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Proteostasis, defined as the combined processes of protein folding/biogenesis, refolding/repair, and degradation, is a delicate cellular

balance that must be maintained to avoid deleterious consequences ' External or internal factors that disrupt this balance can lead to protein
aggregation, toxicity and cell death. In humans this is a major contrlbutlng factor to the symptoms associated with neurodegenerative disorders
such as Huntington's, Parkinson's, and Alzheimer's diseases "°. It is therefore essential that the proteins involved in maintenance of proteostasis
be identified in order to develop treatments for these debilitating diseases. This article describes techniques for monitoring in vivo protein

folding at near-real time resolution using the model protein firefly luciferase fused to green fluorescent protein (FFL-GFP). FFL-GFP is a unique
model chimeric protein as the FFL moiety is extremely sensitive to stress-induced misfolding and aggregation, which inactivates the enzyme 12
Luciferase activity is monitored using an enzymatic assay, and the GFP moiety provides a method of visualizing soluble or aggregated FFL using
automated microscopy. These coupled methods incorporate two parallel and technically independent approaches to analyze both refolding and
functional reactivation of an enzyme after stress. Activity recovery can be directly correlated with kinetics of disaggregation and re-solubilization
to better understand how protein quality control factors such as protein chaperones collaborate to perform these functions. In addition, gene
deletions or mutations can be used to test contrlbutlons of specific proteins or protein subunits to this process. In this article we examine the
contributions of the protein disaggregase Hsp104 3, known to partner with the Hsp40/70/nucleotide exchange factor (NEF) refolding system , to
protein refolding to validate this approach.

Video Link

The video component of this article can be found at https://www.jove.com/video/50432/

Introduction

In humans neurodegenerative disorders including Alzheimer's, Parkinson's, and Huntington's diseases have been linked to protein mlsfoldlng
and aggregation 0 Cells employ molecular chaperones to prevent kinetic trapping of cellular proteins into misfolded inactive structures °
Chaperones participate in intricate interaction networks within the cell, but it is not completely understood how the sum of these |nteract|ons
contributes to organismal proteostasis. One of the main chaperones responsible for the majority of cytosolic protein folding is the 70 kD heat
shock protein (Hsp70) family ' It has been shown that in yeast loss of Hsp70 decreases the ability to fold nascent heterologously expressed
FFL and to refold the endogenous protein, ornithine transcarbamoylase, in vivo "®7. The ability to analyze folding with near-real time resolution
will facilitate understanding how additional cellular factors contribute to this Hsp70-dependent process. In addition, folding/refolding reactions
may not be completely dependent on these contributing proteins, so assays must be sensitive enough to detect both large and small changes in
kinetics and efficiency.

The yeast cell disaggregase, Hsp104, plays a vital role in repairing aggregated misfolded proteins. Although Hsp104 homologs have been
identified in fungi and plants, this family appears to be absent in metazoans It has been proposed that other chaperones such as those of the
Hsp110 family perform some of the known Hsp104 activities in mammals Hsp104 is an AAA+, hexameric protein complex that functions in
yeast to remodel protein aggregates, contributing to refoldlng and repalr Hsp104 along with the yeast Hsp70, Ssa1, and the yeast Hsp40,
Ydj1, is required for recovery of denatured FFL in yeast cells > 8. The small heat shock protein, Hsp26, has also been shown to be required for
Hsp104-mediated disaggregation of FFL2

FFL is a two-domain protein that binds the substrate luciferin in the active site and following a conformational change that reqwres ATP and
oxygen, decarboxylates the substrate releasing oxyluciferin, carbon dioxide (CO,), adenosine monophosphate (AMP), and Ilght % The
commercially available FFL substrate, D-luciferin, results in light emission between 550-570 nm that can be detected using a luminometer

® FFLis exquisitely sensitive to denaturation from chemical or heat treatments and aggregates rapidly upon unfolding. When exposed to
temperatures between 39-45 °C FFL is reversibly unfolded and inactivated 2. In contrast, GFP and its derivatives are highly resistant to protein
unfolding stresses . Therefore fusion of these two proteins allows FFL to function as an experimentally labile moiety capable of targeting
functional GFP to intracellular deposits that can be visualized using fluorescence microscopy at both the population and single cell levels.
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Application of the enzymatic assay in a semi-automated multimode plate reader coupled with automated microscopy allows unprecedented
simultaneous assessment of kinetics and yield of refolding reactions. In addition, the facile molecular genetics of the model eukaryote
Saccharomyces cerevisiae allows both precise manipulation of the protein quality control network and the opportunity for discovery-based
approaches to identify novel players contributing to cellular stress response and proteostasis.

