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ABSTRACT 

DJ-1 (PARK7) is a multifunctional protein 

linked to the onset and progression of a number of 

diseases, most of which are associated with high 

oxidative stress. The oxidation state of Cys106 of 

DJ-1 is believed to determine the specific functions 

of the protein in normal and disease conditions. 

Here we report molecular dynamics simulation and 

biophysical experimental studies on DJ-1 in 

reduced (Cys106, -S
-
), oxidized (Cys106, -SO2

-
), 

and over-oxidized (Cys106, -SO3
-
) states. To 

simulate the different oxidation states of Cys106 in 

DJ-1, AMBER related force field parameters were 

developed and reported for 3-sulfinoalanine and 

cysteine sulfonic acid.  Our studies found that the 

overall structure of DJ-1 in different oxidation 

states was similar globally, while it differed locally 

significantly, which have implications on its 

stability, function and its link to disease on-set. 

Importantly, the results suggest that over-oxidation 

may trigger loss of functions due to local structural 

modification in the Cys106 containing pocket of 

DJ-1 and structurally destabilize the dimeric state 

of DJ-1, which is believed to be its bioactive 

conformation.  Such loss of functions would result 

in reduced ability of DJ-1 to protect from oxidative 

stress insults and may lead to increased 

progression of disease. 

 

INTRODUCTION 

DJ-1 is a multifunctional protein directly 

linked to the onset and progression of a number of 

diseases [1], such as neurodegenerative diseases 

[2,3], stroke [4], type II diabetes [5] and cancer 

[6,7]. Mutations in the DJ-1 encoding gene 

(PARK7) can cause familial autosomal recessive 

early-onset Parkinson’s disease (PD) [8]. DJ-1 is 

ubiquitously expressed including neurons and glial 

cells [9]. DJ-1 has been shown to have a wide 

range of physiological functions [1] including: 

redox sensor in oxidative stress, reactive oxygen 

species (ROS) quencher [10], molecular chaperone 

*Manuscript
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[11,12], protease [13], glyoxalase [14] and 

transcriptional regulator [1]. 

The DJ-1 monomer consists of 189 residues, 

which structurally fold into seven beta-strands and 

eight helices homologous to members of the 

ThiJ/PfpI family. Under physiological conditions 

it has been shown to form homodimers (Fig. 1A) 

but higher-order assemblies have been also 

identified in vitro [15] and in vivo [11,16]. DJ-1 

contains a crucial cysteine residue (Cys106) that is 

buried deep in the putative binding site with a 

strained dihedral conformation. It has a depressed 

pKa of 5.4 [17] that makes this residue unusually 

reactive and thus sensitive to oxidation due to 

oxidative stress [18]. The side chain of Cys106 

can be oxidized from thiolate (-S
-
), to sulfinate (-

SO2
-
), or sulfonate (-SO3

-
) [19,20], referred to as 

the reduced, oxidized and over-oxidized forms of 

DJ-1, respectively in this article (Fig. 1B). The 

mono-oxidized, sulfenate (SO
-
) state of DJ-1 is 

assumed to be transient, while the reduced and 

oxidized states are stable and can have a variety of 

distinct physiological functions [1].  

The oxidation state of Cys106 determines 

the specific functions of DJ-1 [1]. Particularly, the 

oxidation of Cys106 to the sulfinate state has been 

shown to be required for its neuroprotective 

function   [21], while the sulfonate state of Cys106 

has been linked to loss of function [1,2,22,23]. The 

oxidative damage of DJ-1 due to over-oxidation 

was linked to PD [24] and observed in postmortem 

brain samples in PD and Alzheimer’s disease 

(AD) patients [25] suggesting that the impaired 

functions of the over-oxidized DJ-1 may play an 

important role in the onset and progression of PD 

[26]. 

