=11x10"3 (120 min); one-way ANOVA followed by the Dunnett's test, mean + SD. ¢ Percentage of clover-BAG2-positive cells that contained

condensates compared to total clover-BAG2 cells (839 cells analyzed for the control and 1012 for arsenite in 4 independent replicates, *p = 2.0 x 10—4,
two-sided Student’s t test). Box and whiskers: the boxplots are centered around the median and extend from the 25th to 75th percentiles. The whiskers go
down to the smallest value and up to the largest. Dots represent replicates. d Representative images and plot showing the immunostaining and
quantification of co-localization between endogenous G3BP1, a stress granules marker, and BAG2 condensates in stably expressing clover-BAG2 SH-SY5Y
cells exposed to sucrose (125 mM, 30 min; 1896 condensates analyzed in 12 cells from 3 independent replicates). e Representative images and plot
showing the immunostaining and quantification of co-localization of endogenous DCP1A, a P-body marker, and BAG2 condensates in stably expressing
clover-BAG2 SH-SY5Y (3621 BAG2 condensates analyzed in 14 cells from 3 independent replicates). f In vivo imaging of SH-SY5Y cells stably expressing
ruby-BAG2 and incubated with the cell-permeant SYTO 14 green fluorescent RNA label. The percentage of BAG2 condensates co-localized with SYTO 14
is shown (1735 BAG2 condensates in 14 cells from 3 independent replicates). d-f Dots in the plots represent the percentage of BAG2 condensates
colocalized with G3BP1, DCP1A and RNA (arrows in images) from each individual cell. Line is centered around the mean = SD. Arrowheads (images): non-

colocalized.

depends both on the BAG2 domain (BAG2-I160A) and the
coiled-coil domain (BAG2-A20-61).

The phosphoserine at position 20 in the BAG2 sequence (the
first amino acid of the coiled-coil domain deleted in BAG2-A20-
61) has been described as a possible target of the p38 stress
MAPK pathway!®20. To determine whether this site could
mediate BAG2 condensation, a clover-BAG2 phosphomimetic
(BAG2-S20E) and non-phosphorylatable (BAG2-S20A) analog
(Fig. 3b, white arrow) were transiently expressed in SH-SY5Y
cells and subjected to hyperosmotic stress (Fig. 3d, images). The
BAG2 phosphomimetic mutant increased condensation under
stress from 1.8+2.1% to 49.8 +8.5% (p=3.5x 107> Fig. 3d,
graphs), whereas the non-phosphorylatable analog failed to

induce BAG2 condensation. This result suggested a role for
phosphorylation at serine 20 in BAG2 phase separation.

BAG2 condensates protect cells against stress. To identify a
possible protective role of BAG2 condensation in the context of
stress, clover-BAG2 wild type and the previously identified
mutants (BAG2-A20-61 and BAG2-1160A) that did not undergo
condensation during hyperosmotic stress were separately trans-
fected into SH-SY5Y cells and subjected to an ATP based viability
assay (CellTiter-Glo Luminescent Cell Viability Assay Kit, Pro-
mega). Hyperosmotic stress did not change cell viability in BAG2
wild type cells; however, it was decreased by 12.5+3.0% in
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BAG2-A20-61 cells (p = 2.1 x 1073) and by 25.6 + 7.6% in BAG2-
1160A cells (p = 7.5 x 10~ Fig. 3e) possibly due to the inhibition
of BAG2 condensation.

The potentially protective effects of BAG2 condensates were
further investigated in SH-SY5Y cells with a PARP antibody, a
marker of cell death, after transfection of clover alone, clover-
BAG2 wild type and clover-BAG2 mutants (BAG2-A20-61 and
BAG2-I1160A). After 2h of hyperosmotic stress, the levels of
cleaved PARP ratio were decreased 38.7 +7.5% in clover-BAG2
wild type cells compared to clover alone (p = 1.3 x 10~3); whereas

Endo. BAG2,

20um | Endo. BAG2, BFP 20UT

cleaved PARP was increased 66.7 £ 9.4% in BAG2-A20-61 cells
(p=2.6x107>) and increased 36.6 + 4.2% in BAG2-I1160A cells
(p=1.8x1073) as compared to wild type BAG2 cells (Fig. 3f).
Similar results were also observed in cells stably expressing
BAG2-A20-61 and BAG2-1160A followed by hyperosmotic stress
and probed by PARP antibody (Supplementary Fig. 4b).

