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SUMMARY

Heat causes protein misfolding and aggregation
and, in eukaryotic cells, triggers aggregation of pro-
teins and RNA into stress granules. We have carried
out extensive proteomic studies to quantify heat-
triggered aggregation and subsequent disaggrega-
tion in budding yeast, identifying >170 endogenous
proteins aggregating within minutes of heat shock
in multiple subcellular compartments. We demon-
strate that these aggregated proteins are not mis-
folded and destined for degradation. Stable-isotope
labeling reveals that even severely aggregated
endogenous proteins are disaggregated without
degradation during recovery from shock, contrast-
ing with the rapid degradation observed for many
exogenous thermolabile proteins. Although aggre-
gation likely inactivates many cellular proteins,
in the case of a heterotrimeric aminoacyl-tRNA syn-
thetase complex, the aggregated proteins remain
active with unaltered fidelity. We propose that
most heat-induced aggregation of mature proteins
reflects the operation of an adaptive, autoregulatory
process of functionally significant aggregate assem-
bly and disassembly that aids cellular adaptation to
thermal stress.
INTRODUCTION

Following heat shock—a rapid increase in temperature to stress-

ful but non-lethal levels—cells accumulate protein aggregates,

decelerate protein synthesis, and mount a transcriptional pro-

gram called the heat-shock response. Upregulated transcripts

encode so-called heat-shock proteins, of which many are mo-

lecular chaperones. The standard interpretation of these events

is that heat causes endogenous (species-native) proteins to mis-

fold into aggregation-prone species whose toxicity is mitigated
1286 Cell 162, 1286–1298, September 10, 2015 ª2015 Elsevier Inc.
and reversed by chaperones (Lindquist, 1986; Mogk et al.,

1999; Vabulas et al., 2010; Verghese et al., 2012). Misfolding

here refers to the deleterious loss of—or failure to attain—

natively folded protein structure, sometimes by adopting stable

non-native conformations.

Newly synthesized proteins are particularly susceptible to

heat-induced misfolding and aggregation and appear to be the

major triggers of the heat-shock response, as well as the main

beneficiaries of its induction (Baler et al., 1992; Vabulas et al.,

2010). In agreement, heat triggers rapid degradation of newly

synthesized proteins, but not of bulk cellular protein (Medicherla

and Goldberg, 2008).

Mature, folded proteins also aggregate in response to heat

shock, forming protein/poly(A)+-RNA structures called heat-

shock granules (HSGs). Discovered in plants (Nover et al.,

1983), HSGs form upon robust heat shock in a range of eukary-

otes, including budding yeast, trypanosome, insect, and

mammalian cells (Grousl et al., 2009, 2013; Cherkasov et al.,

2013; Farny et al., 2009). HSGs are functionally defined by their

components, notably poly(A)-binding protein and eukaryotic

initiation factor 4G; some components are common to RNA/pro-

tein granules formed during other stresses (Buchan et al., 2010,

2011; Kedersha and Anderson, 2002). Themechanism(s) of HSG

formation remain unclear.

Many studies demonstrate aggregation and degradation of

exogenous (heterologous or other non-species-native) proteins

(Cherkasov et al., 2013; Heck et al., 2010; Fredrickson et al.,

2013). Colocalization of exogenous aggregated proteins and

HSGs has been interpreted as signaling the presence of endog-

enous misfolded proteins in HSGs (Cherkasov et al., 2013).

However, the identities and folding states of HSG-associated

proteins are largely unknown.

When cells return to lower temperatures, HSG dissolution is

promoted by the disaggregase Hsp104 and the chaperone

Hsp70 (Cherkasov et al., 2013), which also disaggregate mis-

folded proteins in vitro (Glover and Lindquist, 1998). It is un-

known what fraction of disaggregated proteins are degraded

in vivo, although evidence that stress granules are degraded

by autophagy (Buchan et al., 2013) suggests that degradation

might be the dominant fate of stress-induced aggregates.
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Here, using the model eukaryote budding yeast (Saccharo-

myces cerevisiae), we report the results of experiments aimed

at answering many of these fundamental questions. Which

endogenous proteins aggregate during heat shock, and how

do proteins differ in their propensity to aggregate? What is

the relationship between protein aggregation and the forma-

tion of granules and other large subcellular foci? How does

heat affect the function and fidelity of proteins determined

to aggregate in response to heat shock in vivo? And what

are the fates of endogenous aggregated proteins after heat

shock?

RESULTS

Aggregation Profiling Identifies Many Thermally
Sensitive Proteins
We quantified aggregation of proteins into high-molecular-

weight particles by biochemical separation into supernatant

and pellet fractions using ultracentrifugation, stable-isotope

labeling, and liquid chromatography coupled to tandem mass

spectrometry (LC-MS/MS) (Figure 1A). With these data, we

estimated the proportion of each protein in the supernatant

(pSup) using a statistical method that controls for differences

in fraction mixing and inter-experiment variability (Experimental

Procedures and Figure S1). Here and throughout, we refer

to pelletable species of proteins that are soluble before

heat shock as ‘‘aggregates,’’ without prejudging whether the

particles result from misfolding, formation of protein/RNA gran-

ules, or other homogeneous or heterogeneous oligomerization

processes.

