Received: 22 November 2022

Revised: 21 February 2023

W) Check for updates

Accepted: 7 March 2023

DOI: 10.1002/bip.23534

ARTICLE

Bio WILEY

The reversible low-temperature instability of human DJ-1

oxidative states

Tessa Andrews® |

1Department of Chemistry, University of
Nebraska-Lincoln, Lincoln, Nebraska,
68588-0304, USA

2Department of Biochemistry, University of
Nebraska-Lincoln, Lincoln, Nebraska,
68588-0664, USA

3Redox Biology Center, University of
Nebraska-Lincoln, Lincoln, Nebraska,
68588-0664, USA

“Nebraska Center for Integrated Biomolecular
Communication, University of Nebraska-
Lincoln, Lincoln, Nebraska, 68588-0304, USA

Correspondence

Robert Powers, Department of Chemistry,
University of Nebraska-Lincoln, 722 Hamilton
Hall, Lincoln, NE 68588-0304,

Email: rpowers3@unl.edu

Funding information

Nebraska Center for Integrated Biomolecular
Communication, Grant/Award Number:
P20GM11312; National Institutes of Health,
Grant/Award Number: RR01546

1 | INTRODUCTION

The function of a protein is intrinsically linked to its structure and
dynamics, which, in turn, have influence on its thermal stability.

Javier Seravallic? |

Robert Powers 134

Abstract

DJ-1 is a homodimeric protein that is centrally involved in various human diseases
including Parkinson disease (PD). DJ-1 protects against oxidative damage and mito-
chondrial dysfunction through a homeostatic control of reactive oxygen species
(ROS). DJ-1 pathology results from a loss of function, where ROS readily oxidizes a
highly conserved and functionally essential cysteine (C106). The over-oxidation of
DJ-1 C106 leads to a dynamically destabilized and biologically inactivated protein. An
analysis of the structural stability of DJ-1 as a function of oxidative state and tempera-
ture may provide further insights into the role the protein plays in PD progression.
NMR spectroscopy, circular dichroism, analytical ultracentrifugation sedimentation
equilibrium, and molecular dynamics simulations were utilized to investigate the struc-
ture and dynamics of the reduced, oxidized (C106-SO, ™), and over-oxidized (C106-
SO37) forms of DJ-1 for temperatures ranging from 5°C to 37°C. The three oxidative
states of DJ-1 exhibited distinct temperature-dependent structural changes. A cold-
induced aggregation occurred for the three DJ-1 oxidative states by 5°C, where the
over-oxidized state aggregated at significantly higher temperatures than both the oxi-
dized and reduced forms. Only the oxidized and over-oxidized forms of DJ-1 exhibited
a mix state containing both folded and partially denatured protein that likely preserved
secondary structure content. The relative amount of this denatured form of DJ-1
increased as the temperature was lowered, consistent with a cold-denaturation. Nota-
bly, the cold-induced aggregation and denaturation for the DJ-1 oxidative states were
completely reversible. The dramatic changes in the structural stability of DJ-1 as a
function of oxidative state and temperature are relevant to its role in PD and its func-

tional response to oxidative stress.

KEYWORDS
DJ-1, dynamics, NMR, Parkinson disease, structural biology

Under the right physiological condition, a polypeptide chain will
rapidly and efficiently fold into a correct three-dimensional (3D) ensem-
ble of structures.? The interatomic interactions between individual

( amino acid residues guide this folding process. The resulting set of
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electrostatic and hydrophobic interactions determine the thermody-
namic and kinetic stability of the final protein conformation.* The
overall stability of this structure is tenuous despite the relatively
large number of energetic interactions. Simply, the free energy (AG) of
properly folded proteins is relatively small, only on the order of a few
kcal/mole.>® Since free energy depends on temperature, a delicate
balance between structural stability and instability occurs, which is
occasionally disrupted and protein misfolding or denaturation can
occur. Proteins are typically stable at physiological temperatures
(i.e., 37°C) and only begin to unfold and denature as the temperature
rises and reaches their melting temperature (T,,,). Protein denaturation
often leads to aggregation where there is a clearly established competi-
tion between protein folding and aggregation.l”! Importantly, unfolded,
misfolded, and aggregated proteins result in a loss in function and tend

| [8]

to be toxic to the cell,”™ which requires several systems to prevent

9]

(i.e., chaperones or heat-shock proteins),'”” or remove (i.e., ubiquitin-

proteosome system) these misfolded proteins.[m]

The free energy stability curve for protein folding crosses zero at
temperatures both significantly above and below physiological tempera-
ture. Thus, low temperature or cold denaturation of a protein is of equal
interest as thermal denaturation,™¥ but has seen limited investigation
since most cold denaturation of proteins occur at temperatures much
lower than the freezing point of water."? Cold denaturation proceeds
through the same unfolding process as high-temperature protein dena-
turation, but it likely follows a distinct energetic pathway. Regardless,
both denaturation methods effectively reduce protein stability, increase
the likelihood of protein aggregation, and lead to a loss of function.
These misfolded proteins can accumulate and form large fibrillar or amy-
loid aggregates that can then lead to the formation of visible plaques and
cellular tangles that cause cell death.*¥ Thus, protein misfolding plays
important roles in a variety of human diseases such as type 2 diabetes,
cataracts, atherosclerosis, Alzheimer disease, and Parkinson disease (PD).

PD is a destructive neurodegenerative disease that is believed to
be caused by several factors, including environmental toxins, aging,
and genetic mutations.! The exact mechanism of PD progression is
unknown but it is brought about by the death of dopaminergic neu-
rons in the substania nigra.l*>! The aggregation of a-synuclein and the
formation of Lewy bodies are important factors associated with PD
neuronal cell death.*®! To date, several gene mutations have been
identified that are believed to play a role in PD.'”! These genes
encode for proteins such as parkin, leucine-rich repeat kinase
2 (LRRK?2), phosphatase and tensin homolog (PTEN)-induced putative
kinase 1, and DJ-1.