Finally, the protective effect of endogenous BAG2 condensates
was demonstrated by the effects of BAG2 repression. H4 cells
constitutively expressing CRISPRi machinery21 (H4i) were
transduced with BAG2 sgRNA, selected, exposed to stress
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Fig. 3 Mutational analysis of BAG2 condensate function. a Model of a multi-oligomerization structure of BAG2-full length protein representing the N and
C termini interactions. b Mutation sites used to study BAG2 condensation in c-f. ¢ Representative images (top) and plot (bottom) showing SH-SY5Y cells
transfected with clover-BAG2 full length, clover-BAG2-A20-61 and clover-BAG2-1160A before and after stress (Sucrose 125 mM, 15 min). Plots: the
percentage of clover-BAG2 cells that contained condensates before and after stress (*p =19 x10~7, two-sided Student's t test). d Same experiment
performed in ¢ using clover-BAG2-S20E (phosphomimetic) and clover-BAG2-S20A (non-phosphorylatable) before and after stress (Sucrose 125 mM,
15 min, *p = 3.5 x 107>, two-sided Student's t test). e Cell viability as measured by the CellTiter-Glo(R) Luminescent Cell Viability Assay kit in control and
after stress (500 mM, 2 h) in SH-SY5Y cells transfected with clover-BAG2 full length, clover-BAG2-A20-61 and clover-BAG2-1160A (7 independent
replicates, *p = 2.1x 1073, **p = 7.5 x 109, two-way ANOVA followed by the Tukey s test). f Western blotting against PARP, Actin and BAG2 in SH-SY5Y
lysates of cells transfected with empty vector (Clover), BAG2 full length, BAG2-A20-61 and BAG2-1160A and subjected to stress (Sucrose 500 mM, 2 h).
Blots and densitometry quantification of 3 independent replicates. Beta-actin was used as a loading control (*p =1.3 x 10~3 for BAG2 full length;
= 2.6 x 107> for BAG2-A20-61; **p = 1.8 x 103 for BAG2-1160A; one-way ANOVA followed by the Tukey s test). Line: median. Plots: smallest to the
largest values. Points represent replicates. g Western blotting against PARP, Actin and BAG2 in H4i cells transduced with BAG2 sgRNA and NT sgRNA
before and after stress (sucrose, 500 mM, 2 h). Six independent replicates *p = 0.0027; two-sided Student’s t test. h BAG2 immunocytochemistry images
of H4i cells transduced with NT sgRNA and BAG2 sgRNA. BFP: CRISPRi machinery fluorescence marker (H4i). i BAG2 immunocytochemistry images of the
regular H4 cells before and after stress (Sucrose, 125 mM, 30 min). c-e, g Box and whiskers: the boxplots are centered around the median and extend from

the 25th to 75th percentiles. The whiskers go down to the smallest value and up to the largest. Dots represent replicates.

(sucrose) and probed with a PARP antibody. After 2h of
hyperosmotic stress, the levels of cleaved PARP ratio were
increased 66.9 +4.7% in BAG2 sgRNA as compared to non-
targeting sgRNA (NT or scramble shRNA) controls (Fig. 3g -
graph). The knockdown efficiency was confirmed by WB (Fig. 3h
- blots) and by ICC (Fig. 3h). Endogenous BAG2 condensates are
also present in H4 cells and increase after sucrose treatment
(Fig. 3i).

BAG2 condensates are multicomponent entities. To demon-
strate the heterotypic multicomponent nature of BAG2 con-
densates we demonstrated a non-fixed saturation concentration
of the dense phase both before and after hyperosmotic stress
(Fig. 4a, b). Fluorescence correlation spectroscopy (FCS) was used
to determine absolute concentrations of clover-BAG2 in the
dilute and dense phases?2-24 as a means of measuring the transfer
free energies of condensates before and after stress (Supplemen-
tary Fig. 5a, b). In a system composed of completely homotypic
BAG2:BAG2 interactions, changes in the total cellular con-
centrations of BAG2 should only affect the volume ratio of BAG2
in the dilute and dense phase, while leaving the concentrations of
the two phases unperturbed. Additionally, both the partition
coefficient (1),

B 2Dense
K_[ ag2]

=t 1
[Bagz]Dzlute ( )

and the transfer free energy (2),
AG" = —RTInK, )

should be unperturbed across a range of BAG2 concentrations if
only homotypic interactions were present2°. In cells containing
condensed BAG2, as the concentration of [BagZ]Dilute increased,
so did the AG! both before and after hyperosmotic stress treat-
ment (Fig. 4a) which is indicative of heterotypic interactions®.
Further, when fitting individual FCS traces fluctuations in the
measured diffusion coefficients were uncorrelated with measured
concentrations, supporting the hypothesis that heterotypic
interactions are playing an important role in this system (Sup-
plementary Fig. 5c). These findings provided direct evidence that
BAG2 condensates were driven by heterotypic interactions with
other biomolecular components as active participants in the
regulation of BAG2 phase transition.

