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Living organisms regularly need to cope with fluctuating environments during their life cycle, including changes in temperature, pH, the
accumulation of reactive oxygen species, and more. These fluctuations can lead to a widespread protein unfolding, aggregation, and cell death.
Therefore, cells have evolved a dynamic and stress-specific network of molecular chaperones, which maintain a "healthy" proteome during
stress conditions. ATP-independent chaperones constitute one major class of molecular chaperones, which serve as first-line defense molecules,
protecting against protein aggregation in a stress-dependent manner. One feature these chaperones have in common is their ability to utilize
structural plasticity for their stress-specific activation, recognition, and release of the misfolded client.

In this paper, we focus on the functional and structural analysis of one such intrinsically disordered chaperone, the bacterial redox-regulated
Hsp33, which protects proteins against aggregation during oxidative stress. Here, we present a toolbox of diverse techniques for studying
redox-regulated chaperone activity, as well as for mapping conformational changes of the chaperone, underlying its activity. Specifically, we
describe a workflow which includes the preparation of fully reduced and fully oxidized proteins, followed by an analysis of the chaperone anti-
aggregation activity in vitro using light-scattering, focusing on the degree of the anti-aggregation activity and its kinetics. To overcome frequent
outliers accumulated during aggregation assays, we describe the usage of Kfits, a novel graphical tool which allows easy processing of kinetic
measurements. This tool can be easily applied to other types of kinetic measurements for removing outliers and fitting kinetic parameters. To
correlate the function with the protein structure, we describe the setup and workflow of a structural mass spectrometry technique, hydrogen-
deuterium exchange mass spectrometry, that allows the mapping of conformational changes on the chaperone and substrate during different
stages of Hsp33 activity. The same methodology can be applied to other protein-protein and protein-ligand interactions.

Video Link

The video component of this article can be found at https://www.jove.com/video/57806/

Introduction

Cells freqauently encounter an accumulation of reactive oxygen species (ROS) produced as byproducts of respiration1’2, protein and lipid
oxidation ’4, and additional processess'6’7. Despite ROS' beneficial role in diverse biological processes such as cellular signalingg’9 and immune
responsem, an imbalance between ROS production and its detoxification might occur, leading to oxidative stress’. The biological targets of ROS
are proteins, lipids, and nucleic acids, the oxidation of which affect their structure and function. Therefore, the accumulation of cellular oxidants is
strongly linked to a diverse range of pathologies including cancerg’”, inflammation12’13, and aging14’15, and have been found to be involved in the
onset and progression of neurodegenerative disorders such as Alzheimer's, Parkinson's, and ALS disease®"”

Both newly synthesized and mature proteins are highly sensitive to oxidation due to the potentially harmful modifications of their side chains,
which shape protein structure and function'®°, Therefore, oxidative stress usually leads to a widespread protein inactivation, misfolding and
aggregation, eventually leading to cell death. One of the elegant cellular strategies to cope with the potential damage of protein oxidation is to
utilize redox-dependent chaperones, which inhibit the widespread protein aggregation, instead of forming stable complexes with misfolded client
protein521‘22'23. These first-line defense chaperones are rapidly activated by a site-specific oxidation (usually on cysteine residues) that converts
them into potent anti-aggregation molecules®®. Since oxidative stress results in the inhibition of respiration and in decreases in the cellular ATP
IeveI525, canonical ATP-dependent chaperones are less effective during oxidative stress conditions®>%%%. Therefore, redox-activated ATP-
independent chaperones play a vital role in maintaining protein homeostasis upon the accumulation of oxidants in bacteria and eukaryotes
(e.g., Hsp3328 and RidA? in bacteria, Get3* in yeast, peroxiredoxins31 in eukaryotes). The activity of these chaperones strongly depends on
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reversible structural conformational changes induced by a site-specific oxidation that uncovers hydrophobic regions involved in the recognition of
misfolded client proteins.

Research of the anti-aggregation mechanism and the principles governing the reco%nition of the client proteins by chaperones is not easy

due to the dynamic and heterogenic nature of chaperone-substrate interactions®23%3438:38.37, However, stress-regulated chaperones have an
opportunity to advance our understanding of the anti-aggregation function due to their ability to: 1) obtain two different forms of the chaperone,
active (e.g., oxidized) and inactive (e.g., reduced), with the introduction or removal of a stress condition easily switching between them (e.g.,
oxidant and reducing agent), 2) have a broad range of substrates, 3) form highly stable complexes with the client proteins that may be evaluated
by different structural methodologies, and 4) focus solely on the substrate recognition and release, mediated by redox-dependent conformational
changes, as the majority of these chaperones lacks the folding capability.