Several structural studies, primarily 

experimental, have been published on DJ-1. At the 

time of writing this manuscript, a query for “DJ-1” 

in PDB (Protein Data Bank, http://rcsb.org) 

retrieves 41 records. Due to the extreme sensitivity 

of Cys106 to oxidation, most available X-ray 

structures capture DJ-1 in its oxidized state. There 

are difficulties in keeping recombinant DJ-1 in the 

reduced form due to increased oxidative risks, as a 

result of alkaline pH and heavy metal ions 

presence during purification stages [17]. In 

addition, the crystallographic procedure further 

promotes oxidation of Cys106 [21]. Consequently, 

some reported reduced DJ-1 structures may 

actually be in an oxidized state [27]. In summary, 

experimental structural information on reduced 

apo DJ-1 is limited whereas there is no available 

crystal structure of over-oxidized DJ-1.  

To improve our understanding of structural 

and biophysical characteristics of the different 

oxidation states of DJ-1 molecular dynamics (MD) 

simulation can be applied, especially as 

experimental information is limited on the reduced 

and over-oxidized states. Although short MD 

simulations were reported on DJ-1, these mainly 

focused on mutations destabilizing the dimer 

interface [28,29]. 

The main aims of this study are to analyze 

and identify structural features of the reduced, 

oxidized and over-oxidized forms of DJ-1 and 

elucidate their role in its physiological and 

protective functions in disease. Moreover, our 

results may aid the identification and development 

of state-specific small-molecule ligands to DJ-1, 

which could have different therapeutic and 

diagnostic potential. Here we report both MD and 

experimental investigation on the different Cys106 

oxidation states of DJ-1, which can provide 

insights into the function and loss-of-function of 

DJ-1 and their implications to the onset and 

progression of PD and other diseases. 

 

MATERIALS AND METHODS 

DJ-1 X-ray Structure Analysis. DJ-1 X-ray 

structures were prepared by first separating 

individual DJ-1 monomers from dimers and 

oligomers. From the resulting 61 monomers, 

residues before Ser3 and after Leu187 were 

eliminated and the residues were renumbered to 

obtain a consistent set of structures. Alignment 

was performed using the McLachlan algorithm 

[30] as implemented in the program ProFit 

http://rcsb.org/
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[Martin, A.C.R. and Porter, C.T., 

(http://www.bioinf.org.uk/software/profit/) ProFit 

version 3.1] Cα atoms of all 61 DJ-1 monomers 

were aligned and an average alignment structure 

was generated. The RMSD was calculated by 

Profit for each DJ-1 monomer as the distance of 

the Cα atoms from the average DJ-1 structure. 

Parametrization of different oxidation 

states of cysteine. We followed the protocol used 

for phospho-amino acid parameter development 

[31]. Our model systems were the ACE and NME 

capped dipeptides. All derivatives were considered 

in their negatively charged form. Two backbone 

conformers were built: one in -helix (φ = -60.0° 

and ψ = -45.0°) and the other one in extended 

conformation (φ = -135.0° and ψ = 135.0°). For 

the obtained structures geometry optimization at 

the HF/6-31G* level of theory was performed with 

Gaussian09 program package [32]. After 

optimization the structures were subjected to 

molecular electrostatic potential (MEP) 

calculations at the same level of theory using 

Gaussian09. Point charge fitting was performed 

with resp module of AMBER14 [33]. During MEP 

calculations two orientations were considered 

according to the standard protocol [34]. For amide 

N and H atoms and for carbonyl C and O atoms 

the following charges were constrained: -0.4157, 

0.2719, 0.5973 and -0.5679, respectively. In case 

of CSD and OCS residues further dihedral 

restraints were applied to avoid H-bond formation 

between SOx groups and backbone atoms. 

For general amber force field (GAFF) [35] 

parameter assignment the antechamber [36] 

module from AMBER14 [33] distribution was 

used and the following atom types were assigned 

automatically for sulfur: s4 (S with three 

connected atoms) and s6 (S with four connected 

atoms) for CSD and OCS, respectively. For side 

chain oxygen(s) o atom type (oxygen with one 

connected atom) was assigned automatically. For 

backbone and for β carbon atoms parameters from 

AMBER99SB [37] force field were assigned. 

Protein structures with <1.5Å resolution 

containing CSD and OCS residues were collected 

from the Protein Data Bank (www.rscb.org). PDB 

codes of the investigated protein structures are 

available in SI (Table S2). Bond distances (CB-

SG, SG-ODx, where x= 1,2,3) and angles (CA-

CB-SG, CB-SG-ODx, ODx-SG-ODx) were 

calculated and compared to the equilibrium values 

in the GAFF force field. 