Based upon the condensation of BAG2 with stress we
determined whether BAG2 heterotypic interactions were modu-
lated by cellular stress, as seen for other canonical LLPS systems
such as stress granules?®. By calculating the AG™ of individual

cells before and after hyperosmotic stress, changes in the
interactions leading to BAG2 condensates were assessed (Fig. 4b).
After a 15min incubation with sucrose, the average AGY
decreased by 0.17kcal mole™! (p=13x10"8). The more
negative transfer free energy suggests that heterotypic interactions
in the BAG2 condensates have increased in stressed cells. The
more negative AGY after stress may be due to post-translational
modifications on BAG2 (and other proteins) and/or flux of newly
available interactions partners that provide the perturbation
necessary to make phase transition more favorable.

BAG?2 binds to the ATPase domain of the stress response heat
shock protein 70 (Hsp70), thereby driving client proteins to the
proteasome’. To identify the components within BAG2 con-
densates, SH-SY5Y cells were transfected with pEYFP-BAG2 and
DsRed-Hsp70, subjected to hyperosmotic stress, and imaged by
time lapse. In this experiment, Hsp70 demixed with BAG2
condensates 5min after stress (Fig. 4c). In clover-BAG2 stable
cells, endogenous Hsp70 labeled the BAG2 condensates with
80.7 £ 9.8% colocalization after 30 min of hyperosmotic stress
(Fig. 4d). We also demonstrated that BAG2 condensates contain
the 20S proteasome and not the 26S. When clover-BAG2 stably
transfected cells were subjected to hyperosmotic stress (30 min)
and stained with 20S alpha 5 proteasome antibody, 60.2 +9.4%
colocalization was observed with BAG2 condensates (Fig. 4e).
Similar results were obtained in COS-7 cells (Supplementary
Fig. 6a). In the stably transfected SH-SY5Y cells, BAG2
condensates also label with PA28 gamma (~80%; Fig. 4f) and
PA28 beta (~60%) after hyperosmotic stress (Supplementary
Fig. 6b). The PA28 proteins (also known as 11S, REG or PMSE)
can markedly enhance degradation rates by the 20S proteasome?’.
Although PA28 is described as localized to the nucleus, after
stress PA28 is readily detectable in the cytoplasm?8. The detection
of the alpha 5 subunit does not exclude the concomitant presence
of the 26S. Endogenous BAG2 condensates show only a very
small percent colocalization with the 19S cap (PA700), which is
associated with 26S (Supplementary Fig. 6¢). However, as noted
in the transfection experiments, a large percentage of PA28
gamma is associated with endogenous BAG2 condensates after
hyperosmotic stress (Supplementary Fig. 6d) suggesting that the
20S proteasome is the major component of BAG2 condensates. In
summary, the composition of BAG2 condensates define a distinct
cellular organelle which highly co-localized with Hsp70 and the
activated 20S proteasome while far less frequently co-localizing
with RNA, G3BP1, DCP1A and 19S cap.

