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ABSTRACT: Protein misfolding and aggregation are linked to
neurodegenerative diseases of mammals and suboptimal protein
expression within biotechnology. Tools for monitoring protein
aggregates are therefore useful for studying disease-related
aggregation and for improving soluble protein expression in
heterologous hosts for biotechnology purposes. In this work, we
developed a promoter−reporter system for aggregated protein on
the basis of the yeast native response to misfolded protein. To this
end, we first studied the proteome of yeast in response to the
expression of folded soluble and aggregation-prone protein baits
and identified genes encoding proteins related to protein folding
and the response to heat stress as well as the ubiquitin-proteasome system that are over-represented in cells expressing an
aggregation-prone protein. From these data, we created and validated promoter−reporter constructs and further engineered the best
performing promoters by increasing the copy number of upstream activating sequences and optimization of culture conditions. Our
best promoter−reporter has an output dynamic range of approximately 12-fold upon expression of the aggregation-prone protein
and responded to increasing levels of aggregated protein. Finally, we demonstrate that the system can discriminate between yeast
cells expressing different prion precursor proteins and select the cells expressing folded soluble protein from mixed populations. Our
reporter system is thus a simple tool for diagnosing protein aggregates in living cells and should be applicable for the health and
biotechnology industries.
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■ INTRODUCTION

Proteins need to fold into their native conformations to achieve
their functions, as misfolding results in impaired protein
function. Misfolding also has potential toxic effects for cells.
Partially folded and misfolded proteins often expose hydro-
phobic residues that are otherwise buried in folded proteins,
leading to the formation of potentially toxic aggregates.1,2 It has
been proposed that the toxicity of protein aggregates arises from
aberrant interactions with the cell proteome3 or the impairment
of membrane structural integrity,4 and the accumulation of
protein aggregates has been associated with the pathogenesis of
Alzheimer’s, Parkinson’s, prion-related diseases, and aging.2,5

Besides misfolding and aggregation observed in the context of
disease, proteins can misfold and aggregate as a consequence of
changes in their expression levels and expression host as well as
expression conditions (e.g., pH, temperature, exposure to
chemicals).6 This is particularly relevant in the context of
protein production,8 the directed evolution of new protein
variants,7,9 and the construction of cell factories for biotechno-
logical purposes,10 as these endeavors often involve expression
of proteins under non-native and potentially suboptimal
conditions (i.e heterologous expression, mutant variants of
proteins, high expression). In addition, protein overexpression
can result in metabolic burden11−13 by draining resources from

other cellular processes as well as causing cellular stress
responses.14,15 It is therefore of interest to develop methods to
assess misfolding, aggregation, and cell stress responses to these
processes for applied and basic research purposes.
Several methods have been developed in E. coli, mainly to

screen proteins with enhanced stability, solubility, and
expression in this host.16−20 In eukaryotes, the focus has been
on studying proteins in the context of disease. Tools using
fusions of proteins of interest to engineered transcription factors
have been used to study aggregation-prone proteins.21,22

Similarly, tripartite fusions, proteins of interest inserted in
antibiotic resistance markers, have been shown to be useful tools
to test protein stability and aggregation propensities.23 The
stress response produced by the heterologous production of
metabolites has been leveraged to develop biosensors and
promoter−reporters,24−26 an approach used to develop a
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Figure 1. Expression of protein baits in yeast cytosol. (A) Microscopy images of strains expressing protein baits mKate2, mKate2-MBP, and mKate2-
LipPks1 and the control strain (no heterologous protein). Cultures were grown in SC medium. Images were taken with different exposure times; thus,
fluorescence is not directly comparable. (B) Relative expression levels of protein baits as compared to synthetic peptides specific for each of the three
protein baits. n = 3−4. Bars represent the mean and error bars, the standard deviation of all data points. Asterisks represent the statistical significance
between conditions indicated by horizontal bar ends: **** = p < 0.0001, *** = p < 0.001, ** = p < 0.001, * = p < 0.05, and ns = not significant (p >
0.05). (C) Flow cytometry measurements of strains expressing the bait proteins mKate2, mKate2-MBP, and mKate2-LipPks1 and the control strain. n
= 6 × 10 000 events. (D) PCA analysis of differentially expressed proteins in strains expressing protein baits as well as the yeast strain CEN.PK2-1C
pep4Δ prb1Δ (control). (E) Hierarchical clustering analysis of differentially expressed proteins in response to the expression of protein baits compared
to wild-type yeast CEN.PK2-1C (control) (n = 3−4, p < 0.01).
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promoter−reporter for insoluble protein in E. coli.20 In this
work, we developed an optimized promoter−reporter system
that responds to cytosolic expression of aggregation-prone
protein in yeast.
We developed the promoter−reporter for aggregated protein

on the basis of the cytosolic unfolded protein response
(cytosolic UPR) in yeast as inferred from proteome analysis of
yeast expressing soluble and aggregation-prone proteins. From
native promoter characterization, we further present the
optimization of the dynamic output range as well as the
characterization of the operational range of the promoter−
reporter system and apply the promoter−reporter to sort cells
expressing soluble proteins from mixed populations of cells
expressing soluble and aggregation-prone proteins.

