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ABSTRACT: In contrast to the myriad approaches available to study protein
misfolding and aggregation in vitro, relatively few tools are available for the study of
these processes in the cellular context. This is in part due to the complexity of the
cellular environment which, for instance, interferes with many spectroscopic
approaches. Here, we describe a tripartite fusion approach that can be used to
assess in vivo protein stability and solubility in the cytosol of Saccharomyces cerevisiae.
Our biosensors contain tripartite fusions in which a protein of interest is inserted into
antibiotic resistance markers. These fusions act to directly link the aggregation
susceptibility and stability of the inserted protein to antibiotic resistance. We
demonstrate a linear relationship between the thermodynamic stabilities of variants
of the model folding protein immunity protein 7 (Im7) fused into the resistance
markers and their antibiotic resistance readouts. We also use this system to
investigate the in vivo properties of the yeast prion proteins Sup35 and Rnq1 and proteins whose aggregation is associated with some
of the most prevalent neurodegenerative misfolding disorders, including peptide amyloid beta 1−42 (Aβ42), which is involved in
Alzheimer’s disease, and protein α-synuclein, which is linked to Parkinson’s disease.

■ INTRODUCTION
Protein misfolding and aggregation are hallmarks of many
disease states, ranging from disorders that affect the central
nervous system to those that lead to amyloidosis in the liver.1

Although the chemical identity and misfolding state of the
proteins involved in these diseases are unique, these
proteopathies are generally characterized by the adoption of
aberrant protein conformations, which often seed aggregation or
amyloid formation. In some cases, these conformational changes
are toxic, and in other cases, they lead to disruption of the
protein’s function.
Predicting in vivo protein stability or aggregation propensity

based just on the protein’s sequence, structure, or in vitro
properties is a hit and miss affair. This is in part because the
cellular environment is very crowded and contains a variety of
factors that can affect protein folding, including molecular
chaperones, ligands, and protein quality control machinery.
Additionally, the cell’s changing physical and chemical proper-
ties, including its redox state, temperature, and the formation of
transient biomolecular condensation phases, can impact protein
solubility.2,3 Moreover, cellular aggregates can be complex and
differ from one another in their size, conformation, and
constituents. Considering these complex factors highlights the
urgent need to establish generalizable methods that allow one to
assess the actual in vivo folding state of proteins, particularly of
disease-related proteins.
Budding yeast Saccharomyces cerevisiae has proven to be a

valuable model organism to study protein folding. It is cost-
efficient, easy to genetically manipulate, and amenable to high-

throughput screens, and thus provides a facile eukaryotic context
for deciphering fundamental molecular processes involved in
complex in vivo protein misfolding phenomena.4 In addition,
several yeast models have allowed for the screening of cellular
and chemical factors affecting the stability or aggregation
propensity of disease-associated proteins.5−7

Several indirect, potentially generalizable methods to
determine the folding and aggregation status of proteins in
yeast have been engineered. Fluorescent tagging has been widely
used to detect a protein’s spatiotemporal localization and
aggregation propensity.8−14 This method has been shown to
effectively read-out protein solubility, though in some cases
fluorescent tags enhance solubility, can cause some false-positive
results due to proteolytic cleavage products, or can be influenced
by fused amyloidogenic sequences.9,15,16 In addition, other
fusion-based approaches that link protein solubility to yeast
growth have been devised.17,18 Other commonly used
approaches to study the aggregation propensity of neuro-
pathogenic proteins in yeast utilize overexpression-induced
cytotoxicity as a readout.6,11 These assays have greatly
contributed to our general understanding of protein misfolding
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in the cell. It is noteworthy that the acute toxicity that results
from high levels of overexpression may occur via mechanisms
different than those of the long-term toxicity often associated
with neurodegenerative diseases.19,20 In addition, high levels of
overexpression can cause sequestration of native and non-native
binding partners and lead to transport into non-native cellular
compartments.21 Although valuable insights have been gained
from the series of yeast models that have emerged, different
experimental models can generate different and sometimes
contradictory results. For instance, the PICALM protein has
been identified both as a suppressor and an enhancer of Aβ
cytotoxicity.6,14

Because biosensors are based on different underlying
principles, their results are complementary to each other.
Inherent limitations in existing protein folding and aggregation
sensors continue to drive the development of new methods
based on different underlying principles. Recent fluorescence
resonance energy transfer-based approaches or methods based
on modular, transcriptional reporter outputs have helped
generate tools that appear quantitative and suitable for high-
throughput studies.22,23 Here, we describe the development of a
biosensor platform that links protein stability and aggregation
propensity to an antibiotic resistance readout in yeast. Our goal
is to provide a versatile tool that allows us to determine the in
vivo stability of proteins of interest and interrogate stability-
related phenomena in yeast.