We quantified protein aggregation in cells transferred from

30�C to 46�C for 2, 4, and 8 min and to 37�C and 42�C for

8 min (Figure 1 and Table S1). During these treatments, which

are shorter than those typically used to study HSG formation

(Grousl et al., 2009; Cherkasov et al., 2013; Supplemental Exper-

imental Procedures), genes upregulated in the transcriptional

heat-shock response show no significant change in protein

levels (Figure S2A). By contrast, aggregation is rapid and wide-

spread and increases with time and temperature (Figures 1B

and 1C).

Heat Triggers Rapid and Specific Protein Aggregation
In the 46�C time course, 982 proteins are detected with at least

two unique peptides at all time points (‘‘well-detected,’’ 73% of

the proteome by mass, 17% of verified open reading frames

[Cherry et al., 2012]), uponwhichwe focus.Most cellular proteins

remain in the supernatant throughout (Figure 1B), and cytosolic

and ribosomal proteins are the most enriched gene ontology

(GO) terms describing these proteins (Figure S3). Proteins found

in the pellet in all conditions are primarily membrane associated

(Figure S3). Heat triggers the aggregation of a large group of pro-

teins (177 well-detected proteins), classified by consistent and

substantial movement from the supernatant in unheated cells

to the pellet after a shift to 46�C (Table S3 and Experimental Pro-

cedures). Only four proteins moved from pellet to supernatant in

the same interval (Table S4).

Of 18 HSG components identified in the literature (Table S2),

we detected all but one (Ngr1). Twelve of these meet our criteria
C

for heat-triggered aggregation, including poly(A)-binding protein

(Pab1), eIF4G/Tif4631, and eIF3, where our data show aggrega-

tion of all five stably complexed eIF3 subunits (Nip1/Rpg1/Prt1,

reported previously [Grousl et al., 2009], and Tif34/Tif35 reported

here) and eukaryotic release factors eRF1/Sup45 and eRF3/

Sup35 (Figure S4A). Of the remaining five, Whi3 is not well de-

tected but aggregates, and three proteins (Dhh1, eIF4G2/

Tif4632, and small-subunit ribosomal protein Rps30A/B) do not

clearly aggregate. The behavior of Rps30A/B is consistent with

the lack of aggregation in 82 other well-detected ribosomal

gene products from both subunits and with in situ hybridization

against ribosomal RNA (Cherkasov et al., 2013). Our experi-

mental conditions therefore allow us to quantify biochemically

the aggregation of proteins reported to form HSGs by fluores-

cence microscopy.

In our data, 17 proteins aggregate more than any previously

reported HSG component after 2 min heat shock at 46�C; we

dub these ‘‘superaggregators’’ (Table S3 and Experimental Pro-

cedures). For example, the nuclear protein Ett1 plunges from a

supernatant proportion of 0.93 to 0.15 after 2 min at 46�C, while

the mRNA-binding protein Gbp2 drops from 0.8 to 0.25. In the

same interval, HSG-forming proteins such as Pab1 and eIF3

remain mostly soluble (Figures 1C and S4). Notably, most super-

aggregators also show clear aggregation after 8 min at 37�C and

42�C (Figures 1C and 1D). At these temperatures and times,

Pab1-marked HSGs do not form (Cherkasov et al., 2013).

GO terms enriched in heat-aggregating proteins include the

molecular functions RNA binding (exemplified by poly(A)-binding

protein Pab1 along with Npl3, Pub1, and Gbp2) and RNA heli-

case activity (seven proteins, including Ded1 and Dbp2/3) (Fig-

ure S3). Enriched cellular components include cytosolic stress

granules, polysomes, and notably the nucleolus (16 nucleolar

proteins).

Six aminoacyl-tRNA-synthetases aggregate, including the

yeast multisynthetase complex composed of methionyl- and

glutamyl-tRNA synthetases Mes1 and Gus1 bound together by

the aminoacylation cofactor Arc1. We return to this complex

later.

Molecular chaperones, which colocalize with HSGs, largely

remain soluble in our data, suggesting a biochemical distinction

between aggregation and recruitment to aggregates. However,

notable exceptions exist, including the ribosome-associated

chaperone complex (RAC) discussed later. The small heat-

shock proteins Hsp26 and Hsp42, despite poor detection

in our dataset, partition into the pellet upon heat shock

(Figure S4A).

Endogenous Proteins Aggregate in Distinct
Compartments
To determine the subcellular location and morphology of aggre-

gates for MS-identified aggregators, we imaged yeast strains

engineered with fluorescent C-terminally tagged proteins at their

native chromosomal loci. We tagged select proteins with

mRuby2, a red fluorescent protein, and tagged the HSG marker

Pab1 with Clover, a green fluorescent protein (Lam et al., 2012),

mating these strains to form dual-tagged diploids (Figure 2A).

Fusions of the non-aggregating glycolytic enzyme Pgk1 stay

cytosolic and diffuse when heat shocked, and diploids bearing
ell 162, 1286–1298, September 10, 2015 ª2015 Elsevier Inc. 1287
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Figure 1. Proteome-wide Aggregation Profiling

(A) Aggregation profiling by isotope labeling and mass spectrometry yields estimates of the proportion of each protein in the supernatant (pSup) before and after

thermal stress.