In order to verify the quality of the 

calculated charges and the parameters obtained 

from GAFF, 2D rotational profiles of the side 

chain of CSD and OCS were calculated at the 

HF/6-31G* and AMBER99SB/GAFF level of 

theory. Structures for the two backbone 

conformers were generated by the tleap module of 

AMBER14. Angles χ1 and χ2 were varied between 

-180 and 180 by 20° increments. Thereafter all 

structures were optimized at the 

AMBER99SB/GAFF level of theory (gas phase). 

The optimized structures were subjected to 

geometry optimization at the HF/6-31G* level of 

theory. During geometry optimization φ, ψ, χ1 and 

χ2 were restrained (AMBER99SB/GAFF) or fixed 

(HF/6-31G*). As a further comparison and 

validation the same side chain dihedral scan was 

performed for aspartate (ASP), protonated 

histidine (HIP) and leucine (LEU) residues. 

DJ-1 structure preparation for MD 

simulation. The structure 3SF8 PDB structure [27] 

was pre-processed for the simulations by the MOE 

(ver. 2013.0802) Structure preparation module. 

After removing waters and counterions, we 

eliminated the artificial ‘Leu–Glu’ motif at the C-

term and the first and the last residues of DJ-1 as 

they were not well resolved by X-ray 

crystallography leaving a 187-residue DJ-1 

homodimer as our base system. We assumed that 

in a solvent environment, the oxidation state of the 

Cys106 in both subunits is the same and thus built 

our system accordingly: we generated structures 

where both Cys106 residues were in thiolate (-S
-
), 

sulfinate (-SO2
-
) and sulfonate (-SO3

-
) forms. 

Starting from the thiolate system, we built up two 

http://www.rscb.org/
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extra oxygens using available information in X-ray 

structures capturing the SO2
-
 form of Cys106. The 

geometry of the SO2
-
 form defined the position of 

the third oxygen yielding the SO3
-
 form. A short 

local minimization was carried out on side chain 

and Cɑ atoms of Cys106 and Glu18 using 

MMFF94 force field by default settings for each 

system in MOE. Protonate 3D module was 

applied to generate the most probable protonation 

and tautomer states of all residues. Default settings 

were applied except for residues Glu18 and 

Cys106 where we relied on the available 

experimental data [18] and assumed Glu18 to be 

protonated and Cys106 to be deprotonated. 

Explicit-solvent molecular dynamics 

simulations of DJ-1. We performed molecular 

dynamics (MD) simulations of the prepared DJ-1 

system using GROMACS [38]. The production 

run of the simulation was 200 ns, using an 

integration step of 2 fs, at 298 K with the 

AMBER99SB-ILDN force field and the TIP3P 

water model [37], which has been shown to 

reproduce NMR parameters in MD simulations of 

other peptides and proteins with good accuracy 

[39]. The prepared DJ-1 homodimer with charged 

termini was first energy-minimized by steepest 

descent for 10,000 steps in vacuo, which was then 

placed in a cubic box of 9.3x9.3x9.3 nm
3
 in 

periodic boundary conditions, with about 7,000 

water molecules and Na
+
/Cl

-
 counterions for 

neutralizing the net charge of the system at 

physiological salt concentration. This system was 

then further energy-minimized by steepest descent 

for 50,000 steps. It was followed by equilibration 

in the NVT ensemble from 0-100 K for 500 ps and 

in the NPT ensemble from 100-298 K for 1 ns, 

before the production run.  

We verified convergence of simulations 

from different measures including the evolutions 

of Ca RMSD, radius of gyration, SASA, and 

energy profiles. By these measures, we judged that 

from 100 ns the simulations appear to have 

converged relatively well. The main analysis 

performed in this report was taken from the 100-

200 ns trajectories of the three respective 

simulations. Convergence data can be found in SI.  