Here, we analyze the bacterial redox-regulated chaperone Hsp33's anti-aggregation activity, a vital component of the bacterial defense system
against oxidation-induced protein aggregationzg. When reduced, Hsp33 is a tightly folded zinc-binding protein with no chaperone activity;
however, when exposed to oxidative stress, Hsp33 undergoes extensive conformational changes which expose its substrate bindiné; regions3
Upon oxidation, the zinc ion that is strongly bound to four highly conserved cysteine residues of the C-terminal domain is released®’. This results
in the formation of two disulfide bonds, an unfolding of the C-terminal domain, and a destabilization of the adjacent linker region“. The C-
terminal and linker regions are highly flexible and are defined as intrinsically or partially disordered. Upon return to non-stress conditions, the
cysteines become reduced and the chaperone returns to its native folded state with no anti-aggregation activity. The refolding of the chaperone
leads to a further unfolding and destabilization of the bound client protein, which triggers its transfer to the canonical chaperone system, DnaK/
J, for refolding38. Analysis of Hsp33's interaction sites suggests that Hsp33 uses both its charged disordered regions as well as the hydrophobic
regions on the linker and N-terminal domain to capture misfolded client proteins and prevent their aggregation3 “2 In the folded state, these
regions are hidden by the folded linker and C-terminal domain. Interestingly, the linker region serves as a gatekeeper of Hsp33's folded and
inactive state, "sensing" the folding status of its adjacent C-terminal domain®*. Once destabilized by mutagenesis (either by a point mutation or a
full sequence perturbation), Hsp33 is converted to a constitutively active chaperone regardless the redox state of its redox-sensitive cysteines43.

8,39

The protocols presented here allow monitoring of Hsp33's redox-dependent chaperone activity, as well as mapping conformational changes upon
the activation and binding of client proteins. This methodology can be adapted to research other chaperone-client recognition models as well as
non-chaperone protein-protein interactions. Moreover, we present protocols for the preparation of fully reduced and oxidized chaperones that can
be used in studies of other redox-switch proteins, to reveal potential roles of protein oxidation on the protein activity.

Specifically, we describe a procedure to monitor chaperone activity in vitro and define its substrate specifici? under different types of protein
aggregation (chemically or thermally induced) using light scattering (LS) measured by a fluorospectrometer 4, During aggregation, light scattering
at 360 nm increases rapidly due to the increasing turbidity. Thus, aggregation can be monitored in a time-dependent manner at this wavelength.
LS is a fast and sensitive method for testing protein aggregation and thus the anti-aggregation activity of a protein of interest using nanomolar
concentrations, enabling the characterization of protein aggregation-related kinetic parameters under different conditions. Moreover, the LS
protocol described here does not require expensive instrumentation, and can be easily established in any laboratory.

Nevertheless, it is quite challenging to obtain "clean" kinetic curves and to derive a protein's kinetic parameters from such light scattering
experiments, due to noise and the Iarsge number of outliers generated by air bubbles and large aggregates. To overcome this obstacle, we
present a novel graphical tool, Kfits*, used for reducing noise levels in different kinetic measurements, specifically fitted for protein aggregation
kinetic data. This software provides preliminary kinetic parameters for an early assessment of the results and allows the user to "clean" large
quantities of data quickly without affecting its kinetic properties. Kfits is implemented in Python and available in open source at ™.

One of the challenging questions in the field relates to mapping interaction sites between chaperones and their client proteins and understanding
how chaperones recognize a wide range of misfolded substrates. This question is further complicated when studying highly dynamic protein
complexes which involve intrinsically disordered chaperones and aggregation-prone substrates. Fortunately, structural mass spectrometry has
dramatically advanced over the last decade and has successfully provided helpful approaches and tools to analyze the structural plasticity and
map residues involved in protein recognition46'47’48'49. Here, we present one such technique-hydrogen-deuterium exchange mass spectrometry
(HDX-MSg-which allows the mapping of residue-level changes in a structural conformation upon protein modification or protein/Ligand
binding35’ 0.51,52.33.545% L IDX-MS uses the continuous exchange of backbone hydrogens by deuterium, the rate of which is affected by the
chemical environment, accessibility, and covalent and non-covalent bonds®. HDX-MS tracks these exchange processes using a deuterated
solvent, commonly heavy water (D,0), and allows measurement based on the change in molecular weight following the hydrogen to deuterium
exchange. Slower rates of hydrogen-deuterium exchange can result from hydrogens participating in hydrogen bonds or, simply, from steric
hindrance, which indicates local changes in structure®’. Changes upon a ligand binding or post-translational modifications can also lead to
differences in the hydrogen environment, with a binding resulting in differences in the hydrogen-deuterium exchange (HDX) rates*®%,

We applied this technology to 1) map Hsp33 regions which rapidly unfold upon oxidation, Ieadin% to the activation of Hsp33, and 2) define the
potential binding interface of Hsp33 with its full-length misfolded substrate, citrate synthase (CS) 8,

The methods described in this manuscript can be applied to study redox-dependent functions of proteins in vitro, defining anti-aggregation

activity and the role of structural changes (if any) in protein function. These methodologies can be easily adapted to diverse biological systems
and applied in the laboratory.