(B) pSup values in the 46�C time course for all well-detected proteins show proteins consistently found in the supernatant (top), consistently found in the pellet

(bottom), and transitioning from supernatant to pellet during the 8 min heat shock (middle, see text).

(legend continued on next page)
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Pab1 tagged with both fluorophores (no untagged Pab1 present)

form cytosolic foci containing both colored tags (Figure 2B),

indicating that these fluorophores neither cause nor prevent

aggregation.

Proteins detected to aggregate by mass spectrometry after

an 8 min 46�C heat shock also form foci (Figures 2B and 2C).

Mes1 and Gus1, components of the multisynthetase complex,

form cytosolic foci colocalized with Pab1. Arc1, the third multi-

synthetase component, likewise forms fluorescent foci co-

localized with Gus1 (Figure 2C). Ola1, a superaggregating

cytosolic protein previously implicated in translation termination

(Samanfar et al., 2014), also forms foci colocalized with Pab1.

These four proteins are all thus bona fide heat-shock granule

components.

Some heat-aggregating proteins form nuclear foci. Gbp2, a

nuclear poly(A)-RNA-binding protein involved in nuclear-cyto-

solic mRNA transport, forms sub-nuclear granules during heat

shock (Figure 2B). Fpr3, a nucleolar component adopting the

diagnostic nucleolar crescent shape under non-shock condi-

tions, becomes increasingly granular within the nucleolus during

heat shock (Figure 2B). Ett1, a nuclear protein and the most

rapidly aggregating protein detected by mass spectrometry,

forms nuclear foci during heat shock (Figure 2B) which colocal-

ized with Gar1, a nucleolar protein that shows no heat-triggered

aggregation by MS (Figure S5A). These results suggest that Ett1

aggregates in or near the nucleolus upon heat shock, possibly

consistent with localization to the intranuclear quality-control

compartment (INQ) (Miller et al., 2015a). We often observe mul-

tiple Ett1 foci per cell (Figure S5C).

Translation Inhibition Impedes Granule Formation but
Does Not Prevent Stress-Triggered Protein Aggregation
Our data indicate clear distinctions between the heat-triggered

in vivo formation of fluorescent foci and of submicroscopic,

biochemically detectable aggregates. After milder shocks,

several proteins producing pelletable aggregates did not

form foci, such as Ett1 (at 37�C) and Pab1 (at 42�C) (Figures
S5B and S5C). Also, Hsp104 forms foci co-localized with Pab1

upon heat shock (Cherkasov et al., 2013) while remaining highly

soluble (Figure S4A), showing its recruitment to, but not stable

association with, substrates within heat-shock granules.

A series of studies has demonstrated the preferential retention

of cytosolic heat-induced protein aggregates by mother cells

during budding (Aguilaniu et al., 2003; Liu et al., 2010; Zhou

et al., 2014); these cytosolic Hsp104 foci are heat-shock gran-

ules. Zhou et al. (2014) observe that Hsp104 focus formation dur-

ing heat shock is blocked by the translation elongation inhibitor

cycloheximide (CHX) and conclude that heat-induced aggrega-

tion requires active translation. By contrast, Jacobson et al.

(2012) observe that CHX blocks Hsp104 foci during arsenite

stress, but not during heat shock. We wondered whether
(C) Progressive protein aggregation quantified by proportion in the supernatant fr

and with increasing 8 min shock temperature (bottom; see Table S1 for design). P

five nucleolar proteins.

(D) Behavior of proteins in various categories (cf. C) as a function of temperature

(E) Individual proteins aggregate at different rates in response to heat; more are sh

same biological sample as the 46�C data; 30�C rep 3 is shown in the temperatu

C

biochemical detection might shed useful light on the relationship

between aggregation, heat-shock granules, and translation.

To study these phenomena, we treated cells with 100 mg/ml

CHX for 5 min and then subjected them to either a 42�C heat

shock for 30 min as in Zhou et al. (2014) or to a 46�C heat shock

for 8 min. This dose of CHX attenuates formation of visible fluo-

rescent foci by tagged Pab1 (Figures 3A and 3B). However, the

cytosolic heat aggregators Yef3 andOla1 still form some fluores-

cent foci in the presence of CHX (Figures 3A and 3B). Thus,

translation inhibition attenuates the heat-triggered formation of

foci for some, but not all, cytosolic proteins.

We also measured protein aggregation biochemically during

identical heat shocks by analyzing 100,000 g pelleting particles.

Pab1, Ssz1, and Yef3 all enter the 100,000 g pellet after a 46�C,
10 min heat shock, with reduced aggregation after a 42�C,
30 min shock. Surprisingly, biochemical aggregation was unaf-

fected by CHX (Figure 3C).

