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Protein misfolding and aggregation into amyloid conformations have been related to the onset and progression of several neurodegenerative
diseases. However, there is still little information about how insoluble protein aggregates exert their toxic effects in vivo. Simple prokaryotic and
eukaryotic model organisms, such as bacteria and yeast, have contributed significantly to our present understanding of the mechanisms behind
the intracellular amyloid formation, aggregates propagation, and toxicity. In this protocol, the use of yeast is described as a model to dissect
the relationship between the formation of protein aggregates and their impact on cellular oxidative stress. The method combines the detection
of the intracellular soluble/aggregated state of an amyloidogenic protein with the quantification of the cellular oxidative damage resulting from
its expression using flow cytometry (FC). This approach is simple, fast, and quantitative. The study illustrates the technique by correlating the
cellular oxidative stress caused by a large set of amyloid- peptide variants with their respective intrinsic aggregation propensities.

Video Link

The video component of this article can be found at https://www.jove.com/video/57470/

Introduction

Proteostasis is a fundamental determinant of cell fitness and aging processes. In cells, protein homeostasis is maintained by sophisticated
protein quality control networks aimed to ensure the correct refolding of misfolded protein conformers by chaperones and/or their targeted
proteolysis with several well-conserved mechanisms 12345 A large number of studies provide support to the link between the onset and
progression of a broad range of human diseases and the failure of proteostasis, leading to protein misfolding and aggregation. For instance,

the presence of protein deposns is considered a pathological hallmark of many neurodegeneratlve disorders, such as Alzheimer's, Parkinson's,
and Huntington's diseases 678 prionogenic diseases, and non-degenerative amyI0|doses It has been suggested that early oligomeric and
protofibrillar assemblies in the aggregation reaction are the main elicitors of cytotoxicity, establishing aberrant interactions with other proteins in
the crowded cellular milieu™. In addition, protein inclusions (PI) can be transmitted between cells, propagating their toxic effect’ "2 . Therefore, it
could be that the formation of Pl might indeed constitute a detoxifying mechanism that restricts the presence of dangerous aggregated species to
specific locations in the cell, where they can be processed or accumulated without major side effects 1314

Standard in v:tro biochemical approaches have provided important insights into the different species that populate aggregation reactions and
their propertles 518 However, the conditions used in these assays are clearly different from those occurring within the cell and, therefore,
question their physiological relevance. Because of the notable conservation of cellular pathways such as protein quality control, autophagy, or
the regulation of the cellular redox state"” among eukaryotes19 20212223 e budding yeast Saccharomyces cerevisiae (S. cerevisiae) has
emerged as a privileged simple cellular model to study the molecular determinants of protein aggregation and its associated cytotoxic impact in
biologically relevant environments 4.25.26,

Protein aggregation propensity is a feature inherently encoded in the primary sequence. Thus, the formation of amyI0|d -like structures can be
predicted based on the identification and evaluation of the potency of aggregation-promoting regions in polypeptldes However, despite the
success of bioinformatic algorithms to predict the in vitro aggregation properties of protein sequences, they are still far from forecasting how
these propensities translate into in vivo cytotoxic impact. Studies that address the link between the aggregated state of a given protein and

its associated cellular damage in a systematic manner may help to circumvent this computational limitation. This connection is addressed in

the present study, taking advantage of a large set of varlants of the amyloid-f peptide AB42 differing only in a single residue, but displaying a
continuous range of aggregation propensities in vivo®. In particular, an FC-based approach to identify the conformational species accounting for
the oxidative damage elicited by aggregation-prone proteins in yeast cells is described. The methodology provides many advantages such as
simplicity, high-throughput capability, and accurate quantitative measurement. This approach made it possible to confirm that Pl play a protective
role against oxidative stress.
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1. S. cerevisiae Cultures and Protein Expression

Note: AB variants exhibit different relative aggregation propensities due to a mutation in a single residue at position 19 (Phe19) of the AB42
pezgtide (Figure 1A). These peptide variants are tagged with green fluorescent protein (GFP), which acts as an aggregation reporter (Figure
1),

1. Transform plasmids encoding for 20 AB42-GFP variants into yeast cells with a BY4741 parental background (MATa his3A1 leu2A0 met15A0
ura3A0)3°. Each plasmid encodes for an AB42 mutant fused to GFP by a GSSGSSG linker. The plasmids are pESC(-URA) and include the
selectable marker URA3%.