BAG2 condensates mediate degradation. Several lines of evi-
dence including the absence of a ubiquitin-like domain (Ubl) on
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BAG2 molecule and its function as an inhibitor of the ubiquitin
E3 ligase CHIP” suggest that BAG2 condensates degrade proteins
independently of ubiquitin. To validate this hypothesis, clover-
BAG?2 stable cells were subjected to hyperosmotic stress (30 min)
and stained for endogenous ubiquitin-K48 antibody?°. Less than
20% of the BAG2 condensates were co-localized with ubiquitin-
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K48 label after stress (Fig. 5a). Similar results after hyperosmotic
stress, were observed using the UBCJ2 antibody that recognizes
mono- and poly-ubiquitinylated conjugates (Supplementary
Fig. 7). Furthermore, only a minority of the endogenous BAG2
condensates colocalized with CHIP (~20%) (Supplementary
Fig. 8a). Interestingly, ~80% colocalization with CHIP was
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Fig. 4 BAG2 condensates are multicomponent entities. a DeltaG Plot, dependence of the transfer free energy on the concentration of BAG2 in the dilute
phase. The solid line represents the best fit of the data, while the dotted lines represent the 90% mean confidence interval (see methods). The nonlinear,
increasing AGY as a function of BAG2 concentration indicates that heterotypic interactions control BAG2 phase separation. b SH-SY5Y cells stably
expressing clover-BAG2 were analyzed by fluorescence correlation spectroscopy (FCS) before and after stress. Stress increased the heterotypic
interactions inside the BAG2 condensates. Violin plots of the transfer free energy of condensates formation before and after the addition of sucrose. The
two white circles represent the medians, while the gray bars are the interquartile range. Each dot represents the average transfer free energy of a single cell
(5 independent replicates, 54 cells analyzed, two-sided Pairwise Student's t test, ***p = 4.6 x 10~9). ¢ SH-SH5Y cells transiently expressing pEYFP-BAG2
and DsRED-Hsp70 subjected to stress (Sucrose 125 mM, 5 min). Arrows in the zoomed right panel indicate co-localization of Hsp70 and BAG2
condensates. Arrowheads indicate BAG2 condensates without Hsp70. Inserts in the Hsp70 panels (red) show representative images of SH-SY5Y cells
transfected only with Hsp70 (no BAG2) and subjected to stress highlighting the absence of Hsp70 condensates under this condition. Images of
endogenous Hsp70 (d), endogenous 20S alpha 5 subunit of the proteosome (e) or endogenous PA28 gamma (f) immunostaining in SH-SY5Y cells stably
expressing clover-BAG2 subjected to stress (Sucrose 125 mM, 30 min). Arrows indicate colocalization between BAG2 condensates and Hsp70 (d),
proteosome 20S alpha 5 subunit (e) or PA28 gamma (f) while arrowheads highlight the presence of clover-BAG2 condensates with absence of Hsp70
or proteosome 20S alpha 5 subunit immunolabeling. The quantification of the co-localization is graphically depicted [4020 BAG2 condensates analyzed in
12 cells (d); 3996 BAG2 condensates in 14 cells (e) and 1988 BAG2 condensates in 14 cells)]. All from 3 independent replicates, d-f. Dots represent the
percentage of BAG2 condensates colocalized with Hsp70, 20S alpha 5 subunit and PA28 gamma from each individual cell. Line is centered around the

mean £ SD.

observed among the largest 5% BAG2 condensates (Supplemen-
tary Fig. 8a) suggesting a possible shift in degradation process
within a bigger and crowded environmental. The absence of a role
for ubiquitin in BAG2 condensates was additionally demon-
strated in clover-BAG2 stable SH-SY5Y cells pre-treated with the
ubiquitin E1 inhibitor MLN-7243, 1 uM, 1 h prior?, and subjected
to hyperosmotic stress. MLN-7243 did not block the formation of
BAG condensates (Supplementary Fig. 8b) but blocked the high
molecular weight species formed by ubiquitin-K48 targeting lin-
kages after hyperosmotic stress (30 min) (Supplementary Fig. 8c)
suggesting that BAG2 condensates do not utilize an E1 ubiquitin
conjugate enzyme or ubiquitin within BAG2 condensates.

To determine directly whether BAG2 condensates mediated
protein degradation, we used the client protein ZsGreen fused to
a PEST sequence (pZsProSensor-1; Takara Bio Inc). The PEST
sequence efficiently and rapidly drives ZsGreen degradation in a
ubiquitin independent manner through the 20S proteasome?0.
SH-SY5Y and mRuby-BAG2 stable SH-SY5Y cells were both
transiently transfected with ZsGreen alone (—PEST) or ZsGreen
fused to PEST (+PEST). As expected, the +PEST signal was
markedly decreased in both cell types as compared to its
respective. —PEST  (p=35x10"? for control and
p=89x10"11 for stably BAG2 cells; Fig. 5b); however, the
presence of +PEST had a higher clearance of ZsGreen in mRuby-
BAG?2 stable cells as compared to +PEST control SH-SY5Y cells
(p=1.2x 1072; Fig. 5b). Interestingly, in ruby-BAG2 stable cells
the +PEST signal was co-localized with BAG2 condensates
(Fig. 5¢) in contrast to the —PEST signal that showed no co-
localization with BAG2 condensates (Fig. 5d). These results
support the hypothesis that BAG2 condensates degrade clients in
a ubiquitin independent manner through the 20S proteasome.

BAG2 condensates degrade Tau under stress conditions. As a
client of BAG2, Tau can undergo degradation independently of
ubiquitin®31:32; however, the role of condensates to Tau pro-
teostasis is not well established3. To explore this role, SH-SY5Y
cells were transiently transfected with clover-BAG2 and mRuby-
Tau and the population of cells with both markers were analyzed.
BAG2-containing cells fell into two clearly distinctive populations
similar to the same experiments described above without Tau. A
population with large numbers of BAG2 condensates, and a
second population in which nearly all of the BAG2 was in the
dilute phase (Fig. 6a, arrow vs arrowhead, green image). We
quantified Tau intensity levels in these two populations. Cells
with BAG2 condensates had 1.8 £ 0.6-fold increase in Tau levels
compared to cells in which BAG2 was only present in the dilute

phase (p = 2.4 x 10~14; Fig. 6a, graph) suggesting that high levels
of Tau preferentially recruit BAG2 condensates.