The data are consistent with a model of multi-stage aggrega-

tion in which initial formation of biochemical aggregates is

followed by CHX-sensitive collection of these aggregates

into larger bodies visible as foci. To test this model, we progres-

sively fractionated cell lysate first at 8,000 g 3 3 min (pellet,

P8, largest aggregates), then fractionated the supernatant at

20,000 g3 5min (pellet, P20, smaller aggregates), and then frac-

tionated the second supernatant at 100,000 g 3 20 min (pellet,

P100, smallest aggregates), collecting residual 100,000 g super-

natant (S). Western blotting against native Pab1 showed that

75% of Pab1 remained in the supernatant from unshocked cells

regardless of CHX treatment (Figures 3D and S6). In cells heat

shocked for 8 min at 46�C, most Pab1 entered P8 and P100;

treatment with CHX blocked formation of P8 particles and

increased levels of P100 particles, as predicted (Figure 3D).

Ssz1 shows the same pattern (Figure 3D), as does Yef3 (total

protein gel, Figure S6).

These results support a CHX-blockable secondary assembly

of aggregates into cytosolic foci, which does not affect heat-

induced formation of smaller aggregates.

Translation-Related Proteins Aggregate in Coherent
Groups
The heat-triggered aggregation of eIF3 and the multisynthetase

complex prompted us to examine aggregation of other protein

complexes involved in translation. Translation factors partition

into heat aggregators and non-aggregators (Figure 4A).

Assuming that aggregated translation factors are inactive, the

observed aggregation of eIF2B, eIF4B/G, eEF3, or eRF1 would

be individually sufficient to substantially reduce net protein syn-

thesis (Firczuk et al., 2013).

Each stable protein complex falls into a single category: of the

components of eukaryotic elongation factor 1 (eEF1), all ele-

ments of the stable subcomplex eEF1B heat aggregate, but
action (pSup) during a 46�C treatment compared to unshocked replicates (top)

rotein annotations in C and D are the same; superaggregators (see text) include

, for 8 min, and time at 46�C.
own in Figure S4A. In D and E, 30�C rep 1 is shown in the time course plots, the

re course plots, the same biological sample as 37�C and 42�C, 8 min, data.
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Figure 2. Live-Cell Microscopy Identifies Heat-Aggregating Proteins Forming Cytosolic or Nuclear Granules

Diploid strains containing the HSG component Pab1 tagged with the green fluorescent protein (FP) Clover (cyan in merged images) and test proteins tagged with

the red FP mRuby2 (magenta in merge) were imaged at 30�C and after 8 min heat shock at 46�C. Scale bar, 5 mm.

(legend continued on next page)
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Tef1/eEF1a does not (Figure 4A). All components of eIF2 have

similar high pSup across conditions, while all components of

eIF3 heat aggregate with similar kinetics (Figure 4B). Aggrega-

tion of the multisynthetase complex is particularly synchronous

(Figure 4B).

Complexes with shared interaction partners show distinct ag-

gregation patterns: for example, the nascent-polypeptide-asso-

ciated complex (NAC; Egd1/Egd2) and the ribosome-associated

chaperone complex (RAC; Ssz1/Zuo1), along with Ssb1/2, bind

the ribosome near the nascent peptide exit tunnel (Preissler

and Deuerling, 2012). Both detected NAC components remain

soluble across conditions, as do ribosomes; in contrast, RAC

components aggregate swiftly and in lockstep (Figure 4C).

More broadly, proteins associated in annotated complexes (Pu

et al., 2009) have more similar pSup trajectories than expected

by chance (Figure S7).

The Yeast Multisynthetase Complex Forms Active Heat-
Triggered Aggregates In Vitro
The tight correlation of the three yeast multisynthetase compo-

nents during heat-triggered aggregation (Figure 4) and their ag-

gregation into the same subcellular location (Figure 2) prompted

us to ask how heat affects this complex and its activity in isola-

tion. The complex, dubbed AME, is a heterotrimer formed by

the aminoacylation cofactor Arc1 (A), methionyl-tRNA synthe-

tase Mes1 (M), and glutamyl-tRNA synthetase Gus1 (E), which

interact through eukaryote-specific N-terminal domains in each

protein (Frechin et al., 2014).

Recombinant reconstituted AME remains in the supernatant

of a 100,000 g, 20 min spin but after a severe 46�C 15 min

treatment aggregates completely into pelletable material and

cannot be resolubilized by dilution and 1 hr incubation at 30�C
with or without substrates (Figure 5A).

Gentler centrifugation revealed that AME pellets as a stoichio-

metric complex (Figure 5A) despite wide variation in the aggre-

gation propensity of its constituents (Figure S7C). Severely

heat-shocked AME retains substantial activity, all of which re-

sides in the aggregated fraction, as indicated by absence of ac-

tivity in the supernatant after centrifugation (Figure 5B). Similarly,

the activity of heat-treated Mes1 is reduced >7-fold after spin-

ning out aggregates (Figure 5B). Gus1’s non-catalytic N-terminal

domain proved necessary and sufficient for heat-induced Gus1

aggregation (Figure S7D).

We next assessed the fidelity of tRNA-Met aminoacylation by

AME before and after heat shock using tRNAmicroarrays. Under

conditions in which AME is fully aggregated (cf. Figure 5A), it re-

tains fidelity indistinguishable from untreated AME or Mes1

(Figure 5C).