1. Prepare the synthetic complete medium without uracil (SC-URA) with the following components: 1.9 g/L yeast nitrogen base without
uracil, 5 g/lL ammonium sulfate, and 900 mL of ddH,O combined with 100 mL of 20% (w/v) glucose.

2. Put one colony of the transformed yeast cells into 20 mL of the SC-URA medium containing 2% glucose and grow the cultures
overnight at 30 °C under agitation at 210 rpm.

2. The next day, grow new yeast cells cultures by inoculating 100 pL of the overnight culture into 5 mL of fresh SC-URA medium.

3. Atan ODsgy of 0.5, centrifuge the cultures at 3,000 x g for 4 min, discard the supernatant, and resuspend the cells in the same volume of
fresh SC-URA medium containing 2% raffinose.

4. Incubate at 30 °C under agitation at 210 rpm for 30 min. Then, centrifuge the cells at 3,000 x g for 4 min and discard the supernatant.
Resuspend the cells in fresh SC-URA medium containing 2% galactose to induce the recombinant protein expression.

5. After 16 h of inducing protein expression in SC-URA medium containing 2% galactose, harvest 1 mL of the induced cells in sterile
microcentrifuge tubes by centrifugation at 3,000 x g for 4 min.
NOTE: The most relevant differences occur after an induction period of 16 h. Induced yeast cells expressing AB42-GFP variants can be
visualized by fluorescence microscopy to determine the recombinant protein distribution inside the cells (Figure 2B).

2. Cell Staining

Note: Fresh non-induced cells are required as a negative control to establish a fluorescent threshold during an FC analysis.

1. Take the 16 h-induced yeast cells and determine their optical density at 590 nm (ODsg). Dilute them in a sterile phosphate buffered saline
(PBS) to an ODsgg of 0.1.
1. Prepare 1x phosphate buffered saline as follows: add 8 g of NaCl, 0.2 g of KClI, 1.44 g of Na,HPO,, and 0.24 g of KH,PO, to 800 mL of
ddH,O0. Fill the solution up to 1 L of ddH,0O after adjusting the pH to 7.4 with HCI. Filter the buffer through a 0.2 ym filter.

2. Transfer the expressing cell suspensions to appropriately labeled tubes (12 x 75 mm round-bottom polystyrene) and protect them from light.
Make sure they are ready to be loaded on the flow cytometer for analysis, together with non-induced and non-stained cells.

3. Add the oxidative stress probe (e.g., CellROX Deep Red) to each sample at a final concentration of 5 uM and incubate the cells at 30 °C for
30 min in the dark.

4. After incubation, wash the cells 3 times with 1x PBS and resuspend them in the same volume of buffer before their analysis by FC.

3. Flow Cytometry Analysis

Note: Use an FC setup with appropriate lasers and filters to detect GFP and oxidative stress probe fluorescence signal. A flow cytometer
equipped with a 488 nm blue laser for the detection of GFP and a 635 nm red laser for the detection of oxidative stress probe fluorescence can
be used. Acquisition of emission fluorescence of GFP and oxidative stress probe is performed with a 530/30 nm BP filter and a 660/20 BP filter,
respectively (Table 1).

1. Click on Open New Worksheet Panel and create the following acquisition dot plots.
1. Select the Scatter Plot Tool from the toolbar and create a plot with the variables Side Scatter-Area (SSC-A) on the y-axis vs. Forward
Scatter-Area (FSC-A) in a linear scale on the x-axis.
2. Click the Scatter Plot Tool from the toolbar and create a plot with the variables FL1-Area (FITC) on the x-axis vs. FL3-Area (APC) in a
logarithmic scale on the y-axis.