MM/GBSA calculation. The binding free 

energy calculations between the two monomer 

subunits were performed with the MMPBSA.py 

[40] module implemented in AMBER14 software 

package [33]. Implicit solvent model 5 (igb=5) 

was used with mbondi2 radii sets [41] and the 

non-polar term was calculated using the LCPO 

method [42] with a surface tension value of 0.005 

kcal/mol/Å
2
 and salt concentration set to 0.15 

mol/dm
3
. In order to eliminate too many similar 

structures only 20,000 structures from 100-200 ns, 

with an interval of 5ps, were considered. Residues 

forming intermonomer interactions were identified 

as follows: in each frame of the simulations we 

selected residues from chain A that were closer 

than 4.5 Å to any residue in chain B and vice 

versa. Residues with occurrence of at least 10% in 

either of the simulations were considered to be 

part of the monomer-monomer interface. 

DJ-1 expression and purification.  DJ-1 

was overexpressed in E. coli Rosetta (DE3) strain 

as glutathione S-transferase (GST) fusion protein. 

At optical density (A600) of 0.6 cells was induced 

by 0.1 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) for overnight at 18 °C and harvested by 

centrifugation and frozen at -80 °C. Pellets were 

thawed and resuspended in lysis buffer (50 mM 

Tris-HCl, 10 0mM NaCl, 0,1% Igepal, 0.5 mM 

DTT, pH=8) and broken by sonication. After a 

further centrifugation the lysate was purified with 

a GSTrap
TM

 4B column (GE Healthcare) using an 

elution buffer containing 30 mM GSH. The GST-

tag was then cleaved by PreScission protease (GE 

Healthcare). In the final step the protein was 

eluted in a GSTrap
TM

 4B column to get rid of the 

GST-tag and protease, flow-through was collected 

and dialysed into a buffer containing 50 mM Tris-

HCl, 100mM NaCl, 1 mM DTT (pH=7.4). 

Liquid chromatography - mass 

spectrometry. DJ-1 samples were characterized by 

LCMS using a Shimadzu LCMS-2020 equipped 

by a Phenomenex Aeris Widepore XB-C8 column. 
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5 µL of DJ-1 samples (30 µM) were injected into 

eluents A (10 mM ammonium-formiate (pH=3) in 

distilled water) and B (10 mM ammonium-

formiate (pH=3) in 90% acetonitrile and 10% 

distilled water) with a flow rate of 0.3 mL/min and 

the following gradient: 25-50% B during 10 min, 

then 25% B for 3 min. Temperature of column was 

set to 50°C. Spectra were acquired in the positive 

mode in the 50-2000 m/z range using DUIS 

ionization and Profile MS method. Positive spectra 

were analyzed. Mass spectra were processed using 

our in-house developed program: an 

implementation of the ZSCORE algorithm [43]. 

Briefly, mass spectra are converted to zero-charge 

mass spectra by ranking possible charges for each 

individual m/z peaks. Charges with multiple 

identified isotopic peaks in the mass spectra get 

higher ranks. After the most probable charge states 

have been identified the m/z values were 

converted to zero-charge mass values by deducting 

mass of protons and multiplied by the charge. In 

the resulting zero-charge mass spectra, the ratio of 

the most dominant molecular weight samples is 

determined. The most dominant molecular weights 

of the reduced, oxidized and over-oxidized DJ-1 

samples used in the experiments are summarized 

below:  

Reduced sample: 20303.3 (30.7%), 20332.8 

(14.2%), 20352.8 (6.1%), 20371.4 (3.6%), 

20391.1 (2.9%). Oxidized sample: 

20336.3 (28.4%), 20359.2 (7.2%), 20381.5 

(6.7%), 20399.9 (4.3%), 20420.3 (2.8%). Over-

oxidized sample: 20346.7 (17.2%), 20378.7 

(7.8%), 20398.8 (6.0%), 20329.3 (5.2%), 20360.9 

(5.0%). The reduced sample contained a 

reduced/oxidized DJ-1 ratio of 68:32. In the 

oxidized and over-oxidized samples virtually no 

reduced form could be detected. The oxidized 

sample contained predominantly the sulfinate form 

(2 additional oxygens), while in the over-oxidized 

DJ-1 sample the sulfonate form (3 additional 

oxygens) dominated and some minor components 

with 2, 5, 6 oxygens. 