First reported in 1997 as an oncogene,*®

mutations in human
DJ-1 has since been identified in patients with early-onset PD.*? DJ-1
is a highly conserved and ubiquitous 20 kDa (189 aa) protein encoded
by the PARK7 gene.[”'zo'z” The protein is a symmetric homodimer,
where each monomer forms a flavodoxin-like Rossmann-fold
(Figure 1).22-251 DJ-1 is a member of the DJ-1/Thi)/Pfpl superfamily
and it is distributed throughout the body, which includes the central
nervous system (CNS).26-281 D J-1 is localized in the cytoplasm, nucleus
and mitochondria and can exert specific functions in different compart-

ments.?”) DJ-1 is believed to be involved in multiple cellular processes,

FIGURE 1
homodimer is shown in blue, the other in red. C106 is labeled and
colored yellow.

Ribbon representation of the DJ-1 homodimer. One

B2 and

such as the control of ROSB%%Y transcription regulation
glucose modulation.®® Furthermore, overexpression of DJ-1 leads to
cytoprotection against oxidative stress and under-expression causes
oxidative stress-induced cell death.[®*=37) In fact, five different signaling
pathways have been identified that are controlled by DJ-1 in response
to oxidative stress.?238-431 However, the molecular mechanism(s) of
DJ-1-mediated cytoprotection are not well-understood.

One of DJ-1's three cysteines, C106, is highly conserved and is
a key regulator of its cytoprotective role.B46-48] Mutations at

C106 cause loss of function,[31'46’48]

which may result from a
decrease in protein stability, a misfolded or denatured protein, or
protein aggregation.[49'5°] C106 can also be readily oxidized to the
sulfenate, sulfinate, and sulfonate forms. These unique oxidation
states have been seen in PD patients.2¢°Y Oxidation of C106 to
the sulfinate (C106-SO,~, oxidized) and sulfonate (C106-SO3;7,
over-oxidized) forms cause structural instability.*¢*”! The monoxi-
dation of C106 to form the sulfenic acid group is required for the
neuroprotective activity of DJ-1 in the mitochondria.l’®! We have
previously demonstrated that an increase in dynamics is a source of
this structural instability!®2=># despite the fact that the overall
structural fold remains basically intact.“¢°5-571 However, it is
unknown whether these DJ-1 oxidative states cause PD progression
or are just a consequence of the neurodegenerative disease. An
analysis of DJ-1 dynamics and structural stability as a function of
oxidative state and temperature may provide insights into the pro-
tein's role in PD progression. Toward this end, nuclear magnetic res-
onance (NMR) spectroscopy, circular dichroism (CD), analytical
ultracentrifugation (AUC) and molecular dynamics (MD) simulations
were used to characterize the structure and dynamics of the
reduced, oxidized and over-oxidized forms of DJ-1 over a range of
temperatures (5°C to 37°C). The reduced, oxidized, and over-
oxidized forms of DJ-1 exhibited three distinctly different behaviors
as the temperature decreased. In all cases, DJ-1 appears to undergo
partial or complete cold-induced aggregation at moderately low
temperatures that is completely reversible. Notably, the oxidation

state of DJ-1 was correlated with these temperature-dependent
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changes where a higher oxidation state aggregated quicker as the

temperature was lowered.

2 | MATERIALS AND METHODS

21 | Protein expression and purification

Unlabeled DJ-1 was expressed from E. coli BL21 in Luria-Bertani
(LB) broth media and uniformly °N labeled DJ-1 was expressed in
minimal M9 media supplemented with **N ammonium chloride.
Both media were supplemented with 0.1 g/L ampicillin. Cells were
incubated at 37°C overnight. Expression of DJ-1 was induced
at ODgoo 0.6-1.0 by the addition of 1 mM isopropyl p-D-
thiogalactopyranoside (IPTG). After 5 h of incubation at 37°C, cells
were harvested by centrifugation at 5,000 rpm and 5°C and resus-
pended in 25 mL of wash buffer (50 mM HEPES, 300 mM KClI,
20 mM imidazole) at pH 7.5. About 10-15 mg/mL lysozyme was
added to the buffer, and cells were lysed by rocking at room tem-
perature for 30 min followed by repeated sonication (i.e., 10 times
for 10 s). Lysates were centrifuged at 4,000 rpm for 20 min at room
temperature to remove cell debris. The supernatant was added to a
Ni?* affinity column (Sigma-Aldrich, St. Louis, MO) that was pre-
conditioned with wash buffer. The hexahistidine tagged DJ-1 was
purified using the Ni?* metal affinity column based on standard
procedures. An elution buffer (50 mM HEPES, 300 mM KClI,
500 mM imidazole) was used to remove DJ-1 from the column.
Eluted fractions were dialyzed for 4 h at room temperature using a
10 kDa molecular-weight snakeskin tubing (Thermo-Scientific
Scientific, Waltham, MA) against a storage buffer (25 mM HEPES,
100 mM KCI) to remove excess imidazole. Samples were then

placed in a — 80°C freezer until needed.

2.2 | Preparation of DJ-1 samples for CD, AUC,
and NMR experiments

Unlabeled DJ-1 samples were dialyzed overnight at 4°C against
either 10 mM sodium phosphate at a pH of 7.2 (CD), 5 mM Tris
and 100 mM KCI buffer at pH 7.5 (AUC), or 25 mM 2-(N-morpho-
lino)ethanesulfonic acid (MES) buffer with 100 mM KCI (NMR).
Either 2 mM tris (2-carboxyethyl) phosphine (TCEP, CD) or DTT (AUC,
NMR) was added to the reduced DJ-1 sample. The oxidized and over-
oxidized samples were prepared by the addition of hydrogen peroxide
(H,0y) at 1:8 and 1:100 molar ratios of protein:H,O,, respectively. Sam-
ples were incubated on ice for 45 min and 4 h, respectively. Both oxi-
dized samples then underwent a buffer exchange to remove excess
H,0, and all samples were concentrated using a stirred cell to a final
concentration of 10-2.5 uM (CD), approximately 1 mg/mL (AUC), or
approximately 1 mM (NMR), which was consistent with previously
published data.’*? The NMR samples were transferred to 5 mm Shigemi
tubes for NMR analysis. The reduced, oxidized, and over-oxidized forms

of DJ-1 were verified by intact mass. Please see the supplemental

information for a detailed description of the sample preparation and intact

mass protocols.

