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Thiol stress–dependent aggregation of the 
glycolytic enzyme triose phosphate isomerase in 
yeast and human cells

ABSTRACT  The eukaryotic cytosolic proteome is vulnerable to changes in proteostatic and 
redox balance caused by temperature, pH, oxidants, and xenobiotics. Cysteine-containing 
proteins are especially at risk, as the thiol side chain is subject to oxidation, adduction, and 
chelation by thiol-reactive compounds. The thiol-chelating heavy metal cadmium is a highly 
toxic environmental pollutant demonstrated to induce the heat shock response and recruit 
protein chaperones to sites of presumed protein aggregation in the budding yeast Saccharo-
myces cerevisiae. However, endogenous targets of cadmium toxicity responsible for these 
outcomes are largely unknown. Using fluorescent protein fusion to cytosolic proteins with 
known redox-active cysteines, we identified the yeast glycolytic enzyme triose phosphate 
isomerase as being aggregation-prone in response to cadmium and to glucose depletion in 
chronologically aging cultures. Cadmium-induced aggregation was limited to newly synthe-
sized Tpi1 that was recruited to foci containing the disaggregase Hsp104 and the peroxire-
doxin chaperone Tsa1. Misfolding of nascent Tpi1 in response to both cadmium and glucose-
depletion stress required both cysteines, implying that thiol status in this protein directly 
influences folding. We also demonstrate that cadmium proteotoxicity is conserved between 
yeast and human cells, as HEK293 and HCT116 cell lines exhibit recruitment of the protein 
chaperone Hsp70 to visible foci. Moreover, human TPI, mutations in which cause a glycolytic 
deficiency syndrome, also forms aggregates in response to cadmium treatment, suggesting 
that this conserved enzyme is folding-labile and may be a useful endogenous model for inves-
tigating thiol-specific proteotoxicity.

INTRODUCTION
Protein folding and stability are influenced by multiple factors, in-
cluding the local microenvironment, which is in turn impacted by 
extracellular conditions such as temperature, pH, nutrient status, 
and the presence of proteotoxic xenobiotics. The presence of reac-

tive oxygen species (ROS) produced as a byproduct of aerobic me-
tabolism, exposure to oxidants, such as hydrogen or organic perox-
ides, and highly toxic molecules, including the metals cadmium (Cd) 
and arsenite (As), have the potential to damage proteins and disrupt 
protein homeostasis (proteostasis; Sharma et al., 2008; Jacobson 
et al., 2012; West et al., 2012; Tamás et al., 2014; Weids et al., 2016). 
Cadmium has the potential to bind sulfur, nitrogen, and oxygen 
atoms of proteins; however, the dissociation constant for monoden-
tate thiol groups is an order of magnitude greater than that for im-
idazole or carboxyl moieties, suggesting that exposed protein 
cysteines are likely a primary target for cadmium toxicity. In support 
of this prediction, yeast mutants defective in protein quality control, 
including those deficient in ubiquitin-conjugating enzymes or pro-
teasome activity, are hypersensitive to cadmium (Jungmann et al., 
1993). Consistent with these findings, cadmium treatment was re-
cently demonstrated to induce protein misfolding and aggregate 
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FIGURE 1:  The glycolytic enzyme Tpi1 aggregates in response to Cd 
treatment. (A) Exponentially grown cells bearing genomic GFP–
protein fusions of Tpi1, Eft1, and Tsa1 or expressing GFP alone on a 
plasmid were visualized by live-cell fluorescence microscopy under 
nonstress conditions (NS) and following treatment with 100 µM Cd for 
1 h. Scale: 10 µm. (B) Quantitation of A showing the mean 
percentages of total cells exhibiting foci (n = 3). A minimum of 100 
cells were counted per biological replicate. Error bars indicate 
standard deviation (SD). ns, not significant; *, p < 0.05; **, p < 0.001.

formation as determined by surveillance of the protein chaperone 
and disaggregase Hsp104 in Saccharomyces cerevisiae (Jacobson 
et al., 2017). As also demonstrated in this study, unlike other proteo-
toxic stresses such as severe heat shock, cadmium appears to inter-
fere selectively with the folding of nascent polypeptides. The nature 
of cadmium-induced aggregates and the endogenous yeast pro-
teins sensitive to cadmium and capable of recruiting protein quality 
control machinery are unknown.

Cells employ dedicated systems to maintain redox balance in 
different compartments. Redox systems based on the glutathione or 
thioredoxin pathways shuttle reducing equivalents such as NADPH 
and glutathione to reduce or form protein disulfides as appropriate 
(Toledano et al., 2013). Proteins rich in cysteine residues or contain-
ing highly reactive cysteines (those prone to formation of a thiolate 
anion at cellular pH) are especially vulnerable to disruptions in redox 
balance caused by ROS or nutritional status. Proteomic studies have 
been undertaken using sophisticated thiol-trapping strategies to 
identify proteins subject to oxidation in the reductive cytosol in re-
sponse to either exogenous ROS such as H2O2, or to disruption of 
redox buffering caused by genetic ablation of the thioredoxin 
system (Le Moan et al., 2006; Brandes et al., 2011). While these 
studies cataloged the differential effects these manipulations had 
on the status of protein cysteine residues, their impact on folding or 
stability remains uninvestigated. Thiol-reactive compounds are 
potent inducers of transcriptional stress responses. For example, it 
is well established that reductive thiol stress induces the ER un-
folded protein response (UPR; Walter and Ron, 2011). We and 
others have also demonstrated that thiol oxidants (H2O2), organic 
electrophiles (diamide, celastrol, cyclopentanone prostaglandins), 
and thiol-chelating metals, including cadmium, activate the heat 
shock factor 1 (Hsf1)–mediated heat shock response (Trott et al., 
2008; Wang et al., 2012). Many of these responses can be blocked 
by the simultaneous addition of an exogenous reductant, confirm-
ing their mode of action.