Dynamic Light Scattering. Measurements 

were taken at 25 °C using a Malvern Zetasizer 

Nano ZS instrument equipped with a thermostatted 

cell. DJ-1 in 20 mM Tris buffer pH 7.5, at 

concentrations of 1 mg/mL (50 µM) was 

centrifuged at 10,000 rpm for 10 min at 4 °C. The 

samples were filtered through 0.2 μm filter before 

the measurements. 100 µL of the supernatants 

were added to the cuvette, and the light scattering 

intensity was collected 30 times at an angle of 90° 

using a 10 sec acquisition time. The correlation 

data were exported and analyzed using the nano 

DTS software (Malvern Instruments). 

 Different Scanning Calorimetry.  

Experiments were carried out using reduced, 

oxidized and over-oxidized DJ-1 at 10 μM 

concentration. DJ-1 samples were dialyzed into 

HEPES buffer (10 mM HEPES, 5mM NaCl, pH 

=7.4) as well as  phosphate (20 mM potassium-

phosphate, pH =7.4) at 4 °C. VP-DSC 

microcalorimeter (Microcal) was used for all 

experiments over a temperature range of 25-100 

°C with a scan rate applied was 60°C/h. Prior to 

the DSC experiments the samples and the 

reference solution were degassed for at least 15 

min at room temperature. For all measurements 

three reference buffer and duplicate DJ-1 sample 

scans were collected. Data were analyzed 

subtracting the thermogram of the reference buffer 

as well as baseline by Microcal Origin 5.0 

software package supplied with the instrument. 

Reversibility of the thermal transition of DJ-1 was 

also examined by doing a second scan after 

cooling down from the first one. The observed Tm 

values differed by less than 0.2 °C in parallel DSC 

experiments for all type of DJ-1 samples.  

Circular dichroism and UV absorption 

spectroscopic measurements.  DJ-1 solutions were 

dialized into 10 mM pH 7.2 HEPES buffer (5 mM 

NaCl, 1 mM dithiothreitol).  CD and UV 

absorption data were acquired at 25  0.2 °C on a 

JASCO J-715 spectropolarimeter equipped with a 

Peltier thermostat. UV spectra were obtained by 

conversion of the high tension (HT) voltage 
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applied to the photomultiplier tube into absorbance 

units. Far-UV CD spectra were monitored in 

continuous scanning mode between 205 and 260 

nm at a rate of 50 nm/min, with a step size of 0.2 

nm, response time of 2 sec, five accumulations, 2 

nm bandwidth, using a 0.1 cm path-length quartz 

cuvette (Hellma, USA). Near-UV CD curves were 

recorded from 250 to 350 nm in a 1 cm path-

length quartz cell at a rate of 50 nm/min, with a 

step size of 0.2 nm, response time of 2 sec, five 

accumulations, 1 nm bandwidth. CD curves of 

protein samples were corrected by spectral 

contribution of blank buffer solution. CD spectra 

were plotted in mean residue molar ellipticity units 

(deg cm
2
 dmol

-1
 residue

-1
) calculated by the 

following equation: [] = obs/(10ncl) where [] 

is the mean residue molar ellipticity, obs is the 

measured ellipticity (mdeg) as a function of 

wavelength, n is the number of the protein 

residues, c is the molar concentration of the 

protein, and l is the optical path length (cm). 

Secondary structure analysis of DJ-1 using CD 

spectroscopic data was carried out by using the 

K2D software [44]. 

 

RESULTS 

DJ-1 X-ray Structure Analysis. As a 

reference for the interpretation of the simulation 

results to be described, the available experimental 

structural data on DJ-1 were analyzed. DJ-1 X-ray 

structures available at the time of the study were 

collected and analyzed by root-mean-squared-

deviation (RMSD), secondary structure content, 

hydrodynamic diameter and backbone dihedrals of 

the critical Cys106 residue. Structures holding any 

mutations or containing ligands/metal ions were 

excluded from the analysis to rule out their effects 

on the structural properties under study. 