1. Preparation of Fully Reduced and Fully Oxidized Proteins

1. Preparation of a fully reduced protein
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Note: Here, we describe the reduction of a zinc-containing protein, and use a ZnCl, solution to restore the Zn-incorporated, reduced protein
state. The ZnCl, solution can be replaced or discarded. Note that the time and temperature of the reduction process depends on the protein
stability and function, and is thus specific per protein.

1.

Thaw the protein sample on ice and spin it down to remove aggregates. Incubate the sample for at least 1.5 h at 37 °C with 5 mM DTT
and 20 uM ZnCl, (up to 70% of protein concentration).
NOTE: The temperature at this step is protein-dependent and should be adjusted to the protein stability.
Remove DTT using desalting columns.
NOTE: There are different desalting columns available. The protocol below describes the procedure using specific desalting columns
(see Table of Materials). Before using other desalting columns, we recommend examining their efficiency of DTT removal and protein
recovery, since some desalting columns may partially absorb the protein of interest.
1. Equilibrate the column with a potassium phosphate (KPi) buffer (40 mM, pH 7.5) by filling the column completely with the buffer
and letting the buffer drip out. Repeat this process 2x.
2. Remove the white disk filter in the column by gently pushing it down with tweezers and removing it; it is easiest to remove while
the column is filled with the KPi buffer. Refill the column with KPi buffer and centrifuge it at 1,000 x g for 3 min.
3. Transfer the column into a clean tube, add the protein sample slowly to the middle of the column and centrifuge it at 1,000 x g for
2 min. The DTT-free protein is now in the flow-through.

Check its concentrations (e.g., use a UV/Vis spectrometer) and measure its absorbance at 280 nm. Calculate the protein concentration
using Beer's law.

Distribute half of the protein samples into aliquots. Incubate the aliquots in anaerobic conditions (e.g., using an anaerobic chamber) for
20 min for a complete removal of oxygen. Seal the tubes with plastic film and store the samples at -20 °C or -80 °C, depending on the
protein.

NOTE: Instead of using the anaerobic chamber, the tubes can also be flashed with argon gas to remove oxygen.

2. Preparation of a fully oxidized protein
NOTE: It is recommended to prepare oxidized protein samples from fully reduced proteins (described previously). This will reduce the
heterogeneity in oxidation states of cysteines. It is possible to use different oxidizing reagents; here, we are focusing on hydrogen peroxide
(H20,).
CAUTION: Avoid over-oxidation as it can lead to undesirable intramolecular disulfide bonds and irreversible oxidation of different amino acids,
including cysteine, methionine, tyrosine, and others.

1.

2.

3.

To the remaining protein sample, add 5 mM H,0, (freshly diluted) and incubate it for 3 h at 40 °C while shaking.

NOTE: The temperature at this step is protein-dependent and should be adjusted to the protein stability.

Equilibrate the column with KPi buffer (40 mM, pH 7.5) by filling the column completely with the buffer and letting the buffer drip out.
Repeat this process 2x.

Remove the white disk filter in the column by gently pushing it down with tweezers and removing it; it is easiest to remove while the
column is filled with the KPi buffer.

Refill the column with KPi buffer and centrifuge it at 1,000 x g for 3 min.

Transfer the column into a clean tube, add the oxidized protein sample slowly to the middle of the column and centrifuge it at 1,000 x g
for 2 min; the oxidized protein is now in the flow-through.

Check the protein concentrations as in step 1.2.5, divide the oxidized proteins into aliquots, and store them at -20 °C or -80 °C, protein-
dependent.

2. Light Scattering Aggregation Assay

Note: All concentrations in this assay are chaperone- and substrate-specific, and should be calibrated. All buffers should be 0.22 uym-filtered, as it
is extremely important that the buffers are free of any particles or air bubbles and the cuvettes are clean and dust-free. It is very important to use
a stirrer placed in the quartz cuvette. Check different stirrer sizes and shapes in order to ensure an efficient mixing of the entire solution without
producing undesirable air bubbles. Moreover, there are different flouorospectrometers available in laboratories and facilities. Here, a specific
fluorospectrometer (see Table of Materials) was used. Different instruments have a diverse sensitivity, measurement speed, and sampler
parameters. Therefore, the exact measurement parameters (e.g., emission and excitation bandwidth, sensitivity, and others) should be optimized
using a known aggregation-prone protein and its corresponding conditions. Using citrate synthase (CS) and/or luciferase as initial substrates in
nanomolar concentrations is recommended.