To better understand proteotoxicity caused by thiol-reactive 
stress and by the toxic metal cadmium in particular, we sought to 
identify endogenous yeast proteins whose folding and/or stability is 
impacted by cadmium, starting from a pool of proteins shown to be 
susceptible to cysteine oxidation (Le Moan et al., 2006; Brandes 
et al., 2011, 2013). We carried out a pilot screen using fluorescence 
microscopy and isolated the glycolytic enzyme triose phosphate 
isomerase (Tpi1) as an exquisitely cadmium-sensitive, aggregation-
prone protein. We demonstrate that cadmium induces aggregation 
of nascent Tpi1-GFP, with higher doses resulting in greater fre-
quency of aggregation and an increase in the total number of 
aggregates per cell. Tpi1-GFP colocalizes with Hsp104 and the oxi-
dative stress protein chaperone and peroxiredoxin Tsa1 in structures 
distinct from stress granules or RNA P-bodies. Two conserved cys
teines in Tpi1 are found to confer sensitivity to both cadmium and 
redox imbalance caused by glucose starvation in aging cells. Finally, 
we demonstrate that cadmium treatment of the human cell lines 
HEK293 and HCT116 causes recruitment of the chaperone Hsp70 
to cytoplasmic aggregates and induces aggregation of the human 
TPI enzyme, suggesting that thiol stress–based proteotoxicity is 
conserved between yeast and humans.

RESULTS
Identification of thiol stress–sensitive, aggregation-prone 
proteins
Given the recognized propensity of cadmium to interact with reac-
tive thiol groups, we took advantage of previously published studies 
that identified Saccharomyces cerevisiae proteins with reactive 

cysteine residues (Le Moan et al., 2006; Brandes et al., 2011, 2013). 
To focus our study, we limited our selections to highly abundant 
(Ghaemmaghami et al., 2003) nuclear/cytoplasmic proteins to facili-
tate surveillance via fluorescence microscopy. In addition to 10 
candidates obtained from the commercially available ORF-GFP ge-
nomic collection (Howson et al., 2005), we included the peroxire-
doxin Tsa1, previously shown to localize to cytoplasmic foci under 
thiol oxidative stress (e.g., H2O2) and a strain bearing GFP alone 
(Jang et al., 2004; Weids and Grant, 2014). Strains were visualized by 
live-cell fluorescence microscopy following treatment with 100 µM 
CdCl2 for 1 h. As expected, Tsa1-GFP formed multiple small foci fol-
lowing cadmium treatment, confirming that this cadmium concen-
tration is a cellular thiol stress (Figure 1A). In contrast, the translation 
factor Eft1-GFP (Figure 1A) and 8 other candidates (Supplemental 
Figure S1) exhibited a diffuse distribution or no significant change of 
localization pattern upon cadmium treatment. However, the glyco-
lytic enzymes triose phosphate isomerases (Tpi1-GFP) exhibited 
substantial focus formation under the same conditions in the major-
ity of cells observed (Figure 1, A and B). Importantly, GFP alone did 
not form foci, indicating that the fluorescent protein tag itself does 
not aggregate in the presence of cadmium and is unlikely to confer 
aggregation on Tpi1. Interestingly, only a fraction of Tpi1-GFP ap-
peared to aggregate and form foci, while the remainder remained 
diffuse throughout the cytosol. This is in contrast to Tsa1-GFP, which 
appeared to transition wholly into discrete foci under stress. To-
gether, these findings suggest that misfolding and aggregation of 
proteins with reactive cysteines is perhaps a rare consequence of 
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thiol stress, despite the previously documented recruitment of Tsa1 
and Hsp104 to aggregates in response to cadmium or H2O2 treat-
ment (Hanzén et al., 2016; Jacobson et al., 2017). Our findings are 
consistent with a previous report that only about 20% of cysteine-
containing proteins are redox-active (Brandes et al., 2011).

Characterization of Tpi1 thiol stress sensitivity
To further characterize the effects of cadmium-based thiol stress on 
localization of Tpi1, we incubated the strain bearing Tpi1-GFP for 1 h 
in increasing concentrations of CdCl2 (0–1000 µM) and visualized 
aggregate formation by fluorescence microscopy (Figure 2, A–C). 

FIGURE 2:  Cd-induced Tpi1 aggregation is dose-dependent and only affects newly synthesized protein. 
(A) Exponentially grown Tpi1-GFP was incubated for 1 h at increasing concentrations of Cd as indicated and visualized 
by live-cell fluorescence microscopy. Representative images of cells exposed to 0, 25, 100, and 750 µM Cd are shown. 
Scale: 10 µm. (B) Quantitation of the mean percentage of total cells from A exhibiting foci (n = 3). Inset shows gradual 
increase in number of foci at lower Cd concentrations. (C) Quantitation of the relative percentages of cells from A with 
1, 2, 3, or 4+ foci per cell following exposure to 25, 100, and 750 µM Cd. (D) Western blot analysis of soluble (S) and 
insoluble (P) protein fractions from cells expressing Tpi1-GFP or GFP alone exposed to no (–) or 750 µM (+) Cd for 1 h. S 
and P fractions were obtained by cryolysis and differential centrifugation as described in Materials and Methods. α-GFP 
monoclonal antibody was used to detect Tpi1-GFP and GFP and a monoclonal α-PGK antibody was used to identify the 
soluble protein phosphoglycerate kinase as both a fractionation and load control. (E) The mean percentages of P as a 
fraction of total (S + P) under nonstress (NS, –) and Cd stress conditions from D were quantitated using densitometry 
(n = 3). (F) Exponentially grown cells bearing Tpi1-GFP were visualized by live-cell fluorescence microscopy after no 
stress (NS), 15 min cycloheximide (CHX), 1 h 100 µM Cd, and 15 min pretreatment with CHX followed by 1 h 100 µM Cd 
(CHX → Cd). Representative images for NS, Cd, and CHX-Cd only are shown. Scale: 10 µm. (G) Quantitation of the 
mean percentage of total cells with foci (n = 3). A minimum of 100 cells were counted per biological replicate. Error bars 
indicate SD. ns, not significant; *, p < 0.05; **, p < 0.001.
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Aggregate formation was observed at 25 µM CdCl2, and both the 
total fraction of cells with foci and the number of foci per cell in-
creased in a dose-dependent manner. The frequency of focus for-
mation plateaued at 750 µM CdCl2, but even at this concentration, 
the majority of Tpi1-GFP signal remained diffuse. To confirm that 
the observed foci represented insoluble protein aggregates, we 
subjected cells to cryolysis and differential fractionation.