As observed previously?, BAG2 aligned along the microtubules;
however, in these experiments, we further report that BAG2 does
so in the form of a condensate (Fig. 6a, insert; Fig. 6b;
Supplementary Fig. 9a, b; Supplementary Movie 4). This
observation suggests that Tau, while in proximity to the
microtubule, is associated with a condensate implying that when
Tau is associated with condensates it is unlikely to be bound to
the microtubules. Parallel results were also observed in COS7 cells
(Supplementary Fig. 9¢c). Support for attraction of the unbound
form of Tau to condensates derived from observations after
treatment with vinblastine (1h), a microtubule depolymerizing
agent. This treatment markedly increased BAG2 condensation
(Supplementary Fig 9d, Supplementary Movie 5). In the next
experiments, clover-BAG2 and mRuby-Tau were stably expressed
in SH-SY5Y cells encoded by clover-BAG2-P2A-mRuby-Tau
joined by the self-cleaving peptide P2A34 so that Tau and BAG2
localize independently after their translation. In the absence of
stress, BAG2 was mainly observed in the dilute phase with few
condensates (Fig. 6c, left images). Hyperosmotic stress (15 min)
rapidly induced BAG2 condensates that aligned along micro-
tubules (Fig. 6¢c, right images). Similarly, endogenous BAG2 and
Tau also increased in their association following hyperosmotic
stress (Supplementary Fig 10a).

To capture Tau and BAG2 interactions within BAG2
condensates we performed FLIM-FRET measurements using
the clover-mRuby2 FRET pair (Fig. 6d). After hyperosmotic
stress, the whole cell interaction lifetime dropped compared to
unstressed cells, which have few BAG2 condensates, but the
decrease was not significant (from 3.15 + 0.07 ns to 3.03 + 0.09 ns,
Fig. 6d). However, by segmenting the images and fitting the
subset of pixels that belonged exclusively to BAG2 condensates,
the measured lifetime was 2.8 £ 0.1 ns, significantly lower than
whole control cells (p=2.7x107°) or whole cells after stress
(p=28x 1072) (Fig. 6d). The value of 2.8ns is in good
agreement with previous observations made for FRET from
fused clover-mRuby constructs’>. When measuring only the
dilute BAG2 phase in stressed cells (excluding condensates) the
lifetime also differed significantly from condensates (3.1 + 0.1 ns,
p =2.6x1073) (Fig. 6d), a value very close to that of free clover
(3.15 £ 0.07 ns) indicating that no FRET occurred. Together these
data suggest that the majority of BAG2-Tau interactions occur
within condensates.

Finally, we sought direct detection of increased Tau degrada-
tion by BAG2 under hyperosmotic stress. SH-SY5Y cells
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Fig. 5 BAG2 condensates function as degradation granules. a SH-SY5Y cells stably expressing clover-BAG2 immunostained for endogenous ubiquitin-
K48. Arrows indicate colocalization between clover-BAG2 and ubiquitin-K48. In most BAG2 condensates ubiquitin-K48 immunolabeling was absent
(arrowhead). The quantification of the colocalization is shown (2752 BAG2 condensates analyzed in 13 cells from 3 independent replicates). Dots
represent the percentage of BAG2 condensates colocalized with ubiquitin-K48 from each individual cell. Line is centered around the mean £ SD.

b Percentage of ZsGreen positive cell per total in SH-SY5Y cells and ruby-BAG2 stable cells transiently expressing ZsGreen alone (—PEST) or ZsGreen
fused to PEST (4-PEST). As expected, the +PEST signal was markedly decreased in both cell types as compared to its respective —PEST (****p =3.5x 102
for control and ****p = 8.9 x 10~ for stably BAG2 cells); however, the presence of +PEST had a higher clearance of ZsGreen in mRuby-BAG2 stable cells
as compared to +PEST control SH-SY5Y cells (*p =1.2 x 10~2). Two-way ANOVA followed by the Tukey's test, 5 independent replicates. Representative
images of the ZsGreen labeling are shown at the bottom. Box and whiskers: the boxplots are centered around the median and extend from the 25th to 75th
percentiles. The whiskers go down to the smallest value and up to the largest. Dots represent replicates. € Representative images using higher laser

intensity of ruby-BAG2 stable cells expressing the ZsGreen (4+-PEST) showed co-localization between +PEST signal and BAG2 condensates (arrows). 3
independent replicates. d As a control, ruby-BAG2 cells expressing the ZsGreen alone (—PEST) showed no co-localization between signals. 3 independent

replicates.