Bacterial inclusion bodies can contain active exogenous

enzymes (Martı́nez-Alonso et al., 2009). Our results reveal

heat-induced formation of endogenous, active, stoichiometric

aggregates with normal fidelity. Here, reduced activity may indi-
(A) Heat-induced nuclear and cytosolic aggregation of Gbp2-mRuby2 and Pab1

(B) Non-aggregating Pgk1-mRuby2 remains diffuse during heat shock, while Pa

during heat shock. Fusions of MS-identified heat-aggregating proteins form foci

nuclear foci (Ett1, Fpr3, Gbp2).

(C) The aminoacylation cofactor in the multisynthetase complex, Arc1, forms hea

C

cate partial loss of function or reduced ability of large tRNA sub-

strates to penetrate these in vitro aggregates.

Global Profiling of Disaggregation during Recovery
Reveals Near-Complete Reversibility of Aggregation
Heat-shock granules slowly disappear after cells are returned to

non-shock temperatures (Cherkasov et al., 2013; Parsell et al.,

1994), yet it has remained unclear whether endogenous aggre-

gate dispersion is due to disaggregation followed by degradation

and resynthesis or due to disaggregation back into a stable sol-

uble pool.

To measure disaggregation and new synthesis at the prote-

ome scale without blocking synthesis or degradation, we per-

formed a media-shift experiment (Figure 6A and Experimental

Procedures) in which cells are grown on a first set of stable-

isotope-labeled amino acids, shifted to media containing a sec-

ond set of labels, then heat shocked at 42�C and allowed to

recover for a defined time at 30�C. Upon collection, these cells

are mixed with cells from an unshocked (30�C) reference sample

grown on a third label. Supernatant fractions of these mixtures

measured after 0, 20, and 60 min of recovery allowed us to

observe the depletion of aggregating proteins from the superna-

tant after shock followed by their recovery in both the pre- and

post-shock labels, indicating new synthesis, or only in the pre-

shock label, indicating disaggregation.

Heat-insensitive proteins, such as the glycolytic enzyme Pgk1,

show minimal change in pre-shock ratio in the supernatant, indi-

cating no aggregation, and a slight increase in post-shock ratio,

indicating low levels of new synthesis during recovery (Fig-

ure 6B). Heat-aggregating proteins have low pre-shock ratio

immediately after shock, and their disaggregation is indicated

by increase of the pre-shock ratio during recovery with only

background-level changes in the post-shock ratio, as seen for

the RNA helicase Ded1 (Figure 6B). Proteins synthesized in

response to heat shock, such as the chaperone Hsp104, show

an increase in both pre- and post-shock ratios, indicating new

synthesis; increased signal in both channels reflects incorpora-

tion of imported post-shock amino acids and residual or

recycled pre-shock amino acids (Figure 6B). Aggregated,

degraded, and resynthesized proteins would show a low pre-

shock ratio after shock and an increase in post-shock ratio; we

do not observe this pattern.

A biological replicate with isotopic labels permuted shows the

same behavior (Figure S2B). An additional time point 180 min

post-shock, after a full cell doubling, shows that, as expected,

the majority of the proteome incorporates the post-shock label

(Figure S2C).

Proteins previously identified as superaggregators by MS

aggregate aggressively at 42�C and disaggregate fully after

1 hr of recovery (Figures 6C and S4B). Complexes which aggre-

gate coherently also disaggregate coherently, including the mul-

tisynthetase complex and the RAC (Figure 6C).
-Clover, respectively.

b1-Clover forms HSGs. Pab1-Clover and Pab1-mRuby2 form colocalized foci

that colocalize with Pab1 during heat shock (Mes1, Gus1, Ola1) or form sub-

t-induced foci colocalized with Gus1.
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Figure 3. Heat-Triggered Protein Aggregation Does Not Require Ongoing Translation

(A) Cycloheximide (CHX; 100 mg/ml) blocks formation of heat-triggered cytosolic foci by fluorescently tagged Pab1 and attenuates formation of foci by Yef3. Scale

bars, 5mm; arrows indicate foci.

(B) Ola1 forms fluorescent foci in response to heat shock in the presence of CHX.

(C) Pab1, Ssz1, and Yef3 (arrows on gel) are found in the 100,000 g supernatant (S) in lysate from unshocked cells but enter the 100,000 g pellet (P) after heat

shock independent of CHX treatment. Coomassie-stained protein gel and western blots against native proteins are shown. T, total protein.

(D) CHX inhibits Pab1 and Ssz1 entry into large aggregates, but not into small aggregates. Cell lysate was progressively fractionated at 8,000 g (pellet, P8),

20,000 g (P20), then 100,000 g (P100), and pellets and residual supernatant (S) were western blotted against Pab1 and Ssz1; intensity as proportion of total was

quantified in two biological replicates (Figure S6), and a representative blot is shown.
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Figure 4. Stable Translation-Related Com-

plexes Aggregate Coherently

Proportion in supernatant (pSup) is plotted against

time of heat shock at 46�C; each panel shows one

or more complexes and each line a protein

component.

(A) pSup of all well-detected translation factors.

Mean is shown for aggregators and non-aggre-

gators in each plot.