■ RESULTS AND DISCUSSION
Development of Tripartite Folding Biosensors in S.

cerevisiae. To study protein stability in vivo, we developed
tripartite biosensors that link protein stability to antibiotic
resistance.24,25 The tripartite biosensor design comprises the
fusion of a protein of interest into the middle of a genetic marker
protein via flexible linkers (Figure 1a). We hypothesize that if
the protein of interest folds well and remains stable, the two
fused marker halves will come together, efficiently fold up, and
thus confer high levels of antibiotic resistance (Figure 1b).
However, if the protein of interest is thermodynamically
unstable and therefore prone to proteolysis or aggregation, the
entire tripartite fusion will become susceptible to degradation or
aggregation, either of which will render it nonfunctional or only
partially functional. Therefore, we reason that the antibiotic
resistance conferred by the tripartite fusion should serve as a
direct readout of the stability and solubility of the fused protein
in vivo.
Previously, we developed cytosolic tripartite biosensors based

on two different broad-spectrum antibiotic resistance markers.25

One, conferring resistance to the antibiotic G418, was based on
the marker protein aminoglycoside-3′-phosphotransferase
(APH), and the other, effective against the antibiotic
nourseothricin (NTC), was based on nourseothricin N-acetyl
transferase (NAT). The APH- and NAT-based tripartite
biosensors worked effectively in the Escherichia coli cytosol but
exhibited comparatively low sensitivity when used in yeast.25

To improve the biosensors’ readouts for S. cerevisiae, we
extensively re-engineered the sensors to increase their sensitivity
and extend their dynamic range. This reengineering involved
altering the tripartite biosensors’ expression levels by changing
gene dosage, optimizing the APH fusion codon, adjusting the
incubation temperature, fine-tuning the insertion site within the
NAT resistance protein, and altering the yeast strain background
(see Supplementary Figures 1, 2 and Methods for details). Our
choice of a relatively long 40 glycine−serine-rich linker (GS

linker) (Figure 1, and Methods for details) between the marker
halves was driven by the perceived need to be able to span the
distance from the N- to C-termini of inserted proteins.24,25 Our
GS linker should be able to effectively stretch over the N- and C-
termini of globular proteins (approximated as a sphere) up to
100 kDa in size, assuming the N- and C-termini are at the
opposite poles of the sphere.26,27 Elongated proteins, partic-
ularly highly extended ones, will be less able to be spanned. In
previous work, we could already show that these particular GS-
rich linker lengths are optimal for the relationship between
antibiotic resistance to thermodynamic stability of the test
protein fused in the tripartite system.24

To validate our revised tripartite design for yeast, we first
inserted variants of Im7 that exhibit varying levels of
thermodynamic stability. The rationale was that the in vitro
thermodynamic stability of Im7 and other test proteins has been
shown to be a key determinant of the level of antibiotic
resistance displayed by tripartite fusions,24,25 so we should
expect similar results with our new designs.
Expression of the APH tripartite biosensors that just

contained a 40-residue GS-rich linker between the marker
halves, or 39-residue GS-rich linker for NAT-tripartite
biosensors, conferred high levels of antibiotic resistance and
served as a positive control.25 To quantitatively describe the
differences in antibiotic sensitivity observed in spot assays, we
used the titration data to calculate the minimum inhibitory
concentration (MIC) of antibiotic that inhibited cell growth for

Figure 1. Design of a tripartite biosensor to study protein stability in
yeast. (a) Schematic diagram of the tripartite fusion system. The protein
of interest (green) is inserted into an antibiotic resistance marker
protein (purple) with flexible, glycine−serine-rich linkers (gray) as part
of a tripartite fusion. markerN and markerC: N- and C-terminal half,
respectively, of a split antibiotic resistance marker protein; POI: protein
of interest; GS linker: glycine−serine-rich linker with a total length of
40 amino acid; 20 amino acids of the GS linker is fuse to each terminus
of the POI and the respective marker half. (b) How the tripartite
biosensor works: If the POI is folded properly or has low aggregation
propensity, the tripartite fusion should remain intact and confer high
levels of antibiotic resistance. However, poor folding or poor solubility
of the test protein should result in increased susceptibility to proteolysis
or aggregation in the yeast cytosol, which will in turn lead to lower
antibiotic resistance. Therefore, the level of antibiotic resistance of yeast
cells may be directly correlated to the folding or solubility of the
inserted protein. Antibiotic resistance levels of yeast cells expressing the
tripartite fusion can be quantified by a serial dilution spotting assay on
agar media supplemented with antibiotic.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://dx.doi.org/10.1021/acschembio.0c00083
ACS Chem. Biol. 2020, 15, 1078−1088

