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Spatial sequestration of misfolded proteins by a
dynamic chaperone pathway enhances cellular

fitness during stress

Stéphanie Escusa-Toret', Willianne I. M. Vonk' and Judith Frydman'?

The extensive links between proteotoxic stress, protein aggregation and pathologies ranging from ageing to neurodegeneration
underscore the importance of understanding how cells manage protein misfolding. Using live-cell imaging, we determine the
fate of stress-induced misfolded proteins from their initial appearance until their elimination. Upon denaturation, misfolded
proteins are sequestered from the bulk cytoplasm into dynamic endoplasmic reticulum (ER)-associated puncta that move and
coalesce into larger structures in an energy-dependent but cytoskeleton-independent manner. These puncta, which we name
Q-bodies, concentrate different misfolded and stress-denatured proteins en route to degradation, but do not contain amyloid
aggregates, which localize instead to the insoluble protein deposit compartment. Q-body formation and clearance depends on an
intact cortical ER and a complex chaperone network that is affected by rapamycin and impaired during chronological ageing.
Importantly, Q-body formation enhances cellular fitness during stress. We conclude that spatial sequestration of misfolded
proteins in Q-bodies is an early quality control strategy occurring synchronously with degradation to clear the cytoplasm of

potentially toxic species.

Misfolded proteins challenge the integrity of the cellular proteome and
compromise cell viability2. Their accumulation in insoluble protein
aggregates is linked to neurodegenerative amyloid disorders, including
Alzheimer’s and Huntington’s disease’. Accordingly, cells evolved
elaborating quality control machineries that eliminate misfolded
proteins and maintain protein homeostasis**. Molecular chaperones
are central to this process, as they recognize non-native conformations
and triage polypeptides for either refolding or degradation through
the ubiquitin-proteasome pathway (UPS) or autophagy**. In addition,
cells can actively sequester misfolded proteins in defined quality control
compartments®®. Upon proteasome impairment, misfolded proteins
partition into spatially and functionally distinct compartments®’: the
JUNQ (juxtanuclear quality control) compartment, which sequesters
misfolded polypeptides in a detergent-soluble state; and the IPOD
(insoluble protein deposit) compartment, which sequesters terminally
aggregated polypeptides”!®. Amyloid proteins, such as polyQ-expanded
Huntingtin, are partitioned primarily to the IPOD, even in the
absence of proteasome inhibition’. Protein sequestration into these
inclusions is proposed as an alternative cellular defense when quality
control machineries fail''=!%.

Quality control is viewed as a two-tiered system, whereby misfolded
proteins are first either refolded or degraded through the action of

chaperones and the UPS, and then, when triage fails, transported in a
cytoskeleton-dependent manner to cellular quality control inclusions!*.
By following, in real time, quality control substrates in the absence of
proteasome inhibition, we find instead that misfolded proteins are
rapidly concentrated in many dynamic inclusions, which we term Q-
bodies, even as they are degraded by the proteasome. Q-body formation
and movement is independent of the cytoskeleton, but requires the cor-
tical endoplasmic reticulum (ER) and the concerted action of a chaper-
one network. We propose that sequestration of misfolded proteins is an
integral and early aspect of cellular quality control that does not neces-
sarily ensue from proteostasis impairment or cellular dysfunction. Our
data have implications for understanding the genesis of terminal pro-
tein inclusions characterizing a wide number of human pathologies!.

RESULTS

Sequestration of misfolded proteins into dynamic puncta is an
early quality control response

To understand quality control in unperturbed yeast cells, we used
live-cell microscopy to follow the fate of a thermolabile allele of UBC9
(Ubc9-2 herein Ubc9ts) that is folded at 28 °C (Ubc9ts-N; Fig. la)
but denatures above 33 °C (Ubc9ts-Den; Fig. 1a,b and Supplementary
Fig. S1a)®. Ubc9ts—GFP expressed from a galactose-inducible promoter
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Figure 1 Misfolded proteins are sequestered in Q-bodies upon heat stress.
(a) Ubc9ts—GFP fate upon heat stress. (b) Ubc9ts—GFP-expressing WT cells
at 28°C were shifted to 37 °C for 15 min. GFP (upper panel) and differential
interference contrast (lower panel) are shown. (c) pdr5A cells expressing
Ubc9ts—GFP were grown at 28°C in galactose medium and shifted to 37°C
in glucose medium with (+) or without (=) 100 uM MG132. Images show
Ubc9ts—GFP at the shift (t =0) and after 60 min (¢ =60). The dotted lines
highlight cell outlines. (d) As in ¢, Ubc9ts—-GFP was immunoblotted with
anti-GFP antibodies and quantified as the relative ratio to the initial amount
for each condition. The results represent the mean and standard deviation
(s.d.) of three independent experiments. (e) pdr5A and pdr5Aatg8A cells
expressing Ubc9ts—GFP were grown as in ¢. Ubc9ts—GFP was immunoblotted
with anti-GFP antibodies (Supplementary Fig. S1b) and quantified relative
to the initial amount for each condition. The results represent the mean and
s.d. of three independent experiments. (f) WT cells expressing Ubc9ts-GFP
at 28°C in galactose medium were shifted to 37 °C in glucose medium.
Time series images show GFP signal in a cell 1 min (1) to 30 min (30')

after the shift (Supplementary Video S1). (g) Inset in f highlights the
coalescence of Ubc9ts—-GFP Q-bodies (arrows), from 10 to 13 min after
the shift. (h) Number of puncta in the medial focal plane over time in WT
(main panel; puncta assessed from a total population of n =63 cells over
three independent experiments, 1 field counted per experiment) or in pdr5A
cells (puncta assessed from a total population of n =36 cells over three
independent experiments, 1 field counted per experiment) with or without
MG132 (secondary panel). Results represent mean of puncta for n cells
and s.d. *P < 0.005, compared with untreated cells for the same indicated
time. (i) Trajectories of three Ubc9-GFP Q-bodies in WT cells. Positions of
particles are represented from each frame of a video (1 frame per 15s) at
the medial focal plane. Consecutive positions are connected by lines: black,
before coalescence; grey, after coalescence. Green and red dots indicate the
initial and final positions, respectively. Initial, final and coalescing times
are indicated, and average speed (+s.d.) over the entire trajectory. Scale
bars: 1.5um (b), 1 um (c,f,g). Uncropped images of blots are shown in
Supplementary Fig. S8.
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at 28°C generated folded Ubc9ts (Ubc9ts-N), localized diffusely
throughout the cell. We shut-off Ubc9ts expression by addition
of glucose and shifted the cells to 37°C, causing the pre-existing
Ubc9ts to misfold and be degraded with a half-life of approximately
15-20 min (Fig. 1¢c,d). The UPS is the main degradation pathway for
misfolded Ubc9ts because inhibition of autophagy by deletion of Atg8
(ref. 15) produced only a minor stabilization of Ubc9ts (Fig. 1e and
Supplementary Fig. S1b). As reported®, proteasome inhibition leads to
Ubc9ts accumulation into the JUNQ and IPOD (Fig. 1c).

The dynamics and fate of misfolded Ubc9ts—GFP during the process
of degradation was visualized in live cells by epifluorescence microscopy
following expression shut-off (Fig. 1f and Supplementary Video S1).
Shortly after shifting to 37 °C, an increasing number of dim scattered
Ubc9ts—GFP puncta appeared throughout the cytosol. Within 5 min,
5-10 puncta were clearly observed in the medial focal plane (Fig. 1f).
Between 5 and 30 min, the diffuse signal disappeared as the dim
Ubc9ts—GFP puncta coalesced into fewer and brighter structures
that continued to merge even as Ubc9ts was clea om the cell
(Fig. 1f,g and Supplementary Video S1). Wild—type@ Ubc9-GFP
remained diffuse and soluble at 37°C and did not form puncta
(Supplementary Fig. S1c), confirming that these inclusions arise from
Ubc9ts misfolding. Quantification of the average number of puncta in
a medial focal plane at 5 min intervals during a 60 min video indicated
a consistent decrease in puncta number from 5 to 30 min (Fig. 1h).
All puncta disappeared within an hour. Similar results were obtained
when Ubc9ts was misfolded at 33 °C, indicating that this pathway is
not specific to higher temperature stress (Supplementary Fig. Sla).
Upon proteasome inhibition, the formation and early coalescence of
Ubc9ts—GFP puncta occur similarly to untreated cells, albeit with a
slightly higher number of puncta (Fig. 1h), which continue coalescing
into 1-3 large inclusions® (Fig. 1c,d). These results suggest that the
JUNQ, the IPOD and other inclusions observed upon proteasome
inhibition” may result from the accumulation of coalesced puncta over
time as their clearance is impaired.