In this study, wild-type (WT) and HSP104 deletion strains expressing FFL-GFP are subject to protein denaturing heat shock. FFL-GFP refolding
is monitored through both an enzymatic assay and microscopy as a proxy readout for repair of the expressed proteome over a recovery time
course. When compared to WT cells, we show the Hsp104 deletion strain is ~60% less efficient at refolding FFL-GFP, supporting previous
findings establishing a role for Hsp104 in reactivation of denatured FFL 2,

1. Construction of Strains Containing FFL-GFP Plasmid

For this study, Saccharomyces cerevisiae strain BY4741 (MATa, his3A1, leu2A0, met15A0, ura3A0) was used along with an HSP104 deletion
strain from the yeast knockout collection (Open Biosystems/Thermo Scientific). The deletion was confirmed using an Hsp104-specific antibody
for Western blot analysis.

FFL-GFP was expressed from p426MET25-FFL-GFP, constructed from a LEU2-based source plasmid obtained from the Glover laboratory at
the University of Toronto 17 and obtainable upon request to the authors. Expression of the FFL-GFP plasmid fusion protein is controlled by the
MET25 methionine-repressible promoter. The plasmid was transformed into each strain using a protocol was adapted from Gietz et. al, 1995:

1. Centrifuge 25 ml of log phase cells in a 50 ml conical tube at 4,400 rpm for 2 min, wash with 500 pl of double distilled H,0 (ddH,0), and
discard supernate.

2. Resuspend cells in 250 pl of TE/LiAc (Tris-HCI 10 mM, pH=7.5, 1 mM EDTA, 0.1 M lithium acetate). Incubate at 30 °C without mixing for 20
min.

3. Transfer 50 pl of competent cells to a new tube along with 5 ml (50 ug) of carrier DNA and 5 pl (0.1-5 pg) of plasmid DNA. Add 300 pl of
PEG/TE/LiAc (same as TE/LiAc plus 40% polyethylene glycol) to this mixture, and incubate cells at 30 °C for another 30 min.

4. Add 1/10 volume (v/v) DMSO (36 pl) to this mixture and heat shock at 42 °C for 6 min.

5. Centrifuge mixture at 6,000 rpm for 30 sec and remove supernate. Resuspend cells in 100 pl of sterile ddH,0 and plate cells onto synthetic
complete media lacking uracil (SC-URA).

2. Induction of FFL-GFP

FFL-GFP is induced once cells are in log phase so the majority of the protein prior to heat-shock is newly made to avoid proteins that have
terminally aggregated over time due to aging-associated cellular inadequacies.

1. Day 1: Incubate cells in 5 ml of SC-URA at 30 °C rotating O/N.

2. Day 2: Measure ODggg and inoculate fresh cultures in 5 ml of SC-URA ODggo~0.2.

3. Incubate cultures with rotation at 30 °C until they reach log phase ODgpy~0.8-1.0.

4. Centrifuge cells in 15 ml conical tubes at 4,400 rpm for 3 min, decant supernate and resuspend cell pellet in 500 ul of ddH,0; transfer solution
to a microcentrifuge tube.

5. Centrifuge at 6,000 rpm and discard supernate.

6. Resuspend cells in 5 ml of SC-URA-MET. Cells should be incubated rotating in this media for 1 hr at 30 °C.

7. Centrifuge cells and repeat wash in ddH,0 and discard supernate.

8. Resuspend cells in 5 ml SC-URA media containing 100 ug/ml of cycloheximide to inhibit protein expression, and proceed immediately to Step

3.

3. Enzymatic FFL-GFP Recovery Assay

This assay is a quantitative approach to determine the levels of active enzyme in a population.

1. Preparation for this assay:

i. Measure ODgq for each sample.

ii. Prepare necessary amount of D-luciferin needed based on the number of samples and desired number of replicates plus approximately
1,200 pl for the tubing. Final concentration of D-luciferin is ~23 ug per 100 pl of cells. Initially it is dissolved in water at a stock solution
concentration of 7.5 mg/ml and diluted to 455 pg/ml in SC prior to experiment. In Figure 2, three replicates for each sample were
analyzed resulting in a total of 2.4 ml of D-luciferin being used.

iii. Program plate reader for flash luminescence assay (adapted from BioTek Gen5 "Luminescence Flash Assay with Injection"; for other
instruments follow manufacturer's instructions)

Set temperature to 30 °C

Set plate reader to add D-luciferin, shake, and read each well individually.