1. Chemical aggregation assay

1.

2.

3.

Prepare the denatured substrate by incubating 12 uM CS overnight in 40 mM HEPES (pH 7.5) and 4.5 M GdnCl. In order to preserve
the pH, dissolve the GdnCl in the 40 mM HEPES (pH 7.5).

Open the fluorospectrometer software and go to Time course measurement. Set the parameters to: Temperature: 25 °C; Ag,. 360; Em
bandwidth: 5 nm; Ao 360; Ex bandwidth: 2.5 nm; and Data interval: 0.5 s.

Prepare the sample by adding 1,600 uL of 40 mM HEPES to a quartz cuvette. Insert the cuvette into the sample holder and let the
sample reach the desired temperature.

Set the stirring to 600 rpm and begin the measurement until a baseline is established. Keep the stirring on for the entire measurement.
To measure the CS aggregation in the absence of a chaperone, at 120 s into the measurement, add (gently, but quickly) 10 pL of
denatured CS (final concentration of 75 nM). Continue the measurement for 1,200 s.

To measure the CS aggregation in the presence of Hsp33, at 60 s into the measurement, add Hsp33 (final concentration of 300 nM).
After an additional 60 s, add 10 L of denatured CS (final concentration of 75 nM). Continue the measurement for 1,200 s.

NOTE: When adding the substrate or chaperone, in order to avoid insertion of bubbles, use a 10-uL pipette.

2. Thermal aggregation assay
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NOTE: The temperature for the thermal aggregation assay depends on the protein stability and should be adjusted to each protein
independently.
1. Open the fluorospectrometer software and go to Time course measurement. Set the parameters as follows: Temperature: 43 °C; Aem:
360; Emission bandwidth: 5 nm; Ae,: 360; Excitation bandwidth: 2.5 nm; and Data interval: 0.5 s.
2. Prepare the sample by adding 1,600 pL of pre-warmed 40 mM HEPES to a quartz cuvette. Insert the cuvette into the sample holder
and let the sample reach 43 °C.
3. Set the stirring to 600 rpm and begin the measurement until a baseline is established. Keep the stirring on for the entire measurement.
4. To measure the CS aggregation in the absence of a chaperone, at 120 s into the measurement, gently add CS (final concentration of
125 nM) and continue measuring for 1,200 s.
5. To measure the CS aggregation in the presence of Hsp33, at 60 s into the measurement, add Hsp33 (final concentration of 600 nM).
After an additional 60 s, add CS (final concentration of 125 nM). Continue the measurement for 1,200 s.
NOTE: When adding the substrate or chaperone, avoid the insertion of bubbles.

3. Data analysis and noise removal by Kfits
Note: Kfits is available at use of Kfits has previously been described in Rimon et al®®

1. Upload the data file.
NOTE: The input is the raw results from light scattering measurements in a textual comma-separated or tab-delimited format.

2. To remove any noise, choose analysis parameters. Use Automatic best model (recommended), mark the Noise is always above
signal flag.

3. Manually remove obvious outliers using the green and red adjustable lines; this step will filter the noise above the green line and below
the red line.

4. Set the baseline and the fit curve. After applying the noise threshold, download the processed data.

3. Hydrogen-deuterium Exchange Mass Spectrometry

1. Preparation of buffers and protein samples (Hsp33 and Hsp33-CS complex)
1. Dilute the protein samples to a final concentration of 1 mg/mL in 25 mM Tris-HCI buffer at pH 7.5 and transfer them to 1.5-mL vials.
2. Prepare protein-substrate complex samples by incubating Hsp33 with CS at a ratio of 1:1.5 at 43 °C.
1. Add CS in a step-wise manner to avoid any rapid aggregation and ensure a fruitful binding between the Hsp33 and the thermally
unfolded CS.
2. Use at least four steps (i.e., each time add a quarter of the final volume) and incubate the samples for 15 min after every addition
to allow CS protection by Hsp33.

3. Remove any aggregates using a 30-min centrifugation at 16,000 x g at 4 °C.
NOTE: New protein-substrate complexes must be prepared fresh. Substrate addition should be made gradually; otherwise, aggregation
will occur. Temperature, substrate, and substrate concentrations are protein-specific.

4. Prepare a buffer H (25 mM Tris-HCI, pH 7.5), which serves as deuteration control, and a buffer D (25 mM Tris-DCI, pH 7.09), which is
the deuteration buffer. Also prepare a fresh quenching buffer (150 mM TCEP, 3 M GdnCl, 0.1% formic acid).
NOTE: The quenching buffer should be optimized for the protein of interest in order to obtain its maximal sequence coverage after the
pepsin digestion.