(B) Aggregation of translation initiation factors 2

and 3 and of the multi-tRNA-synthetase complex.

(C) Aggregation of chaperone complexes involved

in co-translational folding.
To examine proteome-scale trends, we compared groups of

genes identified as reliably soluble, heat aggregators, or super-

aggregators in the 46�C heat-shock data set. Immediately after

heat shock, aggregators and superaggregators synthesized

from pre-shock amino acids are depleted from the supernatant

compared to reliable soluble proteins (Figure 6D). After 20 min

recovery at 30�C, the differences between these populations

are smaller though still significant, and after 60 min of recovery,

the distributions are indistinguishable, indicating complete

disaggregation (Figure 6D). The post-shock ratios of aggregators

and superaggregators are indistinguishable from those of reli-

ably soluble proteins, indicating approximately the same level

of new synthesis. At the same time, proteins whose ribosome

occupancy increases at least 20-fold during heat shock (Gerash-

chenko andGladyshev, 2014) show a substantial increase in new

protein synthesis (Figure 6D). New synthesis post shock corre-

lates well with ribosome occupancy during shock (Figure S2D).

In summary, the data show virtually complete disaggregation

of endogenous aggregated proteins during recovery without

elevated levels of degradative turnover.

DISCUSSION

The standardmodel of heat stress holds that heat causes protein

damage and misfolding, disrupting function and causing expo-

sure of natively buried hydrophobic residues, which triggers

protein aggregation (Vabulas et al., 2010). This model was

shaped by, and explains well, a wide array of observations,

particularly the behavior of endogenous nascent polypeptides.

A more recent regulatory interpretation holds that evolutionarily

conserved heat-induced aggregation of some proteins into spe-

cific subcellular locations reflects a mechanism for attenuating

translation (Grousl et al., 2009; Farny et al., 2009; Cherkasov

et al., 2013) and protecting the cell during stress (Miller et al.,

2015b).

Our study provides multiple lines of evidence indicating that

many phenomena that correlate tightly for nascent polypeptides

and exogenous unstable reporter constructs—phenomena such

as heat-induced aggregation, loss of function, formation of sub-
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cellular foci, and degradation—are in

many cases completely separable and

thus causally unrelated for endogenous

mature eukaryotic proteins under acute

stress. The standard misfolding model
incompletely describes the behavior of most mature proteins

during heat shock.

To illustrate, consider the aggressive yet fully reversible ther-

mally induced aggregation of nuclear proteins, exemplified by

Ett1 and Gbp2, in light of recent studies on nuclear quality con-

trol. The ubiquitin ligase San1 targets nuclear misfolded proteins

for degradation (Gardner et al., 2005; Fredrickson et al., 2013).

GFP constructs engineered with stretches of hydrophobic

residues that promote formation of fluorescent nuclear foci and

pelletable aggregates undergo San1-mediated degradation

detectable within 1 hr (Fredrickson et al., 2013). Our expectation

was that endogenous nuclear proteins that aggregate should be

similarly degraded. However, despite aggressive aggregation of

Ett1 and Gbp2 in the nucleus, they are restored to solubility

without degradation.

Theorganizeddepositionof aggregatedproteins intoparticular

subcellular sites, such as stress granules, may provide fitness

benefits to organisms during stress (Miller et al., 2015b). Stress

granules may facilitate preferential translation of certain mRNAs

during stress (Kedersha and Anderson, 2002). By providing a

view into how proteins reversibly form large assemblies during

stress, without necessary restriction to granular structures or

particular sites, our study reveals a separate layer of phenomena

that is rich with exciting functional possibilities. We hypothesize

that the heat-induced aggregation of mature proteins reflects

the action of a vast, fast-acting regulatory system based on

massive molecular assembly and disassembly. This system cou-

ples rapid protein-autonomous stress-responsive assembling

elements with slower-acting disassembly machines.

Such a system invokes transient interactions beyond quater-

nary structure, termed quinary organization (McConkey, 1982).

Molecular mechanisms and components of quinary regulation

may include multivalent interactions (Li et al., 2012), low-

complexity sequences (Kato et al., 2012), and phase-separation

phenomena, including protein and protein/RNA liquids (Weber

and Brangwynne, 2012) and hydrogels (Kato et al., 2012). Our

studies do not offer a mechanistic picture of aggregation or

new evidence for particular physical states of quinary assem-

blies but do identify targets for study.
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Figure 5. The Yeast Multisynthetase Com-

plex Forms Active Aggregates in Response

to Heat Shock In Vitro

(A) Recombinant purified AME complex is soluble

before heat treatment and fully aggregated after

(stained SDS PAGE; T, total; S, supernatant;

P, pellet). A minor soluble degradation product is

starred. Three heat-treated samples were incu-

bated at room temperature (RT) for 1 hr (undiluted)

or incubated for 1 hr at 30�C after 403 dilution and

after addition of substrates as indicated (see

Experimental Procedures). (Right) Stoichiometry in

aggregates revealed by lower-speed centrifuga-

tion. mw, molecular weight marker.

(B) Activity measured by aminoacylation of total

yeast tRNA with 35S-labeled methionine in a filter-

binding assay. Three replicates are shown, with

signal normalized by 1 nM AME RT levels. Lines

indicate means.