23 | CD experiments

All CD experiments were collected on a Jasco815 spectrometer (Jasco
Inc., Easton, MD) in a 1 mm pathlength quartz cuvette. Spectra were
collected in continuous scanning mode at a rate of 20 nm/min. Each
spectrum was collected in four accumulated scans with 1 nm band-
width and a data integration time of 1 s, in accordance with the previ-
ously collected data.’®! Spectra were collected at 5°C and 37°C for
the reduced, oxidized and over-oxidized forms of DJ-1. All CD spectra
were processed using the Jasco Spectra Manager software and the
Spectra Analysis feature. All spectra were smoothed using the “Adap-
tive Smoothing” function. The secondary structure prediction based
on the CD spectra was completed using the online webserver Capito
(https://capito.uni-jena.de).l>”!

2.4 | Analytical ultracentrifugation experiments

All AUC sedimentation equilibrium experiments were collected at
20°C or 5°C on a Beckman Coulter XL-1 analytical ultracentrifuge
(Beckman-Coulter, Indianapolis, IN), and at four rotor speeds (3,000,
4,000, 8,000 and 12,000 rpm). At each speed, the absorption at
270 nm was measured as a function of radial position. The AUC data-
sets were fit to a single molecular-weight using a global fitting model
without weighting. The results were analyzed with the Beckman
application for Origin v 6.0 (https://www.originlab.com/), Sedfit, and
Sedphat.[®®! Please see the supplemental information for a detailed
description of the AUC protocols.

2.5 | NMR experiments

All NMR experiments were collected on a 700 MHz Bruker
Advance Il spectrometer equipped with a 5 mm QCI-P probe with
cryogenically cooled carbon and proton channels. Two-dimensional
(2D) *H-**N HSQC experiments were collected for the three oxidative
states of DJ-1 at various temperatures using the “hsqcetf3gpsi” pulse
program. The spectra were collected at 37°C, 30°C, 25°C, 20°C, 15°C,
10°C, and 5°C using 16 dummy scans, 4 scans per spectra and a
sweep width of 11,160 Hz and 2,048 data points in the proton dimen-
sion and a 2,839 Hz sweep width with 256 data points in the nitrogen

161 with sine-bell

dimension. Each spectrum was processed in NMRPipe
window function and one zero fill in both dimensions. Peak picking,
chemical shift analysis and linewidth determination were performed
using NMRFAM-Sparky.? Chemical shift perturbations (CSPs) and
linewidth changes were measured relative to the 2D *H-1°N HSQC
spectra at 25°C and the previously reported backbone assignments
(BMRB ID 17507) that were acquired at 25°C.°¢! The weighted

average CSP was calculated according to the equation:
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where &y and &y are the changes in the *°N and *H chemical shifts,
respectively.

2.6 | Molecular dynamics simulations

All MD simulations were run on a computer cluster consisting of 7232
Intel Xeon cores in 452 nodes with 64GB RAM per node within the
Holland Computing Center (HCC). When possible, GPU cores were
used to increase computing power. All MD simulations were con-
ducted using the GROMACS software.!*®! All MD simulations used
the DJ-1 structure corresponding to PDB ID 20R3%¥ and previously
published partial charges!®® for the oxidized and over-oxidized forms
of DJ-1 (Table S1). A series of validation steps were completed to
ensure the CSD (sulfinic acid) and OCS (sulfonic acid) parameteriza-
tions were correct using PDB files (Table S2), which contain either
CSD or OCS residues. Order parameters were calculated from the
atom coordinates from the entire MD simulation using the isotropic
reorientational eigenmode dynamics (iRed) software.[%?! Please see
the supplemental information and a GitHub repository (https://git.unl.
edu/powers-group/2022-biopolymers-supplemental) for a detailed
description of the MD protocols.

3 | RESULTS

3.1 | Intact mass deconvolution substantiate DJ-1
oxidation states

The reduced, oxidized, and over-oxidized forms of DJ-1 eluted at
36.5 min in the LC-MS gradient. The average spectrum between 36.2
and 36.7 min was deconvoluted, which resulted in a major species of
average molecular-weight (AMW) of 21,283 + 1 Da for the reduced
form of DJ-1, 21,316 + 1 for the oxidized form of DJ-1, and 21,396
for the over-oxidized form of DJ-1. The AMW of DJ-1 predicted from
the sequence for the 13C- and *°N-labeled sequence of the protein is
21,293 g/mol. The 10 Da deviation is expected for a low resolution
guadrupole ion separation (~470 ppm). However, since the result was
consistent with several separate injections it is likely that the devia-
tion comes from incomplete isotope enrichment (99.3% enrichment
assuming no mass error). The oxidized DJ-1 sample showed an
increase in mass of 33 Da, which is consistent with the expectation of
2 O atoms incorporated into C106. In contrast, the over-oxidized
DJ-1 sample showed a mass increase of 113 Da, consistent with the
addition of 7 O atoms to DJ-1. The most likely explanation is that C47
and C54 underwent dioxidation events while C106 incorporated 3 O
atoms. Furthermore, the second treatment of the oxidized DJ-1 sam-
ple with a 10-fold excess of H,O, for ~24 h at 4°C produced a spe-
cies which deconvoluted to an AMW of 21,330, consistent with the

incorporation of 3 O atoms (data not shown). The deconvolution
results for the reduced, oxidized, and over-oxidized samples are
shown in Figure S1. While these results do not exclude oxidation at
other amino acid positions within DJ-1, the most likely explanation is

that C106 is the single locus of oxidation under these conditions.

3.2 | CD spectraindicate no secondary structural
changes in DJ-1 oxidative states at low temperature

CD is routinely used to measure the percentage of each secondary
structure element present in a protein structure.®%! In this regard,
structural changes that occur as a result of changes in temperature or
oxidative state can be easily quantified.®®) Based on the high-
resolution (1.1 A) X-ray structure of wild-type (WT) human DJ-1 (PDB
ID 1P5F),'?%! approximately 42% of the residues in DJ-1 are part of an
a-helix, 21% comprise p-strands, and 37% of the residues are in ran-
dom coils. The analysis of the CD spectra of DJ-1 indicates that the
reduced and oxidized forms of the protein were structurally stable at
both 5°C and 37°C (Figure 2) and generally consistent with the X-ray
structure (Table 1). A close examination of the CD spectra indicated
some subtle differences between the reduced and oxidized forms of
DJ-1. Specifically, there appears to be a more pronounced dip for the
oxidized forms at ~210 nm and a more pronounced dip at ~225 nm
for the reduced form. However, these differences had minimal impact
on the predicted secondary structure composition of the reduced
form compared to the oxidized and over-oxidized forms. Importantly,
there were no discernable differences in the CDs when the spectra at
5°C and 37°C were directly overlayed for either the reduced, oxidized,

or over-oxidized forms of DJ-1.