■ RESULTS
Cytosolic Unfolded Protein Response Is Triggered

upon Expression of Aggregation-Prone Protein. As a first
step toward developing promoter−reporters (hereafter report-
ers) for the expression of an aggregation-prone protein in the
cytosol, we first sought to characterize the cellular responses at
the proteome level of yeast expressing folded soluble or
aggregation-prone proteins in the cytosol. To do so, we
expressed the monomeric fluorescent protein mKate2 as well
as tagged fusion proteins of maltose-binding protein (labeled
here as mKate2-MBP) and the engineered lipomycin polyketide
synthase L2(KR null)27 (labeled here as mKate2-LipPks1).
MBP is a widely used solubility tag that has been observed to
improve the expression of fusion proteins in E. coli28 and yeast.29

Although functional polyketide synthases have been expressed
successfully in standard heterologous hosts like E. coli and
S. cerevisiae,30,31 in some cases, PKSs are expressed as misfolded
insoluble protein.32,33 For our system-level analysis, all three
protein baits were expressed from the strong glycolytic promoter
TDH3p in a background strain with deletions of genes PEP4 and
PRB1, encoding vacuolar proteases known to improve
heterologous protein production.34 Fusions to fluorescent
proteins have been widely used to assess expression patterns
of folded andmisfolded proteins,35,36 and for this reason, we first
used this approach to qualitatively assess the expression of
mKate2, mKate2-MBP, and mKate2-LipPks1. For mKate2 and
mKate2-MBP, fluorescence was observed throughout the
cytosol, while in the case of mKate2-LipPks1, fluorescence was
localized to distinct foci (Figure 1A), indicating protein
aggregation as previously observed when expressing other
misfolded proteins in yeast.35,36 Targeted proteomics, using
peptides specific for mKate2, MBP, and LipPks1 proteins,
revealed similar expression levels of mKate2-MBP and mKate2-
LipPks1 and higher expression levels of mKate2 (Figures 1B and
S1). The expression of mKate2 was 19.9× higher than mKate2-
LipPks1, while expression levels of mKate2-MBP and mKate2-
LipPks1 showed no significant difference between them (Figure
1B). Furthermore, the fluorescence of mKate2 in the strains
expressing mKate2-MBP and mKate2 was 1.8× and 16.8×
higher, respectively, relative to mKate2-LipPks1 (Figure 1C),
corroborating the expression levels obtained from targeted
proteomics.
Next, we used untargeted proteomics to study the yeast

proteome response to the expression of each of the three bait
proteins, compared to a control strain without heterologous
protein expression.When analyzing the proteomes from the four
different strains, we detected a total of 1445 proteins
(Supplementary Data File 1). Of those, 71 proteins were

differentially expressed upon the expression of protein baits
compared to the control strain (p < 0.01); 31 of them were
upregulated in response to the mKate2-LipPks1 expression
(Supplementary Data File 1). Hierarchical clustering and PCA
analysis of the differentially expressed proteins showed that the
strain expressing mKate2-LipPks1 had a distinct expression
profile compared to the profiles observed for the control strain as
well as for the strains expressing mKate2-MBP and mKate2
(Figure 1D,E). As for the strains expressing soluble proteins, the
mKate2-MBP strain had a similar expression profile as that of the
control strain, while the proteome of the mKate2 strain showed
more variance between replicate samples, coinciding with less
similarity to the control and mKate2-MBP strains (Figure
1D,E).
Furthermore, when gene ontology enrichment analysis of the

genes encoding proteins upregulated in response to mKate2-
LipPks1 compared to the control strain was performed,
biological processes related to protein folding and responses
to heat stress were over-represented (False Discovery Rate
(FDR) < 1 × 10−3) (Figure S2, Supplementary Data File 1). Of
the 31 upregulated proteins in response to mKate2-LipPks1
expression, 18 are chaperones and chaperone cofactors
including chaperones of the families HSP90 (e.g., Hsc82,
Hsp82), HSP70 (e.g., Ssa1, Ssa2), HSP40 (e.g., Sis1, Ydj1),
and HSP60 (Hsp60), small heat shock proteins (Hsp42), and
cochaperones (e.g., Aha1, Sti1).37 We also observed that three of
the proteins upregulated in response to mKate2-LipPks1
expression are associated with the ubiquitin-proteasome system
(Rpn13, Ubc4, Ubc9)38 (Supplementary Data File 1). Among
the 31 proteins upregulated in response to mKate2-LipPks1, we
observed 17/25 proteins that were observed previously to
upregulate upon expression of misfolded insoluble protein in the
cytosol.15

In summary, on the basis of the expression pattern in the
cytoplasm, expression levels (Figure 1A−C), and the stress
response observed by proteomics analysis upon heterologous
protein expression (Figure 1D,E), our data highlight that
mKate2-MBP and mKate2-LipPks1 are suitable baits to
compare in order to further identify and engineer promoters
sensitive to aggregated protein in the cytosol.

Characterizing Promoters as Reporters for Aggre-
gated Protein. From the list of differentially expressed
proteins, we selected 12 promoters from genes encoding the
upregulated proteins that had the highest differential expression
in response to mKate2-LipPks1 compared to mKate2-MBP
(Figure S3). For all promoters, we cloned the region up to 1000
bp delimited by the start codon of the gene of interest and the
closest upstream open reading frame, equaling promoter sizes
ranging from 254 to 1000 bp (Table S5). Although Ubc4 and
Ubc9 were among the proteins with the highest differential
expression between mKate2-LipPks1 and control strain, they
were not considered for further characterization as they did not
show differential expression when comparing strains expressing
mKate2-LipPks1 with strains expressing mKate2-MBP or
mKate2 (Figure S3).
Among the native yeast promoters driving the expression of