We conclude that misfolded proteins do not remain diffusely
distributed in the cytosol, but are also not deposited into a static
pre-existing compartment. Instead, they are collected and processed
through a dynamic cellular pathway into multiple punctate structures
throughout the cell that, by coalescence, mature into larger inclusions.
By analogy to the dynamic P-body-mediated RNA quality control®, we
propose to name these protein quality control structures Q-bodies.

Q-body dynamics are energy dependent but cytoskeleton
independent

Tracking the trajectory of Q-bodies in vivo did not reveal any directional
movement, suggesting that they do not move on defined tracks

~1 about 10 times

(Fig. 1i). The average speed of puncta was 5-15nms
slower than endocytic particles moving on the cytoskeleton'’, and
did not change appreciably before (black trace) and after (grey trace)
coalescence with another puncta (Fig. 1i). This led us to examine
the role of the cytoskeleton on Q-body dynamics. The actin and
microtubule cytoskeletons were disrupted with 200 uM latrunculin
A (LatA) and 15ugml™! nocodazole (Noc), respectively, followed
by imaging of Ubc9ts—GFP (Fig. 2a—c top panels). A 10 min LatA
treatment before induction of Ubc9ts misfolding completely disrupted
the actin cytoskeleton, as confirmed by imaging the actin-binding
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protein Abp1-GFP (Fig. 2a). Nonetheless, Q-bodies were still formed,
processed and degraded in a manner similar to that in the WT (Fig. 2a
and Supplementary Video S2). Tracking analysis indicated that LatA
treatment did not measurably affect the average speed or directionality
of Q-bodies over their lifetime (Fig.2a, lower panel). Of note,
prolonged incubation (2 h) with LatA did perturb Q-body formation
and movement (Fig. 2b), suggesting that prolonged disruption of
the actin cytoskeleton impairs protein homeostasis. The tubulin
cytoskeleton is also dispensable for Q-body formation and dynamics.
Treatment with Noc for 10 min disrupted microtubules, but did not
affect Q-body dynamics and clearance (Fig. 2c). We conclude that
neither Q-body formation nor dynamics requires a functional actin
and tubulin cytoskeleton.

We next assessed whether Q-body formation and movement
require energy. Intracellular ATP depletion with sodium azide and
deoxyglucose for 30 min (Fig. 2d) did not abrogate Q-body formation,
suggesting that this step is energy independent. However, Q-body
dynamics, coalescence and clearance were highly perturbed (Fig. 2d
and Supplementary Video S3). We conclude that the concentration of
misfolded protein into Q-bodies is energy independent, whereas their
movement, coalescence and clearance require ATP.

Q-body formation and processing requires an intact cortical ER
We next sought to identify cellular structures associated with Q-bodies.
As the JUNQ co-localizes with the perinuclear ER (ref. 6), Ubc9ts was
co-expressed with the nuclear marker Npl3, or with the perinuclear ER
protein Hmgl (Fig. 3a,b)'®. Z-sections of deconvolved images revealed
the distribution of Ubc9ts Q-bodies vis-a-vis the nucleus (Fig. 3a,b).
In each cell analysed, at least one puncta was juxtanuclear, whereas the
others were distributed throughout the cell.

No obvious co-localization of Q-bodies was observed with early
endosomes (GFP-Sncl), late endosomes (GFP—Pep12), the vacuole
(MDY64), autophagic structures (CHFP—Atg8) and the spindle pole
body (Spc42—GFP; Supplementary Fig. S2a,b). Given the vicinity of one
inclusion with the perinuclear ER, we examined Q-body association
with the cortical ER, extending as a tubular network throughout
the cell’®. Two-colour Z-stacks of deconvolved images from cells
expressing Ubc9ts—CHFP and the cortical ER marker Rtn1-GFP
revealed a close proximity between Q-bodies and cortical ER tubules
(Fig. 3¢,d and Supplementary Video S4).

The role of the cortical ER in Q-body dynamics was assessed
in rtnlArtn2Ayopl A cells, whose cortical ER morphology is
disrupted®22. A large Ubc9ts inclusion was already observed at the
permissive temperature (Fig. 3e). At 37°C, a few additional dim
puncta appeared and coalesced with the large inclusion (Fig. 3e
and Supplementary Video S5). After 30 min at 37 °C, when most
misfolded Ubc9ts was cleared in WT cells, the large inclusion persisted
in over 50% of rtnl Artn2AyoplA cells, consistent with a delay in
Ubc9ts degradation (Fig. 3f). Thus, the formation, dynamics and
clearance of cytoplasmic Q-bodies rely on the integrity of a dynamic
ER network (Fig. 3g).

The Hsp70-Hsp90 chaperone network mediates Q-body
formation and clearance

The ATP-dependence of Q-body clearance resonates with previous data
implicating the ATP-dependent heat-shock protein 70 (Hsp70) and
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Figure 2 Energy dependency but cytoskeleton independency of Q-body
dynamics. (a) WT cells expressing Ubc9ts—GFP (top row of images) or
Abpl-GFP (bottom row of images) were grown at 28°C in galactose
medium and treated with (right panel) or without (left panel) 200 uM LatA
for 10 min before a shift to 37 °C in glucose medium. Five-minute series
of images show Ubc9ts—GFP or Abp1-GFP signal (Supplementary Video
S2). Trajectories of three Ubc9-GFP puncta in WT cells with or without
LatA are represented (bottom panel) as described in Fig. 1i. (b) WT cells
expressing Ubc9ts—GFP and Abpl1-GFP were grown as in a but treated
with (right panel) or without (left panel) LatA for 2 h before the shift.

Hsp90 systems in misfolded protein quality control (Supplementary
Table S1)*%. Indeed, Hsp70, Hsp90 and the Hsp70 cofactor, the
Hsp110 chaperone Ssel, are also required for degradation of misfolded
Ubcots (Fig. 4b). At 37°C, the Hsp70 Ssal co-localized with all
misfolded Ubc9ts Q-bodies (Fig. 4a). The role of Hsp70 in the Q-body
pathway was examined using two Hsp70-deficient strains: ssal Assa2A,

10 15 20 25 30 1 5 10 15 20 25 30

o o157 , ,
5 13’30 # 30 30% &
14'15” 1 17 30’

13+8 2+1 3+2 2+1

(c) WT cells expressing Ubc9ts—GFP or Tub1-GFP were grown as in a
but treated with (right panel) or without (left panel) 15ugml~—! Noc for
10 min before the shift. Five-minute series of images show Ubc9ts—GFP or
Tub1-GFP signal. (d) WT cells expressing Ubc9ts—-GFP were grown as in
a but treated for 30 min with (right panel) or without (left panel) 10 mM
azide and deoxyglucose before the shift. Five-minute series of images
show Ubc9ts—-GFP signal (Supplementary Video S3). Trajectories of three
Ubc9-GFP puncta in cells with and without azide and deoxyglucose
treatment are represented (lower panel) as described in Fig. 1i. Scale
bars, 1 um.