1079

http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00083/suppl_file/cb0c00083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.0c00083?ref=pdf


each tripartite variant relative to the Im7 wild-type (WT)
insertion, as described previously.24 For both the APH- and the
NAT-based tripartite biosensors, we observed a good relation-
ship between the in vitro thermodynamic stabilities determined
by in vitro equilibrium urea denaturation of the tested Im7
variants24,28−30 and their relative MICs (Figure 2a, b and
Supplementary Figure 3), consistent with our previous findings
for the Im7 tripartite system in E. coli24,25 and first versions of the
tripartite sensors in yeast.25 The thermodynamic stabilities of
these Im7 variants range from 24.9 to −1.4 kJ mol−1, evidence
that our yeast folding biosensors are sensitive at least over this
range.
To assess whether the differences in Im7 thermodynamic

stabilities are reflected in the steady state protein levels of the
Im7 biosensor variants, we conducted quantitative Western
blotting (Figure 2c and Supplementary Figure 3c, f). Levels in
the total protein and soluble lysate fractions of APH-Im7 fusions
showed an equally linear relationship with Im7 thermodynamic
stabilities, leading us to conclude that the changes in steady state

levels are most likely due to in vivo proteolysis, an observation
that is in keeping with the known close relationship between in
vivo and in vitro stability.24,31,32 We did not, however, observe a
linear relationship between Im7 thermodynamic stabilities and
protein levels for NAT-Im7, despite the strong correlation
obtained between these stabilities and relative MIC values.
Presumably, the NAT tripartite context may affect the solubility
of the Im7 tripartite fusions, as has been commonly observed
with other fusion proteins such as green fluorescent protein
(GFP).9 However, the folding status of fused Im7 variants still
apparently determines the complementation efficiency of the
split NAT protein in fusions and thus the biosensor’s readout.
The split antibiotic resistance markers appear to act as more
neutral fusion partners than some others, for example
fluorescent proteins whose fusion can affect the folding or
stability of the insertion partner. This is perhaps in part because
we previously devoted considerable effort in the selection of
fusion partners and insertion sites within these antibiotic
resistance genes that gave a good linear relationship between

Figure 2. Stability of Im7 variants correlates with antibiotic resistance. Thermodynamically destabilized variants and a stabilized variant of Im7 (S58R)
were inserted into (a) APH or (b) NAT via flexible linkers. The level of antibiotic resistance for cells expressing the corresponding fusion constructs
was determined as the MIC in serial dilution spot assays as described in Supplementary Figure 2. The average MIC for G418 or NTC, respectively,
relative to WT Im7, is plotted against the change in the free energy of unfolding,ΔΔG°UN, whereΔΔG°UN =ΔG°UN (mutant) −ΔG°UN (WT). The
ΔG°UN values for Im7 variants were determined by in vitro equilibrium urea denaturation.24,28−30 (c) Thermodynamic stabilities of Im7 variants were
plotted against the total protein level of APH-Im7 variant fusions relative to −Im7 WT fusions in S. cerevisiae. Protein levels were determined from
lysates by immunoblotting against the FLAG epitope present on the C terminus of APH fusions and against glucose-6-phosphate dehydrogenase
(G6PDH) as a loading control (Supplementary Figure 3). Experiments of panels a and c were performed in triplicate and of b in duplicate, and error
bars indicate ±1 SD.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://dx.doi.org/10.1021/acschembio.0c00083
ACS Chem. Biol. 2020, 15, 1078−1088

1080

http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00083/suppl_file/cb0c00083_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00083/suppl_file/cb0c00083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00083/suppl_file/cb0c00083_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00083/suppl_file/cb0c00083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00083?fig=fig2&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.0c00083?ref=pdf


the thermodynamic stability of the inserted protein and the
antibiotic resistance readout.25 Also, at least in part due to these
reasons, the direct antibiotic resistance readouts of these APH-
and NAT-based fusions appear to provide a more sensitive
assessment for in vivo protein stability than analysis of protein
levels by immunoblotting.
Because the tripartite fusion design can link protein stability to

antibiotic resistance for unrelated antibiotic resistance genes
(APH and NAT), it may allow two independent readouts of
protein stability within a single cell. In summary, the results
demonstrate that the tripartite fusion system provides a
convenient tool that is sensitive to in vivo protein stability in
the cytosol of S. cerevisiae.
Ligand Binding Enhances Stability Readout. Ligand