2. Click the Instruments Settings icon. Click the Compensation tab and set all compensation levels. Click on the Acquisition tab and select a
total number of 20,000 events to be recorded.
3. Click the Flow Rate icon to switch the flow rate to Low.
4. Click the Acquire tab to start running the non-induced, unstained cells and adjust the voltage in the Instrument Settings of the forward and
side scatter until the population is distributed in the middle-left quadrant.
1. Click on the Polygon icon to set a region R1 around the cell population excluding cell debris, and use this gated population P1 = R1 for
all fluorescent dot plots and histogram representations (Figure 3).

5. To adjust the PMT voltage of the fluorescence signal, run the unstained cells in the FL1-FL3 dot plot, tuning the gain in the Instrument
Setting tab, until the cells are distributed in the lower left quadrant.

6. Change the sample to the induced cells to measure GFP fluorescence. In the Instrument Setting tab, set the gain in the FSC-A vs. FL1
(FITC) when the population is distributed in the lower-right quadrant. Define the positive cell population with a gate (Gate P2).
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7. Change the sample to the non-induced stained cells to display oxidative stress by the fluorescence on an FSC-A vs. FL3 (APC) dot plot. Tune
the gain until the cell population is distributed in the left-upper quadrant. Gate the positive cell population in P3.

8. Make two histogram plots with the histogram icon to represent the cell fluorescence. To represent the fluorescence intensity, make sure FL1
(FITC) representing the GFP fluorescence is in the x-axis, and FL3 (APC) representing the fluorescence is in the y-axis, applying P2 and P3
populations on a logarithmic scale, respectively.

NOTE: Histogram overlays are a good way to illustrate differences between the fluorescence profiles of cells expressing different AB variants.

4. Recombinant Protein Immunodetection

1. To determine protein expression levels, harvest the yeast cultures induced for 16 h by centrifugation at 4,000 x g for 6 min, and store the cell
pellets at -80 °C.
1. Resuspend the collected cells expressing recombinant protein for 16 h in PBS. Prepare 200 yL cell suspensions of each AB42-GFP
mutant to an ODsg of 20.

2. For total protein fraction analysis, harvest 100 yL of each mutant by centrifugation at 14,000 x g for 20 min and resuspend the cell pellets in
the same volume of yeast lysis buffer Y-PER (50 mM Tris-HCI pH 8.0, 1% DMSO, 200 mM NaCl, 1 mM EDTA containing 10 mg/mL SB3-14
(myristyl sulfobetaine) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF)).

1. Incubate the samples for 20 min at room temperature under mild agitation.

3. Determine the protein extract concentration by using the Bradford assay. Load up to 5 pg of protein extract of each sample on a 15%

acrylamide SDS-PAGE electrophoresis gel and blot onto a polyvinylidene difluoride (PVDF) membrane at 100 V for 60 min.

1. Prepare a Bradford reagent with 100 mg of Coomassie Brilliant Blue G-250 dissolved in 50 mL of 95% ethanol and add 100 mL of 85%

(w/v) phosphoric acid. Then, when the dye is completely dissolved, dilute the mixture with ddH,O to 1 L and filter it through cellulose
filter paper just before use.
NOTE: The Bradford reagent should be light brown.
Prepare a standard of bovine serum albumin (BSA) ranging from 5 - 100 pg of protein in 1,000 uL of the Bradford reagent.
Add 1 - 10 pL of protein extract to 1 mL of the Bradford reagent and incubate the mixture at room temperature for 5 min.
Measure the absorbance of the standards and the protein extract samples at ODsgs.
For the analysis, make a plot with the absorbance values obtained for the standards vs. pg of protein. Based on the standard curve,
determine the concentrations of the original samples from the amount of protein, considering the volume and dilution, if any.

aoroN

4. Rinse the membrane with 1x Tris-buffered saline (TBS), 0.1% Tween 20 (TTBS), and block it using 5% (w/v) nonfat dry milk in 1x TTBS.
1. To prepare 1 L of 10x TBS, dissolve 24 g of Tris base and 88 g of NaCl in 900 mL of H,O44 and adjust the pH to 7.6. Add ddH,O to a
final volume of 1 L. For a 1x solution, mix 1 part of 10x stock with 9 parts of ddH,0.