Average RMSD of backbone atoms from 

the average alignment structure ranged between 0-

0.3 Å for >95% of the residues (Fig. 1C). Larger 

fluctuations were observed in the N-terminal 

residue Ser3, a short water-exposed sequence at 

the end of the second helix (Lys62 - Pro66) and 

Asn76 at the entrance of the Cys106 binding site. 

-helical and β-sheet contents of the X-ray 

structure set were also analyzed and only minor 

variations in the helical content predominantly at 

the beginning and at the end of helices were found 

(Fig. 1D).  

The hydrodynamic diameter (Dh) of the 

analyzed X-ray structures ranged between 5.46 - 

5.65 nm with an average value of 5.54 nm ± 0.056 

(S.D.) as calculated by HYDROPRO [45] for 

Ser3-Leu187 of DJ-1. Full list of Dh values are 

given in Table S3.  

The backbone dihedrals of the critical 

Cys106 residue were analyzed, which ranged 

between 55° - 80° and -90° - (-115°), respectively 

for Φ and Ψ angles (Fig. 2). These ranges have 

been shown to be rarely populated in cysteine 

residues [46]. Moreover, Ψ angles in cysteines 

between -90° and -150° were suggested to result in 

an energetically strained backbone conformation 

required for enzymatic reactions [46]. 

On the basis of the available DJ-1 X-ray 

structures, the oxidation of DJ-1 happens in a 

specific structural configuration, because the 

oxygen positions are occupied in a well-defined 

order as suggested by Wilson et al. [47]. Some DJ-

1 X-ray structures capture the transient mono-

oxidized form of Cys106, where the extra oxygen 

forms hydrogen bonds with the backbone NH 

groups of Ala107 and Gly75 suggesting that this 

position is energetically most favored and is 

occupied first during Cys106 oxidation. X-ray 

structures containing the -SO2
-
 form of Cys106 

show that the second oxygen interacts with Glu18, 

another important residue for DJ-1 function, which 

is expected to be protonated at physiological pH. 

There is currently no X-ray structure available for 

over-oxidized DJ-1 containing Cys106 in -SO3
-
 

form. Nevertheless, the geometric restraints of the 

oxygen positions in the -SO2
-
 form determine the 

initial position of the third oxygen pointing toward 

His126. 

Novel Parameters for Oxidized Forms of 

Cysteine. No AMBER related molecular 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 7 

mechanics force field parameters are available for 

oxidized Cys residues. In order to simulate the 

different oxidation states of Cys106 in DJ-1, 

AMBER related force field parameters were 

developed for the following modified cysteine 

residues: 3-sulfinoalanine (CSD) and cysteine 

sulfonic acid (OCS) (Fig. 1B). Geometric data and 

calculated charges obtained from the 

parametrization are summarized in Table 1 and 2, 

while validation results of the parametrization are 

provided in Table S1. 

The equilibrium values of the analyzed 

distances and angles from the GAFF parameter set 

were found to be close to the values obtained from 

high resolution crystal structures (see Table S2). 

Calculated values for CSD and OCS in the 

dihedral scan were similar to those found for 

standard amino acid residues (Table S1). 

Therefore these parameters were used in our 

simulation studies without further modifications. 

These force field parameters for CSD and OCS 

can be applied in MD of other polypeptide and 

protein systems containing oxidized cysteine 

residues, such as phosphatases and peroxiredoxins 

[48,49]. 

DJ-1 MD simulations. Three DJ-1 

homodimer systems, with Cys106 in reduced, 

oxidized and over-oxidized states in both 

monomers, were prepared and simulated by MD 

solvated in explicit water for 200 ns. Time series 

of root-mean-squared-deviation (RMSD) to 

reference structures, radius of gyration (Rg), 

solvent accessible surface area (SASA) and 

MM/GBSA monomer-monomer interaction 

energy profiles indicated high degree of 

convergence after 100 ns (see Fig. S1-4). Note that 

we also refer the first and second monomer in the 

homodimer system as chain A and chain B 

respectively in the remainder of this article. 