3.3 | AUC sedimentation equilibrium experiments
indicate low temperature and oxidation induce DJ-1
oligomerization

AUC sedimentation equilibrium experiments are a vital tool for the
quantitative analysis of the oligomeric states of biomolecules.*® The
AUC data at 20°C suggest that the oxidative states of DJ-1 sedimen-
ted with drastically different molecular-weights compared to the
reduced form (Figure 3). The reduced form of DJ-1 exhibited a
molecular-weight of approximately 20 kilodaltons (kDa). Conversely,
the oxidized form of DJ-1 had a molecular-weight of approximately
63 kDa. The over-oxidized form of DJ-1 displayed an even higher
molecular-weight of 104 kDa. The relative masses of the reduced, oxi-
dized, and over-oxidized forms of DJ-1 at 20°C was 1:3:5.
Surprisingly, the AUC sedimentation equilibrium data at 5°C
showed a relatively consistent molecular-weight between the three
oxidative states of DJ-1. The reduced form of DJ-1 sedimented with a
molecular-weight of 112 kDa. Similarly, the oxidized and over-
oxidized forms of DJ-1 exhibited apparent molecular-weights of
138 kDa and 104 kDa, respectively. The over-oxidized form of DJ-1
exhibited the same molecular-weight at both 20°C and 5°C; whereas,
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FIGURE 2 CD spectra of the (a) reduced, (b) oxidized, and (c) over-oxidized forms of DJ-1 at 5°C (black) and 37°C (red).

TABLE 1 Summary of CD and AUC analysis.
Reduced wWT
DJ-1 SO, DJ-1 SO; DJ-1 DJ-1?
37°C or 20°C°
% a-helix 35.2 41.8 39.4 42
% p-strand 10.0 13.1 11.5 21
% Random coil 54.8 452 48.9 37
Apparent MW (kDa) 20+ 2 63+6 104 + 22 20
5°C
% a-helix 35.2 44.6 39.4 42
% B-strand 10.0 13.3 11.5 21
% Random coil 54.8 421 48.9 37
Apparent MW (kDa) 112+ 10 138+ 17 104 + 13 20

values calculated for the X-ray structure of WT human DJ-1 (PDB ID
1P5F),1?* the listed molecular-weight is for the DJ-1 monomer.
PCD spectra were measured at 37°C and AUC was measured at 20°C.

the molecular-weight of the oxidized form doubled, and the reduced
form increased by a factor of five. Important, fitting the AUC data

with Origin, Sedfit or Sedphat yielded the same results.l*”!

34 | 2D H-'>N HSQC spectra of DJ-1 oxidative
states suggests low-temperature-induced reversible
aggregation and cold denaturation

2D H-N HSQC spectra were acquired at temperatures ranging
from 5°C to 37°C in 5-degree increments to further characterize the
structural and dynamic differences between the DJ-1 oxidative states.
A comparison of the temperature-dependent 2D *H-°N HSQC spec-
tra for the reduced form of DJ-1 indicates intense line broadening
occurred as the temperature was lowered (Figure 4a-c and S2). At
37°C, 134 of the 180 residues were visible and assignable. However,
many peaks broadened out into the baseline and were no longer
detectable as the temperature decreased. At 5°C, only 21 peaks could

be reliably assigned. Importantly, the observable peaks did not

collapse to the approximate center of the spectrum (~ 8.0 ppm),
which is indicative of an unfolded or denatured protein.[4°] In contrast,
the 2D *H-°N HSQC spectra for the oxidized form of DJ-1 showed a
band of peaks around 8 ppm at 37°C, which intensified as the temper-
ature was lowered to 5°C (Figure 4d-f and S3). Like the 2D *H-1°N
HSQC spectrum for the reduced form, 134 peaks could be reliably
assigned at 37°C for the oxidized form of DJ-1. However, the dra-
matic loss of peaks seen with the reduced form of DJ-1 as the tem-
perature was lowered was not as prominent for the oxidized form of
DJ-1. At 5°C, 62 of 180 residues could still be reliably assigned. The
prevalence of the two spectral states for the oxidized form of DJ-1,
band of peaks around 8 ppm and the assignable peaks, increased with
lower temperatures.

A comparison of the temperature-dependent 2D *H-°N HSQC
spectra (Figure 4g-i and S4) for the over-oxidized form of DJ-1 sug-
gested a significant collapse in chemical shift dispersion that was
expected for a properly folded protein. While there was still a lack of
chemical shift dispersion at 37°C, the amount of presumably dena-
tured DJ-1 was not as dramatic at physiological temperature as it was
at lower temperatures. A decrease in temperature caused a further
decrease in chemical shift dispersion, an increase in peak broadening,
and a loss in the number of detectable and assignable peaks for the
over-oxidized form of DJ-1. In fact, the over-oxidized form of DJ-1
behaved quite differently from the reduced and oxidized forms as the
temperature was lowered. At 37°C, 120 of the 180 peaks could
be reliably assigned in the 2D 'H-'*N HSQC spectrum for the
over-oxidized form of DJ-1. This is lower than either the reduced or
oxidized forms and can be partly attributed to severe peak overlap
and the additional peaks centered around 8 ppm. At 5°C, only
25 peaks were assigned in the 2D H-!>N HSQC spectrum for
the over-oxidized form of DJ-1, which followed a similar trend as
the reduced form of DJ-1. Peak assignments were challenging and
potentially unreliable for the over-oxidized form due to severe peak
broadening and overlap, especially around 8 ppm.

Importantly, the temperature-dependent effects on the 2D
1H-1N HSQC spectra for the over-oxidized form of DJ-1, though
dramatic, were completely reversible. A 2D *H-*°N HSQC spectrum

collected at room temperature right after obtaining the 5°C spectrum
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was completely consistent with the chemical shifts and assignments phenomenon was also seen with the oxidized form of DJ-1. The
for the room temperature spectrum of the reduced form of DJ-1. The unique features of the 5°C spectrum of the oxidized form of DJ-1
reversibility of this low-temperature-dependent aggregation-denaturation (e.g., the loss of chemical shift dispersion and the additional peaks
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centered around 8 ppm) completely disappeared when the sample
was heated back up to room temperature. A similar reversibility was

observed for the reduced form of DJ-1.