5. Transfer all buffers and samples into vials, and place them in proper trays. Hold buffers H and D at 25 °C (tray 25 °C); on the other
hand, hold the samples and quenching buffer at 0 - 2 °C (tray 0 °C). Place the samples in 150-uL glass inserts (see the Table of
Materials) first, and then transfer them into vials.

2. Preparation of the instrument
NOTE: The mass spectrometer comes with two accompanying software programs: one controls the pumps, and the other controls the mass
spectrometer (refer to the Table of Materials). The next steps will be described using these two software programs.

1. Manually turn on all cooling units. Once all cooling systems reach their target temperatures, manually switch on both the high-
performance liquid chromatography (HPLC) and loading pumps.

NOTE: In our case, these consist of two cooling baths and a cooling box (which contains the trap and analytical columns). One cooling
unit cools the tray at 0 °C, while the other keeps the tray at 25 °C; the temperature of the cooling box is 1 - 2 °C.

2. Open the software which controls both pumps, as well as the software which controls the mass spectrometer; make sure that MS is on
Standby.

3. Disconnect the HPLC outlet valve from the MS source and wash the system first with a "triple cleaner" solution (1% formic acid, 33%
acetonitrile, 33% isopropanol, 33% methanol), then with buffer B (80% acetonitrile, 0.1% formic acid), and finally with buffer A (0.1%
formic acid, pH 2.25), and then insert the pepsin column into the system. If changing buffers, make sure to purge both pumps before
proceeding.

4. Ensure that the flow-rate for both pumps is 0.1 mL/min and the pressure is stable.

5. After washing the system with a steady flow and steady pressure, insert the HPLC outlet into the MS source and turn the MS on.

3. Mass spectrometer parameters
1. Set the peptide ionization to electrospray ionization (ESI) at 175 °C, the sheath gas flow at 17, the aux gas glow at 2, and the spray
voltage at 4.5 kV (Supplementary Figure 1).
2. Set up the parameters as follows for the non-deuterated samples.
1. Set the parameters: Scan Range m/z to 300 - 1500; Resolution to 70,000; Automatic gain control target (AGC) to 10% and the
Maximum injection time (IT) at 100 ms.
NOTE: The 5 most intense ions with charge states between +2 and +6 (their intensity higher than 1.3 x 104) and a dynamic
window of 30 in will be isolated.
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2. Perform the ion fragmentation by higher-energy collisional dissociation (HCD) in the multiple-collision cell with normalized
collision energy (NCE) equal to 28. Detect fragment ions by tandem MS at a resolution of 35,000, AGC target of 10°, maximum
IT at 60 ms, and an isolation window of 2.0 m/z.

3. For the deuterated samples, employ ms' only with a higher resolution of 140,000 and with otherwise similar parameters.

4. Running the experiment
1. Set the trays in the following manner.

1. Place buffer H and D in Tray 25 °C, then place the samples and quenching buffer in the 0 °C tray.

2. Place X empty vials, aligned in both trays, where X = the number of samples x the number of time points.
NOTE: In the 25 °C tray, the empty vials serve as reaction vials, and in the tray 0 °C, they serve as quenching vials.

3. Each of the empty vials contains an empty glass insert; discard and replace said insert between experiments.
NOTE: In order to run the HDX experiment in the most efficient and least time-consuming way, a software which allows samples
to be run simultaneously (Supplementary Figure 2) was used. The next steps will be described using this software.

2. Open the software. Set up the program parameters to perform the following.

1. Incubate each sample (5 pL) with 45 uL of buffer D for several minutes, depending on the time points selected (e.g., 1, 3, 18, 40,
and 100 min) at 25 °C. Incubate the non-deuterated sample with 45 pL of buffer H instead.

2. Immediately after the incubation, mix 50 pL of deuterated protein into 50 pL of ice-cold quenching buffer and inject them into an
immobilized pepsin column (20 mm in length, 2.0 mm in diameter).

3. Elute any peptides from the pepsin column into the pre-column by washing it with buffer A for 6 min at a rate of 50 pL/min. Keep
buffer A in the cooling box at 0 °C.

4. Elute the peptides out of the pre-column into the C18 analytical column (C18 Column, 130 A, 1.7 um, 2.1 mm x 50 mm, kept at 0
°C) and separate them by applying a linear gradient of acetonitrile at 100 yL/min. Run the acetonitrile gradient using acetonitrile
100% as buffer B: 7 min at 2%, 7 min at 10 - 30%, 2.5 min at 30 - 90%, 1.5 min at 90%, rapid gradient for 1 min at 90 - 8%, and
finally equilibrate the column for 4 min at 2%.

3. Build a running sequence (see Supplementary Figure 2): enter all time points, sample names, and locations in the trays, as well as the
buffer names and locations.
NOTE: The software allows the alignment of all the different running times into a program that runs several samples at once, efficiently
decreasing running times.