First, the interactions formed by the 

oxygens of -SO2
-
 and -SO3

-
 forms of Cys106 were 

analyzed. As described in the previous section, the 

first oxygen occupied by Cys106 during oxidation 

forms interactions with the backbone NH groups 

of Ala107 and Gly75. In the simulations, Cys106 

in reduced DJ-1 rarely formed interactions with 

these residues. On the other hand, these 

interactions existed in most of the simulation time 

in oxidized DJ-1 as well as in over-oxidized DJ-1 

(the corresponding heavy atom distances are 

plotted in Fig. 3A-D). Interactions formed by the 

second oxygen were also analyzed. In the 

simulations, Glu18 is mainly coordinated by 

Cys106, however certain oxidation-state 

dependent differences were observed (Fig. 3E-H). 

The distance between the sulfur atom of Cys106 

and the protonated side chain oxygen of Glu18 in 

reduced DJ-1 was longer (~ 3-4 Å) than the 

distance between the side chain oxygen atoms of -

SO2
-
 and -SO3

-
 of Cys106 in oxidized and over-

oxidized DJ-1 (2.7 Å). In oxidized DJ-1, the 

interaction with Glu18 was particularly stable. In 

contrast, in chain A of reduced DJ-1 this 

interaction was lost and it did not reform later on. 

Additionally, the over-oxidized form showed some 

minor fluctuations in chain A, but the 

corresponding heavy atom distance remained 

below 3.5 Å. Interestingly, in the over-oxidized 

system the distance between Glu18 and Cys106 

correlated with the distance between the 

protonated side chain oxygen of Glu18 and side 

chain oxygen of Glu15. In fact, Glu18 and Glu15 

were getting closer as the Glu18-Cys106 distance 

was increasing suggesting that Glu15 and Cys106 

were competing for Glu18. 

The third oxygen of over-oxidized Cys106 

of chain B formed an interaction with the 

backbone NH amide group of Gly157 of the same 

chain, while no such interaction was present in 

chain A (Fig. 3I-J). In addition, during MD of 

over-oxidized DJ-1 the third oxygen pointed 

toward His126 and the imidazole NH group of 

His126 was in close proximity to the side chain 

oxygens of Cys106 and for a short period of time, 

in chain B, an H-bond was formed (Fig. 3K-L). 

Interactions with backbone NH group of Gly157 

or imidazole NH group of His126 could not be 

detected in the reduced or oxidized states of DJ-1. 
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Besides the direct interactions formed by 

the extra oxygen atoms in oxidized and over-

oxidized DJ-1, a number of indirect effects of 

oxidation were also observed in the simulations. 

First, the interaction profile of the backbone 

heteroatoms of Cys106 was analyzed. The 

backbone amide NH group of Cys106 formed a 

stable interaction with backbone amide oxygen of 

Ser155 in all oxidation states (see Fig. S5 A and B 

in SI). In contrast, the other Cys106 backbone 

stabilizing interaction between the backbone 

oxygen of Cys106 and backbone nitrogen of 

His126 remained intact in the reduced and 

oxidized states only (see Fig. S5 C and D). 

The backbone dihedrals of Cys106 in the 

simulations ranged between 40°-80° and -60°- (-

140°), respectively for Φ and Ψ angles (Fig. 2). 

The Ψ angle decreased with the oxidation state of 

Cys106 in both chains, and was more pronounced 

in chain B. The Φ angles showed less oxidation-

state dependent differences. The χ1 angle of the 

side chain of Cys106 remained stable for the 

majority of the simulations in chain A, being 

slightly lower in average value for the over-

oxidized compared to reduced and oxidized forms  

(see Fig. S6), However, in chain B of the reduced 

and over-oxidized DJ-1 there were significant 

differences in the χ1 angle compared to chain A.  

At the intermonomer level, Cys53 of chain 

A and B can be found in close proximity in most 

DJ-1 X-ray structures and has been shown to be 

able to form a disulfide bridge under oxidative 

conditions in vitro [26]. Although this form of DJ-

1 was not investigated in this study, the distances 

between the two sulfur atoms (as thiols) were 

monitored (see Fig. S7). The distributions showed 

that there were two major populations at 3.5 and 

5.5 Å distances indicating that under oxidative 

stress the sulfur atoms can get sufficiently close to 

form a disulfide bond. 