binding thermodynamically stabilizes the binding partner in a
way that is related to the binding affinity and the concentrations
of the two binding partners.33 To explore whether ligand
binding-induced stabilization could be detected using our
tripartite system in yeast, we expressed the APH-Im7 WT
tripartite fusion together with Im7’s natural binding partner
protein, colicin E7, as a nuclease deficient variant fragment
(residues 63−193, variant H162A).34 Indeed, coexpression of
the colicin E7 H162A fragment caused a significant increase in
antibiotic resistance and a minor increase in APH-Im7 WT
protein levels relative to coexpression of an empty vector control
(Figure 3, Supplementary Figure 4), indicating that the cytosolic
tripartite fusion systemmay allow detection of changes in in vivo
stability resulting from intermolecular interactions
Tripartite Biosensors Allow Study of Neuropatholog-

ical Proteins and Prion Proteins.We wondered if alterations
in protein solubility could also impact the antibiotic resistance
readout of our tripartite fusions. If true, these fusions might be
useful in the in vivo study of pathologically misfolded or
aggregation-prone proteins. We therefore assessed the pheno-

typic readout of tripartite sensors fused with bonafide
representatives of pathological protein misfolding. We used
the disease-relevant Aβ42 peptide and α-synuclein protein, and
the prion forming proteins Rnq1 and Sup35.4,35

Aβ42. Misfolding of the peptide Aβ42 is closely associated
with Alzheimer’s disease.36 Humanized yeast models for Aβ42
involve different misfolded or aggregation states of this peptide,
which, to some extent, depend on the reporter system used.
Cytotoxic overexpression approaches involving the fusion of
Aβ42 with GFP or with enzymes that can be linked to growth
such as dihydrofolate reductase can, at least superficially, mimic
different oligomerization and aggregation states of
Aβ42.10,13,14,17,18

To provide a complementary yeast model that relies on a
different reporter principle than these previously developed
approaches, we inserted Aβ42 into our APH and NAT tripartite
biosensors (Figure 4a and Supplementary Figure 5a).
Cells expressing tripartite fusions with Aβ42 insertions

showed substantially lower titers on antibiotic containing plates
than cells expressing the same markers but with only a GS linker
inserted at the same position (Figure 4b, c and Supplementary
Figures 5b, 6a−c, 7). Cells expressing an aggregation deficient,
less hydrophobic Aβ42 variant, Aβ42 F19T F20T I31P, showed
higher levels of antibiotic resistance, similar to those shown by
the GS linker-alone controls (Figure 4b, c and Supplementary
Figures 5b and 7). To test if only the hydrophobic character of
the WT Aβ42 peptide fused between the marker halves was the
denominator for the observed antibiotic resistance phenotype,
we generated tripartite fusions with the shorter Aβ variant,
Aβ40, and with an Aβ42 variant with a scrambled amino acid
sequence which, if true, should show similar resistance
phenotypes.37 For cells expressing tripartite fusions with Aβ40
we observed up to ∼5-fold higher and with the scrambled Aβ42
variant up to ∼10-fold higher antibiotic resistance readouts
(Supplementary Figures 6c and 7) compared to cells expressing
tripartite fusions with wild-type Aβ42 (Supplementary Figure 6c
and 7). These observations suggested Aβ42’s sequence
characteristic as determinant for the conferred antibiotic
resistance phenotype. In the absence of antibiotic, cell titers of
tripartite fusion expressing strains were all very similar,
indicating that no Aβ42- or Aβ40-induced cytotoxicity was
observed. Except for Sup35 full length (see below), no toxicity
was observed for any of the tripartite fusions described in this
work. The lack of toxicity is likely due to the moderate
expression level of the tripartite fusions by driving it from the
GAL1 promoter from a single chromosomal gene copy. The
low/moderate tripartite protein level makes our results more
physiologically relevant than massive overexpression commonly
used historically, expression levels that often lead to
toxicity.6,11,38 Expression levels of the mRNA for the Aβ42
tripartite fusions and the constructs described below were all
comparable (Supplementary Figure 8), which led us to conclude
that transcription or mRNA stability did not explain the
differential resistance readouts observed. Chase experiments and
immunohistochemical detection of the Aβ42 and linker
tripartite fusions indicated enhanced proteolytic susceptibility
ofWTAβ42 compared to Aβ42 F19T F20T I31P andGS linker-
only fusions (Figure 4e−g and Supplementary Figure 5c), which
may explain the differential antibiotic resistance phenotype. This
degradation was inhibited by proteasome inhibitors (Figure 4f
and Supplementary Figure 5c). Our results are consistent with
previous observations that proteasomal degradation is involved
in the clearance of unstable Aβ42.39 When present in low