proteins upregulated upon mKate2-LipPks1 expression, we next
looked for over-represented transcription factor binding sites
(TFBSs). Here, we found that 28 out of the 31 upregulated
promoters are regulated by the heat shock factor 1 (Hsf1)
transcription factor (Table S7) and that Hsf1 binding sites (heat
shock element, HSE) are over-represented in those promoters
(Table S8). Hsf1 responds to protein folding stress and triggers
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the expression of chaperones to restore protein homeostasis,
proteostasis.39 Under nonstress conditions, the Ssa1 and Ssa2
chaperones inhibit Hsf1-mediated gene expression by binding to
Hsf1.40 Upon the presence of misfolded protein, Ssa1 and Ssa2
chaperones are titrated away from Hsf1, which results in the
activation of Hsf1 targets.40 Furthermore, it has been observed
that depleting the Hsf1 transcription factor from the nucleus
leads to a decreased expression of chaperones and concomitant
protein aggregation at physiological temperatures.39 Hence, we
hypothesized that, in addition to reporter systems derived from
native promoters, synthetic promoters containing HSEs could
be developed as reporters of protein aggregates in the cytosol.
To this end, we constructed synthetic promoters by attaching 1,
2, 4, or 8 copies of HSEs to a minimal GAL1p promoter without
Gal4 binding sites (GAL1p−231). HSEs were placed 90 bp
upstream of the GAL1p TATA box (Figure S4). We have
previously used this location in the GAL1p to insert 6× trpO
binding sites and successfully develop a tryptophan biosensor on
the basis of the engineered transcription factor Gal4AD-trpR.

41

Next, all 12 native promoters and 4 synthetic HSE-GAL1p
promoters were screened by fluorescence reporter assays, using
the unstable green fluorescent protein variant yEGFP3-CLN2-
(PEST) (labeled uGFP herein) as a reporter;42 a GFP variant
has been used to study promoter expression kinetics.42 Reporter
constructs were integrated in strains expressing mKate2-MBP
and mKate2-LipPks1 and a control strain (Figure 2A). Initially,
strains were assessed by flow cytometry during exponential
growth (6 h of cultivation) (Figure S5). We observed that 13/16
promoters responded to mKate2-MBP (Figure 2B). We also
observed that, for 10/16 screened promoters (CPR6p−254,
HSP42p−1000, HSP78p−387, HSP82p−858, SIS1p−501, SSA1p−824,
STI1p−246, 2xHSE-GAL1p−231, 4xHSE-GAL1p−231, and 8xHSE-
GAL1p−231), the fluorescence output of their respective
reporters when expressing mKate2-LipPks1 was higher than
when expressing mKate2-MBP (p < 0.05), indicating such
reporters were responsive to the expression of aggregation-
prone protein. In order to select for the best candidate promoter

responding to the expression of the aggregation-prone protein,
we calculated the fold-change ratio of reporter fluorescence
outputs in strains expressing mKate2-LipPks1 compared to
strains expressing mKate2-MBP. Fold changes for the 11
reporters ranged from 1.2 to 2.0 (Figure 2B). The reporters with
the highest fold changes based on the native promoters were
HSP82p−858:uGFP (2.0×), SIS1p−501:uGFP (1.7×), and
SSA1p−824:uGFP (1.9×). As for the synthetic promoters,
although 2xHSE-GAL1p−231, 4xHSE-GAL1p−231, and 8xHSE-
GAL1p−231 reporters were responsive to the expression of
aggregation-prone protein, an increase in the HSE copy number
overall did not result in a significant (p < 0.05) improvement in
their fold change (Figure 2B). Hence, as HSP82p−858:uGFP,
SIS1p−501:uGFP, and SSA1p−824:uGFP reporters had the highest
fold changes among all tested promoters, we focused our efforts
on further optimization using these reporters.

Optimization of Aggregated Protein Reporters. Given
the modest fold changes observed for the three native promoters
upon the expression of aggregation-prone vs folded soluble
protein expression, we sought to increase the copy number of
the upstream activating sequence (UAS), as previously
successfully applied for improving output and dynamic range
of synthetic promoters and reporters.26,43 Before increasing the
copy number of the UASs, we truncated the three native
promoters to a minimal size while conserving all the UASs with
all the HSEs as inferred from the literature and databases of
transcription factor binding sites.44,45 This was done to avoid
reduced UAS-mediated activation as the effect of the UAS in
promoter activation decreases when the distance to the TATA
box increases.46 With this approach, promoter sizes were
reduced from the initial sizes of 501−858 bp to 324−365 bp
(Table S5). Compared to the designs using full-length
promoters, truncated uGFP-based reporters based on HSP82p
and SSA1p (1xUAS-HSP82p−324:uGFP and 1xUAS-
SSA1p−365:uGFP) showed a minimal variation in fold change,
while the truncated SIS1p reporter (1xUAS-SIS1p−345:uGFP)
showed a decreased (∼50%) fold change compared to its WT

Figure 2. Promoter screening of native and synthetic promoters as agregated protein reporters. (A) Strains used for screening promoters as insoluble
protein reporters. (B) Flow cytometry measurements of yeast strains harboring reporter constructs were grown for 6 h and assessed by flow cytometry
(n = (5−6) × 10 000 events). For each promoter, the fold change was calculated by normalizing GFP geometric means for each replicate (10 000
events) to the GFP geometric mean of all mKate2-MBP replicates (50 000 or 60 000 events). Bars represent the mean and error bars, the standard
deviation of all data points.
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version (Figure 3A). An increase in the the copy number of the
UAS in the synthetic promoters did not result in significant
improvements in fold changes when compared to reporters
based on WT promoters (Figure 3A).
As we did not observe significant improvements in fold