5. Data analysis
NOTE: We work with several software programs in the process of data analysis, including Proteome Discoverer and MaxQuant (free
software) for the peptide identification and analysis of sequence coverage, as well as HDX workbench, a free software that allows the
analysis of the deuterium incorporation in proteins, and a comparison of the HDX rates between different sets of experiments. The next steps
will be described using these software programs.
1. Analyze the peptide coverage of the sample by running the non-deuterated control samples through the software (Supplementary
Figure 3). Set up the software using the following parameters.
1. Use the Sequest HT method with a No-enzyme (unspecific) cleave. Search for peptides of 4 - 144 amino acids with a mass
tolerance of 7 ppm and 0.5 Da for the precursor's ion and fragment. Allow for a dynamic methionine oxidation.
2. Create a database for the protein, through which the software can determine the peptide coverage. Export the identified peptides
in textual format.

2. Analyze the deuterated results using the HDX workbench free software®®,

1. Open the protein editor and define the protein by inserting the protein sequence and peptide coverage file.

2. Next, open the Setup experiment wizard editor and enter all the inputs requested.
NOTE: The program requires the number of samples, the number of time points, the number of replicates, the pH value of the
buffers, and the temperature.

3. Finally, input the parameters regarding the mass spectrometer used, after which the program generates a list of detected
peptides.
NOTE: The software detects the "HDX" peptides, inspects isotope clusters, and demonstrates a clear visualization of deuteration
in the samples.

6. Data presentation
1. Label the regions with a deferential deuteration uptake on the structure using the PyMol software or any other visualization software.
2. Introduce the deuterium uptake levels instead of the B-factor values.
Note: A basic tutorial can be found at https://pymolwiki.org/index.php/Practical_Pymol_for_Beginners.

Representative Results

The two methods presented make it possible to follow the kinetic activity and dynamics of protein interactions between a chaperone and its
substrate. Moreover, the reduction-oxidation protocol allows the preparation of a fully reduced and fully oxidized chaperone, giving a more in-
depth understanding of the activation mechanism of redox-dependent disordered chaperones.
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First, we used light scattering in order to examine the redox-dependent activity of the chaperone. Light scattering was performed on a chemically
and thermally denatured CS protein in the presence of an oxidized (active) or reduced (inactive) chaperone (Figure 1). Chemical denaturation
leads to a rapid CS aggregation induced by the refolding of a fully denaturized protein in unfavorable buffer conditions. On the other hand,

the thermal-induced aggregation results from a relatively slow unfolding of the natively folded substrate. Therefore, these different types of
aggregation processes vary in their kinetic parameters. Moreover, different chaperones can vary in their ability to prevent the aggregation of the
same substrate in different aggregation modes.

In both forms of denaturation, the addition of oxidized Hsp33 in a molar ratio of 1:4 (CS: Hsp33) completely abolished aggregation, lowering

the 360 nm readings to negligible values. The presence of a reduced Hsp33, on the other hand, had no effect on the CS stability and gave an
aggregation curve similar to the one detected in the absence of a chaperone (Figure 1).The results were analyzed and cleaned from background
noise using Kfits, as schematically described in Figure 2.

The outline of the HDX-MS technique begins with the incubation of the chaperone with deuterium oxide, followed by quenching and digestion,
and finally MS analysis and hydrogen-deuterium exchange profiling (Figure 3). During HDX-MS, the chaperone was incubated on the tray at

25 °C in a D,O-containing buffer. After a specific incubation time controlled by the sample handling robotic system, the protein solution was
transferred to the quenching solution, acidic and denaturing, on the tray at 0 °C. The low pH and low temperature slows the hydrogen exchange
and preserves the deuteration levels of all amide hydrogens, while the denaturing chemical unfolds the protein, enabling it to be properly
digested. The robotic system transfers the sample from the tray at 0 °C to the cooling box where it flows into the online pepsin digestion column.
Immediately after the protein digestion, the peptides proceed to the C18-trap column for the desalting and removal of fast exchangeable D,O
(mainly located on the side chain atoms) and are then separated using the C18 column and analyzed using mass spectrometry. The sample flow
is controlled by a two-valve system, which 1) ensures the separation of the pepsin and C18 column buffers in order to prevent the inactivation of
the pepsin by organic solvents, and 2) enables the short desalting of the peptides to remove fast exchangeable D,O molecules and salts (Figure
4).