5. Incubate the membrane for 1 h with a primary 3-amyloid antibody 6E10 diluted 1:1,000 and for 1 h at room temperature with a secondary
antibody goat anti-mouse IgG-HRP conjugate diluted 1:10,000.
6. Develop membranes using 1 mL of Luminata fluorescent reagent and quantify bands by densitometric analysis as described in step 5.2.

5. Data Analysis

1. To analyze the data obtained by FC, create a table displaying the mean fluorescent intensity (MFI) and median fluorescence with its
corresponding standard error and/or the coefficient of variance (CV) for GFP fluorescence and oxidative stress levels.
1. Click the Inspector tab and the Statistics icon to customize the statistical data that are required for each channel.
NOTE: When comparing protein variants, convert fluorescence values data to a fold-over background or resolution metric (RD):
Mean sample — Mean control

SD sample + SD control
In this metric, the mean sample is the mean fluorescence of problem samples, the mean control is the mean fluorescence of cells used
as a control, and the SD is the standard deviation of the mean fluorescence. RD factor is a more accurate index than MFI value as
it not only calculates the difference between samples but also accounts for the spreading of the data. This calculation is specifically
relevant when comparing data coming from different experiments carried out over time. Once the RDs have been calculated, the use of
a statistical test is advisable to confirm the significance of the observed differences between protein variants.

2. For protein immunodetection, quantify the recombinant protein levels by Western blot using ImageJ software.

1. Before the densitometry analysis, convert the original raw images of the developed membrane into JPEG file format and greyscale
mode.

2. Adjust the Set Measurements section of the Analyze menu to Mean Grey Value.

3. Click on the Rectangle tool from ImageJ and define a region of interest (ROI) with a consistent size for the band densitometry analysis.
Center each band on the membrane image inside the created rectangular frame and record the measurement one by one using Ctrl+M
(the measurement command).

4. Measure the local background adjacent to each band, applying the same ROI area. After measurement, subtract the corresponding
local background from each individual band.
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Representative Results

This protocol describes how to employ a collection of 20 variants of the AB42 peptide where Phe19 has been mutated to all natural proteinogenic
amino acids”". The theoretical aggregation propensities of these proteins can be analyzed using two different bioinformatic algorithms
(AGGRESCAN and TANGOa1'32). In both cases, this analysis renders a progressive gradation of aggregation tendencies, ascribing, as a general
rule, the highest values to hydrophobic residues and the lowest to charged and polar ones (Figure 1B, 1C).

To track experimentally the intracellular aggregation state of different AB42 variants, the described experiment requires a transformation of

a plasmid, encoding for AB42 and fused to GFP (Figure 1A) under the control of the galactose-inducible GAL1, into S. cerevisiae. Yeast

cells expressing AB42 variants after an induction period of 16 h can be visualized under a fluorescence microscope. This visualization makes

it possible to confirm the formation of Pl in 10 out of the 20 variants from the analyzed collection. The number and size of the fluorescent
aggregates differ from variant to variant (Figure 2). Figure 2A shows the Pl quantification from a total of 500 cells in each of the two independent
cultures. Here, we can observe an excellent agreement between predicted and in vivo aggregation properties.

To address whether the formation of protein aggregates can trigger oxidative stress in this model cell system, this protocol uses FC to monitor
the cellular GFP fluorescence together with the fluorescence of the fluorogenic probe as an indicator of reactive oxygen species (ROS)
production. Figure 3 illustrates the procedure and obtained results for GIn and lle mutants, which correspond to the homogeneously distributed
and PI-forming AB42 variants, respectively.

First, the analyzed cell population is gated (P1) in the FSC-A vs. SSC-A dot plot to remove cell detritus from the analysis (Figure 3A). The
fluorescence signal of GFP vs. oxidative stress probe of the P1 population is represented in dot plot graphs where green fluorescent cells are
gated in P3 (Figure 3B). Figure 3C and 3D show the histograms created to obtain statistical data for each expressed variant, including the CV
(Table 2), in order to quantify the mean and the median fluorescence of each fluorescent marker.

All mutants are expected to be expressed at the same levels since they differ in a single amino acid (0.02% of the AB42-GFP sequence).
However, the proteostasis machinery can respond in a differential manner to their particular aggregation propensities. Therefore, the protein
expression levels in cellular extracts are quantified using an AB-specific antibody (Figure 4). We see that, as a general trend, Pl-forming AB42
variants are present at lower levels than those remaining homogeneously distributed in the cytosol.