changes upon increasing UAS copy number, we next sought to
boost the reporters fold change by changing the reporter protein
uGFP to yeast-enhanced GFP mutant 3 (yEGFP3),47 a variant
with a half-life of ∼7 h, ∼13 times the half-life of uGFP.42 It has
been observed that promoter−reporters having yEGFP3 as the
reporter can result in higher fluorescence and better signal-to-
noise ratio than promoter−reporters with uGFP.48 Indeed,
when uGFP was replaced with yEGFP3 for reporters based on
HSP82p−858, SIS1p−501, and SSA1p−824, increased fold changes
of 31−64% were observed (Figure 3A).
Next, since the previous efforts related to increasing UAS copy

numbers in combination with uGFP were unsuccessful, we
further tested if the combination of yEGFP3 together with 2x
and 4x copies of UASs could improve the output of the reporter
systems based on HSP82p and SSA1p. Combinations of
yEGFP3 and an increased UAS copy number for SIS1p-based
reporters were not tested as the truncated variants already had
lowered fold changes compared to WT SIS1p (Figure 3A).
Additionally, for these assays, we compared reporter fold
changes between control cultures and cultures supplemented
with bortezomib (Btz), a proteasome inhibitor,49 known to
result in the accumulation of misfolded protein aggregates,50

following both 6 and 16 h of cultivation. Here, on the basis of the
microscopy analysis of fluorescence distribution in yeast cells
under all four conditions (6 and 16 h,±50 μMBtz), we observed
that only mKate2-LipPks1 formed aggregates (Figure S7A,B).
More specifically, these aggregates were observed to colocalize
with Hsp104-GFP (Figure S7B), a marker for Q-bodies, and the
insoluble protein deposit (IPOD), protein deposition sites for
soluble and insoluble protein aggregates, respectively.35,36,51

Furthermore, cells of 16 h cultures treated with Btz had larger
single inclusions than those observed for 6 h cultures, consistent
with mKate2-LipPks1 residing at the IPOD under these
conditions (Figure S7B).
When comparing the different reporter designs, we observed

that, for most conditions, the 4xUAS-HSP82p−324:yEGFP3 and
4xUAS-SSA1p−365:yEGFP3 constructs had 1.3−4.4× higher
fold changes (p < 0.05) than full-length and 2x UAS constructs
(Figure 3B). Also, reporters with a 4x UAS for both promoters
sampled at 16 h following Btz treatment had higher fold changes
than such reporters in any other condition (p < 0.0001) (Figure
3B). Specifically, for the 4xUAS-HSP82p−324:yEGFP3 reporter
treated with Btz, this resulted in a fold change up to 6.1×, while
the 4xUAS-SSA1p−365:yEGFP3 reporter showed the highest fold
change (11.5×).

Characterization of the 4xUAS-SSA1p−365:yEGFP3
Reporter. In order to further characterize the operational
range of the 4xUAS-SSA1p−365:yEGFP3 reporter, we assessed
the change in fluorescence output when protein baits mKate2-

Figure 3. Promoter−reporters for agregated protein optimization. (A) Initial optimization: promoter truncation, UAS copy number, andGFP variants.
(B)Optimization of yEGFP3 reporters: UAS copy number, sampling time, and proteasome inhibition. Yeast strains harboring reporter constructs were
grown for 6 or 16 h and assessed by flow cytometry (n = (4−6) × 10 000 events). For each promoter, the fold change was calculated by normalizing
GFP geometric means for each replicate (10 000 events) to the GFP geometric mean of all mKate2-MBP replicates (40 000 or 60 000 events). Bars
represent the mean and error bars, the standard deviation of the data points. Asterisks represent statistical significance between conditions indicated by
horizontal bar ends: **** = p < 0.0001, *** = p < 0.001, ** = p < 0.001, * = p < 0.05, and ns = not significant (p > 0.05).
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MBP and mKate2-LipPks1 were expressed from five promoters
of different strengths. Here, we did not observe changes in the
reporter fluorescence output when increasing the expression
level of mKate2-MBP, whereas reporter fluorescence output
increased when increasing the expression levels of mKate2-
LipPks1 (Figure 4A,B, Figure S10). More specifically, reporter
fluorescence outputs increased only when expressing mKate2-
LipPks1 from TEF1p and TDH3p, compared to the mKate2-
LipPks1 expression from the weak promoter REV1p (p < 0.05).
Notably, reporter fluorescence outputs increased almost 5-fold
when mKate2-LipPks1 was expressed from TDH3p compared
to when it was expressed from TEF1p, whereas a 2.3-fold

increase was observed when comparing TEF1p to REV1p, thus
yielding an 11-fold increase in reporter output upon varying the
expression level of mKate2-LipPks1 (Figure 4A). When the
reporter outputs in strains expressing mKate2-LipPks1 or
mKate2-MBP under the control of any of the five promoters
used in this assay were compared, fold changes ranged from 1.1
to 11.5 (Supplementary Data File 1).
On the basis of our observations that Btz promotes

accumulation of mKate2-LipPks1 in the IPOD while mKate2-
MBP does not form aggregates (Figure S7) and that the 4xUAS-
SSA1p−365:yEGFP3 reporter responds to increasing expression
levels of insoluble protein (Figure 4A,B), we sought to