lacking the two major SSA isoforms, and ssalts ssa2Assa3AssadA,
containing a single temperature-sensitive SSA isoform and lacking the
others?. Both strains yielded similar results (Fig. 4c and Supplementary
Fig. S3b). Even before the temperature shift, most cells contained
a static bright cortical inclusion, indicating that Hsp70 contributes
to conformational maintenance of Ubc9ts—GFP at the permissive
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Figure 3 Q-body dynamics relies on an intact cortical ER. (a) Cells expressing
NpI3-RFP and Ubc9ts-GFP were imaged after 10 min at 37 °C. Two-colour
deconvolved images show NpI3—-RFP signal (nucleus) in red and Ubc9ts-GFP
signal in green. (b) Cells expressing Hmg1-GFP (perinuclear ER, green) and
Ubc9ts—CHFP (red) were imaged as in a. Arrow indicates Q-body in proximity
to the ER. (c) Cells expressing Rtn1-GFP and Ubc9ts-CHFP were imaged
after 10min at 37°C. Two-colour images of three Z-focal plans (0.2 um
intervals) show Rtn1-GFP signal (cortical ER) in green and Ubc9ts-CHFP
signal in red (Supplementary Video S4). Arrows indicate Q-bodies in proximity
to the cortical ER. (d) Inset from ¢ representing a series of 0.2 um Z-sections.

temperature (Fig. 4c and Supplementary Video S6). After the shift, the
number of puncta remained unchanged over 30 min: no coalescence
of the faint additional puncta was detected and most of the misfolded
protein was found in the large inclusion (Fig. 4c,d). Thus, Hsp70 is
required for Q-body formation, maturation and clearance, consistent
with biochemical experiments (Fig. 4b). Q-bodies still formed in
Hsp90-deficient cells (hsc82Ahsp82ts)*, but their movement and
coalescence were markedly affected, associated with a strong defect
in misfolded Ubc9ts—GFP degradation (Fig. 4b,e,f and Supplementary
Video S7). Thus, Hsp90 also participates in Q-body dynamics and
degradation, but acts after the initial formation of inclusions.

The activity of Hsp70 and its cooperation with Hsp90 is regulated
by J-domain proteins (Supplementary Fig. S3a). As Ydjl is ER-
associated through a farnesyl group?, we examined whether it helps to
process ER-associated Q-bodies. ydjI A cells contained more diffuse
misfolded Ubc9ts than WT cells and numerous dim puncta at the
periphery (Fig. 4g). Cells expressing the farnesylation-defective mutant

Time (min)

Cortical ER

(e) UbcOts—GFP was expressed in WT and rnt1Artn2AyoplA cells at 28°C
in galactose medium and the cells were shifted to 37 °C in glucose medium.
Five-minute series of images show Ubc9ts—GFP signal over 30 min. (f) As in
e, cells were collected at the indicated times from the shift and Ubc9ts—-GFP
was immunoblotted with anti-GFP antibodies. Ubc9ts—GFP was quantified
as the relative ratio to the initial amount from one experiment representative
of four independent experiments. (g) Schematic of ER-associated Q-body
processing of misfolded UbcOts (red star). Green represents the ER network
throughout the cell. Scale bars: 1 um. Uncropped images of blots are shown
in Supplementary Fig. S8.

ydj1(C406S) (ref. 30) also exhibited clusters of tiny cortical puncta that
seemed unable to merge, suggesting a defect in Q-body coalescence
(Fig. 4g and Supplementary Video S8). However, Ubc9ts was eventually
degraded with similar kinetics as the WT (Fig. 4g and Supplementary
Video S8 and Supplementary Fig. S3c), perhaps owing to the high
level of redundancy between J-domain proteins®'. Indeed, disruption
of both Ydj1 and another ER-anchored J-domain protein, Hlj1, in
the hlj1 Aydj1-151 strain®? strongly affected Q-body formation. Only
faint Ubc9ts—GFP puncta were discernible in hljIAydj1-151 cells
at 37°C (Supplementary Fig. S3d). Thus, ER-anchored J-domain
proteins, but perhaps also other homologues, participate in Q-body
formation. The Hsp70 nucleotide exchange factor Ssel also affected
Q-body dynamics (Fig. 4h and Supplementary Video S6). sselA
cells exhibited a significant delay in Q-body clearance, associated
with Ubc9ts degradation impairment (Fig. 4b and Supplementary
Fig. S3e). We conclude that a chaperone network involving Hsp70,
Hsp90 and their co-chaperones mediates the active formation and
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Figure 4 The maturation and degradation of Q-bodies rely on the
Hsp70-Hsp90 system. (a) WT cells co-expressing GFP-Ssal and
Ubc9ts-CHFP, or GFP-Ssal and Ubc9-CHFP, were grown at 28°C in
galactose medium and shifted to 37°C in glucose medium. Two-colour
images show GFP-Ssal signal in green and Ubc9ts—CHFP signal in
red at 0, 30 and 60 min after the shift. Cells expressing Ubc9-CHFP
and GFP-Ssal were imaged 30 min after the shift. (b) Cells expressing
Ubc9ts-GFP at 28°C in galactose medium were shifted to 37°C (t =0)
in glucose medium. Cells were collected at the indicated times and
Ubc9ts-GFP immunoblotted using anti-GFP antibodies. (¢) Ubc9ts-GFP
was expressed in WT and ssalAssaZA cells at 28°C in galactose medium
and the cells were shifted to 37°C in glucose medium. Five-minute
series of images show Ubc9ts—GFP signal over 30 min. Cells expressing
Ubc9-GFP were similarly prepared and imaged 15 min after the shift.
(d) Average number of puncta per cell in WT (black squares) and
ssalAssaZA (blue diamonds) cells over time. Puncta assessed from

a total population of n=35 cells over three independent experiments (1
field counted per experiment). **P < 0.005, compared with WT for the
same indicated time. (e) WT and hsp82ts cells expressing Ubc9ts—-GFP
or Ubc9-GFP were prepared and imaged as in c. (f) Average number of
puncta per cell in WT (black triangles) and hsp82ts (red diamonds) cells
over time. Puncta assessed from a total population of n=25 cells over
two independent experiments (1 field counted per experiment). * P < 0.05,
**P < 0.005, compared with WT for the same indicated time. (g) ydjIA
strains expressing Ubc9ts—GFP alone, and in combination with YDJI,
ydj1(C406S) or empty vector were prepared and imaged as in c. The inset
shows a ydj1(C406S)-expressing cell. (h) WT or sselA cells expressing
Ubc9ts—-GFP or Ubc9-GFP were prepared and imaged as in c. (i) Role of
the Hsp70-Hsp90-Hsp110 system in the Q-body pathway for misfolded
UbcOts (red star). Green represents the ER network throughout the cell.
Scale bars: 1.5um (a), 1 um (c,e,g,h). Uncropped images of blots are
shown in Supplementary Fig. S8.
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maturation of Q-bodies, as well as their degradation (Fig. 3i and
Supplementary Table S1).

Balance between addition and dissolution activities controls
Q-body dynamics

We next examined the role of the disagregase Hspl04 and the
small heat shock proteins (HSPs) implicated in prion formation®***
and aggregate management in proteasome-inhibited cells®”!*. Live-
cell imaging demonstrated that both Hsp104 and Hsp42 associate
with Ubc9ts—CHFP Q-bodies formed upon heat stress (Fig. 5a—c
and Supplementary Video S9). At 37°C, in the absence of
proteasome inhibition, Hsp104 and Hsp42 persist in the punctate
Q-bodies structures even after Ubc9ts—CHFP degradation (Fig. 5a and
Supplementary Video S9), suggesting that endogenous heat-denatured
proteins are also concentrated and processed through the Q-body
pathway. Accordingly, cells not expressing Ubc9ts, or expressing native
Ubc9—CHFP, also formed Hsp104-GFP- and Hsp42—GFP-containing
puncta upon heat stress, which move and coalesce with similar
dynamics as Ubc9ts Q-bodies (Fig. 5b,c). We conclude that Hsp42 and
Hsp104 are components of endogenous Q-bodies, which form upon
heat stress as a physiological response to misfolded proteins.