Important differences among AB42 variants can be observed when their oxidative stress probe fluorescence, protein levels, and GFP
fluorescence properties are represented relative to their ability to form Pl and their intrinsic aggregation propensities (Figure 5). The more
aggregation-prone Pl-forming variants elicit much lower oxidative stress than their more soluble counterparts (Figure 5A, 5B). With these
results, there is no obvious correlation between the size and the number of aggregates per individual cell (Figure 2) and oxidative stress levels.
PI-forming variants, especially mutants bearing Trp and Phe at position 19, are present in the cell at lower levels than those homogenously
distributed in the cytosol (Figure 5C, 5D).The exception to this is the Thr mutant, for which less than 10% of the cells form PI (Figure 1B,

1C). This corresponds with the fact that the most aggregation-prone variants are selectively cleared by the yeast quality control degradation
machineryzB. GFP fluorescence and protein levels correlate well for the more soluble AB42 forms, but not for those forming PI (Figure 5E, 5F).
This is probably because in these cellular populations, the fluorescence comes from two different compartments, the cytosol and the inclusions,
and their relative contributions to the total fluorescence differ between mutants.
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Figure 1. Aggregation propensity analysis for the collection of AB42-GFP fusion constructs derived from the mutation of residue at
position 19 in the AB42 peptide by all natural amino acids. A. This image shows a 3D model of wt AB42 fused to GFP by a linker (AB42,
grey; GFP, green), based on the PDB 1EMA for green fluorescent protein from Aequorea victoria and the 20TK for the Alzheimer AR peptide in
which the Phe19 side chain of wt AB42 is shown in red. The model is created using Pymol software. Residue 19 in the AB42 sequence occupies
a central position in the central hydrophobic cluster. The bar graphs are created with two different bioinformatic predictors: B. AGGRESCAN, C.
TANGO. Please click here to view a larger version of this figure.
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Figure 2. AB42-GFP Pl-forming variants in S. cerevisiae cultures induced for 16 h of expression. A. The bar graph indicates the
percentage of cells containing a different number of PI calculated from a total of 500 fluorescent cells for each variant in two biological replicates.
B. These images are representative fluorescent microscopy images of selected AB42-GFP variants (Phe, lle, Thr, Trp). They were acquired
under UV light using an excitation filter for GFP (450 - 500 nm) and an emission range (515 - 560 nm). The scale bar represents 10 um. Please

click here to view a larger version of this figure.
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Figure 3. Scheme for flow cytometry (FC) analysis of S. cerevisiae cells expressing selected AB42-GFP variants. A. The chart shows
gated yeast cells (P1) in dot plots (FSC-A vs. SSC-A) where cell detritus is removed from the cell population. The microscopic images of GIn
(homogeneously distributed) and lle (PI-forming) variants are shown next to the FC dot plots. The scale bar represents 10 ym. B. These scatter
dot plot images represent GFP-A vs. oxidative stress probe in which the gated population (P3) includes only fluorescent cells, excluding the
background signal. The cell frequency histograms are of C. the GFP signal (FITC amplitude) gated from P1 and D. CellROX (APC amplitude)
gated from P3. The cell acquisition was performed with a flow cytometer. Each plot represents 20,000 events. Q and | correspond to GIn and lle
AB42 mutants, respectively. Please click here to view a larger version of this figure.
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Figure 4. Quantification of cellular protein levels. This figure shows Western blots of the total protein fractions of AB42-GFP mutants after 16
h of expression in S. cerevisiae. The Pl-forming variants are colored in green and those diffusely distributed in the cytosol are colored in light red.