Cells were lysed following a 1-h treatment with 750 µM CdCl2 
and supernatant and pellet fractions were obtained, as described in 
Materials and Methods. Protein fractionation was determined by 
Western blot analysis (Figure 2D). Similarly to what we observed by 
fluorescence microscopy, GFP alone was found nearly exclusively in 
the soluble fraction under both nonstress and cadmium treatment 
conditions. In contrast, we observed approximately 40% fraction-
ation of Tpi1-GFP into an insoluble state in the absence of stress, 
and a further 20% shift following cadmium treatment as determined 
by densitometry (Figure 2E). These data suggest that solubility of 
Tpi1-GFP may be impacted by the fractionation procedure, as few 
to no aggregates were observed in the absence of stress by fluores-
cence microscopy. It was previously observed that cadmium-depen-
dent recruitment of Hsp104-GFP to aggregates/foci was blocked by 
pretreatment of cells with cycloheximide to inhibit protein synthesis, 
demonstrating that cadmium selectively affects nascent proteins 
(Jacobson et al., 2017). We therefore treated Tpi1-GFP and Tsa1-
GFP cells with 100 µM CdCl2 for 1 h after a 15-min incubation with 
or without 0.1 mg/ml cycloheximide (Figure 2F). Treatment with 
cycloheximide alone had no effect on Tpi1-GFP, but completely in-
hibited Tpi1-GFP aggregation by cadmium. These findings demon-
strate that both overall cadmium proteotoxicity, as evidenced by 
Hsp104 behavior, and folding inhibition of Tpi1 specifically occur 
solely with nascent polypeptides. This model also explains our ob-
servation that a significant fraction of presumably folded and stable 
Tpi1-GFP remains soluble in the presence of cadmium. Further-
more, cycloheximide pretreatment did not inhibit Tsa1-GFP focus 
formation, indicating that recruitment of the thiol stress–activated 
chaperone is unaffected.

We next determined the kinetics of Tpi1-GFP aggregate forma-
tion and persistence. Formation of Tpi1-GFP aggregates after the 
addition of 100 µM CdCl2 was monitored over the course of 3 h at 
30-min intervals. Discernable foci were detected within 30 min and 
nearly all cells observed contained aggregates at 1 h (Figure 3, 
A–C). Subsequently, the fraction of total cells with aggregates and 
the number of aggregates per cell diminished and were mostly 
cleared by 3 h. These data suggest a rapid response to cadmium 
exposure, followed by slower clearance of the aggregates, suggest-
ing adaptation to the presence of the metal. In addition, we moni-
tored the fate of cadmium-induced Tpi1-GFP aggregates after cad-
mium washout by visualizing cells exposed to 100 µM CdCl2 for 1 h 
and then recovered in rich medium lacking cadmium (Figure 3, D 
and E). In contrast to aggregate dynamics in the presence of cad-
mium, Tpi1-GFP was completely diffuse throughout the cytosol.

Thiol stress–induced Tpi1 aggregates recruit protein 
chaperones
Several non-membrane-bound compartments induced after cyto-
toxic stresses have been identified and their components character-
ized via fluorescence reporter tagging and microscopy. While 
proteotoxic stress clearly induces the misfolding of nascent proteins 
and their subsequent terminal aggregation via hydrophobic interac-
tions, recently a subset of these structures has been found to include 
mature, folded polypeptides that reversibly localize together as a 
stress adaptation (Wallace et al., 2015; Saad et al., 2017). Molecular 

chaperones such as Hsp104 and Tsa1 (in the case of oxidatively 
damaged proteins) have been utilized to track formation of both 
types of protein aggregates. These chaperones and other stress-
related proteins have been shown to localize into distinct stress foci 
following different stimuli, including general quality control com-
partments (Q-bodies, QB), Pub1 to represent formation of stress 
granules (SG), and Edc3 to indicate processing bodies (PB), the lat-
ter two composed of both protein and RNA components (Kshirsagar 
and Parker, 2004; Buchan et al., 2008). The Q-body is dynamic and 
has been shown to mature into and integrate with a larger compart-
ment referred to as the JUNQ/INQ (Escusa-Toret et al., 2013; Miller 
et al., 2015). Because these bodies are closely associated, and the 
morphology of the cadmium-induced aggregates was inconsistent 
with the larger JUNQ/INQ compartment, we focused our attention 
on QB. We likewise excluded an IPOD marker from our analysis, as 
these structures are morphologically distinct from what we observe 
with Tpi1 aggregates (Chen et al., 2011). We employed GFP–
protein fusions to each of these stress markers and visualized their 
localization relative to ectopically expressed Tpi1-BFP2 to allow si-
multaneous two-color surveillance. Under nonstress conditions, 
Tpi1-BFP2 was diffuse throughout the cytosol, consistent with what 
we have shown with Tpi1-GFP and indistinguishable from BFP2 
expressed alone (Supplemental Figure S2A). We noted that the 
Tpi1-BFP2 fusion required higher concentrations of CdCl2 to induce 
aggregation consistently, due possibly to the presence of the wild-
type copy of Tpi1 expressed in the genome forming mixed het-
erodimers. The stress markers Hsp104-GFP, Tsa1-GFP, and Pub1-
GFP were likewise primarily diffuse, exhibiting few or no foci 
(Supplemental Figure S2, B and D). Edc3-GFP formed several foci 
per cell, consistent with previous studies demonstrating that PB 
form constitutively under optimal growth conditions (Supplemental 
Figure S2C). Following a 1-h exposure to 750 µM CdCl2, Tpi1-BFP2 
and the stress markers Hsp104-GFP and Tsa1-GFP formed detect-
able aggregates in response to thiol stress (Figure 4A). Interestingly, 
Pub1-GFP remained diffuse throughout the cytosol, suggesting that 
cadmium does not induce the formation of SGs. As evidenced by 
Edc3-GFP foci, PB were maintained, if not slightly increased, in the 
presence of cadmium. As we found with GFP, cadmium did not 
induce aggregation of BFP2 alone (Supplemental Figure S2). To de-
termine the nature of Tpi1 aggregates, we quantified the percent-
age of colocalization with the indicated stress markers (Figure 4B). 
Approximately 90% of Tpi1-BFP2 foci colocalized with Hsp104-GFP 
and Tsa1-GFP foci, demonstrating recruitment of these chaperones. 
Essentially no colocalization was observed with Edc3-GFP foci, and 
as stated above, few or no Pub1-GFP foci were induced during cad-
mium stress. Conversely, only about 30% of Hsp104-GFP and Tsa1-
GFP foci were observed to colocalize with Tpi1-BFP2 (Figure 4C). 
Together, these data strongly support a model where Tpi1 forms 
QB-type aggregates with the chaperones Hsp104 and Tsa1 that are 
independent of other known stress-inducible protein structures. 
Moreover, both Hsp104 and Tsa1 are recruited into additional foci 
independent of Tpi1, consistent with cadmium causing general pro-
teotoxic stress.