After the computational analysis, we receive a deuteration profile for each peptide, showing a change in mass as a function of the incubation
time in D,O. The HDX Workbench software allows the comparison of experimental replicates in order to create statistical analyses of each
condition (e.g., an active chaperone in an unbound form). The next step is a comparison of the deuteration curves between different samples;
for example, a bound chaperone and an unbound chaperone. These comparisons of different chaperone states can reveal the structural
perturbations that accompany substrate binding. Residues that exhibit a slower exchange in the bound state are likely interacting with a binding
partner. It is important to note that decreased hydrogen-deuterium exchange rates can also indicate a refolding of a specific region upon binding
without the actual direct interaction with the substrate (Figure 5A). The HDX Workbench software allows the examination of the results in the
"perturbation" view by showing the deuteration with a standard error over the coverage of the whole protein.

In this case, HDX-MS was used to compare the deuteration pattern between the bound and unbound chaperone Hsp33 to its substrate CS.
The results reveal a client-interaction site within the C-terminal redox switch domain of the chaperone (Figure 5B). While reduced, Hsp33 has a
completely ordered structure, where the interaction sites are buried. Hsp33 loses its structure and becomes functional when it senses oxidative
stress; hence, we compared the reduced and oxidized Hsp33 under both bound and unbound conditions (Figure 5C). The results show that
while the reduced Hsp33, whether bound or unbound, produces similar peptide curves, the oxidized Hsp33 displays a significant difference.
The oxidized Hsp33 samples show a 30% deuteration difference between the bound and unbound chaperone, with specific areas of the bound
protein indicating an allosteric hindrance. The analysis of additional peptides from the N-terminal and the thermobile linker regions are shown in
Supplementary Figure 3.
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Figure 1. Aggregation analysis by light scattering. The aggregation of chemically and thermally denatured CS was monitored in the presence
of oxidized Hsp33 (red), reduced Hsp33 (blue), or in the absence of chaperone (black). A light scattering at 360 nm was monitored for 1,200 s.
(A) During the chemical aggregation, in the absence of a chaperone or in the presence of a reduced Hsp33, the CS aggregated rapidly, reaching
a plateau approximately 300 s into the measurement. (B) During the thermal aggregation, the CS aggregated gradually in the absence of a
chaperone or in the presence of a reduced Hsp33. In both assays, the presence of oxidized Hsp33 completely abolished aggregation, as was
demonstrated by negligible 360-nm readings. Please click here to view a larger version of this figure.
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Figure 2. Removal of noise and data analysis using Kfits. This panel shows a schema summarizing the data analysis and noise removal by
the Kfits tool, as described in the text and in Rimon et al.*®. Please click here to view a larger version of this figure.
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Figure 3. Workflow of the HDX-MS methodology. HDX-MS employs deuterated solvents to determine the chemical environment of amide
hydrogens, uniformly distributed along the backbone of the protein. The protein of interest is incubated in a deuterating buffer in its native form
for specific time periods, then the hydrogen-deuterium exchange is quenched by acidic conditions at a low temperature. The protein is digested
by an enzyme stable under acidic conditions, such as pepsin. Afterward, the peptides are desalted and separated in a short time to avoid a
back exchange. Finally, the peptides are analyzed by a mass spectrometer and the deuterium uptake is evaluated by an analysis software, for
example by the HDX Workbench free software®. Please click here to view a larger version of this figure.
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Figure 4. Components of the fully automated HDX-MS system. (A) This schematic diagram of the HDX-MS represents all the parts of the
system: the loading pump and the HPLC pump control buffer flow and the sample transfer within the system. The robotic system contains two
syringes and trays which are used to prepare the deuterated sample and transfer the proteins to the on-line digestion column via the input valve
of the cooling box (LC compartment). Then, the digested peptides are directed to the C18 trap and separation columns, subsequently separated,
and directed to the mass spectrometer. (B) This panel shows the actual HDX system setup as it was created in the lab. (C) This panel shows a
schematic presentation of the online-digestion and the peptide separation fluidic configuration. The digestion and separation systems have one
valve each that can be switched between load and inject modes. The first valve (on the left) is connected to the injection port and is controlled
by the loading pump, directing samples into the pepsin column using the acidic buffer without any organic solvent that can damage the pepsin
resin. The sample is transferred to the right valve into the trap column to remove residues of deuterium as well as fast exchanged deuterated
atoms (mainly of the side chains). After a brief wash of 1 - 2 min in the trap column, the valve changes its mode to load and the sample is
washed into the C18 separation column using the HPLC pump with increasing concentrations of acetonitrile. The sample is transferred to the
mass spectrometer for a mass analysis. The length of the tubes is marked. Please click here to view a larger version of this figure.