Figure 4. 4xUAS-SSA1p−365:yEGFP3 reporter characterization. (A) GFP reporter output and (B) mKate2 fluorescence of strains expressing soluble
(mKate2-MBP) and insoluble (mKate2-LipPks1) protein baits from different promoters. Cultures were supplemented with 50 μM Btz and sampled
after 16 h of growth. n = 6 × 10 000 events. (C) GFP reporter output and (D) mKate2 fluorescence of strains expressing protein baits. Cultures
supplemented with 0−250 μMBtz and sampled after 12 h of growth. n = (3−4)× 10 000 events. (E, F) Effect of Btz treatment on the insoluble fraction
of mKate2-LipPks1 (E) and fluorescence output (F) from the 4xUAS-SSA1p−365:yEGFP3 reporter. Cultures were supplemented with 0−100 μMBtz
and sampled after 16 h of growth. n = 3. (G) GFP reporter output in strains expressing prion precursor proteins. Cultures supplemented with 50 μM
Btz and sampled after 16 h of growth. n = 6 × 10 000 events. (H) Scheme for the enrichment of strains expressing soluble protein from mixed
populations. (I) Proportion of strains expressing soluble protein following FACS. Asterisks represent statistical significance between conditions
indicated by horizontal bar ends: **** = p < 0.0001, *** = p < 0.001, ** = p < 0.001, * = p < 0.05, and ns = not significant (p > 0.05). For all panels, bars
represent the mean and error bars, the standard deviation of all data points.
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investigate if the 4xUAS-SSA1p−365:yEGFP3 reporter could
respond to different concentrations of Btz. For this experiment,
we used the strains expressing the protein baits from the TDH3p
promoter and Btz concentrations ranging from 0 to 250 μM.We
used concentrations of up to 250 μM, as the vehicle (DMSO)
largely inhibits cell growth when using concentrations higher
than 2.5% (equivalent to 250 μM Btz) (Figure S11). For the
strain expressing mKate2-LipPks1, Btz concentrations of 25−
250 μM resulted in increased fluorescence of mKate2-LipPks1
compared to the strains grown without Btz (p < 0.05), just as
increases in the 4xUAS-SSA1p−365:yEGFP3 reporter output
increased when treating cultures with 25 to 250 μM Btz
compared to untreated cultures (p < 0.0001) (Figure 4C,D,
Supplementary Data File 1). Importantly, Btz treatment did not
result in a significant increase in the fluorescence of mKate2-
MBP compared to cultures without proteasome inhibition,
whereas we observed that Btz concentrations of 100 and 250 μM
resulted in increased 4xUAS-SSA1p−365:yEGFP3 reporter
fluorescence output for strains expressing mKate2-MBP and
the reporter-only strain (p < 0.001) (Figure 4C, Supplementary
Data File 1), suggesting these concentrations disrupt cell
proteostasis, even in the absence of insoluble protein expression.
Furthermore, we observed that Btz treatment increased the
amount of insoluble protein fraction for mKate2-LipPks1 but
not for mKate2-MBP (Figure S12) and that increasing
concentrations of Btz increased the amount of the mKate2-
LipPks1 insoluble fraction together with reporter output
(Figures 4E,F and S14). Therefore, using Btz increased the
performance of the reporter system by increasing the amount of
the insoluble protein, while it did not affect the behavior of the
soluble protein bait.
We also characterized the performance of the 4xUAS-

SSA1p−365:yEGFP3 reporter in the background strain
CEN.PK2-1C, which expresses the proteases Pep4 and Prb1,
which were initially deleted for the development of our reporter
system. We observed that the reporter 4xUAS-
SSA1p−365:yEGFP3 was able to discriminate between the
expression of mKate2-MBP and mKate2-LipPks1 in
CEN.PK2-1C following both 6 and 16 h cultivations, albeit
with lower induction of the reporter upon mKate2-LipPks1
expression compared to those observed in CEN.PK2-1C pep4Δ
prb1Δ (Figure S15A,B). This data suggests that Pep4 and Prb1
proteases are involved in processing mKate2-LipPks1 aggre-
gates.
We further tested the reporter system by assessing the output

in response to the expression of proteins known to produce
protein aggregates. To this end, we constructed strains
expressing mKate2 fusions to prion precursor proteins Sup35,
Rnq1, and Cyc852 controlled by the strong promoter TDH3p.
Here, we observed that the 4xUAS-SSA1p−365:yEGFP3 reporter
responded to Sup35 and Cyc8 overexpression by 2.4- and 2.7-
fold increases compared to the response to mKate2-MBP,
respectively, whereas the expression of Rnq1 only lead to a
modest, yet not significant, 1.6-fold change (Figure 4G).
Finally, to investigate if the 4xUAS-SSA1p−365 engineered

promoter would be able to be used as a tool for discriminating
cells producing soluble proteins from those expressing
aggregation-prone proteins, we performed an experiment with
the aim of sorting strains heterologously expressing soluble
protein from strains expressing aggregation-prone protein. For
this experiment, we used strains expressing either soluble
yEGFP3 or an insoluble variant of yellow fluorescent protein
(YFPm4)15 in background strains harboring the 4xUAS-

SSA1p−365:mKate2 reporter (Figure S16). Both strains were
initially grown separately in medium supplemented with Btz.
Following 12 h of growth, cells were mixed in 1:1 and 1:1000
ratios of yEGFP3:YFPm4 strains. Next, mixed populations were
sorted using fluorescence-activated cell sorting (FACS) by
selecting the top 1% of the total events with the lowest mKate2
fluorescence. Next, sorted cells were plated before counting
yEGFP3 fluorescent colonies (Figure 4H). Importantly, for the
culture with the 1:1 starting ratio, ∼98% of the colonies were
fluorescent, while the culture with the 1:1000 starting ratio had
∼7% fluorescent colonies following FACS enrichment, equiv-
alent to approximately 2× and 70× enrichments of cells
expressing soluble yEGFP3, respectively, from a single round
of cocultivation and sorting (Figure 4I). This result demon-
strates the potential of the reporter as a tool for facile screening
and selection of cells expressing soluble proteins in living cells.