expressing either Tau or Tau and BAG2 were subjected to 2 h of
hyperosmotic stress and probed by western blotting with
antibodies PHF-1, MC-1, AT-8 and Tau-5 (Fig. 6e, for blots see
Supplementary Fig. 10b). Under stress, the presence of BAG2
resulted in 3.66+2.03-fold decrease in PHEF-1/Tau-5
(p=27%1073), 0.69+0.63-fold decrease in MC-1/Tau5
(p=17%10"2) and 1.13+0.90-fold decrease in AT8/Tau5
(p=4.1x10"2) (Fig. 6e). A key site of BAG2 action appears to
be on the microtubule as after 2 h of hyperosmotic stress, BAG2
condensates remained associated with Tau on the microtubules
(Supplementary Fig. 10c).

LAMP-1, p62/SQSTM1 and BAG2 condensates. BAG2 con-
densates did not co-localize with the lysosomal marker, LAMP-1
(Fig. 7a, insert) or p62/SQSTM1 (Fig. 7b, insert), a key protein
involved in switching between the UPS and autophagy

pathways3¢ mediated by binding to polyubiquitin3738. Treatment
with bafilomycin A; (BafAl), an autophagy inhibitor, had no
effect on BAG2 condensates (Fig. 7c vs. a, b), suggesting that
BAG2 condensates were not primarily associated with autophagy.
However, in the context of proteasomal inhibition with MG132,
autophagy is activated3® and aggresomes form*?. Exposure of SH-
SY5Y cells to MG132 increased the percentage of cells with single
large (>3 um) endogenous BAG2-labeled juxtanuclear structures
that impinged upon and distorted the contour of the nuclear
envelope typical of aggresomes. These structures were present in
39+28% of non-treated cells and 84.6+11.3% in MG-132
treated cells (p=3.2 x 10719; Fig. 7d). As expected, these struc-
tures immune-labeled with LAMP-1 (Fig. 7e, Supplementary
Fig. 11a) and p62/SQSTM1 (Fig. 7g, Supplementary Fig. 11b)
suggesting that BAG2 condensates and autophagy related pro-
teins migrate to this aggresome-like structure. LAMP-1 labeling
predominated in regions devoid of BAG2 signal (Fig. 7e) with

| (2022)13:3074 | https://doi.org/10.1038/s41467-022-30751-4 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

[N
o

24 h after transfection

Low FRET High FRET

" 4

Tau intensity mean
(arbitrary units)
(<))
.!g
*
.

v | 2 Cagen

. A\ { Pl 1 BAG2 cells in dilute phase
Clover-BAG2 ' Ruby-Tau —— [ BAG2 cells in condensed phase t

BAG2 + Tau
(blue regions)

e

Control Sucrose
erge: Clover-BAG2,

1pm

Control, 00 min

Ruby-Tau Ruby-Tau

Clover-BAG2 E 3.24 ; 3
1] ' ] ‘ p
£ ! , ) |4
& 304 ‘ v
= Whole cell |
5 o |
2 281 Whole cell Dilute BAG2
2 phase
® 56
§ 26 Condensed
BAG2 phase
24 —
e g  Clover-BAG2, Control Sucrose
[ Tau [ Tau tau [ Tau
e [ Tau/BAG2 [ tau/BAG2 [ Tau/BAG2 [ tau/BAG2
300+ . 400~ * 300+ * 200 .
— el ey —_
T s 3 ?
= T = ]
£ 13 2 T 150+
£ £ 3004 £ €
S 200 5 £ 2004 13
S £ 2 S
=3 o £
0 E] 0 £ 100+
: o] : s o Bl B
7 100y bl EH S 7 100 f*] B8 3 = e
' il >
% = < ) 50
= o 100 o
G T T T T c T T T L
Control Sucrose Control Sucrose Control Sucrose Control Sucrose

Fig. 6 Function of BAG2 condensates. a SH-SY5Y cells transiently expressing ruby-Tau and clover-BAG2 after 24 h show BAG2 in dilute phase (arrow)
and dense phase (arrowhead). Fluorescence of Tau intensity was normalized by its highest value in these two populations (n = 3, 20 cells for dilute and 22
for dense phase, *p = 2.4 x 10~ 14, two-sided Student's t test). Box: 25th and 75th percentiles. Line: median. Whiskers: smallest to the largest values. Dots:
represent individual cell. b BAG2 condensates aligned along microtubules (Supplementary Movie 4). € SH-SY5Y stably expressing clover-BAG2 and ruby-
Tau after stress (sucrose, 15 min) increase BAG2 condensates and their alignment along the microtubules (arrows). Arrowhead: BAG2 dilute phase.