Figure 3. Expression of an Im7 binding partner together with the APH-
Im7WT tripartite fusion increases antibiotic resistance. The plot shows
the5-fold change in the efficiency of plating (EOP) of S. cerevisiae strains
expressing either only the APH WT (strain VES271) or the APH-Im7
WT (strain VES274) tripartite fusion together with Im7’s binding
partner protein, the nuclease fragment of colicin E7 (residues 63−193)
relative to the efficiency of plating of cells expressing the APH WT
(strain VES270), or APH-Im7 WT (strain VES273) tripartite fusion
with an empty vector. The colicin E7 variant H162A was used to reduce
the otherwise lethal nuclease activity of this colicin.34 Serial dilution
spotting assays were used to score cell growth on synthetic complete
(SC) agar lacking uracil and tryptophan, supplemented with 2%
galactose and 2% raffinose, and supplemented with increasing
concentrations of the antibiotic G418. The experiment was performed
in quadruplicate, and error bars indicate ±1 SD.
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concentrations, soluble Aβ42 has been found to be efficiently
cleared by the quality control machinery, especially the ubiquitin
proteasome system, whose reduced function has been
implicated in Alzheimer’s disease.40 Increased steady state levels
of Aβ42 are known to enhance primary nucleation events, a
prerequisite for Aβ42-associated disease states.41 Understanding
and enhancing the degradation of the Aβ peptide has been
suggested as a strategy for targeting Alzheimer’s disease.39 As
our phenotypic readout for WT Aβ42 tripartite fusions involves

proteolytic processing of Aβ42, our method may be useful in
further exploring the stability of intracellular Aβ42. For example,
our approach could help determine which factors contribute to
the stability or clearance of unstable Aβ42 conformers and thus
give further insight into the role of Aβ42 in Alzheimer’s disease.

α-Synuclein. We also explored the utility of the tripartite
fusion system in assessing the folding state of α-synuclein, a
protein involved in the second most prevalent neuropathogenic
disorder, Parkinson’s disease.42 This disease has been closely

Figure 4. Antibiotic resistance conferred by the APH-Aβ42 tripartite biosensor varies depending on the in vitro stability of the Aβ42 insert. (a)
Schematic diagram of the APH-Aβ42 tripartite fusion. Cells were grown to early or mid log phase in SC media supplemented with 2% raffinose and
0.1% glucose prior to induction of the tripartite fusions. (b) Antibiotic resistance of yeast cells expressing either a non-G418 resistant control protein,
mKate2 (VES650), or various G418 resistant APH constructs containing just a GS linker insert (VES657), or the additional insertion of WT Aβ42
(VES702) or the aggregation deficient Aβ42 variant, Aβ42 F19T F20T I31P (VES700). Fivefold serial dilution spotting assays were used to score cell
growth on SC agar media supplemented without or with 0.1 mg mL−1 G418 (indicated by a − or +, respectively, in the G418 column). (c)
Quantification of the antibiotic resistance phenotypes of the Aβ42 tripartite fusions over the range of 0−0.3 mg mL−1 G418 as observed in spotting
assays. The data plotted are from four experiments; error bars indicate ±1 SD. (d) Immunohistochemical detection using anti-FLAG antibodies to
determine the cellular localization of the APH-Aβ42 tripartite fusions. Prior to the detection, expression of tripartite fusions was induced for 4 h with
2% galactose. Strain order from top to bottom was the same as in (b). Exposure time was 50 ms. (e and f) To assess the stability of the APH-Aβ42
fusions, cycloheximide chase experiments were performed for the indicated times followed by immunoblotting against the FLAG epitope on the C
terminus of the fusions against G6PDH as a loading control and against the proteasome substrate Ubc6 as to get an indication of the efficiency of
proteasome inhibition. Prior to the chase experiments, tripartite expression was induced for 6 h with 2% galactose, and cells were treated with either
dimethyl sulfoxide (DMSO) as control (e) or the proteasome inhibitor MG132 dissolved in DMSO (f). Cycloheximide chase experiments of cells
expressing APH constructs containing just a GS linker insert (yXD622, or the additional insertion of WT Aβ42 (yXD623) orAβ42 F19T F20T I31P
(yXD624) were performed in pdr5Δ strain backgrounds. (g) Quantification of APH fusion levels relative to their initial cellular amounts in
cycloheximide chase assays. These experiments were performed in triplicate; error bars indicate ±1 SD.
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Figure 5. Antibiotic resistance conferred by the APH-α-synuclein tripartite biosensors varies depending on the ability of the α-synuclein inserts to
interact with the membrane. (a) Schematic diagram of the APH-α-synuclein tripartite fusion. Cells were grown to early or mid log phase in SC media
supplemented with 2% raffinose and 0.1% glucose prior to induction of the tripartite fusions. (b) Antibiotic resistance of yeast cells expressing either a
non-G418 resistant control protein, mKate2 (VES650), or various G418 resistant APH constructs containing just a GS linker insert (VES657) or the
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linked to missense mutations in and multiplication of the α-
synuclein gene.42 To assess the folding of α-synuclein in yeast
using the tripartite system, we fused the split APH marker with
cDNA from WT α-synuclein and the disease-associated α-
synuclein mutants A53T, E46K, and A30P (Figure 5a).
Others have found that the A53T and E46K mutants exhibit