Interestingly, untreated and proteasome-inhibited cells exhibited
differences in their Hsp104 and Hsp42 distribution. In untreated
cells, Hsp42—GFP co-localized with all of the Ubc9ts-containing
puncta (Fig. 5¢), whereas in proteasome-inhibited cells, Hsp42 was
absent from some inclusions’. Hsp104 did not co-localize with
perinuclear puncta without proteasome inhibitor (Fig. 5b). The lack
of Hsp104 in perinuclear puncta was confirmed by two-colour Z-stack
deconvolution and analysis of DAPI (4', 6-diamidino-2-phenylindole)-
labelled fixed cells (Supplementary Fig. S4). Possibly, proteasome
inhibition alters inclusion dynamics and composition, as inclusions
continue coalescing and persist much longer in the cell.

We evaluated how Hsp104 and the small HSPs Hsp42 and Hsp26
participate in Q-body processing. In hsp26A cells, the inclusion
dynamics and Ubc9ts half-life were unaffected (Fig. 5d—f). In hsp104A
cells, misfolded Ubc9ts—GFP progressed from dim puncta to the
formation of medium-intensity puncta, as in WT cells. These medium-
intensity puncta did not coalesce into few brighter inclusions as in
WT cells, indicating that the progression of the pathway is blocked
by loss of Hspl04 (Fig.5d,e and Supplementary Video S10). In
hsp42A, only a few dim puncta formed after 10 min indicating a severe
defect in Q-body formation (Fig. 5d and Supplementary Video S10).
Remarkably, Ubc9ts degradation was unaffected in both hsp104A and
hsp42A strains (Fig. 5f). Thus, sequestration into larger inclusions is
not essential for misfolded protein degradation.

The fact that puncta coalescence, but not degradation, requires
a disaggregase such as Hsp104 is counter-intuitive; a simple model
would predict that disaggregase deletion leads to formation of larger
hard-to-degrade inclusions. We reasoned that puncta coalescence may
involve Hspl04-mediated dissolution of some puncta followed by
re-addition of the released misfolded protein into existing inclusions
(Fig. 51). In this view, loss of puncta in hsp42A cells would not reflect
an absolute requirement of Hsp42 for Q-body formation but rather a
shift in the balance between Hsp42-stimulated addition and Hsp104-
stimulated dissolution. Indeed, Ubc9ts inclusions were observed in the
double hsp42Ahsp104A cells (Fig. 5g and Supplementary Video S10),
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indicating that Hsp42 is not required for inclusion formation. However,
puncta intensity in hsp42Ahspl04A was heterogeneous and their
coalescence was affected, consistent with Hsp104 promoting Q-body
maturation into large inclusions. Notably, Ubc9ts degradation was
unaffected in hsp42Ahsp104A cells (Fig. 5f). Hsp104 is not the only
chaperone promoting Q-body dissolution, because the hsp42Assel A
mutant also forms inclusions (Fig. 5h), albeit with severely affected
dynamics. Thus, a chaperone-mediated balance between addition and
dissolution regulates Q-body formation and maturation (Fig. 5i).

Soluble misfolded proteins, but not amyloidogenic IPOD
substrates, transit through the Q-body pathway

The generality of the Q-body pathway was assessed by co-expressing
Ubc9ts with two distinct quality control substrates: misfolded
variants of the tumour suppressor VHL or the thermolabile firefly
luciferase (Luc)*?*. These misfolded proteins also formed Q-bodies
indistinguishable from those observed for Ubc9ts. The puncta formed
by VHL or Luc completely co-localized with Ubc9ts Q-bodies, moved
and coalesced together throughout the time course of degradation
(Fig. 6a,b and Supplementary Video S11 and Supplementary Fig. S5a).
Importantly, VHL did not co-localize non-specifically with WT Ubc9,
which remains folded at 37 °C (Fig. 6a). VHL puncta were generated
regardless of the presence of Ubc9 and proceeded through the Q-body
pathway (Supplementary Fig. S5b). This indicates that different
misfolded proteins are recruited to the same cellular structures and are
handled by the same quality control pathway.

We examined whether the Q-body pathway overlaps with insoluble
amyloidogenic IPOD substrates such as the prion Rnql and the
polyglutamine-expanded Huntingtin exon 1 fragment, Htt-Q97
(Fig. 6e)°. Live-cell imaging of misfolded Ubc9ts or VHL in cells
co-expressing either Htt-Q97 or Rnq1 indicated that most Ubc9ts or
VHL puncta moved and evolved independently of the IPOD. A few dim
puncta transiently co-localized with the IPOD, but without merging
with it (Fig. 6¢,d and Supplementary Video S11 and S5c). Notably,
Q-body dynamics were slightly altered in the presence of Htt-Q97 or
Rnql, suggesting that the presence of amyloids in the IPOD can affect
protein homeostasis. Ubc9ts and VHL were still cleared, whereas Rnql
and Htt-Q97 persisted for the duration of the time course (Fig. 6¢,d and
Supplementary Video S11 and S5c¢). These results reveal two main fates
for misfolded proteins in the absence of proteasome inhibition.

Distinct role of chaperones in Q-body and IPOD formation

The different mechanisms to cope with misfolded proteins could
stem from their distinct interactions with the chaperone machinery.
Indeed, chaperones participate differently in Q-body and IPOD
formation, both qualitatively (Fig. 6f) and when quantifying the
number of cells with inclusions over the population (Fig. 6gh).
Q-body substrates formed one main inclusion in ssal Assa2A cells;
large peripheral inclusions in hspI04A cells; and no inclusions in
hsp42A cells. In contrast, [IPOD substrates did not form any inclusions
in hspl04A mutant as described previously’*3#, and significantly
fewer inclusions in ssalAssa2A cells (Fig. 6fh). Unlike Q-bodies,
IPOD inclusions were still formed in hsp42A mutant cells, even
though they seemed dimmer (Fig. 6f). Hsp42 did not co-localize
with the IPOD substrates in non-stressed cells, and weakly at higher
temperatures (Supplementary Fig. S5d,e), consistent with it being
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Figure 5 Balance between addition and dissolution activities controls
Q-body dynamics. (a) Cells expressing Hsp104-GFP and Ubc9ts-CHFP

or Ubc9-GFP were grown at 28°C in galactose medium and shifted to
37°C in glucose medium. Five-minute series of a two-colour video show
Hsp104-GFP signal in green and Ubc9ts—CHFP signal in red over 60 min.
Cells expressing Hsp104-GFP and Ubc9-CHFP were imaged 15min

after the shift. (b) As in a, but cells were imaged 10 min after the shift.
Two-colour deconvolved images show Hsp104-GFP signal in green and
Ubc9ts-CHFP or Ubc9-CHFP signal in red. (c) Cells expressing Hsp42-GFP
(green) and Ubc9ts-CHFP or Ubc9-CHFP (red) were imaged as in b. (d) WT,
hspl04A, hsp42A and hsp26A cells expressing Ubc9ts—-GFP or Ubc9-GFP
were prepared as in a. Five-minute series of images show Ubc9ts-GFP
signal over 30 min. Ubc9-GFP signal is shown 15 min after the shift.

(e) Average number of puncta per cell in the WT (black squares), hspl04A

dispensable for IPOD formation. This may reflect the higher tendency
of amyloidogenic proteins to self-assemble. Alternatively, IPOD
substrates may be less dependent on the action of Hsp42 because
they are more refractory to the disaggregase activity of Hspl04
and other chaperones.

Q-bodies arise in response to proteotoxic stress

We next examined whether Q-bodies arise generally upon proteotoxic
stress. Cells were exposed to ethanol, which denatures pre-existing
proteins®, or treated with the proline analogue azetidine 2-carboxylic
acid (AZC), which causes misfolding when incorporated into newly
synthesized proteins*®. Exposure at 37 °C served as a positive control
(Fig. 7a). Ubc9ts—GFP and Hspl04—GFP were used to visualize
Q-bodies. Ethanol treatment was sufficient to generate Hsp104-GFP-
and Ubc9ts—GFP-positive Q-bodies similar to those observed during

0
Q-bodies

(orange triangles) and hsp26A (grey circles) strains over time. Puncta
assessed from a total population of n =235 cells over three independent
experiments (1 field counted per experiment). *P < 0.005, compared
with WT for the same indicated time. (f) The indicated strains expressing
Ubc9ts—GFP were grown as in a and collected at the indicated times from
the shift (t =0). Ubc9ts—-GFP was immunoblotted using anti-GFP antibodies.
(g) WT and hsp42Ahsp104A cells expressing Ubc9ts-GFP and Ubc9-GFP
were prepared and imaged as in d. (h) WT and the hsp42AsselA cells
expressing Ubc9ts—GFP and Ubc9-GFP were prepared and imaged as in
d. (i) Dissolution—addition balance between Hsp104 and Hsp42: Q-body
coalescence results from an Hsp104-mediated process of dissolution
followed by Hsp42 stimulated re-addition of the released misfolded protein
into existing inclusions. Scale bars: 1 um. Uncropped images of blots are
shown in Supplementary Fig. S8.

heat stress (Fig. 7a). Although their kinetics of appearance was faster
during heat stress, Q-body dynamics and coalescence seemed similar
in all treatments (Fig. 7a).