Copyright © 2018 Journal of Visualized Experiments June 2018 | 136 | e57806 | Page 8 of 12


https://www.jove.com
https://www.jove.com
https://www.jove.com
/files/ftp_upload/57806/57806fig3large.jpg
/files/ftp_upload/57806/57806fig4large.jpg

L]
lee Journal of Visualized Experiments www.jove.com

. Hsp33 Oxidized - peplide: YWWITITPSEG ’
- 100 Exposed
L5
2 50 ______t____________-v-—-—-—"'——___"
g
RS >
: F - (+50%)
100 1000 £
Time (s) M Bound §
10015933 Reduced — peptide: LOVMPAQNAGQDOFD 18 Unbound § -(0%)
2 @
< % (=3 FET) =T e
E so] "¢ a 4 J - (:50%)
g 25 I
0
100 1000
Time (s) Buried

1| |€ 8|8 €< (A0 ]A|L[=[T]L]P[0[E[E]v[0[8]]L|A[E[CIo[E])]e]M[nE[0] v c|o] IL]Fnialwie]
TTTTITTITTTT 1] (T . [m | ITTTT =]

INNEE

Figure 5. HDX-MS results. (A) The results are presented as a deuteration percentage over time per protein fragment, generated by the HDX
Workbench software. Each graph shows a protein sample, either oxidized or reduced, and compares between bound and unbound samples.
The peptide fragments shown here are the peptide YVVITITPSEG found in the linker region and the peptide LQVMPAQNAQQDDFD found in
the C-terminus. (B) The final results, presented as the deuteration difference between the bound and unbound complexes, show the perturbation
per amino acid. (C) A structural model of the Hsp33 chaperone shows the deuteration uptake differences throughout the linker and C-terminal
unstable regions. This panel is created using the PyMol software. Please click here to view a larger version of this figure.

Supplementary Figure 1. Interface of the program operating mass spectrometer. The program is used to optimize and define mass
spectrometer method parameters used for the HDX experiment. The method parameters (in the left panel) can be saved in the method, such that
is recognized by other programs. Please click here to view a larger version of this figure.
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Supplementary Figure 2. This figure shows a screenshot of the software which serves as an integration platform of the robotic sampling
handing system and the MS-LC system. The software optimizes the running time by the scheduling of the HDX experiment, following the defined
incubation time in the deuterated buffer (blue arrows). For example, above is a diagram of 17 runs of two replicative analyses of the Hsp33
variant STIL, incubated in a deuterated buffer for different times, ranging from 0 - 100 min. Please click here to view a larger version of this

figure.
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Supplementary Figure 3. This figure shows an analysis of the deuterium uptake of several Hsp33 peptides from different Hsp33 variants,
named PGBD and REV>*. The plots demonstrate changes in the deuterium uptake of the same region in Hsp33 in unbound (red) and bound
(blue) states. Peptides from the N-terminal region show no significant difference in the HDX rates, while fragments from the linker region show a
significant decrease in the HDX rates upon the interaction with the unfolded substrate, citrate synthase. Please click here to view a larger version
of this figure.

In this paper, we provided protocols for the analysis of redox-dependent chaperone activity and the characterization of structural changes
upon the binding of a client protein. These are complementary methodologies to define potential chaperone-substrate complexes and analyze
potential interaction sites.

Here, we applied these protocols for the characterization of a complex between the redox-regulated chaperone Hsp33 with a well-studied
chaperone substrate CS. We presented two different types of protein aggregation analyses, which differ in their kinetic and initial state: during a
chemical denaturation, the substrate starts its unfolding process from the denatured form, while during a thermal aggregation, the unfolding is
initiated from the native form of the substrate.

Light-scattering measurements are a useful tool to monitor the relative amount of protein aggregation. While we use this method to determine the
active state of the chaperone, it can further be used to study general aggregation conditions, to compare the stability of a different protein, or to
study destabilizing mutations both in the substrate and chaperone.
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Despite its simplicity, the light scattering method might produce noisy data, with several outliers. To overcome this issue, we developed the Kfits
software described above. The Kfits software makes it possible to simply and rapidly remove large quantities of noisy data, as well as calculate
the kinetic parameters from the light scattering curve. Kfits is not restricted to protein aggregation and can be applied to any type of kinetic
measurements.

Thus, the methodologies described here are simple, easy to perform, and not time-consuming. They can be applied to different molecular
chaperones, enabling their redox dependence to be examined within a couple days. Moreover, the anti-aggregation activity of other, non-
redox dependent chaperones can be evaluated using the described protocols of light scattering and Kfits. It is important to note that different
parameters, such as temperature, protein concentration, and measurement time have to be adjusted to each protein system independently.

In order to gain structural information governing a chaperone working cycle, we presented the HDX-MS methodology. In contrast to the light
scattering procedure, it is a more complex technology and requires specific instrumentation, including a mass spectrometer and, preferably, a
robotic system for the sample preparation. However, this setup can be established, even without the robotic system, in an existing facility. Once
it is established, the procedure is relatively simple and allows the analysis of challenging protein complexes which might be unreached by high-
resolution methodologies (e.g., X-ray and NMR).

The authors have nothing to disclose.
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