d BAG2-Tau interaction by FLIM-FRET. Image displays the fluorescence lifetime (red: 3.2 ns - no energy transfer; blue: lower lifetime - energy transfer).
Graphical representation of the lifetime signal before and after stress in the whole cell, condensates or dilute phase. Over the entire cell, lifetimes did not
change significantly after stress. However, the lifetime images indicated a significant FRET signal within condensates after stress (top). By segmenting the
images and fitting pixels belonging to distinct condensates, the fit had an average weighted mean lifetime of 2.8 + 0.1 ns, significantly lower compared to
control (****p=2.7x1075) or to whole cells after stress (*p = 2.8 x 10~2). When measuring only the dilute BAG2 phase in stressed cells (excluding
condensates) the average weighted mean lifetime was 3.1+ 0.1 ns which also differed from the condensates (**p = 2.6 x 10~3). Therefore, the majority of
BAG2-Tau interactions occur in condensates. 11 cells, n =3; One-way ANOVA followed by the Tukey s test. Floating lines: 25th and 75th percentiles.
Circle: median. Violin: smallest to the largest values. Dots: individual cell. e Cells stably expressing Tau or Tau-P2A-BAG2 were subjected to stress
(sucrose 500 mM, 2 h) and resolved with Tau-5, PHF-1, MC-1, and AT-8. n=4 (see Supplementary Information). Under stress, the presence of BAG2
decreased the ratio of PHF (*p = 2.6 x10=3), MC-1 (*p =1.7 X 10~2) and AT-8 (*p = 4.0 x 10~2) to total Tau. two-way ANOVA followed by the Tukey"s
test. Box and whiskers: same as in “a". Dots represent replicates.

10 | (2022)13:3074 | https://doi.org/10.1038/s41467-022-30751-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Control

Endogenous BAG2

i -

Endogenous BAG?2,

Bafilomycin |:|

Endogenous BAG2,

Control

e - -3
A S o

N
=)
1

Single cluster/cell > then 3um,%

F

Control MG132

20um 4

Endogenous BAG?2,

L8 MG132, 24h .
Endogenous BAG2,

MG132, 24h
Aggresome
Endogenous BAG2

-0.6 um | Z stack: 0.0 um

Endo. BAG2 ' - .

1um

MG132, 24h

MG132, 24h Aggresome

Endogenous BAG2,

Endogenous BAGZ

Fig. 7 BAG2 condensates with UPS inhibition. Co-immunostaining of BAG2 and LAMP-1 (@) or BAG2 and p62/SQSTM1 (b) in control cells, showing no
co-localization between markers (insert). ¢ Bafilomycin (15 h, 50 nM), an autophagy inhibitor, did not change the endogenous BAG2 pattern.

d Immunostaining of endogenous BAG2 in SH-SY5Y cells treated with MG132 (24 h, 10 uM) showing a robust increase in the percentage of BAG2 cells
containing a single aggresome-like structure (>3 um) of endogenous BAG2 condensates, not observed in non-treated cells (273 cells, 7 independent
replicates; *p = 3.2 x 10710, two-sided Student's t test). Box and whiskers: the boxplots are centered around the median and extend from the 25th to 75th
percentiles. The whiskers go down to the smallest value and up to the largest. Dots represent replicates. @ Co-immunostaining for endogenous BAG2 and
LAMP-1 after 24 h of MG132 treatment revealed intense staining of both markers in the aggresome; however, LAMP-1 showed strong staining at sites
devoid of BAG2 signal (arrow). f Images showing a higher magnification of 5 different Z-stack acquisition (from —Tum to +1pum) of the aggresome (see
insert) revealing multiple small BAG2 condensates (~0.2 um) surrounding a well-defined BAG2-negative core. g Co-immunostaining for endogenous BAG2
and p62/SQSTM1 after 24 h of MG132 revealed intense staining for both markers in the aggresome (see also Supplementary Fig 11b). p62/SQSTM1 forms
a well-defined region (arrow) within the BAG2 signal (Insert). h SH-SY5Y cells treated with MG132 (24 h, 10 uM) accumulate endogenous Tau-5 in the
perinuclear region (upper panel). In this region, some BAG2 condensates demixed with Tau (bottom panel, arrows). Experiments (a-c and e-h) were

performed in 4 independent replicates.

multiple small BAG2 condensates (~0.2 um) surrounding this
BAG2 negative core (Fig. 7f). p62/SQSTMI labels a well-defined
region within the locale of the BAG2 signal (Fig. 7g - insert). This
observation suggested that within the aggresome-like structure,
clients appeared segregated according to their mechanism of
protein degradation.