3.5 | Temperature-dependent chemical shift and
linewidth perturbations of the oxidative states of DJ-1

The CSPs of the reduced, oxidized and over-oxidized forms of DJ-1
were calculated relative to the previously reported backbone assign-
ments (BMRB ID 17507) that were acquired at 25°C (Figure 5a and
Table 53).°°! The annotated 2D *H-'3C HSQC for the reduced, oxi-
dized, and over-oxidized forms of DJ-1 used to measure CSPs and

linewidth changes are shown in Figures S2-S4. To clarify, CSPs were

oxidative state. As expected, the CSPs increased linearly from 25°C at
both higher and lower temperatures. For example, the reduced form
of DJ-1 had average CSPs of 0.09 + 0.04 and 0.04 + 0.02 at 5°C and
37°C, respectively. These differences were statistically significant with
a p-value <0.0001. In fact, a comparison of the average CSPs for the
reduced form of DJ-1 at each temperature relative to the CSPs at 5°C
were all statistically significant except for the average CSPs at 10°C
(p-value 0.28). Notably, the average CSP at 37°C was only statistically
different when compared to the CSPs at 5°C. Specifically, the average
CSP at 5°C was almost double the average CSP at 37°C, suggesting a
more dramatic structural change was occurring at lower temperatures.
Surprisingly, the CSPs for the reduced form of DJ-1 exhibited a higher
variability and a larger increase at lower temperatures relative to the

oxidized and over-oxidized forms. This trend was reversed at higher

only reported for the assignable resonances at each temperature and temperatures.
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(a) Temperature-dependent CSPs for the DJ-1 oxidative states are plotted as box plots. The CSPs were calculated from the 2D

1H-15N HSQC spectra in Figure 4 and relative to the chemical shift assignments at 25°C (BMRB ID 17507).5¢ The CSPs are colored black for the
reduced, blue for the oxidized form, and red for the over-oxidized form of DJ-1. (b) Temperature-dependent linewidths for the DJ-1 oxidative
states are plotted as box plots. The peak linewidths were calculated from the 2D *H-1°N HSQC spectra in Figure 4 and relative to the linewidths
at 25°C. The linewidths are colored black for the reduced, blue for the oxidized form, and red for the over-oxidized form of DJ-1.
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Inspection of the per-residue CSP values for the reduced form of
DJ-1 at 37°C and 30°C identified one significant outlier correspond-
ing to residue 152. The CSPs were 0.14 and 0.13 (p-value <0.05) at
37°C and 30°C, respectively. 152 is located at the DJ-1 dimer inter-
face. At 20°C, T19 became a significant outlier, while E15 was a
significant outlier at both 15°C and 10°C. These residues are also
located at the dimer interface.

As the sample temperature was reduced, the oxidized form of
DJ-1 behaved in a different manner relative to the reduced form.
Again, the CSPs for the oxidized form of DJ-1 were statistically lower
(p-values < 0.001) at all temperatures when compared to the reduced
form (Figure 5a). It is also important to note that there were almost
triple the number of assignable peaks in the oxidized form of DJ-1 rel-
ative to the reduced form at 5°C. Like the reduced form, there were
several significant outliers in the per-residue CSPs. Specifically,
residues 19, D189, A165, and L92 were outliers from 10°C to 37°C.
But unlike the reduced form, only A165 was potentially involved in
the dimer interface. The other residues were randomly located
throughout the DJ-1 structure.

A further detailed analysis of the CSPs made it readily apparent
that the over-oxidized structure responded differently to low temper-
atures relative to both the reduced and oxidized forms (Figure 5a). At
5°C, the over-oxidized form of DJ-1 had a lower average CSP of 0.04
+ 0.03 relative to both the reduced and oxidized forms of DJ-1. Like
the reduced form of DJ-1, there were significantly less peaks in the
2D 'H-°N HSQC spectrum at 5°C that were reliably assigned. Only
21 peaks were assigned at 5°C compared to 120 assignments at
37°C. There were other notable differences in the 2D *H-°N HSQC
spectra for the over-oxidized form compared to the reduced and oxi-
dized forms. For example, the average CSPs were statistically distinct
between 37°C and 5°C for the reduced and oxidized forms. Con-
versely, the average CSPs for the over-oxidized form were statistically
equivalent at 37°C (0.04 + 0.03) and 5°C (0.04 + 0.03). However, the
CSPs at both 37°C and 5°C were statistically different from the CSPs
at 20°C (p-value < 0.001).

The temperature-dependent changes in the 2D 'H-*>N HSQC
linewidths were also measured for the reduced, oxidized, and over-
oxidized forms of DJ-1 (Table S3). As with the CSPs, the three DJ-1
oxidation states exhibited distinct temperature-dependent changes in
the 2D *H-">N HSQC linewidths. For the reduced form of DJ-1, the
average normalized linewidths were less than 20 Hz at all tempera-
tures (12.8 + 8.6 at 5°C and 7.8 + 8.7 Hz at 37°C), which was signifi-
cantly below the oxidized and over-oxidized forms (Figure 5b). The
linewidth differences were statistically insignificant between 5°C and
30°C. The only observable difference was between 5°C and 37°C.
Again, the number of well-defined and assignable peaks in the 2D
1H-13N HSQC spectrum at 5°C was significantly less than at 37°C,
which may underestimate the overall change in peak linewidths. For
example, a few peaks at 20°C experienced severe line broadening, but
these peaks were unassignable at 5°C and, thus, did not contribute to
the overall change in the average linewidth.

In contrast, the average linewidth for the oxidized form of DJ-1

exhibited several unique temperature-dependent differences (Figure 5b).

First, the linewidths were much larger for the oxidized form, with values
more than double that of the reduced form. For example, the average
linewidth at 37°C in the oxidized form of DJ-1 was 20.2 + 34.8 Hz com-
pared to 7.8 + 8.7 Hz for the reduced form. Unlike the reduced form of
DJ-1, the average linewidth for the oxidized form of DJ-1 increased
approximately linearly as the temperature decreased. Linewidths more
than doubled to 43.0 +47.0 Hz at 5°C. The variability in linewidths
exhibited a similar temperature-dependent trend. Again, unlike the
reduced form, the oxidized form of DJ-1 exhibited similar increases in
both the average linewidth and linewidth variability as the temperature
was increased from 25°C to 37°C.