We determined whether generating newly synthesized misfolded
proteins affects the state of pre-existing folded proteins. Synthesis of
Ubc9ts was repressed by glucose addition at 28 °C, yielding a pool of
pre-existing folded and diffusely localized Ubc9ts, which served as a
sensor of general proteostasis in the cell. Newly translated misfolded
proteins were generated by AZC treatment at 28 °C. Strikingly, the
pre-existing folded Ubc9ts—GFP re-localized to Q-bodies at 28 °C after
AZC addition, even though no new Ubc9ts protein was being translated
(Fig. 7a). These results indicate that misfolding of newly made proteins
shifts the proteostasis balance of the cell to induced misfolding of a
pre-existing labile protein, probably because its folding depends on the
continued action of chaperones.
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Figure 6 Different types of misfolded protein, but not amyloids, are
processed together through the Q-body pathway. (a) WT cells expressing
Ubc9ts—GFP and CHFP-VHL were grown at 28°C in galactose medium
and imaged at 37°C in glucose medium. Five-minute series of images
show Ubc9ts—-GFP signal in green and CHFP-VHL signal in red. Cells
expressing Ubc9-GFP and CHFP-VHL were similarly prepared and imaged
30min after the shift. (b) 15-s-interval series of a cell represented in
a (top panel) and from a cell co-expressing Luc-GFP and Ubc9-CHFP
(bottom panel, and Supplementary Fig. S5a). (c) WT cells expressing
Htt-Q97-CHFP (red) and Ubc9ts-GFP (green) were prepared and imaged
as in a. (d) 15-s-interval series from a cell represented in ¢ (bottom
panel) and from a cell co-expressing GFP-VHL and Rnql-CHFP (top

The Q-body pathway is regulated by cellular status

Protein homeostasis is regulated by cellular status and is impaired
during ageing, which may account for the late onset of many amyloid
diseases*! ™. We examined whether cellular state or ageing modulates
the formation and processing of Q-bodies. Budding yeast enter
a non-diving GO-like state when a culture is grown to stationary
phase, a paradigm often referred to as chronological ageing*!. Aged
non-dividing cells expressing diffuse Ubc9ts—GFP were shifted to
37°C and imaged. None of the aged cells was capable of inducing
Q-bodies, unlike what is observed in young dividing cells (Fig. 7b
and Supplementary Fig. S6). However, we did observe that aged cells
contained pre-existing Hsp104-positive puncta as well as a distinct
large inclusion containing Hsp42 (Fig. 7b), previously reported as a
hallmark of chronologically aged cells*.

The Q-body pathway is also regulated by TOR signalling, known
to modulate protein homeostasis in response to nutrient and cellular
state’>1%47, Treatment with 0.2 ug ml~! rapamycin immediately before
a 37 °C shift profoundly affected the Q-body pathway (Fig. 7¢,d, and

panel, and Supplementary Fig. S5c). (e) Two-colour Z-stack projection
of cells expressing both Htt-Q97-GFP (in green) and Rnql-CHFP (in
red). (f) GFP signal of WT, ssalAssa2A, hsp42A and hspl04A cells
expressing Ubc9ts—GFP or Luc-GFP at 37 °C; or Htt-Q97-GFP or Rnq1-GFP
at 28°C. (g,h) Percentages of cells with puncta from a population
analysed in f. Respective total population sizes for WT, ssalssa2, hsp42
and hspl04 cells: orange, n=(2,418;375;3,013;591) cells; yellow,
n=(1,035;472;442;681) cells; purple, n=(971;519;1,047,617)
cells; green, n=(1,165;410;1,235;853) cells, over three independent
experiments (6 fields counted per experiment). The error bars represent
mean and s.d. *P < 0.005, compared with WT for the same indicated time.
Scale bars: 1 um.

Supplementary Video S12) leading to rapid clearance of Q-bodies from
the cytoplasm. Our data imply a regulatory role for TOR signalling
in the Q-body pathway, and suggest that aged cells have lost their
responsiveness to spatially sequester misfolded proteins.

Fitness advantage of chaperones providing spatial sequestration
of misfolded proteins

Despite their role in Q-body formation and dissolution, Hsp42 and
Hsp104 are dispensable both for misfolded protein degradation and
growth at 37 °C (Supplementary Fig. S7). However, the existence of
a general pathway for the active spatial sequestration of misfolded
proteins argues for a potential benefit to the cells. We reasoned
that sequestration into Q-bodies may purge the cellular milieu from
potentially deleterious misfolded species, thereby providing a fitness
advantage to cells during stress. To test this, we carried out competition
experiments comparing the relative fitness of WT cells and cells
lacking either Hsp42, Hsp26 or Hsp104 under normal and heat-stress
conditions. Equal amounts of WT and mutant cells were mixed and
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Ubc9ts—
GFP
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GFP

Rapamycin

Figure 7 The Q-body pathway responds to proteotoxic stress, chronological
ageing and nutrient signalling. (a) Ubc9ts-GFP-expressing cells were grown
at 28°C in galactose medium and Hsp104-GFP-expressing at 28°C in
glucose medium. Cells were imaged at 28°C in glucose medium after

a 10min treatment with 10% ethanol (EtOH), 30 min treatment with
5mgml~! AZC, or at 37 °C with no treatment. GFP signal is shown in 5min
series movies over 30 min. (b) Cells expressing Ubc9ts-GFP (top panel) or
Hsp104-GFP (bottom panel) were grown at 28°C for 5h (young) or for 3
days (aged) and imaged at 37 °C. GFP signal is shown in 5 min series movies.

grown together at 28 °C or 37 °C, with daily dilutions, for 5 days. At
each dilution, the proportion of WT and mutant cells was examined by
comparing the number of kanamycin-resistant (KanR) colony-forming
units (CFUs; mutant cells) versus kanamycin-sensitive CFUs (WT
cells; Fig. 8a). Deletion of Hsp26 provides neither a fitness cost nor
a benefit at either temperature. The equal proportion of WT and
hsp26A cells was maintained throughout the 5 days of growth at either
temperature (Fig. 8b), also indicating that KanR does not affect the
fitness of mutant cells. Deletion of Hsp42 provided neither cost nor
benefit at 28 °C (Fig. 8¢, left panel). However, at 37 °C, deletion of
Hsp42 was remarkably disadvantageous as WT cells outcompeted
hsp42A cells after 2 days (Fig. 8¢, right panel). Thus, Hsp42 provides a
strong fitness advantage for cells subjected to stress. A parallel analysis
for cells lacking Hsp104 proved surprising. Deletion of Hsp104 also
reduced the fitness advantage of cells grown at 37 °C (Fig. 8d, right
panel) suggesting that protein disaggregation is advantageous under
conditions of stress. However, under normal growth conditions, that
is, 28 °C, Hsp104 has a strong fitness cost, as hsp104A cells were much
fitter than WT cells (Fig. 8d, left panel). As the main biochemical
and cellular function of Hsp104 is to disaggregate misfolded and
aggregated proteins, this suggests that a strong disaggregase activity is
disadvantageous in the absence of stress-induced protein misfolding.