Read luminescence (endpoint reading, 5 sec integration time, 180 sensitivity level)

For recovery assay between each reading shake for 5 min, delay 20 min, and shake an additional 5 min.
Dispense 50 pl of D-luciferin from an injector.

® o000

2. Preheat-shock luminescence is measured immediately after cells are added to media containing cycloheximide to halt protein synthesis.
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i. Transfer 100 pl of cells for each sample with desired number of replicates into a solid white 96 well plate.
ii. Controls should include a water blank and cells containing an empty vector.
iii. Start the read with the specifications listed above.

3. To denature the FFL moiety of FFL-GFP, incubate the 5 ml culture in a glass culture tube at 42 °C shaking for 25 min.

4. Recovery assay luminescence readings start immediately after cells are removed from the incubator, which is time point zero. Measure
luminescence same as described above for the first time point and every 30 min for 90 min.

5. Normalize samples to preheat-shock luminescence values that have been adjusted based on the ODg (divide the preheat-shock values by
ODg0o)-

4. Fluorescence Microscopy

This assay is a semi-quantitative method to determine solubilization of aggregates over time in a population of cells.

1. Induction is the same as described in Section 2, Steps 1-8 of protocols.
The same time points are taken as described above (Section 3, Step 4), but for microscopy collect 1 ml of cells at preheat-shock and each
recovery time point, and incubate samples rotating at 30 °C in culture tube.
3. Visualization:
i. Centrifuge 1 ml of cells at 6,000 rpm for 30 sec and remove supernate.
ii. Resuspend cell pellet in 2 pl of ddH,0.
ii. Mix 2 pl of cells plus 2 pl of 2% low melt agarose on the slide and add a cover slip. In order to obtain a single plane of cells lightly press
finger down in the center of the cover slip and rotate until the cover slip is difficult to move.
iv. Cells are visualized using 100X oil objective on fluorescent microscope; use DIC to visualize cells and the FITC filter to visualize GFP
fluorescence.
v. Take multiple pictures for each strain at each time point for quantitation. Fields for pictures should contain ~15-30 cells for quantitative
post-experimental analysis.
vi. To calculate percentage of cells containing aggregates, count 50-100 cells total and divide the number of cells containing aggregates.

5. Single Cell Microscopy

This method is used to follow the solubilization of individual aggregates in a single cell over time.

1. Induce FFL-GFP expression as described in Section 2, Steps 1-8.
2. After heat-shock, centrifuge cells in 15 ml conical tube at 4,400 rpm for 2 min.
3. Wash cells with 500 ul of water and resuspend in 20 pl of ddH,O.
4. For each strain, cut out a 5x5 mm section of an SC-URA agar plate and using the surface that was in contact with Petri dish, pipette 4 pl of
cells and spread around surface of agar with pipette tip. Let stand for ~1 min.
5. Use tweezers to place agar cube section face-down on a ~55 mm glass bottom dish No. 0 and press down lightly.
6. Visualization:
i. See i-iii in Section 4.

ii. Set coordinates for 2-4 focal points for each strain depending on density of culture.
iii. Set camera to take pictures with a Z-stack with appropriate range (-/+ 15 uym with a 0.5-1.0 ym slice thickness) every 5 min for a 90 min
period.

Representative Results

Yeast is dependent on the disaggregase, Hsp104 to efficiently refold heat-denatured proteins. The activity of FFL-GFP was monitored after a

25 min heat shock, using a luminescence flash assay Figure 1. The results of this automated assay shown in Figure 2 revealed a stepwise
increase in activity over 90 min that ultimately led to a >80% recovery in WT cells. The hsp104A strain recovered 19% of the original activity over
the same time frame. Moreover, the extent of initial inactivation was much higher in the chaperone mutant strain (26% activity in WT and 11% in
hsp104A) suggesting that Hsp104 may be serving a protective role pre-stress, or rapidly associates with denaturing FFL-GFP during the thermal
inactivation step to reduce loss of enzyme activity.

Population microscopy corroborated the enzymatic activity assay. Nearly all cells in the hsp104D mutant strain maintained at least one FFL-GFP
aggregate compared to the number of aggregates in the WT strain, which decreased by 62% within 90 min after heat-shock (Figure 3). While a
substantial number of aggregates formed immediately after heat-shock in both strains, the number of WT cells containing aggregates decreased
rapidly while hsp104A cells failed to clear the observable puncta. These data corroborate the activity assay, which showed a 52% recovery of
activity in WT versus a minimal 8% recovery in hsp104A strain.