We further examined the temporal association of Tpi1-BFP2 with 
Tsa1-GFP. Cells treated with 750 µM CdCl2 were harvested from 
batch culture at 15-min intervals for a total of 1 h and colocalization 
was determined. We first observed focus formation of Tpi1-BFP2 at 
30 min, consistent with what we observed with Tpi1-GFP, while 0–1 
Tsa1-GFP foci were present before cadmium treatment (Figure 4, 
D–F). Between 30 and 60 min, all Tpi1-BFP2 foci colocalized with 
Tsa1-GFP and increases in both percent of cells with foci and num-
ber of foci per cell were coincident. These results are consistent with 
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chaperones being recruited early to, if not seeding, sites of cad-
mium-induced protein aggregation.

Cadmium-induced folding sensitivity is thiol-dependent
A key feature of cadmium is its propensity to chelate exposed sulf-
hydryl groups. We therefore postulated that the aggregation dy-
namics we have established for Tpi1 was due to interactions with 
one or more of the cysteines previously found to be subject to oxi-
dation (Le Moan et al., 2006). The yeast Tpi1 enzyme is an active 
homodimer and contains two cysteine residues at positions 41 and 
126 that are likely protected in the folded native conformation 
(Figure 5A; Lolis et al., 1990). To determine whether the observed 
cadmium-induced aggregation is dependent on the presence of 
these cysteines, we made single and double alanine substitutions in 
the genomic GFP–protein fusion (C41A, C126A, and C41A C126A; 
Figure 5B). Expression and stability of all three cysteine mutants was 
comparable to that of the wild type and had no detectable effects 
on growth on glucose, a condition requiring a functional TPI enzyme 
(Figure 5, C and D; Compagno et al., 2001). Under nonstress condi-
tions, all three mutants were localized diffusely throughout the 

cytosol, similar to wild-type Tpi1-GFP, in agreement with our protein 
expression and cell viability data (Figure 5, E and F). Following 1 h 
of treatment with 100 µM CdCl2, Tpi1-GFP bearing either single 
cysteine substitution aggregated at a level indistinguishable from 
that in the wild type. Strikingly, Tpi1-GFP C41A C126A failed to 
aggregate under the same conditions. These observations support 
our hypothesis that cadmium proteotoxicity is a thiol-dependent 
process and indicate that both cysteines must be present to confer 
folding sensitivity on Tpi1.

Thiol stress induced by glucose starvation
The Tpi1 cysteines appear to present a folding liability under 
challenge from thiol stress. Brandes et al. (2013) found that in 
chronologically aging yeast cultures the proteome undergoes thiol 
oxidation due to loss of reducing equivalents (NADPH) brought 
about by glucose depletion. Because at least one Tpi1 thiol (C126) 
had been identified previously as being oxidized in a thioredoxin 
mutant background (Le Moan et al., 2006), we predicted that the 
redox imbalance in aging/starving cells may mimic thiol chelation 
by impacting Tpi1 cysteines. We monitored Tpi1-GFP aggregate 

FIGURE 3:  Cd-induced Tpi1-GFP aggregate formation and clearance dynamics. (A) Exponentially grown cells bearing 
Tpi1-GFP were incubated with 100 µM Cd and culture samples were visualized by live-cell fluorescence microscopy at 
30-min intervals for 3 h. Representative images for the indicated time points are shown. Scale bar is 10 µm. 
(B) Quantitation of the mean percentage of total cells with foci from A at each time point (n = 3). (C) Quantitation of 
the relative percentage of cells from A with 1, 2, 3, or 4+ foci per cell following Cd exposure at the indicated timepoints 
(n = 3). (D) Exponentially grown cells bearing Tpi1-GFP were incubated in the presence of 100 µM Cd for 1 h to form 
aggregates, then transferred to medium lacking Cd for an additional 1 h. Representative images at the indicated 
0, 30, and 60 min recovery timepoints are shown. Scale bar is 10 µm. (E) Quantitation of the mean percentage of total 
cells with foci following recovery (n = 3). A minimum of 100 cells were counted per biological replicate. Error bars 
indicate SD.
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FIGURE 4:  Tpi1-GFP recruits protein chaperones to foci distinct from other stress bodies. (A) Exponentially grown cells 
bearing GFP–protein fusions of Tsa1, Hsp104, Edc3, and Pub1 (stress marker, green) and also expressing Tpi1-BFP2 
(Tpi1, false-colored red) on a plasmid were exposed to 750 µM Cd for 1 h and visualized by live-cell fluorescence 
microscopy. Representative images are shown. Scale bar: 10 µm. (B) Quantitation of the mean percent colocalization 
(merge) of Tpi1-BFP2 foci containing stress marker foci from A (n = 3). (C) Quantitation of the mean percentage 
colocalization of Tsa1- and Hsp104-GFP with Tpi1-BFP2 from A (n = 3). (D) Exponentially grown cells coexpressing 
Tsa1-GFP (green) and Tpi1-BFP2 (false-colored red) on a plasmid were exposed to 750 µM Cd for 1 h and visualized at 
15-min intervals by live-cell fluorescence microscopy. (E) Quantitation of the mean percentage of total cells with foci 
from D at each time point (n = 3). (F) Quantitation of the relative percentage of cells from D with 1, 2, 3, or 4+ 
colocalized foci per cell following Cd exposure at the indicated timepoints (n = 3). A minimum of 100 cells were counted 
per biological replicate. Error bars indicate SD.
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formation in chronologically aging yeast under continuous culture 
in rich medium for 4 d (Figure 6, A–C). On day 1, as expected, we 
observed little to no aggregation of Tpi1-GFP, but as the days pro-
gressed, the percentage of cells with detectable aggregates 

steadily increased to a level comparable to that observed with 
cadmium treatment. Interestingly, glucose supplementation of the 
day 4 culture resulted in clearance of Tpi1-GFP aggregates, indi-
cating that no additional aggregates were formed after glucose 