Like the oxidized form of DJ-1, the over-oxidized form had larger
linewidths compared to the reduced form (Figure 5b). However, unlike
the oxidized form that exhibited a linear increase in linewidths at
every temperature, the over-oxidized form of DJ-1 had consistently
large linewidths at all temperatures. In fact, the over-oxidized form
had equal or larger linewidths than the oxidized form at higher tem-
peratures (15°C to 37°C), but the oxidized form surpassed the oxi-
dized form by 5°C. Interestingly, the over-oxidized form exhibited
smaller standard deviations in linewidths compared to the oxidized

form, especially at lower temperatures.

3.6 | MD simulations highlights the unusually low-
temperature behavior of DJ-1

MD simulations were performed to gain insight into the dynamics of
the reduced form of DJ-1 compared to the oxidized and over-oxidized
forms, The recently determined parameters of SO, and SO;~ were
used for the MD simulation of the oxidized and over-oxidized
forms.1®®! To the best of our knowledge, this is the first MD simulation
that investigates these posttranslational modifications and their effect
on protein dynamics. We performed standard MD simulations for the
reduced, oxidized, and over-oxidized forms of DJ-1 at 5°C, 25°C and
37°C. Each simulation was run for 1 ps, which is consistent with prior
literature values for comparing experimental and predicted order
parameters (52).168]

For reduced DJ-1, we observed a structural relaxation and the
conformations sampled stayed within 2 A RMSD from the starting
structure throughout the simulation for all temperatures (Figure S5A).
A similar behavior was observed for the oxidized form with a slight
~2.5 A RMSD increase (Figure S5B). There was a modest increase in
RMSD from the starting structure for the over-oxidized form of DJ-1
(Figure S5C) with an upward trend suggesting that with a longer simu-
lation a structural transition may have been observed. Next, the iRed
package was utilized to predict $? for each DJ-1 oxidative state to
compare to our previously reported experimentally determined S?
values.®?5%! |n general, the simulated $? behaved as expected. A
higher overall protein dynamic, smaller $2 value, was observed as the
oxidation state increased. In all three cases, the overall protein
dynamic decreased as the temperature was lowered. Disappointingly,
no agreement was observed between the experimental and simulated
$2 values (Figure 6) for the reduced (R? = 0.08), oxidized (R? = 0.01),
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FIGURE 6 Scatter plots comparing the MD simulated order parameters (52) to the NMR derived S? values for the (a) reduced, (b) oxidized and
(c) over-oxidized forms of the DJ-1 homodimer at 37°C. The best-fit lines are shown where the R? values are 0.08, 0.01, and 0.01 for the

reduced, oxidized, and over-oxidized forms, respectively.

and over-oxidized (R?> = 0.01) forms. This contrasts with previous
comparisons between experimental and simulated S? values deter-

mined for other proteins using iRED that yielded good correlations.[6®!

4 | DISCUSSION

While the cellular functions of DJ-1 have not been clearly defined, it
is postulated to have roles related to the control of ROS and in
response to oxidative stress.[243031.38-451 Of course, oxidative stress
has been identified as an important contributing factor to PD where
ROS leads to the death of the dopaminergic neurons in the substantia
nigra.l’”! Thus, a loss in DJ-1 functional activity is believed to be a
contributing factor to PD progression.[3°] Numerous deletions and
point mutations in DJ-1 have been identified in patients with PD
(e.g., L166P, E163K, P158A, D149A, A104T, E64D, M26I, L10P, etc.)
that led to a loss-of-function.[2>>°¢70-741 5ome mutations disrupted
DJ-1 dimerization (i.e., LIOP and P158A) and denatured the protein
(i.e., L166P), while other mutations had more subtle structural
effects.[56,70772,74]
(C106-S0,7) of DJ-1 is structurally similar to the WT protein (Fig-

ure 1).#¢55-57] Notably, the oxidized form of DJ-1 exhibits enhanced
751
a,

For example, the sulfinate or oxidized form

neuroprotective function and localization to the mitochondri
while the over-oxidized form of DJ-1 is thought to be inactive and

(46481 3nd decreases DJ-1 structural sta-

contribute to DJ-1 pathology,
biIity.[65'73] Thus, some mutations or modifications to DJ-1 lead to a
clear loss of structure and function, while others preserve a properly
folded but biologically inactive protein. This is particularly intriguing
when comparing the oxidized and over-oxidized forms of DJ-1. We
have previously shown that the over-oxidation of DJ-1 greatly
increased the dynamic instability at 37°C that likely leads to protein
aggregation and precipitation.[52'53] This dynamic instability may
explain the loss of function despite a structure similar to WT
DJ-1.14655-57) We investigated the impact of temperature on DJ-1 to
further explore the role dynamics and protein aggregation has on
DJ-1 cellular activity. NMR spectroscopy, CD, AUC, and MD simula-
tions were used to characterize changes in the reduced, oxidized and
over-oxidized forms of DJ-1 as a function of temperature, which is

summarized in Figure 7.

The AUC experiments suggested temperature and oxidation levels
induced distinct oligomeric or aggregation states for DJ-1 (Figure 3 and
Table 1). Specifically, the number of macromolecular interactions
increased as C106 was oxidized and as the temperature decreased. At
20°C and in the presence of DTT, the reduced form of DJ-1 had an
apparent molecular-weight of 20 kDa, which is consistent with a mono-
mer. DTT was added to the AUC sample to ensure a reduced form of
DJ-1, and the observed monomer form of DJ-1 is simply an artifact of
this sample condition. It is well established that the WT and reduced
form of DJ-1 is a dimer.[2255657¢]

Conversely, the oxidized and over-oxidized forms of DJ-1 exhib-
ited apparent molecular-weights of 63 and 104 kDa, oligomers consist-
ing of 3 and 5 monomers, respectively. Unexpectedly, all three DJ-1
oxidative states increased, within error, to nearly the same apparent
mass (~104 to 138 kDA) or oligomeric state (5 to 7 monomeric units)
as the temperature was lowered to 5°C. This suggests that the three
oxidative states of DJ-1 behaved relatively similar at low temperatures
and formed large molecular-weight complexes. Interestingly, these 5°C
oligomers were like the over-oxidized form at 20°C.