Single cell automated microscopy revealed that in WT cells versus the hsp104A strain, FFL-GFP was solubilized at a higher rate (representative
still images are shown in Figure 4; see supplemental movies for time-lapse series of FFL-GFP re-solubilization). In addition, the dynamics of
the protein aggregates were very different; in the WT cells aggregates tended to fuse before being solubilized, and this was not observed in the
hsp104A strain. This assay not only supports the results from the other two methods, but also reveals insight into a possible mechanism for how
the aggregated protein is solubilized and refolded.
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Figure 1. Schematic of FFL-GFP heat-shock recovery assay. FFL-GFP expression is induced in log phase in cells that have been incubated
in SC-URA. To induce cells incubate in SC-URA-MET for 1 hr. Centrifuge cells and resuspend in SC-URA containing 100 pg/ml cycloheximide
(CHX). For heat-shock, incubate cells at 42 °C for 25 min. Allow cells to recover by incubating at 30 °C. Collect samples for a 90 min time
course. For enzymatic assays D-luciferin is added before each reading. Click here to view larger figure.

100

%FFL activity
recovery

WT hsp104
Figure 2. FFL-GFP enzymatic refolding/recovery assay. Samples of WT and hsp104A cells (100 pl) were collected prior to heat shock and
immediately after heat-shock for each time point (0, 30, 60, and 90 min). Three replicates of each sample were aliquoted into wells of a 96-well
white plate for each time point. For readings, the plate reader was set to measure luminescence every 30 min for 90 min at 30 °C.
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Figure 3. FFL-GFP refolding microscopy. 1 ml of cells at each time point (pre-HS, 0, 30, 60, and 90 min) were collected and centrifuged.
Supernate was aspirated and cells were resuspended in 2 pl of water. Cells were prepared by mixing with 2 pl of low melt agarose. Cells were
visualized using the 100X oil objective. Representative images of each time point are shown. Quantitation was done by counting cells in 4-5

fields and calculating the percent of cells containing aggregates (n~100).
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Figure 4. Single cell refolding microscopy time course of FFL-GFP. Post heat-shock 5 ml of cells were collected, centrifuged, and

resuspended in 20 ul of ddH,0. 4 pl of cells were placed ona 5 mm? section of SC-URA agar, and visualized using an automated fluorescent
microscope over a 90 min period. The images are projections from a Z-stack taken during the time course.

WT

hsp104A .
0

In this article the model protein FFL-GFP was used to show that the yeast disaggregase, Hsp104 contributes to protein re-solubilization and
repair. The enzymatic assays and microscopy differentially interrogated the status of the same substrate protein to determine refolding efficiency
and yield. Results of the enzymatic recovery assays suggest that not only is the maximal recovery in the hsp704D mutant strain inefficient,

but the initial magnitude of the unfolding stress was greater in the mutant strain (Figure 2). The analysis also shows that while hsp704D cells
appeared to be attempting repair, they were unable to refold the protein as quickly as WT cells. This method allowed sensitive and quantitative
analysis of FFL-GFP activity revealing the essential role of Hsp104 in repair of this protein.

Microscopy results suggest that the reason for the inefficient repair of denatured FFL enzyme is due to protein trapping within aggregates. The
population analysis showed that in cells lacking Hsp104, no cells could completely clear all the aggregates in 90 min (Figure 3). In addition,

the single cell analyses revealed that aggregates fuse over time, suggesting that consolidation of smaller aggregates into larger structures may
aid the repair and refolding process (Figure 4). While this result is not obvious from the still images, time-lapse movies allow one to follow the
dynamic behavior of independent aggregates. Observation of aggregates over the time course uncovered decreased aggregate fusion in the
hsp104A strain, indicating that these cells do not form the larger structures as efficiently and suggesting that Hsp104 is required for this facet of
protein quality control. A further speculation is that cells may solubilize protein more quickly from these larger aggregates, which may additionally
contain the disaggregation and repair machinery. Single-cell microscopy can also be used to determine if other chaperones and co-chaperones
are present in the larger versus smaller aggregates, and if this residency pattern varies over time.

Together these methods allow both biochemical and cell biological analysis of protein refolding and repair in living cells. Integration of the results
from the three methods described affords multi-dimensional insight into the kinetics and efficiency of cellular recovery after proteotoxic heat-
shock. Automation of some or all of the steps in the protocol also allows for greater sample sizes and biological replicates in a given experiment,
increasing the robustness and ultimate confidence in the outcome. In addition, these methods theoretically can be extended to use in human
cells and not only for genetic analyses, but also to investigate chemicals that alter proteostasis.
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