(C) Fidelity measured by aminoacylation of tRNA-

microarray-immobilized tRNAs with 35S-labeled

methionine. Each cell contains probes comple-

mentary to a single tRNA species, with tRNA-Met

probes arrayed as indicated.
Because heat stress necessarily involves an influx of thermal

energy, it would be efficient for aggregation to result from

evolved, thermally induced conformational changes that pro-

mote quinary interactions. Such processes could be all but indis-

tinguishable from misfolding at the molecular level (Sengupta

and Garrity, 2013). The fundamental distinction is in fitness: mis-

folding is deleterious, whereas evolved quinary regulation is

beneficial, suggesting testable and opposing predictions about

the fitness consequences of blocking aggregation. We also

anticipate that, as in the case of the aminoacyl-tRNA synthe-

tases, evolved quinary interactions will be domain specific, orga-

nized, and rapidly reversible without degradation, unlike the

behavior of misfolded proteins.

Our data suggest several mechanisms for focusing translation

on stress-induced transcripts (Figure 7). Translation initiation on

most yeast mRNAs depends upon initiation factors (eIFs) and

auxiliary proteins (such as the RNA helicase Ded1). We find

that these factors partition into twomajor classes, the heat-resis-

tant factors (including eIF-1, 1A, 2) and heat-sensitive factors

(including eIF-2B, 3, 4G, 5, Ded1). Shirokikh and Spirin (2008)

demonstrated assembly of a normal AUG-associated translation

initiation complex on uncapped mRNA in vitro in the absence of

eIF-2B/3/4A/4B/4G/4E if a poly(A) leader sequence is present.

This poly(A)-mediated cap-independent initiation mechanism

may explain the cap-independent translation of heat-shock

mRNAs (Rhoads and Lamphear, 1995; Barnes et al., 1995; Ger-

stel et al., 1992), which often possess unstructured, A-rich 50

UTRs (Holmgren et al., 1981) with reduced dependence on

RNA unwinding (Lindquist and Petersen, 1990). We hypothesize

that stress-sensitive aggregation of initiation and unwinding fac-

tors inhibits translation on most non-stress-relevant mRNAs.

The enzyme components of the AME complex, the aminoacyl-

tRNA synthetases Mes1 and Gus1, have secondary transcrip-

tional and translational activities in the nucleus and mitochon-

dria, respectively, and are excluded from these compartments
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by complexing with Arc1 (Frechin et al., 2014). We hypothesize

that autonomous heat-sensitive self-assembly of AME com-

plexes discovered here confines active AME components to

the cytosol, suppressing secondary activities in other compart-

ments and focusing aminoacylation activity in the cytosol, where

it is needed during stress (Figure 7).

Molecular chaperones may act as regulatory disassembly fac-

tors quite separate from their role in protein folding and misfold-

ing. For example, chaperone-mediated dissolution of AME

assemblies would permit return of Gus1 and Mes1 to duty in

other cellular compartments. Chaperone-mediated restoration

of helicases and cap-dependent initiation factors to solubility

would derepress translation of most mRNAs, titrating transla-

tional activity away from stress-induced messages and thus

closing a feedback loop (Figure 7). Consistent with this, deletion

of the disaggregase Hsp104 delays both heat-shock granule

dissolution and reassembly of polysomes after heat shock

(Cherkasov et al., 2013). Which factors (chaperones or other pro-

teins) disassemble which assemblies, and whether and how

specificity is achieved, can be addressed in large part using

the methods that we have introduced here.

A similar autoregulatory mechanism has been proposed as a

way to link protein quality control and translation through assem-

bly of stress granules (Cherkasov et al., 2013). Our study sug-

gests that neither misfolding nor stress-granule formation need

be involved; indeed, heat stress/aggregation/chaperones seem

likely to be a special case of a broader class of signal/assem-

bly/disassemblase regulatory systems, each involving stress-

specific quinary interactions. It seems likely that certain proteins

will form assemblies under a wide range of stress conditions

(e.g., translation initiation factors) but by stress-specific mecha-

nisms, such as binding sites revealed by phosphorylation, pH-

driven self-association, and thermally induced local unfolding.

Stress-triggered formation of massive but unanchored assem-

blies of undamaged proteins, when reversible by stress-induced
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Figure 6. Heat-Aggregated Proteins Disaggregate during Recovery
(A) Schematic experimental design for SILAC media-shift measurement of soluble protein dynamics during recovery from heat shock.

(B) SILAC ratios measure aggregation or synthesis of example proteins Ded1, Pgk1, and Hsp104. Thin lines show pSup after 42�C, 8 min. heat shock from

Figure 1.

(C) Select groups of heat-aggregating proteins during recovery after heat shock (others in Figure S4B).

(D) Heat-aggregated proteins disaggregate during recovery, while many proteins change minimally and known heat-induced proteins are synthesized. Cumu-

lative distributions of the normalized ratio in the supernatant are plotted for reliably soluble proteins, superaggregators, other heat aggregators (annotated in the

46�C time course), and proteins whose ribosome occupancy increases at least 20-fold during 42�C, 20 min heat shock (Gerashchenko and Gladyshev, 2014).