FIGURE 5:  Cd-induced Tpi1-GFP aggregation requires cysteines 41 and 126. (A) Ribbon structure of the yeast Tpi1 
homodimer with cysteines 41 and 126 indicated (orange) in each monomer (PDB: 1YPI). (B) Location of engineered 
alanine substitutions in chromosomal TPI1-GFP allele. (C) Western blot analysis of protein expression of Tpi1-GFP WT, 
C41A, C126A, and C41A C126A. α-GFP was used to identify the protein-GFP fusion and α-PGK was used as a load 
control. (D) Cell viability of Tpi1-GFP WT, C41A, C126A, and C41A C126A as determined by spot dilution assay. Wedge 
indicates serial 10-fold culture dilutions. (E) Exponentially grown cells bearing Tpi1-GFP WT, C41A, C126A, or C41A 
C126A were incubated in nonstress conditions (NS) or in the presence of 100 µM Cd for 1 h and visualized by live-cell 
fluorescence microscopy. Scale bar; 10 µm. (F) Quantitation of the mean percentage of total cells with foci (n = 3). 
Quantitation of the mean percentage of total cells with foci following recovery (n = 3). A minimum of 100 cells were 
counted per biological replicate. Error bars indicate SD. ns, not significant; ***, p < 0.0001.
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FIGURE 6:  Chronological aging induces cysteine-dependent Tpi1-GFP aggregation. 
(A) Illustration of aging/starvation experiment. (B) Tpi1-GFP WT, C41A, C126A, and C41A 
C126A expressing cells were inoculated into rich medium and grown without additional 
supplementation for 4 d. On day 4, cells were supplemented with 2% glucose. Representative 
images from live-cell fluorescence microscopy are shown for each day (d1–d4) and after 1 h 
supplementation (d4+glu). Scale bar: 10 µm. (C) Quantitation of the mean percentage of total 
cells with foci for each strain (n = 3). A minimum of 100 cells were counted per biological 
replicate. Error bars indicate SD. ns, not significant; *, p < 0.05; **, p < 0.001.

addition and that previously existing aggregates were rapidly 
turned over.

To verify that the observed aggregation was indeed thiol-spe-
cific, we examined the cysteine mutants C41A, C126A, and C41A 
C126A. As observed with cadmium treatment, the behavior of Tpi1 
with each single mutation was nearly identical to that of the wild 

type, while the double mutant displayed 
little to no focus formation over the course 
of the experiment. These findings are con-
sistent with the model in which glucose star-
vation due to chronological aging induces 
thiol-specific stress, and in which at least in 
the case of Tpi1 two cysteines in the primary 
sequence of the protein render it folding-
labile under such conditions.

Thiol-stress proteotoxicity is conserved 
between yeast and humans
Together with previous work, our findings 
suggest that cadmium is a potent proteo-
toxic agent in budding yeast, with particular 
affinity for nascent polypeptides. To extend 
these findings to humans, where cadmium is 
considered a deadly poison, we sought to 
monitor chaperone dynamics in human cells, 
utilizing HEK293 and HCT116 cell lines. We 
obtained a previously characterized carboxy-
terminal YFP fusion to the human stress-
inducible Hsp70 (HSPA1A) shown to lo-
calize to protein aggregates (Kim et al., 
2002). Plasmids expressing Hsp70-YFP or 
YFP alone were transfected into cells and ex-
pression was assessed by Western blot and 
fluorescence microscopy. Western blot anal-
ysis validated a similar expression level in 
both cell lines (Figure 7A). Cadmium treat-
ment clearly induced the heat shock re-
sponse in both lines, as demonstrated by 
quantitative reverse transcription-PCR (qRT-
PCR) of the stress-induced genes DNAJ1B 
(Hsp40) and HSPA1A (Hsp70) following 
exposure to either heat shock or CdCl2 (Sup-
plemental Figure S3). Under nonstress con-
ditions, Hsp70-YFP was localized diffusely 
throughout the cytosol and mostly excluded 
from the nucleus (Figure 7, B and E). We 
noted a consistent low level of both YFP and 
Hsp70-YFP foci (∼1–5) in the absence of 
stress, likely attributable to transient overex-
pression, and therefore chose to quantify 
aggregation only in cells exhibiting >5 
foci. Following exposure to 50 µM CdCl2 for 
6 h, distribution of YFP alone remained un-
changed, while Hsp70-YFP formed multiple 
foci per cell in both cell lines, consistent with 
Hsp70 localizing to thiol stress–induced 
protein aggregates. These findings establish 
that cadmium is a proteotoxic agent in 
human cells as it is in yeast.

Next, we were interested in determining 
whether the Tpi1 folding sensitivity we ob-
served in budding yeast was conserved be-

tween yeast and humans. We constructed an amino-terminal GFP 
fusion to the human homologue (hTPI) produced from a mammalian 
constitutive expression vector. GFP-hTPI and GFP alone were trans-
fected into HEK293 and HCT116 cell lines and expression was 
confirmed by Western blot and fluorescence microscopy (Figure 
7C). While GFP alone remained diffuse under both nonstress and 
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cadmium-stress conditions, GFP-hTPI formed a large number of 
aggregates per cell, indicating that human TPI, like the yeast homo-
logue, is highly susceptible to cadmium-induced aggregation 
(Figure 7, D and F).