DISCUSSION

Misfolded protein clearance mechanisms were proposed to be
hierarchical, whereby misfolded proteins are first stabilized by

Ubc9ts-GFP

® -Rapamycin
A +Rapamycin

per cell

10 15 20 25 30
Time (min)

0 5

(c) Ubc9ts—GFP-expressing cells were grown at 28°C in galactose medium
and imaged at 37°C in glucose medium in the absence (—) or presence (+)
of 0.2pgml~! rapamycin 10 min before the shift. GFP signal is shown in

5 min series movies over 30 min. (d) Quantification of the average number of
puncta per cell in untreated (—, circles) or rapamycin-treated (+, triangles)
cells over time as presented in c. Puncta assessed from a total population
of n=40 cells over three independent experiment (3 fields counted per
experiment). *P < 0.005, compared with untreated cells for the same
indicated time. Scale bars: 1 um.

chaperones for either refolding or degradation with sequestration into
inclusions as a second line of defence when proteostasis fails. Our
study calls for a revision of this concept. We find that misfolded
protein sequestration is a physiological and early response to the
presence of misfolded proteins. Degradation occurs concurrently with
Q-body processing, implying that sequestration is not necessarily a
consequence of degradation failure. Q-bodies form in response to many
stresses but become observable in larger inclusions upon proteostasis
collapse, because their clearance is abrogated while their formation
and coalescence continues. Compartmentalization into Q-bodies is not
essential for degradation but may enhance cell fitness by sequestering
potentially toxic misfolded species. Our findings provide a simple
explanation to the genesis of large inclusions upon protein homeostasis
dysfunction and UPS impairment that does not require invoking
activation of special inclusion-formation mechanisms.

Misfolded protein concentration into Q-bodies is an active process
that requires molecular chaperones. The Hsp70-Hsp90-Hsp110
system, which also participates in the degradation and refolding of

misfolded proteins®®*

, is central to the formation and dynamics
of Q-bodies. These chaperones probably constitute the core of the
cytoplasmic quality control system. Q-bodies are associated with the
ER, which may provide a basis for Q-body movement and coalescence
through its tubular and dynamic network throughout the cytosol.
ER-associated J-domain proteins, Ydjl and HIjl (refs 29,32), are
important for Q-body concentration and maturation, consistent

with their role recruiting Ssal to the ER membrane®>*’. However,
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Figure 8 Fitness advantage of spatial sequestration of misfolded proteins in
Q-bodies. (a) Schematic of competition assay. KanS, kanamycin-sensitive

phenotype; KanR, kanamycin-resistant phenotype. (b) Percentage of KanR
hsp26A CFUs over KanS WT CFUs was quantified at O and 5 days.

their function is not essential, probably owing to functional overlaps
between J-domain proteins®!

The small HSP Hsp42 and the disaggregase Hsp104 contribute
to Q-body dynamics. Epistasis analyses of mutations in Hsp42,
Hspl104 and Ssel suggest that at least part of Q-body dynamics
results from the balance between addition and dissolution activities. A
simple model explaining our data is that puncta formation involves
the action of different chaperones, notably Hsp42 and J-domain
proteins, whereas Q-body growth occurs at the expense of Hsp104- or
Ssel-mediated dissolution of others. Interestingly, a similar cycle of
addition—dissolution is proposed to govern P-granule dynamics and the
asymmetric partition of maternally inherited messenger RNAs (ref. 51).
However, coalescence may also involve direct merging of Q-bodies with
the help of chaperones and additional factors.

Q-body formation, dynamics and clearance are independent of either
actin or tubulin cytoskeleton, consistent with previous analysis of the
dynamics of Hsp104-associated proteins aggregates®” and in contrast
to alternative proposals”'*. Importantly, our finding that prolonged
depolymerization of the actin cytoskeleton has deleterious effects on

Relative percentage of CFUs

Time (days)

(c,d) Percentage of KanR hsp42A CFUs (c) or hsp104A CFUs (d) over
KanS WT CFUs was quantified over time at 28°C (left panels) or 37 °C (right
panels). Data represent three independent experiments (n =350 CFUs for
each day of the experiment).

the Q-body pathway suggests an explanation to reconcile these dis-
crepancies. Unassembled actin may bind to and titrate quality control
components, generally impairing cellular proteostasis. The cytoskeleton
may also be required for asymmetric partitioning of inclusions, a
question that is not addressed here. Future studies incorporating our
findings should illuminate the link between the cytoskeleton, protein
homeostasis and the inheritance of misfolded protein inclusions.
Without proteasome inhibition, misfolded proteins are not directly
targeted to a static pre-existing quality control compartment, but
concentrated throughout the cell in multiple dynamic Q-bodies. The
link between Q-bodies and compartments previously observed in the

6814 remains to be determined.

presence of proteasome inhibition
These structures may be end points of the Q-body pathway resulting
from the coalescence of Q-bodies when clearance is impaired. The
observation that some perinuclear puncta lack Hsp104 can explain
the appearance of the JUNQ upon proteasome inhibition; puncta
with slower dissolution rates would eventually grow at the expense
of those with higher Hsp104 levels and faster disaggregation kinetics. It

will be interesting to determine whether proteasome inhibition alters
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the composition and properties of these structures, for instance by
stabilizing labile quality control factors as suggested in ref. 8.
Amyloidogenic proteins sequestered in the insoluble IPOD seem
to bypass the Q-body pathway. Perhaps IPOD substrates interact
aberrantly with chaperones that recruit substrates to the Q-body
pathway thereby failing to be cleared. Alternatively, dense amyloid
structures may be more refractory to disaggregation, thereby eluding
the Q-body cycle. Interestingly, Q-body dynamics is impaired in
the presence of an IPOD, suggesting that the IPOD alters cellular
proteostasis. Several studies reported that amyloid inclusions sequester
chaperones, causing aggregation of unrelated proteins without their

co-aggregation with the amyloid inclusion®*>*

. The impairment of the
Q-body pathway during ageing could render aged cells more sensitive
to stress and misfolding, consistent with their enhanced sensitivity
to protein misfolding®. Understanding the regulation of the Q-body
pathway and its relation to other reported quality control structures
may provide new therapeutical targets for conformational disorders,
including Alzheimer’s and Huntington’s disease.

Our data raise the question of what the function of Q-bodies is.
Sequestering misfolded proteins is dispensable for degradation but may
help clear the cytosol of potentially toxic misfolded species, store labile
proteins for later use and/or facilitate quality control by concentrating
chaperones and substrates on a two-dimensional surface. Loss of
chaperones involved in Q-body formation and dynamics leads to a
fitness reduction in stressed cells. Surprisingly, the robust disaggregase
Hsp104 is deleterious under normal growth conditions. This could
explain the long-standing enigma of why Hsp104 is found only in
yeast, plants and bacteria, generally subjected to repeated and severe
stress®®, but not in metazoan cells, which control their stress responses
through organism-wide cell non-autonomous circuits®>*®. For these
multicellular organisms, the advantage provided by Hsp104 during
stress may not compensate for the disadvantage of having a potent
cellular disaggregase under normal conditions. These results highlight
the delicate tuning of quality control pathways during evolution.

Concentration of misfolded proteins in Q-bodies creates a dynamic
and flexible management system conferring fitness pending the impact
of the immediate environmental changes challenging the cell. The
relationship between the biochemical functions of chaperones and their
spatial organization within the cell will be instrumental to understand
folding impairments during pathological states. O

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

METHODS

Yeasts, plasmids and media. All yeast deletion strains used in this study
derived from BY4741 or BY4742 wild-type (WT) strains, obtained from
the Saccharomyces Genome Deletion Project”, except for HSP82 [hsc82
A:LEU2 hsp82A::LEU2 his3-11,15::GPD-HSP82(HIS3) canl-100 ade2-1 his3-11,15
leu2-3,12 trpl-1 ura3-11; hsp82ts [hsc82A::LEU2 hsp82A::LEU2 his3-11,15:GPD-
hsp82(G170D) (HIS3) canl-100 ade2-1 his3-11,15 leu2-3,12 trp1-1 ura3-1] (ref. 60);
hljlA[MATa, ade2, his3, leu2, ura3, trpl, Ahljl::HIS3; hljl Aydjl1-151[MATa,ade2,
his3, leu2, ura3, trpl, canl-100 ydj1-2::HIS3, ydj1-151::LEU2, hlj1::TRP1] (ref. 32);
and ssalts ssa2Assa3 Assa4 AIMATo leu2-3,112 his3-11 ura3-52 trpl A1 lys2 ssal-45:
URA3 ssa2::LEU2 ssa3::TRPI ssa4::LYS2] (ref. 28).