Please click here to view a larger version of this figure.
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Figure 5. Cellular oxidative stress, intracellular GFP fluorescence, and cellular protein levels for AB42-GFP mutants determined after
16 h of expression in S. cerevisiae. The variants represented on the x-axis have been ordered according to their predicted aggregation
propensities by either AGGRESCAN (left panel) or TANGO (right panel). The Pl-forming variants are colored in green and the non-PI-forming
variants are colored in light red. A. B. These bar graphs show the oxidative stress probe fluorescence values obtained by an FC analysis of the
AB42-GFP mutants. C. D. These bar graphs represent the protein levels as quantified by a Western blot densitometry analysis using ImageJ
software. E. F. These bar graphs show the GFP fluorescence values after an FC analysis. The error bars for the oxidative stress probe and GFP
fluorescence values represent the coefficient of variance (CV) of the FC-gated cells. The error bars for the protein expression levels represent +
SE (n = 3). Please click here to view a larger version of this figure.

Channel Fluorophore Excitation Wavelength (nm) Band Pass Filter
FITC GFP 488 530/30
APC CellRox 635 660/20
PerCP IP 488 585/42

Table 1. Laser source, band-pass filters, and fluorophores used in flow cytometer.
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GFP fluorescence Ccv CellROX fluorescence cv
A 9316 96.4 1964 127.5
Cc 9709 91.9 1275 172.2
D 11213 101.7 3443 155.8
E 12256 101.1 3220 152.2
F 3010 96.1 1245 146.4
G 11541 97.2 2947 158
H 7895 98.2 3582 120.8
1 7365 97.2 1416 141.3
K 10839 100.4 3102 1221
L 7605 96.9 1401 161.8
M 8149 96 1308 170.4
N 12741 97.5 3403 134.9
P 9768 102.8 2629 143.6
Q 13066 91.3 3354 169.9
R 8537 101.3 2839 127.5
S 12053 99.1 3313 174.3
T 10615 97.7 2213 107.7
\" 9169 96.1 1878 121.7
w 1715 94.7 1531 100
Y 7574 94.5 1234 138

Table 2. List of values for GFP fluorescence and oxidative stress probe fluorescence obtained by FC analysis of yeast cells expressing
AB42-GFP mutants for 16 h. This table shows the mean fluorescence intensity (MFI) and the CV for each mutant.

A wide range of diseases is linked to the accumulation of misfolded proteins into cellular depositse’7'8’33. Many efforts have been made to unravel

the molecular mechanisms that trigger the onset of these diseases using computational approaches, which do not take into account protein
concentrations, or in vitro approaches, in which the protein concentration remains constant during the reaction. However, within the cell, proteins
are constantly synthesized and degraded in a crowded and non-homogeneous environment. This explains the frequent discrepancies between in
silico, in vitro, and in vivo aggregation properties of amyloidogenic proteins.

There are multiple reasons why simple cellular models, such as yeast, are a reasonable choice to study the aggregation and associated toxicity
of proteins related to neurodegenerative diseases in a more biological context. For instance, they give us the possibility to analyze the impact
of protein misfolding aggregation on an intact cellular population using fast analyses such as the one implemented here. However, we should
consider that oxidative levels may differ among yeast strains. Thus, to compare between strains, or even between different proteins, oxidants
and reductants, such as DTT and diamine, should be used to establish an oxidation/reduction scale.

In the example illustrated in this article, the bioinformatic analysis, cellular protein quantification, protein localization imaging and simultaneous
FC analysis of GFP activity and oxidative stress levels have been integrated to identify the molecular species responsible for the oxidative
damage elicited by protein aggregation reactions. The results demonstrate that the more soluble AB42 variants, rather than the more
aggregation-prone, promote the highest oxidative stress. This points to the diffusible species being the more dangerous AB42 species in vivo.
The lower toxicity of aggregating variants seems to respond both to the fact that these conformations are sequestered into Pl and to their
preferential degradation by the protein quality machinery, resulting in lower protein levels than that of their soluble counterparts.

The described method is not limited to the analysis of the oxidative stress produced by AB42 aggregated/soluble species and can also be applied
to study a variety of protein aggregation disorders. Furthermore, the technique might be useful to monitor the effect of aggregation inhibitors on
cellular oxidative stress, allowing to discard for further clinical applications those molecules that promote the accumulation of oxidative active
protein species. Finally, as long as a fluorogenic probe is available, the approach offers remarkable opportunities to identify the molecular
species responsible for other toxic effects linked to protein aggregation in a fast an easy way, providing quantitative data.
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