DISCUSSION
Our study extends preceding findings that thiol-specific stresses 
brought about by the heavy metal cadmium or glucose starvation 
are proteotoxic. Previous work had relied exclusively on the use of 
protein quality control factors such as Hsp104 to serve as a proxy for 
the impacts of these environmental insults on the proteome. While 
informative and important, the identity of endogenous proteins and 

the extent to which they are affected by thiol stress remained unex-
plored. Identification of Tpi1 in budding yeast as one such protein 
allowed confirmation of several previous observations. First, previ-
ous work had demonstrated that only nascent polypeptide emerg-
ing from the ribosome may be susceptible to thiol stress, as Hsp104-
GFP localization to aggregates is inhibited by pretreatment with 
cycloheximide to block translation (Jacobson et al., 2017). Our find-
ing that Tpi1 exhibits the same behavior suggests that exposure to 
thiol-chelating elements such as cadmium may result at least in 
transient modification or interaction with temporarily exposed cys-
teine thiols. These nonnative circumstances would therefore result 
in an inability to fold properly, leading to the formation of protein 

FIGURE 7:  Cd proteotoxicity is conserved between yeast and human cells. (A) Western blot analysis of HEK293 and 
HCT116 cells expressing either Hsp70-YFP or YFP alone. α-GFP was used to detect Hsp70-YFP and YFP and α-GAPDH 
was used as a loading control. (B) HEK293 and HCT116 cells expressing Hsp70-YFP or YFP alone were incubated at 
37°C with (Cd) or without (NS) 50 µM Cd for 6 h. Following incubation, cells were fixed, stained with DAPI, and 
visualized by fluorescence microscopy. Representative images of each cell type for each condition are shown as 
indicated. Scale bar: 50 µm. (C) Western blot analysis of HEK293 and HCT116 cells expressing GFP-hTPI or GFP alone. 
α-GFP was used to detect GFP-hTPI and GFP and α-GAPDH was used as a loading control. (D) HEK293 and HCT116 
cells expressing GFP-hTPI and GFP alone were incubated at 37°C with (Cd) or without (NS) 50 µM Cd for 6 h. Following 
incubation, cells were fixed, stained with DAPI, and visualized by fluorescence microscopy. Representative images of 
each cell type for each condition are shown as indicated. Scale bar: 50 µm. (E) Quantitation of the mean percentage of 
cells with >5 foci per cell (n = 3). A minimum of 100 cells were counted per biological replicate. Error bars indicate SD. 
ns, not significant; *, p < 0.05, **; p < 0.001; ***, p < 0.0001.
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aggregates and the recruitment of chaperones such as Hsp104 and 
Tsa1. These chaperones in particular are considered markers of pro-
tein quality control, or “Q”-bodies that consolidate misfolded pro-
teins for delivery to protein degradation compartments such as the 
JUNQ/INQ structure (Escusa-Toret et al., 2013). We demonstrated 
that Tpi1-GFP colocalizes with Hsp104 and Tsa1, and not markers 
for stress granules or P-bodies. Taking these results together with 
previous observations that protein degradation mutants (ubc7, 
pre1-1, rpn4∆) exhibit cadmium hypersensitivity and aggregation 
persistence (Jungmann et al., 1993; Jacobson et al., 2012, 2017), we 
propose that foci observed in the presence of cadmium represent 
terminally misfolded proteins destined for degradation rather than 
adaptive transient assemblies.

We were initially puzzled to find that of the 10 candidates evalu-
ated in our pilot screen with demonstrated redox-active cysteines, 
we identified only the glycolytic enzyme Tpi1 as folding-sensitive in 
response to cadmium exposure. Our fluorescence microscopy ap-
proach was chosen to allow detection of even minor aggregation, 
on the assumption that a positive signal of focus formation against 
a diffuse background would be clearly visible. In support of our 
hypothesis, this approach allowed us to visualize aggregation of the 
population of Tpi1 synthesized in the presence of cadmium over a 
30-min period. While our proof-of-principle analysis was by no 
means exhaustive, we conclude that misfolding in response to thiol 
stress in the cytoplasm may in fact be a relatively uncommon prop-
erty, even among redox-active proteins. This is in contrast to the 
parallel scenario in the endoplasmic reticulum, where the majority of 
resident and secreted proteins contain one or more disulfide bonds 
that when disrupted genetically or pharmacologically result in se-
vere misfolding and overall proteotoxicity (Walter and Ron, 2011). 
However, given the clear recruitment of chaperones to cytoplasmic 
aggregates in both yeast and human cells, there are likely to be 
additional individual proteins whose folding is negatively impacted 
by thiol oxidization or modification. An obvious next step in identify-
ing such targets is the use of high-sensitivity quantitative mass 
spectrometry, which may have a resolution capable of detecting 
partitioning of misfolded nascent chains into the insoluble fraction.

A critical advantage of identifying a specific target of cadmium 
proteotoxicity was the opportunity to test the proposed mechanism 
of cysteine thiol chelation via mutagenesis. Previous work had es-
tablished that arsenic, another toxic heavy metal with significant 
thiol reactivity, inhibited protein folding activity of the bacterial 
Hsp70 system in vitro (Jacobson et al., 2012). Therefore, recruitment 
of Hsp104-GFP into cytoplasmic foci could have several possible 
mechanistic explanations. We observed that simultaneous replace-
ment of both C41 and C126with alanine in Tpi1-GFP, but not of 
either cysteine alone, abrogated aggregate formation in response 
to both cadmium and glucose starvation.

The presence of a single cysteine therefore renders Tpi1 suscep-
tible to misfolding and aggregation. Cadmium inhibition of the pro-
teasome or chaperones would not have produced this outcome ,as 
this would lead to Tpi1 folding sensitivity regardless of the presence 
or absence of the cysteines, strongly supporting a model where 
cadmium interacts directly with at least one cysteine per Tpi1 poly-
peptide chain to disrupt folding. Scenarios where cadmium may 
form multidentate complexes with multiple peptide chains cannot 
be ruled out. It is also important to note that these potential mecha-
nisms are not mutually exclusive—cadmium-induced aggregates 
may form via metal–thiol complexes and be transiently stabilized via 
inhibition of other components of the protein quality control system. 
While clearly also cysteine-dependent, the mechanism behind Tpi1-
GFP aggregation in aging cell cultures is likely to be more indirect. 

Depletion of glucose over time results in a loss of reducing equiva-
lents (e.g., NADPH) that are used to power thiol reduction by the 
thioredoxin system (Morano et al., 2012; Brandes et al., 2013). In-
ability to maintain a reducing environment in the cytosol leads to 
oxidation of protein thiols, which in the case of Tpi1-GFP promotes 
misfolding and aggregation.