Tau was also present in the large aggresome-like perinuclear
structures (Fig. 7h, upper panel, Supplementary Fig. 11c) after
MG132 exposure. Some BAG2 condensates co-localized with Tau
(Fig. 7h, bottom panel) consistent with its known ubiquitin-
independent degradation mechanism?®31-32; whereas, Tau was not
observed in regions devoid of BAG2 devoid (Supplementary
Fig. 11d).

Discussion

Stress driven condensation is associated with heterogeneous
nucleation of myriad bio-macromolecules including RNA and
ubiquitin as key components that provide multi-valent interac-
tions to facilitate protein degradation and sequester RNA when
polysomes undergo disassembly and thereby abrogate protein

translation. One means for implementing these processes is the
formation of membraneless phase-separated organelles that
concentrate and localize specialized molecular machinery such as
stress granules, processing bodies*!, and RNA transport
granules*2, BAG2 condensates, although functionally linked to
stress®3-4> and capable of mediating folding and degradation
decisions does not involve RNA or ubiquitin and operates as a
distinct system within the shared cytoplasmic dilute phase of
membraneless organelles. BAG2 condensates, which have been
described as puncta®, are shown here to meet the commonly
accepted criteria for a phase-separated entity: spherical structures
that fuse and recover from photobleaching. However, these cri-
teria do not definitively prove LLPS. Although 1,6-hexanediol has
emerged as an indicator of LLPS, it was not used here because it
can change the permeability of membranes and thus lead to
artifacts0, We provided additional evidence for BAG2 phase
separation in cells by showing a change in the partition coefficient
expected with a multi-component condensate and genetic
manipulations that changed the valency and, in so doing, com-
pletely  obliterated  hyperosmotic  stress-induced =~ BAG2
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Fig. 8 Schematic representation of the BAG2 degradation condensate. BAG2 marks a distinct phase-separated membraneless organelle, triggered by
several forms of stress, particularly hyper-osmotic stress. BAG2 condensation depends on both the amino terminal coiled-coil domain and the carboxy
terminal BAG2 domain. Distinct from well-known condensates such as stress granules and processing bodies, BAG2-containing granules lack RNA, lack
ubiquitin and promote client degradation in a ubiquitin-independent manner via the 20S proteasome (UIPS). Components of these condensates include the
chaperone HSP-70 and the 20S proteasome activated by members of the PA28 (PMSE) family. These organelles protect the viability of cells from stress
and are capable of trafficking directly to their clients, in the case of Tau, on the microtubule. BAG2 condensates did not co-localize with LAMP-1 or p62-
SQSTM1. When the proteasome is inhibited, BAG2 condensates can traffic to an aggresome-like structure with the autophagy markers LAMP-1 and p62/
SQSTM1. LAMP-1 signal is predominantly in regions devoid of BAG2 and p62/SQSTM1 antibody labels a discrete region in proximity to the BAG2 signal.
This observation suggested that within the aggresome-like structure, clients were possibly segregated according to their mechanism of protein

degradation.

condensation. As was the case for BAG2 condensates (Fig. 3b),
previous studies have shown that phase separation in some
proteins depends upon a coiled-coil domain as observed for ASK3
under hyperosmotic stress*” or ORF1 RNA chaperone*$. Inter-
estingly, the BAG2 phosphorylation site at the first amino acid of
the coiled-coil domain, modulates BAG2 phase separation
(Fig. 3d).

Of interest is the ability of BAG2 condensates to assemble with
its degradation or refolding machinery at the cellular locale of its
client both in the case of Tau and more generally with ZsGreen
fused to the PEST sequence. Condensation is more favorable to
form on the microtubules due to the increment of heterogeneous
driven nucleation with a lower free-energy barrier. BAG2 con-
densates appear to provide a safe reservoir for Tau off the
microtubule. BAG2 condensates deliver clients directly to the 20S
proteasome, which partitions with the dense phase and, in con-
trast to the 26S proteasome, does so independently of ubiquiti-
nation. The affinity of natively folded proteins for the 26S
proteasome is extremely low, and therefore it is necessary to
increase the affinity by hydrolysis of the protein with a poly-
ubiquitin chain that requires a series of enzymatic steps carried
out by three classes of enzymes (E1, E2, and E3)%°. In contrast,
the 20S when capped by ATP- and ubiquitin-independent PA28
activator, which is present in BAG2 condensates, profoundly
increases its proteolytic activity®® and thereby creates a distinct
set of appropriate candidate clients (Fig. 8). Interestingly, gene
therapy with PA28 gamma in an animal model of Huntington’s
disease improved motor coordination®! which suggests that the
BAG2 condensate could serve as a therapeutic target>2.

Finally, Tau degradation pathways must b