■ DISCUSSION
The assessment of the expression of misfolded proteins and the
related cellular stress is of interest for both medicine and
biotechnology as protein misfolding and eventual aggregation
have been linked to disease2,5 and low enzymatic activity.29,53 In
this context, several methods have been developed both for the
assessment of protein solubility and aggregation toward
studying disease-related proteins21−23 and for the directed
evolution of enzymes and antibodies with improved solubility
for biotechnological purposes.16−20

In this study, we have constructed and optimized a reporter,
4xUAS-SSA1p−365:yEGFP3, for assessing the expression of
aggregation-prone protein in yeast cytosol on the basis of the
characterization of the proteomic response to the misfolded
protein. We have successfully optimized the reporter and growth
conditions to optimize the dynamic range of the reporter
obtaining up to an ∼11.5-fold change comparing strains
expressing folded soluble with those expressing aggregation-
prone proteins. An advantage of our system is that it does not
rely on protein fusions and is complementary and compatible
with other methods developed recently such as yTRAP21 and
tripartite fusions.23 Specifically, we believe our system would be
advantageous to use when target proteins are of large sizes, such
as PKSs, as assays based on yTRAP and tripartite fusions could
be limited by the size of the fusion proteins. For instance,
tripartite fusions in yeast are currently limited to proteins up to
∼100 kDa,23 while yTRAP synthetic transcription factor fusions
may be limited by nuclear pore size, generally considered to
allow proteins of up to 60 kDa, yet proteins up to 230 kDa have
been observed to diffuse to the nucleus.54,55

Beyond the bait used for testing the reporter system (i.e.,
mKate2-LipPks1), we observed induction from the reporter
system upon strong expression of two out of three prion
precursor proteins, indicating that the reporter is suitable for the
detection of a number of aggregation-prone proteins. For the
prion precursor Rnq1, which did not yield significant induction
in our assays, we speculate that Rnq1 might interact with yeast
proteome and produce stress through a mechanism that is not
detected by the 4xUAS-SSA1p−365:yEGFP3 reporter, as it has
been recently observed that yeast proteome responds differently
when human pathogenic aggregation-prone proteins are over-
expressed.56 Furthermore, while the developed reporter
responds to increasing amounts of insoluble protein, the lower
detection limit of the reporter may make the system unsuitable
for all applications as reporter outputs were only detected when
expressing aggregation-prone protein baits at high expression

ACS Synthetic Biology pubs.acs.org/synthbio Letter

https://dx.doi.org/10.1021/acssynbio.0c00476
ACS Synth. Biol. 2021, 10, 466−477

472

http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_002.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.0c00476/suppl_file/sb0c00476_si_001.pdf
pubs.acs.org/synthbio?ref=pdf
https://dx.doi.org/10.1021/acssynbio.0c00476?ref=pdf


levels. Hence, we see the need to choose the most suitable tool
according to the experiment to be performed in an effort toward
understanding and engineering protein folding and proteostasis.
Likewise, since misfolded proteins are localized to different
compartments in yeast cells35,36 and protein aggregates elicit
different proteome responses,56 we consider that several
mechanisms and pathways could be further harnessed to
develop more proteostasis reporters. Still, we envision that the
reporter system developed in this study can be applied to studies
focused on the optimization of protein solubility and expression
and the assessment of cytosolic proteostasis as well as to studies
of aggregation-prone pathogenic proteins.

■ MATERIALS AND METHODS
Strains, Media, and Chemicals. Yeast strains were

derivatives of the strain CEN.PK2-1C (MATa; his3Δ1; leu2-
3,112; ura3-52; trp1-289; MAL2-8c; SUC2) obtained from
Peter Kötter (Johann Wolfgang Goethe-University Frankfurt,
Germany). E. coli strain DH5α was used for cloning. All E. coli
strains with plasmids were grown in LB or 2xYT media
supplemented with 100 μg/mL ampicillin.
Yeast strains were grown in Yeast Synthetic Drop-out (SC)

medium (pH 5.6) or Mineral medium (MM; pH 6.0)
supplemented with amino acids. SCmedium (g/L) is composed
of 6.7 g of yeast nitrogen base without amino acids (Sigma-
Aldrich), an adequate amount of Yeast Synthetic Drop-out
medium Supplements (Sigma-Aldrich), 20 g of glucose and,
when necessary, 20 g of agar. MM was prepared as described
previously.57

Cloning and Strain Construction. Plasmids, in vivo
assembled cassettes, and strains and plasmids of this work are
listed in Tables S1, S2, and S3. Plasmids were constructed by
USER Cloning (New England Biolabs). E. coli transformations
were performed using chemically competent cells.58 PCR assays
were performed using Phusion U Hot Start and Phusion Hot
Start II Polymerases (Thermo Fisher Scientific). Synthesized
DNA was obtained from Integrated DNA Technologies.
In vivo assembly of expression cassettes was performed using

the CasEMBLR method59 using overlapping regions of at least
30 bp. Integrations of the cassettes were performed in yeast
chromosomal sites reported previously.60 Yeast transformations
were performed according to previously described methods.61