An important component of the present study is the determina-
tion that cadmium stress is proteotoxic in human cells as well as in 
yeast. While cadmium and ROS have long been known to be potent 
inducers of heat shock response in human and other animal cell 
types, to our knowledge ours is the first demonstration of cadmium-
induced protein aggregate formation in human cells, as evidenced 
using Hsp70 as a proxy for localization of misfolded proteins. More-
over, the TPI enzyme, itself highly homologous between yeast and 
humans (53% identity, 68% similarity), appears also to be aggrega-
tion-prone in response to cadmium in human cell lines. Although 
the structure and enzymatic function of Tpi1 are conserved, the 
number of cysteine residues is not. In addition to the two conserved 
positions (C41 and C126), human TPI possesses an additional three 
cysteines (C66, C86, and C280) that may react with cadmium. In this 
study, we did not explore the requirement for one or multiples of the 
five cysteine residues to confer misfolding sensitivity to cadmium; 
however, we speculate that a similar thiol-dependent mechanism 
may be in play. It is worth noting that the mutation C41Y has been 
found in patients with the rare disease triose phosphate isomerase 
deficiency (Ralser et al., 2006). Reduced function of this key glyco-
lytic enzyme leads to progressive neurodegeneration, or in the case 
of compound heterozygous mutations, early childhood lethality 
(Arya et al., 1995). Intriguingly, evidence suggests that some hypo-
morphic alleles of TPI may impede dimerization of the enzyme, 
leading to misfolding and aggregate formation, rather than solely 
reducing catalytic activity (Oláh et al., 2002; Ralser et al., 2006). 
Together with our data, these results suggest that despite its high 
cellular abundance and clear metabolic importance, TPI may be a 
folding-labile protein sensitive to environmental imbalance as well 
as genetic perturbation, highlighting its uniqueness compared with 
other proteins screened in this study (e.g., Sod1). Our findings also 
emphasize the value of investigating fundamental aspects of pro-
teostasis in a model system as an avenue to understanding the 
molecular mechanisms behind toxicity of environmental pollutants 
such as heavy metals and organic electrophilic agents.

MATERIALS AND METHODS
Strains and plasmids
Yeast.  All yeast-genomic GFP–protein fusion strains used in this 
study were obtained from the genomic GFP–protein fusion library 
(Invitrogen; Howson et al., 2005). To construct cysteine substitution 
mutants of Tpi1 (C41A, C126A, and C41A C126A), the pTPI1-TPI-
GFP::HISMX6 sequence was amplified using PCR from genomic 
DNA of the Tpi1-GFP strain and cloned using homologous 
recombination into the yeast expression vector p416. Cysteine-to-
alanine replacement mutations were introduced into the p416TPI-
tpi1-GFP vector using the QuickChange Lightning Site-directed 
Mutagenesis kit and protocol (Agilent). Mutants were verified by 
DNA sequencing. Each mutant tpi1-GFP::HISMX6 allele was 
amplified from plasmids by PCR and inserted into the BY4741 (MATa 
his3Δ0 leu2Δ0 met15Δ0 ura3Δ0) parent strain chromosome using 
homologous recombination at the TPI1 locus. Integration of mutants 
was confirmed by DNA sequencing. Yeast expression vectors used 
in this study were the following: p416TEF-GFP, p416TEF-mTagBFP2, 
and p416TEF-tpi1-mTagBFP2. The GFP and mTagBFP2 fluorescent 
protein tags were amplified from the pFA6a-link-yomTagBFP2 
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(Addgene; Lee et al., 2013) and p416CUP1-GFP (Abrams et al., 
2014) plasmids by PCR and cloned into the p416TEF vector. All 
plasmids were constructed using standard restriction enzyme–based 
cloning methods. The following mammalian expression vectors 
were used in this study: pCMV-EGFP-C1 and pCMV-EYFP-N1 
(Clontech), pCMV-Hsp70-EYFP (Kim et al., 2002), and pCMV-EGFP-
hTPI. The pCMV-EGFP-hTPI plasmid was constructed by amplifying 
the human TPI coding sequence (hTPI) from cDNA (HeLa) and 
cloning into the pCMV-EGFP-C1 vector. All plasmid constructs were 
verified by enzyme digestion and DNA sequencing.

Human cells.  The human cell lines HEK293 (transformed human 
embryonic kidney cells; American Type Culture Collection [ATCC]) 
and HCT116 (human colorectal carcinoma cells; ATCC) were used in 
this study. Cells were seeded at 150,000–250,000 cells/well in six-
well tissue culture–treated plates and incubated at 37°C with 5% 
CO2 in DMEM high glucose (Hyclone) supplemented with 5% fetal 
bovine serum (FBS; Hyclone) and penicillin–streptomycin. At 50% 
confluence, cells were transfected with the desired expression vec-
tor using JetPrime transfection reagent according to the manufac-
turer’s optimized protocol for each cell line (Polyplus Transfection).

Cell growth conditions and treatments
Yeast.  All strains used were grown in YPD (1% yeast extract, 2% 
peptone, 2% glucose) liquid growth medium at 30°C with aeration 
to logarithmic phase (OD600 0.4–0.8). For thiol-stress treatment, 
strains were incubated with CdCl2 (25–1000 µM) for 0–3 h. For the 
cycloheximide chase experiment, strains were incubated with 
0.1 mg/ml cycloheximide for 15 min before addition of 100 µM 
CdCl2 for 1 h. For glucose starvation/chronological aging, cells were 
incubated in a 30°C shaking incubator for 4 d and supplemented 
with 2% dextrose on day 4 for 1 h. For yeast spot assays, serial 
dilutions of each strain were made (10–1–10–5) and plated on YPD 
medium using a 96-well plate and a metal pronged grid. Plates were 
incubated at 30°C and then imaged after 3 d.