The differences in the molecular-weights of the three oxidative
states at 20°C further supports the premise that the over-oxidized
form is less stable and more prone to aggregation-like interactions.
The AUC results also suggest the reduced and oxidized forms of DJ-1
behave differently below physiological temperature and form aggre-
gates. Importantly, since the CD data (Figure 2) indicated the second-
ary structure was maintained for the three different oxidative states
at 5°C, the oligomeric forms indicated by the AUC data are likely not
comprised of completely denatured aggregates.

Similarly, the qualitative analysis of the 2D *H-*°N HSQC spectra
for the reduced, oxidized, and over-oxidized forms of DJ-1 showed
three distinctly different behaviors as the temperature was decreased
(Figure 7). As seen in Figures 4 and 5, S2-54 and Table S3 there were
significant differences in the number of assignable peaks, the disper-
sion of chemical shifts, and the changes in CSPs and linewidths
between the three oxidative states as a function of temperature. The
temperature-dependent transitions in the 2D 'H-13C HSQC spectra
paralleled the relative order of structural stability of the reduced
(high), oxidized (moderate), and over-oxidized (low) forms of DJ-1,

respectively.
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FIGURE 7 Schematic diagram of the structural changes in DJ-1 resulting from low temperature and oxidation state. The protein precipitation
block was added to the end of the DJ-1 oxidized row to highlight that the oxidized form is less stable than the reduced form. ppt: protein

precipitation.

The 2D *H-3C HSQC spectra for the reduced form of DJ-1 were
consistent with a properly folded protein with minimal CSPs and line-
width changes from 20°C to 37°C. The spectra essentially collapsed
at 5°C and 10°C and there were few observable peaks still consistent
with the properly folded DJ-1 dimer at 25°C. The remaining number
of peaks was significantly less than both oxidized states with signifi-
cantly larger CSPs and a higher variance in peak intensities (Table S3).
These residues were located at the dimer interface. Overall, the 2D
1H-13C HSQC spectra suggested a dramatic structural change was
occurring at the dimer interface at low temperature (10°C to 5°C) that
was more pronounced for the reduced form relative to the oxidized
states. Essentially, the reduced form of DJ-1 was more stable than the
oxidized states and simply required a lower temperature to undergo a
cold-induced aggregation. There was no visible evidence of protein
denaturation or precipitation.

A similar temperature-dependent trend was observed in the 2D
1H-13¢ HSQC spectra for the oxidized form of DJ-1. This was consis-
tent with previous studies that indicated the reduced and oxidized
forms of DJ-1 behave very similarly at physiological temperature,
while the over-oxidized form was less stable at 37°C.1*%] Nevertheless,
there were still notable differences between the reduced and oxidized
spectra at 5°C and 10°C. A larger number of peaks were observed in
the spectra for the oxidized form of DJ-1 and most of these detect-
able peaks were consistent with a denatured protein. Importantly, this
band of peaks was also present in the spectra for the oxidized form at
higher temperatures. Furthermore, the oxidized form exhibited a
larger relative increase in linewidths relative to both the reduced and
over-oxidized forms. Also, the residues in the oxidized form with the
largest low-temperature CSPs were randomly distributed throughout
the DJ-1 structure and not located in the dimer interface like the
reduced form. Thus, instead of the structural changes being restricted
to the dimer interface, it appears a global structural change was occur-
ring to the oxidized form of DJ-1 as the temperature was lowered.
The cluster of peaks at 8 ppm and the ability to assign a larger major-
ity of the remaining peaks suggests the presence of two distinct
states: (1) a partially folded state and (2) a partially denatured state for
the oxidized form of DJ-1. Overall, the 2D *H-13C HSQC spectra for
the oxidized form suggests the primary structural change was a cold-
induced aggregation. There was no evidence of protein precipitation.

The temperature-dependent changes in the 2D 'H-'3C HSQC
spectra for the over-oxidized form of DJ-1 were more pronounced

and occurred quickly as the temperature was decreased. The NMR
spectra at 30°C and 37°C only partially resembled the 2D H-13C
HSQC spectra for a properly folded WT DJ-1 dimer. The band of
peaks around 8 ppm that are consistent with a denatured protein was
more intense compared to the oxidized form. Again, the over-oxidized
form exhibited the smallest temperature-dependent CSPs while hav-
ing consistently broad linewidths. Reducing the temperature to only
25°C resulted in a dramatic collapse in the 2D *H-13C HSQC spectra.
The nearly complete loss of chemical shift dispersion and the pres-
ence of broad peaks is consistent with a denatured protein. In fact, it
was difficult to discern individual peaks in the over-oxidized spectra.
Again, the presence of some assignable peaks suggested that there
were multiple conformations of DJ-1 at each temperature: (1) a par-
tially folded and structurally stable conformation with assignable
NMR peaks and (2) a structurally unstable potentially aggregated con-
formation with unassigned peaks. Again, these states occurred sooner
than both the reduced and oxidized forms of DJ-1. While the results
for the over-oxidized form of DJ-1 were expected, the stark differ-
ences seen in the NMR spectra for the reduced and oxidized form at
5°C were surprising. The partial or complete collapse of chemical shift
dispersion and the dramatic lose in detectable peaks as the tempera-
ture was lowered suggested both a cold-induced denaturation and
protein aggregation had occurred.

The low stability of the over-oxidized form of DJ-1 was further
evident by the fact that this oligomerization began at only 25°C.
Again, consistent with the AUC data, which showed a high oligomer
state at 20°C with no change as the temperature was reduced to 5°C.
In essence, the over-oxidized form of DJ-1 was quickly destabilized
with small increases or decreases in temperature that produced an
aggregated and inactive protein. Conversely, both the NMR spectra
down to 15°C and the AUC data at 20°C for the reduced form of
DJ-1 suggested a properly folded protein that was not aggregated.
The behavior of the oxidized form of DJ-1 appeared to fall between
the reduced and over-oxidized forms. Both the oxidized and over-
oxidized forms showed a mixture of both properly folded and dena-
tured protein that increased as the temperature was decreased. The
amount of denatured protein was more pronounced in the over-
oxidized form and absent in the reduced form of DJ-1.

The CD data (Figure 2) may appear to contradict the NMR data
since it predicts a secondary structure composition comparable to the

WT DJ-1 X-ray structure that does not change with a decrease in
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temperature or oxidation state. This could suggest the protein dena-
turation and/or aggregation process was concentration dependent
since the CD was obtained at a significantly lower concentration than
the NMR spectra. Alternatively, since the NMR and AUC data
suggested a complex mixture of states, residual secondary structures,
particularly a-helices, may still be present in a partially denatured or
molten globule-type structure. The CD does not differentiate
between secondary structures that are present in a properly folded,
aggregated, or partially denatured protein. Thus, the CD data suggests
the total amount of secondary structure was only minimally affected
by the oxidation state or by a lower temperature.