an accelerated aggregation rate compared to that of WT α-
synuclein.43,44 Less consensus exists concerning the effect of the
A30Pmutation; there are reports that this variant fibrillizes more
slowly,43,45 more rapidly,46,47 and at a similar rates compared to
other α-synuclein variants in vitro.48 In our tripartite system,
yeast cells expressing APH tripartite fusions with α-synuclein
A30P showed strikingly higher antibiotic resistance than fusions
withWT α-synuclein or the A53T and E46K variants (Figure 5b,
c Supplementary Figure 6d). In contrast to ourWTAβ42 fusion,
tripartite fusions with WT α-synuclein and its variants were
proteolytically stable (Figure 5e, f). However, the intracellular
detection patterns of the α-synuclein fusions varied in a way that
correlated with their antibiotic resistance behavior: fusions with
WT α-synuclein, A53T, or E46K were primarily detected at the
cell membrane, whereas α-synuclein A30P fusions were mostly
dispersed throughout the cytosol (Figure 5d). These findings
are in keeping with previously published yeast models of α-
synuclein biology.11,49 Our observation that the α-synuclein
A30P fusion was not found primarily at the cell membrane may
be explained by α-synuclein A30P’s low membrane binding
capacity in vitro.50 We also found SDS stable oligomeric species
for theWT α-synuclein, E46K, and A53T fusions as indicated by
Western blotting (Figure 5e). Although detectable, these high
molecular weight species do not appear to be present in high
concentrations, as lysate fractionation assays and SDD-AGE
showed high solubility for all tripartite α-synuclein variants
(Figure 5g, Supplementary Figure 9a). However, their presence
is consistent with their phenotypic readout and differential
localization patterns as compared to fusions with A30P. Labile
oligomers of α-synuclein fusions have been observed.51 It has
been suggested that the early stages of α-synuclein aggregation
consist of disordered oligomeric species and accumulation of
monomeric α-synuclein within lipid-like droplets, which may
serve as precursors to amyloids.51,52 It is therefore possible that
WT α-synuclein, A53T, and E46K tripartite fusions, which
display decreased antibiotic resistance readouts, may be
localized at the membrane and be mimicking the misfolding
events that are associated with lipid binding. Thus, our APH-α-
synuclein folding biosensors could possibly be used to screen for

small molecules and cellular components that modify α-
synuclein stability or association.
α-Synuclein variant fusions with the NAT biosensor did not

yield any differential phenotypic readout on nourseothricin
containing agar plates in comparison to GS linker-only fusions.
This was also the case for NAT fusions containing other
aggregation-prone proteins such as Rnq1 and Sup35, which are
described below. As discussed earlier, the NAT tripartite
context, but conceivably also the APH fusion context, may in
some cases increase its aggregation propensity by changing its
overall solubility, interfere with the protein’s folding, or sterically
affect the formation of the amyloid structure, which has also
been observed with other chimera-based approaches.15,17 As a
result, the NAT construct may not provide as useful of an
antibiotic resistance readout as the APH reporter depending on
the specific test protein used.

Rnq1 and Sup35. Prions are misfolded proteins that can
transmit their misfolded shape onto normally folded molecules
of the same protein and propagate this misfolded status from cell
to cell. Although commonly associated with mammalian
diseases such as mad cow disease, prion proteins are not
exclusive to mammals and other animals, but occur in many
other kingdoms, including yeast.35,53 In yeast, prion formation
occurs stochastically and is thought to represent a protein
encoded, epigenetic phenotypic switch.35,53 Studies on yeast
prion formation have extended our understanding of prion
aggregation, inheritance, and prion encoded memory effects,
and have allowed the identification of trans acting proteins and
exogenous factors that affect prion formation.53 Generally,
aggregation of yeast prion proteins is dependent on the presence
of preexisting prion structures in the cell and is mediated by the
protein’s prion domain (PrD).54 These PrDs are generally
intrinsically disordered Gln (Q)- and/or Asn (N)-rich sequence
stretches.54 Archetypal representatives of yeast prion proteins
are the translation terminator Sup35, which aggregates to form
the prion [PSI+], and the Rnq1 protein, whose function has not
yet been elucidated but clearly aggregates to form the prion
[PIN+] which is also known as prion [RNQ+].55 Fluorescent
reporter proteins have been used in a variety of innovative
approaches to assess prion formation behavior in yeast.22,23