Microscopy. Yeast precultures were grown overnight (∼20
h) in SC medium from single colonies. Next day cultures were
diluted ∼1:20 in SC or MM and grown for 6 or 16 h before
imaging in medium with or without 50 μM bortezomib (Btz).
Yeast cells were observed in a Leica DM4000 B microscope
equipped with a DFC 300 FX R2 camera and a EL600 light
source (Leica Microsystems). Excitation/emission filters used
for GFP and mKate2 fluorescence were EX:470/40, EM:525/
50, and EX:545/26, EM:605/70, respectively.
Untargeted Proteomics. Single colonies were inoculated

in 2 mL of SC-Trp medium and grown for 20 h. The next day,
250 mL flasks with 25 mL of Mineral medium +
Ura,His,Leu,Trp were inoculated to an OD of ∼0.1. Cultures
were grown to exponential phase for 6 h at 30 °C and 250 rpm.
∼2 × 108 cells from each flask were harvested and frozen at −80
°C. At least three replicates per strain, each one corresponding
to a different flask, were used for data-dependent proteomics
analysis. Yeast cells were resuspended in 75 μL of 6 M
guanidinium hydrochloride (GdnHCl), 5 mM tris(2-
carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide
(CAA), and 100 mM Tris−HCl (pH 8.5) at 95 °C and lysed

using a Mixer Mill MM 400 (Retsch) set to 25 Hz for 5 min at
room temperature, followed by incubation in a ThermoMixer
(Eppendorff) at 95 °C and 2000 rpm. Samples were centrifuged
at 15 000g for 10 min, and 50 μL of each sample supernatant was
taken and mixed with 50 mM ammonium bicarbonate. The
protein concentration was measured with the Micro BCA
Protein Assay kit (Thermo Fisher Scientific) using BSA as the
standard. A volume containing 100 μg of protein was used for
digestion with 1 μg of trypsin. Samples were digested for 8 h at
37 °C under constant shaking at 400 rpm. Afterward, 10 μL of
10% TFA was added, and the samples were cleaned and
concentrated with stage tips using a C18 resin (Empore, 3M,
USA). Samples were used for both targeted and untargeted
proteomics analyses. One μg of digested peptides for each
sample was injected to a Cap-LC system (Thermo Fisher
Scientific) coupled to a 75 μm × 15 cm, 2 μm C18 easy spray
column (Thermo Fisher Scientific). Flow rate was set to 1.2 μL/
min. Prior to implementing a stepped gradient starting at 4% and
ending in 40% acetonitrile in water over 60 min, the peptides
were trapped on a precolumn (μ-precolumnC18 PepMap 100, 5
μm, 100 Å). Samples were sprayed into an Orbitrap Q Exactive
HF-X mass spectrometer (Thermo Fisher Scientific). The
parameters used for mass spectrometry (MS)-level scans were:
Orbitrap resolution, 60 000; AGC target, 1.0 × 106; maximum
injection time, 50 ms; intensity threshold, 5.0 × 103; dynamic
exclusion, 25 s. The top 12 mode with the HCD collision energy
set to 28% (AGC target, 1.0 × 104; maximum injection time, 22
ms) was used for data-dependent MS2 selection. Data was
analyzed in Proteome Discoverer 2.4 (Thermo Fisher
Scientific). The following settings were used: fixed modifica-
tions, carbamidomethyl (C); variable modifications, oxidation
of methionine residues; first search mass tolerance, 20 ppm;
MS/MS tolerance, 20 ppm. One missed cleavage was set for
trypsin. The false discovery rate was set at 0.1%. The S. cerevisiae
database retrieved from Uniprot with proteome ID
AUP000002311 was used for searching proteins in the samples.
Sequences of heterologous proteins were added to this database.
Label-free quantification was used, and the abundance of each
protein is reported as the relative intensity with respect to total
intensity of all identified peptides.
Statistical analysis was performed in ProteomeDiscoverer 2.4.

ANOVA (individual proteins) was done to compare the protein
abundances among strains. Adjusted p-values referred to in the
text were calculated using the the Benjamini-Hochberg method.
Hierarchical clustering and principal component analysis were
done in ClustVis.62 Complete-linkage clustering and correlation
distance were used for hierarchical clustering of rows and
columns. Themass spectrometry proteomics raw data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository63 with the data set identifier PXD021470.

Targeted Proteomics. After cleaning the samples with
stage tips, the samples were dried and resuspended in 0.1%
formic acid containing synthetic heavy labeled peptides to a final
concentration of 50 fmol for each synthetic peptide. The
synthetic peptides representing a unique peptide for each of the
proteins were MPGVYYVDR for mKate2, LYPFTWDAVR for
MBP, and ELLDSAPVFAR for LipPks1. One 1 μg of total
protein for each sample was used for injections for mass
spectrometry according to the protocol described for untargeted
proteomics. The unscheduled PRM method used the following
parameters for the mass spectrometry: The full scan was
collected at a resolution of 120 000, and MS2 scans were
collected at resolution of 30 000 with a maximum injection time
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of 100 ms. Data was analyzed using Skyline-daily,64 and ratios
were calculated for the synthetic peptide on the basis of theMS2
scans.
Flow Cytometry. Single colonies of strains tested were