We acknowledge the generous gifts of the Abp1-GFP strain (D. Drubin, Univer-
sity of California Berkeley, California, USA)®!, rtnl1 Artn2Ayopl (T. Rapoport, Har-
vard Medical School, Massachusetts, USA)?; hljIA and hljl Aydji-151 (J. Brodsky,
University of Pittsburgh, Philadelphia, USA)®.

Double-mutant strains were obtained by mating and sporulation, or by
transformation with a deletion cassette®>®.

The plasmids carrying the GFP-tagged fusions were constructed as followed.
Ubc9ts (Ubc9-2), VHL, Rnql, Htt-Q97 and luciferase were cloned using the Gate-
way cloning technology into pAG416Gall—ccdB—GFP, pAG413Gall-ccdB-GFP,
PAG416Gall-GFP—ccdB or pAG413Gall—ccdB-GFP Gateway destination vectors®.
The Cherry fusion plasmids were obtained in 2 steps. First, the Cherry (CHFP) gene
was cloned into the pAG416Gall-ccdB Gateway plasmid using HindIII and Xhol,
and second the gene of interest was transferred into the resulting plasmid using the
Gateway technology. CHFP—Atg8 was previously described®. GFP-Sncl (pKT1490)
and GFP-Pep12 (pKT1487) plasmids were generously provided by K. Tanaka®. Of
note, the GFP-tagged chaperones used in this study were functional by different
assays.

Cells were grown in rich media YPD or YPGal (2% galactose) or in glucose or
galactose synthetic minimum media.

Gal shut-off assay. Cells were grown overnight in raffinose synthetic media at
28 °Cbefore dilution to an attenuance (D) of 0.1-0.3 at 600 nm in galactose synthetic
media. The cells were grown for 4-6h at 28 °C to induce the expression of the
galactose-inducible gene of interest. A first sample of an equivalent of 10 D units
was collected (t = 0) and the rest of the culture was simultaneously shifted to
37°C and in glucose synthetic media to specifically shut-off the expression of the
gal-inducible promoter. Typically, the same amount of cells was collected at 15, 30
and 60 min after the shift. The samples were centrifuged, washed once in water,
and the pellet was frozen in liquid nitrogen. The extraction of protein was carried
out using a 6 M urea buffer (50 mM Tris—HCI at pH 7.5, 0.5% SDS and 6 M urea)
supplemented with 1 mM dithiothreitol, 1 mM phenylmethylsulphonyl fluoride and
protease inhibitor cocktail. Cells were broken by glass beads and centrifuged for
2 min at 2,000¢. Supernatant protein concentration was quantified by a BCA protein
assay kit (Pierce) and equivalents of 50 ug of proteins were loaded on SDS-PAGE.
Proteins were transferred onto a nitrocellulose membrane and immunoblotted with
primary antibodies against GFP (1:10,000, Roche, catalogue number 11814460001)
or actin (1:10,000, Sigma, catalogue number A5441). Secondary antibodies used
were goat-anti-mouse IRDye 680LT (1:15,000; LI-COR Biosciences, catalogue
number 926-68020). Membranes were scanned using an Odyssey imager and
software (LI-COR Biosciences).

Fluorescence microscopy. Standard microscopy. As in the gal shut-off assay,
cells were grown overnight in raffinose media followed by 4-6h at 28°C in
galactose media to induce the expression. Then, the cells were heat-shocked at
37°C in glucose media for 30 min or 1h before being mounted on glass slides.
Alternatively, cells were shifted to 37°C and kept in galactose media for steady-
state analyses. Fluorescence was visualized using a Zeiss Axiovert 200 inverted
microscope equipped with FITC/rhodamine/Cy5 filter sets (Chroma), a x100 NA
1.3 oil-immersion objective (Olympus) and a digital Axiocam MRm camera (Carl
Zeiss) controlled with Axiovison software. Image analyses was performed by Image]
software (http://rsbweb.nih.gov/ij).

Live-cell imaging. Cells were grown in raffinose and galactose at 28°C, as
described for standard fluorescence. Cells were then immobilized on concanavalin
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A-coated coverslips. Samples were washed in glucose media and kept in the same
medium by sealing the coverslips to slides with vacuum grease. When indicated,
cells were treated 10 min before sealing with 100 uM MG132 (Cayman Chemical),
200 uM of latrunculin A (Sigma), 15 ugml™"' of nocodazole (Sigma), 10% ethanol,
5mgml~' azetidine 2-carboxylic acid (AZC; Sigma) or 0.2pugml™' rapamycin;
alternatively, cells were treated for 30 min with 10 mM sodium azide and 10 mM
deoxyglycose (Sigma) or 10 uM MDY64 (Invitrogen) before sealing. Imaging was
done at 37 °C (or room temperature (25 °C) when indicated) using a Zeiss Axiovert
200M inverted microscope customized by Intelligent Imaging. Epifluorescence was
provided by a Xenon lamp (DG4300W; Sutter Instrument) and visualized using
Cy5/Cy3/FITC filter set and a x100 NA 1.4 oil objective (Olympus). Images were
acquired with a HQ CoolSNAP camera (Roper Scientific), and the system was
controlled with Slidebook software. Movies were analysed with ImageJ software and
only defined bright puncta were counted.

Deconvolution microscopy. Cells were grown in raffinose and galactose at 28 °C,
and mounted on a slide as indicated for the live-cell imaging. Slides were incubated
for 10 min at 37°C and visualized using an IX70 Olympus inverted microscope
equipped with a x60 NA 1.4 oil objective; 490/20 (FITC/GFP) and 555/28
(Rhodamine, Cy3) excitation filters; 528/38 (FITC, GFP) and 617/73 (Rhodamine,
Cy3) emission filters; and a HQ CoolSNAP camera (Princeton). Raw data were
deconvolved using SoftWoRx software that controlled the system and images were
analysed using Image]J software.

Statistical analysis. Blinded puncta counting was used to assess the number of
puncta in each cell. Statistical analysis was performed using Student’s ¢-test with
a two-tailed distribution.

Competition assay. WT and mutant cells were each grown in YPD medium.
Equal numbers of cells from each culture were mixed in fresh YPD medium and
diluted to Dggg nm 0.05 each (0.1 final). At 24 h intervals, the culture was diluted to
D =0.1 in YPD over 5 days. Each day, at the time of the dilution, an aliquot of
the culture was plated at ~200 colonies per YPD plate. Plates were replica plated
on YPD with or without 50 ug ml~! kanamycin. The ratio of kanamycin-resistant to
kanamycin-sensitive colonies was recorded.

Dilution plating. Cells were suspended in water to a final Dg nm ~ 1 and tenfold
serially diluted for subsequent spotting onto plates. Ten microlitres of each dilution
sample was spotted onto YPD plates and grown at 28 °C or 37 °C.