To test if our tripartite fusion system can be used to assess
prion aggregation propensity, we inserted Rnq1 and Sup35 into
our APH tripartite system (Figure 6a). For Rnq1, we fused the
complete protein encoding sequence as well as its prion forming
domain (Rnq1C), which spans the protein’s Q/N-rich C-

Figure 5. continued

additional insertion of: WT α-synuclein (VES683), α-synuclein E46K (VES687), α-synuclein A53T (VES685), or α-synuclein A30P (VES706).
Fivefold serial dilution spotting assays were used to score cell growth on SC agar media supplemented without or with 0.15 mg mL−1 G418 (indicated
by a − or +, respectively, in the G418 column). (c) Quantification of antibiotic resistance phenotypes of the α-synuclein tripartite fusions over the
range of 0−0.3 mg mL−1 G418 as obtained from spotting assays. The reported data are from five experiments; error bars indicate ±1 SD. (d)
Immunohistochemical detection using anti-FLAG antibodies to determine the cellular localization of the APH-α-synuclein fusions. Prior to the
detection, expression of tripartite fusions was induced for 8 h with 2% galactose. Strain order from top to bottom was the same as in (b). Exposure time
50 ms. (e and f) To assess the stability of the APH-α-synuclein fusions, cycloheximide chase experiments were performed for the indicated times
followed by immunoblotting against the FLAG epitope on the C terminus of the fusions and against G6PDH as loading control. Prior to the chase
experiments, tripartite expression was induced for 6 h with 2% galactose, and cells were treated with either DMSO (e) or the proteasome inhibitor
MG132 (f). (g) Lysates of yeast cells that had been expressing APH fusions for 12 h were separated into soluble and insoluble protein fractions to
determine the aggregation propensities for APH fusions containing α-synuclein (α-syn) WT and variants A53T, E46K, and A30P (yeast strains
VES683, VES685, VES687, and VES706, respectively), Sup35 (strain yHH86), Sup35NM (yHH88), Rnq1 (yHH90), Rnq1C (yHH93), or just the
GS linker (VES657). The relative amount of insoluble APH tripartite fusion relative to the total amount of APH tripartite protein in the cell lysates was
determined by quantitative Western blotting using antibodies against the FLAG epitope at the C terminus of the fusions (α-FLAG) and against
phosphoglycerate kinase (α-PGK1) for normalization. Cells expressing only the fluorescent protein mKate2 (VES650) were used as a control. The
experiment was performed in triplicate, and error bars indicate ±1 SD.
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terminal half (residues 153−405).56 Similarly for Sup35, the
complete Sup35 sequence as well as its Sup35NM domain,
which comprises a prion forming region (N, residues 1−123)
and the highly charged prion stabilizing middle domain (M,

residues 124−253),57 were inserted into the APH tripartite
construct.
Cells expressing fusions with full length Rnq1 and especially

Rnq1C showed substantially lower titers on antibiotic

Figure 6. Antibiotic resistance of APH tripartite biosensors fused with yeast prion proteins depends on the aggregation propensities of the insets. (a)
Schematic diagram of the APH-Sup35 and APH-Rnq1 tripartite fusions. The complete Sup35 protein sequence or just its N-terminal prion domain
(Sup35NM) was inserted into the APH protein. For the APH-Rnq1 tripartite fusions, the complete Rnq1 sequence or its C-terminal prion domain
(Rnq1C) was inserted. Yeast cells were grown to early or mid log phase in SC media supplemented with 2% raffinose and 0.1% glucose prior to
induction of the tripartite fusions. (b) Antibiotic resistance of cells expressing various G418 resistant APH constructs containing just a GS linker
(VES657) or the additional insertion of the full length Sup35 sequence (yHH86), Sup35NM (yHH88), full length Rnq1 (yHH90), or Rnq1C
(yHH93). Fivefold serial dilution spotting assays were used to score cell growth on SC agar media supplemented without or with 0.15 mg mL−1 G418
(indicated by a − or +, respectively, in the G418 column). (c) Quantification of antibiotic resistance phenotypes of the Sup35 and Rnq1 tripartite
fusions over the range of 0−0.3 mg mL−1 G418 observed in spotting assays. Plotted are the data from five experiments; error bars indicate±1 SD. (d)
Immunohistochemical detection using anti-FLAG antibodies to determine the cellular localization of the APH−prion fusions. Prior to the detection,
expression of tripartite fusions was induced for 8 h with 2% galactose. Strain order from top to bottom was the same as in (b). Exposure time was 100
ms. (e and f) To assess the stability of the APH−prion fusions, cycloheximide chase experiments were performed for the indicated times followed by
immunoblotting against the FLAG epitope on the C terminus of the fusions and against G6PDH as a loading control. Prior to the chase experiments,
expression of the tripartite fusions was induced for 6 h, and cells were treated with either DMSO (e) or the proteasome inhibitor MG132 (f).
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containing plates than did constructs containing only GS linker
insertions (Figure 6b, c and Supplementary Figure 6e).
Consistent with the antibiotic resistance readout, results
obtained suggested that Rnq1 tripartite fusions form proteolyti-
cally stable aggregates with amyloid-like structures (Supple-
mentary Figure 9a). Collectively, these findings indicate the
formation of prion particles or aggregates of the Rnq1 tripartite
fusions in vivo, which is consistent with previous studies and
presumably leads to the observed antibiotic sensitivity.57