Wilcoxon rank sum test was used to compare the distributions of reliably soluble proteins to superaggregators and other aggregators, respectively, at each time

point (**p < 0.001; ns, not significant).
disassembly activity, allows for a fast-acting autoregulatory

response.

EXPERIMENTAL PROCEDURES

Full details are available in the Supplemental Experimental Procedures.

Yeast Strains and Media

The yeast strains used in this study are listed in Table S6. Unless otherwise

stated, S288c-derived S. cerevisiae were grown in SC-complete at 30�C to

mid-exponential phase.

Fractionation and Mass Spectrometry Measurement

Yeast were heat treated, flash frozen, and lysed. Protein from total lysate,

100,000 g 3 20 min supernatant, and pellet fractions was chloroform-
C

methanol extracted, separately digested with trypsin using a FASP protocol

(Wi�sniewski et al., 2009), labeled by reductive dimethylation (Boersema

et al., 2009), and mixed. Mixed samples were fractionated by anion exchange,

and fractions were submitted for LC-MS/MS analysis on an Orbitrap Velos Pro

(Thermo Fisher).
SILAC Recovery Assay

Yeast strains auxotrophic for arginine and lysine (RK) were grown with light

(rep. 2, heavy) isotope-labeled RK at 30�C to mid-exponential phase, trans-

ferred to heavy (rep. 2, light) isotope-labeled RK, heat shocked for 10 min at

42�C, and allowed to recover at 30�C. Cells were harvested at specified times,

mixed evenly with unheated cells grown in medium-isotope-labeled RK, and

flash frozen. Mixed samples were lysed and fractionated, and only the super-

natant fractionwas chloroform-methanol extracted, trypsin digested, and sub-

mitted for LC-MS/MS.
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Figure 7. Mechanisms for Enhancing

Cellular Remodeling by Massive Assembly

during Heat Stress
Data Analysis for Mass Spectrometry

Mass spectrometry runs were analyzed with MaxQuant (Cox et al., 2011), and

reported peptide intensities were further analyzed using a statistical model. In

brief, three intensities per peptide detection event—light, medium, and

heavy—are noisy proxies for abundance in total, supernatant, and pellet,

respectively. A Bayesian model, accounting for supernatant-to-total ratios,

pellet-to-total ratios, variability in sample mixing, and measurement error, re-

ports the proportion in supernatant for each detected protein.

In the SILAC recovery assay, we report median ratios of MaxQuant-esti-

mated intensities, correcting for deviations from even mixing by fixing the

median ratio to 1 for proteins reliably in the supernatant (section S1.5).

We define a protein as heat aggregating if it is (1) well-detected, i.e., two or

more unique peptides reported at each time point; (2) moves consistently from

supernatant to pellet, i.e., the rank correlation of pSup with time is at least 0.8;

(3) moves substantially, i.e., pSup across the time course declines by at least

0.3. Superaggregating proteins are defined as the subset of heat aggregators

for which pSup declinesmore than themost extreme HSG component at 2min

at 46�C (Tif4632, DpSup = 0.40).

Gene ontology (GO) enrichment analyses were performed using the topGO

package (Alexa et al., 2006).

Protein Gel Electrophoresis and Western Blotting

SDS-PAGE was performed according to standard methods. Proteins were

transferred to nitrocellulose membranes, detected with antibodies against

Pab1 (EnCor; #MCA-1G1) or Ssz1 (Hundley et al., 2002), and visualized by

chemiluminescence.

Generation of Diploid Yeast Strains

Plasmids pJLS033 and pJLS035 were constructed for C-terminal Clover and

mRuby2 labeling at the native locus. Clover/mRuby2 KanMX cassette PCR

fragments generated by unique primer pairs (sequences provided upon
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request) were transformed into BY4741 and

BY4742 according to standard lithium acetate pro-

tocol (Gietz and Schiestl, 2007) and selected. Two-

color diploid yeast strains were constructed by

crossing single-color labeled strains by standard

methods.

Spinning-Disk Confocal Fluorescence

Microscopy

Diploid yeast strains were imaged alive on an

Olympus DSU spinning-disk confocal microscope

using a 1003 oil immersion objective and FITC/

Cy2 and DsRed filter sets for Clover and mRuby2,

respectively.

Purification of Multisynthetase Complex

Recombinant 6 3 His-tagged Arc1, Gus1, and

Mes1 were overexpressed, separately, in E. coli

strain BL21 (DE3) and purified.

Aminoacylation Assay

Filter-based aminoacylation reactions and amino-

acylation reactions for microarray analysis were

performed as previously described (Netzer et al.,

2009; Wiltrout et al., 2012).

Data Access

Raw mass spectrometry data are available on

Chorus (https://chorusproject.org, project 753, ex-
periments 1751 and 1752); processed data and analysis scripts are available

on Dryad (http://dx.doi.org/10.5061/dryad.hn16c). Interactive data visualiza-

tions related to Figures 1 and 6 may be found at http://drummondlab.org/

endogenous-aggregates.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and six tables and can be found with this article online at

http://dx.doi.org/10.1016/j.cell.2015.08.041.
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