The MD simulations indicated that the reduced, oxidized, and
over-oxidized forms of DJ-1 may be exhibiting dynamic differences as
the temperature was varied (Figure Sé). Specifically, as C106 was oxi-
dized, the relative internal motions of DJ-1 increased. At low tempera-
tures, the simulated S? values were significantly higher than observed
at physiological temperature regardless of the oxidation state. This is
consistent with a general expectation that protein dynamics decreases
linearly with temperature,’”78 but was completely inconsistent with
the dramatic cold-induced aggregation and denaturation observed by
NMR and AUC. A direct comparison of the order parameters calculated
at 37°C showed no correlation between the experimental and simu-
lated $? values for the three oxidative states of DJ-1 (Figure 6). The
inability of the MD simulation to replicate the order parameters for the
DJ-1 oxidative states at 37°C and the cold-induced changes to the pro-
tein suggests there are some large conformational changes (ms or lon-
ger time frame) that would require a significantly longer MD simulation
time to properly reproduce these DJ-1 structural changes. Simply, DJ-1
is quite unusual and does not behave as an “ordinary” protein as pre-
dicted by the relatively short MD simulations.

Overall, all three oxidative states of DJ-1 appeared to form aggre-
gates or oligomers as the temperature was decreased to 5°C (Figure 7).
It is also important to note that these dramatic changes were surpris-
ingly completely reversible. To be clear, there was no observable cold-
induced precipitation of either of the three DJ-1 oxidation states. This
reversible cold denaturation and aggregation phenomenon has not
been previously characterized in DJ-1, and to the best of our knowl-
edge in other proteins. Consistent with our temperature-dependent
aggregation findings was the observation by Kobayashi et al. that the
oxidized form of DJ-1 polymerized (MW 60 to 250 kDa) based on
disulfide bonds and other noncovalent and covalent interactions.
Importantly, these DJ-1 polymers were recovered from E. coli cells
over-expressing DJ-1 after treatment with H,O,; the polymers could
be reversed by a reducing agent. Similarly, high molecular-weight or
polymer forms of DJ-1 (> 2000 kDa) have been detected in brain tis-

[79-82] and oxidized

82,83]

sues and erythrocytes from human PD patients,
DJ-1 has been shown to form soluble p-sheet aggregates.

Multiple studies of WT DJ-1 have indicated the protein elutes as
a dimer from a size exclusion column at 4°C, which differs from our
AUC and NMR aggregation observation at 5°C.2>%4 |t is well estab-
lished that the natural state of DJ-1 is a homodimer,[2255¢57¢] there-
fore; the contradictory observation of a low-temperature oligomer-

dimer state for DJ-1 suggests the oligomeric state derives from weak

interactions where the equilibrium is easily shifted to the preferred
dimer conformation. This proposition is supported by several observa-
tions that include the reversibility of the low-temperature DJ-1 aggre-
gates-oligomers, the mixed structural state of these aggregates that
contain remenants of the WT DJ-1 dimer, and the general knowledge
that experimental conditions (concentration, buffer, ionic strength,
pH, etc.) affect oligomer equilibria. Of course, size exclusion chroma-
tography (SEC) can produce unreliable molecular-weight calculations
if the protein complex interacts with the column matrix, if the complex
is non-spherical (like the soluble B-sheet aggregates),[82’83] or the com-
plex exchange rate is fast and the binding affinity is low (as suggested
by reversible aggregates). In all of these cases, SEC would be untrust-
worthy and yield a lower molecular-weight than the true value for the
oligomer.18!

Protein aggregation and denaturation is typically irreversible.
Thus, the ramifications of reversible DJ-1 aggregate to its role in PD is
potentially high. Taken together, these DJ-1 structural findings pro-

[52-541 3nd to other studies

vide further support to our previous studies
that suggests a dynamic instability of DJ-1 occurs due to oxidation or
mutation, which leads to a loss of function from denaturation and/or
aggregation.®® Our results also shed new insights on the structure
and stability differences between the reduced and oxidized forms of
DJ-1. The relative decrease in the structural stability of the oxidized
form of DJ-1 may be relevant to its cytoprotection role against oxida-

tive stress.

5 | CONCLUSION

The loss of function of the human protein DJ-1 has been associated
with PD progression. PD is caused by the death of dopaminergic neu-
rons in the substania nigra, which results from a complex combination
of oxidative stress, protein aggregation, and the formation of Lewy
bodies. While several cellular functions have been attributed to DJ-1,
its cytoprotection against oxidative stress and its control of ROS
appear important to PD. C106 is a highly conserved residue and is a
key regulator of the cytoprotective role of DJ-1 where the over-oxi-
dation of C106 leads to dynamic instability, protein aggregation, and a
loss of function for DJ-1. Herein, we employed NMR spectroscopy,
AUC sedimentation equilibrium experiments, CD, and MD simulation
to monitor the change in DJ-1 structural stability as a function of oxi-
dation state and temperature (Figure 7). While the low-temperature
studies do not have a direct physiological connection, it does offer
invaluable insights into the unique structural and dynamic behavior of
DJ-1 that is relevant to PD progression. Low-temperature experi-
ments also provided a valuable tool to further dissect the different
behaviors of the DJ-1 oxidative states. For all three oxidative states,
lowering the temperature resulted in a cold-induced aggregation,
which has not been previously observed for DJ-1. Surprisingly, the
cold-induced structural changes were completely reversible. There
was no detectable protein precipitation. Both the oxidized and over-
oxidized states included the presence of denatured protein that was

observable at 37°C and increased as the temperature was lowered.
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There was no evidence of denatured protein for the reduced form of
DJ-1. The over-oxidized state of DJ-1 exhibited the lowest overall
stability that resulted in protein aggregation and denaturation at both
higher and lower temperatures. The temperature-dependent behavior
of the oxidized form fell between the reduced and over-oxidized form.
Overall, the dramatic changes in the strucutral stability of DJ-1 as a
function of oxidative state is relent to its role in PD and its functional

response to oxidative stress.
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