Importantly, we did not obtain any evidence for the pre-
existence of endogenous [PSI+] or [PIN+] structures in our
strains (Supplementary Figures 9b, 10), structures that could
possibly have affected the aggregation propensity of the prion
protein tripartite fusions.22,23,57−59

Cells expressing fusions with prion proteins full length Sup35
and to a much lesser extent the Sup35NMdomain also exhibited
decreased titers on antibiotic containing plates relative to strains
expressing the GS linker-only control (Figure 6b, c and
Supplementary Figure 6e). Consistent with the antibiotic
resistance phenotypes, Sup35 full length and to a lesser extent
Sup35NM tripartite fusion were found to aggregate (Figure 5g,
6e, f) and detected in visible puncta in the cell (Figure 6d).
Results of SDD-AGE experiments showed that the Sup35NM
but not Sup35 full length tripartite fusions formed SDS-
insoluble polymers (Supplementary Figure 9a). The results
suggested a greater aggregation propensity for fusions with
Sup35 full length as compared to Sup35NM. However, the
observation was confounded by the fact that transient
overexpression of the Sup35 full length but not Sup35NM
tripartite was cytotoxic, as apparent from lower cell growth even
in the absence of antibiotic (Figure 6b, c, Supplementary Figure
11). Although we could not detect any [PSI+] prion structures
(Supplementary Figure 9a), this toxicity has previously been
attributed to the sequestration of endogenous Sup35 into
aggregates.52,56 The presence of [PIN+], which we did not find
evidence for in any of our strains (Supplementary Figures 9b and
10), would be required to enhance [PSI+] formation through
excess levels of Sup35 full length or the Sup35NM domain.58

Coexpression of Sup35’s essential C-terminal domain with the
Sup35 full length tripartite fusion could alleviate cytotoxicity as
has been previously seen (Supplementary Figure 11).56,60

Although cytotoxicity can interfere with the antibiotic readout
of our tripartite fusion system, such cytotoxicity is fortunately
immediately evident from control spot titers plated in the
absence of antibiotic. The tripartite system with Sup35NM
fusions may in the future be useful to explore factors that
modulate the solubility of the prion domain in vivo.

■ SUMMARY AND CONCLUSIONS
Changes in protein stability or solubility play a key role in many
fundamental cellular events and are involved in misfolding
processes that have been linked to a wide variety of human
diseases. In this work, we present yeast biosensors that work to
help determine the in vivo protein stability or aggregation
propensity of specific proteins linked to protein misfolding
diseases. Our goal was to develop a versatile biosensor in yeast
that allows a quantitative readout for protein stability and
aggregation propensity. The system we developed features a
tripartite design that couples protein folding or solubility to
antibiotic resistance. This key advantage should make it possible
to design high-throughput screens and selections for host factors
that affect protein stability or solubility. In addition, the APH
and NATmarker genes are functional in cells of other species, in

the case of NAT, >100 different species,61 making this tripartite
fusion approach potentially widely transferrable to other
organisms. Importantly, our biosensor approach does not
involve any cellular toxicity, which is another main advantage
of the system. Applying this tripartite fusion approach to prion
proteins Sup35 and Rnq1 allowed us to determine their
aggregation propensities based on antibiotic resistance readouts.
For Aβ42 and α-synuclein fusions, antibiotic resistance appears
to depend on other disease-related properties such as proteolytic
sensitivity and the tendency to localize at membranes. Because
biosensors are based on different underlying principles, each has
their advantages and limitations. Like other chimera-based
biosensors, our tripartite approachmightmodulate the solubility
of the test protein and does require additional validation,
including follow-up in vitro characterization of the conferred
phenotype. Both antibiotic resistance markers determinate
function in the cytosol, limiting our approach to proteins that
can be expressed in this compartment. Despite these inherent
limitations, we feel our biosensors are a valuable tool for
detecting protein stability and aggregation states in living cells.
As demonstrated in our study, the tripartite approach appears to
provide a convenient and powerful experimental platform that
could be used to screen for protein variants, host factors, or small
molecules that modulate the disease-related properties of
amyloid or prion-prone proteins in vivo.

■ METHODS
Detailed descriptions of all methods are provided in the Supporting
Information.
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