grown in 150 μL of SC-Trp medium at 30 °C and 300 rpm
overnight (16−20 h) in 96-well microtiter plates in at least 3
replicates. Plates were covered with VIEWseal sealers (Greiner
Bio-One). They were diluted ∼1:20 in MM+Ura+His+Leu
+Trp in 96-well microtiter plates. Bortezomib (Btz; 10 mM) in
DMSO (ApexBIO) and DMSO to the desired concentration
were added at this point in experiments that required it. Cultures
were grown at 30 °C and 300 rpm and covered with VIEWseal
sealers for 6 or 16 h unless otherwise indicated. Samples were
analyzed immediately or kept at 4 °Cuntil analyzed. If necessary,
samples were diluted in PBS prior to flow cytometry analysis.
Flow cytometry measurements were done in a MACSQuant
Analyzer VYB Flow Cytometer (Miltenyi Biotec). Cells
populations were gated for singlets (FSC-H vs FSC-A), and
this data was used for further analyses. At least 10 000 events
were measured per sample. A 488 nm laser and 525/50 nm filter
was used for the GFP measurements, and a 561 nm laser and
661/20 nm filter was used for the mKate2 measurements. Flow
cytometry data was analyzed using Cytoflow (https://bpteague.
github.io/cytoflow/), and GraphPad Prism version 8.4 flow
cytometry measurement data (geometric mean of each
replicate) are in Supplementary Data File 1. The histograms
for all recorded events are in Figures S6, S8−S10, and S13. Fold-
change values are based on the geometric means calculated for
all events across all replicates. Statistical analysis was done based
on the geometric means of each replicate using the Holm-Sidak
Method and Tukey and Dunnet tests.
FACS. Single colonies of strains were grown overnight in 96-

well microtiter plates with 150 μL of SC-TRP medium as
indicated previously. Cultures were diluted ∼1:20 to a total
volume of 150 μL in MM+URA+HIS+LEU+TRP+ Btz (100
μM) and grown for 12 h. After, cultures were mixed in 1:1 and
1:1000 (GFP:YFPm4 strains) ratios according to the OD.
Mixed cultures were then sorted in a SH800 FACS Cell Sorter
(Sony) by selecting the ∼1% of the cultures with the lower
mKate2 reporter fluorescence values. Cells populations were
gated for singlets (FSC-H vs FSC-A), and 200 cells per sample
were collected. Collected cells were plated in SC medium agar
and incubated at 30 °C. Total and GFP colonies were counted
after 2 days. Enrichment fold changes were calculated by
dividing the initial ratio of cells expressing GFP (soluble
protein) by the final ratio of GFP colonies to total colonies
plated after sorting (n = 3).
Insoluble Protein Extraction and Quantification. Single

colonies of the tested strains were grown in 2 mL of SC-TRP
medium in 14mL tubes at 30 °C and 250 rpm overnight (16−20
h). Cultures were diluted ∼1:20 to a total volume of 4 mL in 14
mL tubes with MM+Ura+His+Leu+Trp medium with the
indicated amount of Btz and grown for 16 h at 30 °C and 250
rpm. Cultures were sampled for flow cytometry and for insoluble
protein extraction. Insoluble protein extraction was done
according to a procedure described previously.65 Briefly, ∼2 ×
108 cells were collected by centrifugation at 2500g for 1 min at
RT. Cell pellets were washed in 1 mL of ice-cold buffer S0 (120
mM KCl, 2 mM EDTA, 20 mM HEPES-KOH, pH 7.4) and
centrifuged for 30 s at 5000g and 4 °C. Cell pellets were
resuspended in 150 μL of buffer S (120 mM KCl, 2 mM EDTA,
20 mM HEPES-KOH, 0.5 mM DTT, 1:100 protease inhibitor
cocktail IV [Calbiochem], 1 mM PMSF, pH 7.4). 75 μL of

samples was flash frozen with liquid nitrogen (LN) in a 2 mL
Eppendorf “Safe-Lock” tube containing a 7 mm stainless steel
ball. Cells were lysed in a Mixer Mill MM 400 (Retsch) with 4 ×
90 s × 30 Hz pulses by placing the 2 mL tubes in an adapter
(Retsch 22.008.0005) chilled in LN before and in between
milling cycles. Lysates were resuspended in 400 μL of ice-cold
buffer S, and thawed lysates were centrifuged at 3000g for 30 s.
200 μL of the clarified supernatant was centrifuged at 100 000g
for 20 min at RT. Pellets (insoluble fractions) were washed in
200 μL of buffer S and centrifuged again at 100 000g for 20 min
at RT. Pellets were resuspended in 50 μL of buffer S and
sonicated for 5 s.
Samples were quantified by Western blotting. Briefly, aliquots

of the insoluble protein pellets were mixed with 4× NuPAGE
LDS Sample Buffer (Invitrogen) and DTT to a final
concentration of 12.5 μM and heated for 5 min at 95 °C before
loading on NuPAGE Novex 4−12% Bis-Tris Gels (Invitrogen).
Samples were transferred to PVDF membranes using PVDF
iBlot 2 Transfer Stacks (Invitrogen) and detected by a Penta-His
HRP Conjugate kit (Qiagen). Western blot bands were
quantified using ImageJ Software.66

Bioinformatics Tools. Transcription factors that bind to
promoters of genes of interest were retrieved using YEAS-
TRACT67 by only considering the TFBSs with simultaneous
DNA binding and expression evidence and where the TF acted
as an activator. The retrieved data is in Table S7. Over-
represented TFBSs in upregulated genes were identified by
YeTFaSCo using the rank sum (Mann−Whitney−Wilcoxon)
test against the YeTFaSCo curated database of the TFBSs;
TFBSs with p < 0.01 were retrieved.45 The retrieved data is in
Table S8. Gene ontology analysis (biological process) was done
using PANTHER version 14.68 Significance is reported as False
Discovery Rates (FDR).
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pression; over-represented TFBS in genes upregulated
upon mKate2-LipPks1 expression

Yeast proteomes upon expression of protein baits,
differentially expressed proteins, GO analysis of differ-
entially expressed genes, and flow cytometry measure-
ments (XLSX)
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