Human cells.  The HEK293 and HCT116 cell lines were seeded at 
150,000–250,000 cells/well in six-well tissue culture–treated plates 
and incubated in standard growth medium (DMEM high glucose, 
5% FBS, and penicillin–streptomycin) at 37°C 5% CO2. For heat 
shock treatment, 60–80% confluent plates were incubated on a 
metal-plated shelf at 43°C 5% CO2 for 1 h. For cadmium treatment, 
60–80% confluent plates were incubated at 37°C, 5% CO2 with 
50 µM CdCl2 for 6 h.

Protein expression
Yeast.  Cell lysates were obtained by lysing 6 OD units of cells using 
the glass-bead cell lysis procedure (Abrams et al., 2014). The protein 
concentration was determined by the Bradford assay (Bio-Rad) in a 
microplate reader (Synergy MX, Biotek). Protein samples were 
boiled in SDS–PAGE sample-loading buffer and stored at –20°C. 
Equal protein concentrations of each sample were loaded onto 12% 
bis-acrylamide/SDS gel and separated by gel electrophoresis. 
Separated protein samples were transferred to a polyvinylidene 
difluoride (PVDF) membrane and blotted with monoclonal α-GFP 
(Roche) to detect the GFP fusion protein. Monoclonal α-PGK 
(Invitrogen) was used as a loading control.

Human cell lines.  HEK293 and HCT116 cell lines expressing the de-
sired vectors were detached from dishes using trypsin, washed with 
phosphate-buffered saline (PBS), and lysed in RIPA buffer (10 mM 
Tris–HCl [pH 8.0], 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-

cholate, 0.1% SDS, 140 mM NaCl, and PIC) for 15 min on ice. Lysates 
were cleared by centrifugation at 15,000 rpm at 4°C for 10 min. The 
concentration of protein was calculated with the BCA assay (Bio-Rad). 
Equal concentrations of each sample were loaded onto 12% bis-
acrylamide/SDS gel and separated by gel electrophoresis. Separated 
protein samples were transferred to a PVDF membrane and blotted 
with monoclonal α-GFP (Roche) to detect the FP fusion protein. α-
GAPDH (Santa Cruz Biotechnology) was used as a loading control.

Fluorescence microscopy
Yeast live cell imaging.  For all experiments, live cells were wet-
mounted on glass slides and imaged immediately using an Olympus 
IX81 microscope with a 100× objective with FITC filters to detect 
GFP and a standard UV/4’,6-diamidino-2-phenylindole (DAPI) 
filter to detect BFP2. Within each experiment, cells were imaged 
with identical exposure times.

Fixed human cell imaging.  HEK293 and HCT116 cell lines were 
seeded onto glass coverslips in tissue culture–treated six-well plates. 
The following day, cells were transfected with desired expression 
vectors. On day 3, cells were exposed to the conditions described 
above, fixed onto coverslips using 4% paraformaldehyde in PBS, 
incubated with Hoescht/DAPI stain for nuclear DNA detection, and 
mounted on glass slides using VectaShield mounting medium. For 
each cell type and experimental growth condition, slides were im-
aged at 63× magnification in multiple Z-planes using a Zeiss Axios-
kop40 microscope. Appropriate filter sets were used as above.

Cryolysis and differential centrifugation
This method of cell lysis and fractionation was adapted from Wallace 
et al. (2015). Approximately 18 OD units of cells were incubated in 
YPD medium, with or without 750 µM CdCl2, for 1 h at 30°C. Treated 
cells were collected, washed, resuspended in 100 µl of lysis buffer 
(20 mM Tris-HCl [pH 7.9], 0.5 mM EDTA, 10% glycerol, 50 mM NaCl, 
and protease inhibitor cocktail [PIC; Abrams et al., 2014]), and flash 
frozen in liquid nitrogen. Glass beads were added to frozen cell pel-
lets and switched from vortex to dry ice for 1-min intervals six times. 
Following lysis, 200 µl of lysis buffer was added to each sample, the 
samples were then thawed on ice, and cellular debris was separated 
from the cell lysate by slow spinning at 3000 × g at 4°C for 30 s.

Extracted total protein lysate was separated into soluble and 
insoluble fractions by ultracentrifugation at 100,000 × g at 4°C for 
20 min. The supernatant (soluble) fraction was transferred to a new 
microcentrifuge tube. The insoluble fraction pellets were washed 
with lysis buffer, centrifuged again at 100,000 × g 4°C for 20 min, 
and decanted. Washed pellets were sonicated in 50 µl of insoluble 
protein buffer (8 M urea, 20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 
2 mM EDTA, 2% SDS, and PIC) for 10 min in an ambient-tempera-
ture water bath sonicator and centrifuged at 20,000 × g at ambient 
temperature for 5 min. Both soluble and insoluble fractions were 
boiled in SDS–PAGE sample loading buffer and stored at –20°C.

qRT-PCR
HEK293 and HCT116 cells were seeded at 150,000–250,000 cells/
well in six-well tissue culture–treated plates containing standard 
growth medium. At 50–70% confluence, cells were incubated in the 
growth conditions described above. All treatments were recovered 
for 6 h at 37°C 5% CO2. Following treatment, cells were detached 
from the dish using trypsin, washed with PBS, and frozen on dry ice. 
Frozen cell pellets were stored at –80°C until processing.

RNA was extracted from treated cell pellets using the TRIZOL 
reagent (Thermo Fisher). The RNA concentration was calculated 
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using absorbance at 260 nm (peak), 280 nm (ratio), and 320 nm (ref.) 
determined using a nanodrop plate reader (Synergy MX; Biotek), 
and 10–20 µg of each sample was treated with Turbo DNase (Invit-
rogen). Following DNase treatment, RNA was purified by phenol/
chloroform extraction, the concentration was calculated as before, 
and 1 µg of RNA was converted to cDNA using the iScript cDNA 
synthesis kit and protocol (Bio-Rad). mRNA expression of the Hsf1-
induced genes HSPA1A (HSP70) and DNAJ1A (HSP40) was mea-
sured by quantitative, real-time PCR using iTaq Universal SYBR 
Green Supermix (Bio-Rad) and calculated using standard methods 
(Nolan et al., 2006). mRNA expression of GAPDH was used as a 
normalization control.

Statistical analysis
Statistical significance was determined using an unpaired Student’s 
t test with Welch’s correction performed using QuickCalcs and Prism 
(version 7.0c, GraphPad Software).
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