Ageing assay. Cells were grown overnight in YPD at 28°C and diluted to
Deoonm = 0.1 in YPGal medium when they expressed Ubc9ts—GFP or in YPD
medium when they expressed Hsp104-GFP or Hsp42—-GFP. Cells were grown for
either 4 h (young) or 3 days (aged) at 28 °C before being live-cell imaged. Samples
were prepared as previously described except that cells were imaged in PBS buffer
instead of medium.
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Figure S1 Formation of Q-bodies. (a) WT cells expressing Ubc9ts-GFP were
grown at 28°C in galactose medium and shifted at 33°C or 37°C in glucose
medium. 5 min series images shows Ubc9ts-GFP signal over a 30 min movie.
Scale bars equal 1 pm. (b) pdrbA and pdr5Aatg8A cells expressing UbcOts-GFP

were grown as in a. Upon temperature shift, cells were treated with 100 pM
MG132 as indicated. Ubc9ts-GFP was analyzed by immunoblot using anti-GFP
antibodies. (c) Images of Ubc9-GFP expressed in WT cells at 28°C (left panel)
and shifted for 15 min at 37°C. GFP (right panel). Scale bars equal 1.5 pm.
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Figure S2 Q-bodies associate with specific sub-cellular structures. (a) Two-
color images of Z-focal plans (0.2 pm intervals; obtained after 10 min at
37°C) of cells expressing Ubc9ts-CHFP (red) or Ubc9ts-GFP (green) and the
following markers: GFP-Snc1 (early endosomes; green), GFP-Pep12 (late

DIC

Spc42-GFP

UbcOts-CHFP

merged

endosomes; green), CHFP-Atg8 (autophagic vesicles; red); the vacuole was
imaged by treating cells with MDY64 (blue). Scale bars equal 1 pm.(b) Cells
expressing Spc42-GFP (green) and Ubc9ts-CHFP (red) were imaged 15 min
after a shift from 28°C to 37°C. Scale bars equal 1 pm.
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Figure S3 Hsp70-Hsp90 chaperones promote the maturation and degradation
of Q-bodies. (a) Schematic of the Hsp70 chaperone system and its connection
to the Hsp90 system. (b) Ubc9ts-GFP was expressed in WT and ssal-4
ssaZDssa3Dssa4A (herein ssalts ssa2Dssa3Dssa4A) background at 28°C in
galactose medium and shifted at 37°C in glucose medium. 5 min series of
images shows Ubc9ts-GFP in these strains over 30 min. Scale bars equal 1
pm. (c) Representation of the average number of puncta per cell in the WT
(purple squares) and the ydj1A (orange circles) strains over time. Puncta

c
T 14
3
%12 m wt
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assessed from a total population of n=38 cells over three independent
experiments (1 field counted per experiment). (*) p < 0.05 (**) p < 0.005
compared to WT for the same indicated time.(d) UbcO9ts-GFP expressed in WT,
hljIA and hlj1Dydj1-151 cells was imaged as in b. Scale bar equals 1 pm. (e)
Average number of puncta per cell in the WT (purple squares) and the sselA
(green triangles) strains over timePuncta assessed from a total population

of n=16 cells over three independent experiments (1 field counted per
experiment). (**) p < 0.005 compared to the WT for the same indicated time.
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UbcOts- Hsp104-
CHEP GFP DAPI merged

Figure S4 Hsp104 does not colocalize with perinuclear Q-bodies. Images of a fixed cell expressing Hsp104-GFP (green) and Ubc9ts-CHFP (red) and stained
with DAPI (blue) after a 15 min shift from 28°C to 37°C. Merged represents the overlay of the three channels. Scale bar equals 1 pm.
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Figure S5 Different types of misfolded proteins, but not amyloids, co-
localize to and are processed together via the same Q-bodies. (a) WT cells
expressing Ubc9ts-CHFP and Luc-GFP were grown at 28°C in galactose
medium and imaged at 37°C in glucose medium. 5 min series of images
show Ubc9ts-CHFP in red and Luc-GFP in green. Cells expressing Ubc9-
GFP were similarly prepared and imaged 15 min after the shift. Scale bar
equals 1 pm. (b) WT cells expressing CHFP-VHL were grown as in a. 5
min series of images shows CHFP-VHL over 30 min. Scale bar equals 1

Hsp104- Htt-Q97-
~ GFP___CHFP merged

um. (c) WT cells expressing GFP-VHL (green) and Rnq1-CHFP (red) were
grown and imaged as in a. Scale bar equals 1 pm. (d) Cells expressing
Hsp42-GFP and Htt-Q97-CHFP were grown at 28°C in galactose medium
and shifted for 10 min at 37°C in glucose medium. Two-color images
(deconvolved in the lower panel) show Hsp42-GFP signal in green and
Htt-Q97-CHFP signal in red. Scale bar equals 1 ym. (e) Cells expressing
Hsp104-GFP (green) and Htt-Q97-CHFP (red) were grown and imaged as
in d. Scale bars equal 1 ym.
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Figure S6 Aging impairs the Q-body pathway. Cells expressing Ubc9ts-GFP were grown at 28°C for 5 hours (young) or for 7 days (aged) and imaged at 37°C. 5
min series of a 30 min movie show the GFP signal. Scale bars represent 1 pm.
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Figure S7 Deletion of Hsp42, Hsp26 or Hsp104 does not cause any appreciable growth defects at 37°C. A suspension of WT, hspl04A, hsp42A, and
hsp26Dcells were serially diluted and dropped on YPD at 28°C and 37°C.
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Fig. 4b
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Fig. 4b

Fig. 5f

Fig. S1b

Figure S8 Full scans of original immunoblot data presented in this study. Red outlines represent the immunoblot sections presented in the corresponding
main figures.
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Supplementary Table:

Table 1: Chaperones involved in the Q-body pathway organized by family and corresponding yeast names. Previously described activities and phenotypes of
each chaperone family in the Q-body pathway are included.

Supplemental Video Legends

Video S1: Misfolded Ubc9ts forms Q-bodies. Live-cell movie of Ubc9ts-GFP in a WT cell at 37°C. Interval between frames is 15 s. Total time of acquisition
was 30 min. Refers to Fig. 1f.

Video S2: Actin cytoskeleton does not affect the Q-body pathway. Live-cell movie of cells expressing Ubc9ts-GFP (left panel) or Abp1-GFP (right panel) at
37°C with (lower panel) or without (upper panel) LatA treatment. Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 2a.

Video S3: The Q-body pathway is energy dependent. Live-cell movie of Ubc9ts-GFP in WT cell at 37°C with (right panel) or without (left panel) sodium azide
and deoxyglucose (Az/Deox) treatment. Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 2d.

Video S4: Q-bodies localize in proximity to the cortical ER. 3D projection of a live-cell expressing Ubc9ts-CHFP Q-bodies (red) and Rtn1-GFP (green, cortical
ER) at 37°C. 0.2 pm intervals. Refers to Fig. 3c.

Video S5: The Q-body pathway depends on an intact cortical ER. Live-cell movie of Ubc9ts-GFP in WT and rtn1Artn2Ayop1A cells at 37°C. Interval between
frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 3e.

Video S6: Hsp70 is required for Q-body formation, dynamics and clearance. Live-cell movie of Ubc9ts-GFP in WT, ssalDssaZA and sselA cells at 37°C.
Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 4c and h.

Video S7: Hsp82 is required for Q-body maturation and clearance. Live-cell movie of Ubc9ts-GFP in HSP82 and hsp82ts cells at 37°C. Interval between
frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 4e.

Video S8: Ydj1 participates in the formation and localization of Q-bodies. Live-cell movie of Ubc9ts-GFP expressed in ydjIA cells with an empty vector, YDJI,
or ydj1(C406S) at 37°C. Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 4g.

Video S9: Hsp104 co-localizes with peripheral Ubc9ts-forming Q-bodies. Live-cell movie of a cell co-expressing Ubc9ts-CHFP (red) and Hsp104-GFP (green)
at 37°C. Interval between frames is 15 s. Total time of acquisition was 60 min. Refers to Fig. ba.

Video S10: Q-body pathway relies on the balance between Hsp104 and Hsp42 activities. Live-cell movie of Ubc9ts-GFP in WT, hsp104A, hsp42A, and
hsp42Dhsp104A cells at 37°C. Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 5d and g.

Video S11: VHL, but not Htt-Q97, is concentrated to Q-bodies. Live-cell movie of Ubc9ts-GFP (green) co-expressed with CHFP-VHL (red) or Htt-Q97-CHFP
(red) in WT cell at 37°C. Interval between frames is 15 s. Total time of acquisition was 30 min. Refers to Fig. 6a and b.

Video S12: TOR signaling regulates the Q-body pathway. Live-cell movie of UbcOts-GFP in WT cell with or without 0.2 pg/mL rapamycin (Rap) treatment at
37°C. Total time of acquisition was 30 min. Refers to Fig. 7c.
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