The effect of oxidation on the quaternary 

structure of DJ-1 was also analyzed. The 

calculated hydrodynamic diameter (Dh) of the DJ-

1 dimer was slightly larger in the over-oxidized 

form (Dh = 5.614 nm ± 0.022 (S.D.)), while the 

reduced (Dh = 5.604 nm ± 0.022 (S.D.)) and 

oxidized (Dh = 5.604 nm ± 0.022 (S.D.) forms 

were indistinguishable (see Fig. S8). 

Subsequently, the binding free energy between the 

two monomers was calculated using MM/GBSA 

calculations. The total intermonomer energies 

were significantly higher in the over-oxidized 

system (-105.6 kcal/mol) compared to the reduced 

(-111.8 kcal/mol) and oxidized (-113.3 kcal/mol) 

systems (see Fig. S9), suggesting that over-

oxidation of DJ-1 weakens the strength of the 

interaction between the two monomers and thus 

destabilizes the dimer. 

The involvement of residues at the dimer 

interface (within 4.5 Å of the other chain) was also 

evaluated. 80 residues were found with 10% or 

higher occurrence at the dimer interface in any one 

of the simulated systems. Significant differences 

were observed in the occurrences for some 

residue. In particular, residues at the C-terminal of 

chain A and in the proximity of His126 in chain B 

were less frequently involved in monomer-

monomer interactions in the over-oxidized form 

compared to the reduced and oxidized forms (see 

Table S4). The binding energies for every possible 

residue pair of the 80 interfacing residues were 

calculated. Residues with the highest contribution 

to the differences in the over-oxidized compared 

to the reduced and oxidized states are highlighted 

in Fig. 4 (full list of per residue contributions are 

provided in Table S5).  In line with these data, 

residues at the C-terminal of chain A and in the 

His126 region of chain B were found to contribute 

significantly to the intermonomer energy 

differences between over-oxidized and 

reduced/oxidized states. In particular, an 

intermonomer interaction between the backbone 

amide oxygen atom of Pro184 in chain A and 

imidazole NH group of His126 in chain B seemed 

to play a critical role in maintaining the dimer 

structure of DJ-1. The interaction remained stable 

except for the over-oxidized system (see Fig. S10), 

where it was lost during the first 20-30 ns of the 
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simulation. In parallel Pro184 of chain A formed a 

H-bond with the backbone NH group of Gly159 in 

chain B. Similar interaction could not be observed 

in either the reduced or oxidized DJ-1 systems. 

The SASA of DJ-1 in the different oxidation 

states also differed: the over-oxidized state had a 

slightly larger solvent exposed area, while the 

reduced and oxidized systems had similar SASA 

(see Fig. S9B). Some of the most prominent 

changes could be observed for residues at the C-

terminal of chain A and the His126 region of chain 

B (Fig. 4) (see also Table S6). 

The secondary structure content was also 

monitored during the simulations. A small overall 

decrease in the -helical content was observed in 

over-oxidized DJ-1, and in parallel the ratio of 

unstructured content increased (see Fig. S11 in 

SI). At the residue level, the C-terminal of chain A 

(residues 179-182) and the helix following His126 

in chain B (residues 127-137, excluding Lys130 

where the helical propensity increased) showed the 

most prominent differences (Fig. 5). The decrease 

of the -helical content in these regions were -26.5 

% ± 11.5 (S.D.) and -21.9 % ± 12.3 (S.D.) when 

compared to oxidized and reduced DJ-1, 

respectively (see Fig. S12). 

 Comparison of the Cys106 binding sites. 

The SASA of the pocket in which Cys106 is 

located was compared in all simulated DJ-1 

systems. The pocket in chain B of the over-

oxidized DJ-1 was extended (Fig. 6) compared to 

that of the reduced and oxidized DJ-1. The 

average SASA for residues within 6 Å of Cys106 

of chain B was 99.07 Å
2
, 96.77 Å

2
 and 110.39 Å

2
 

for reduced, oxidized and over-oxidized DJ-1, 

respectively. This extension in the over-oxidized 

form involved residues Ala183, Pro184 and 

Val186 in chain A and His126, Arg145, Arg156, 

Gly157, Pro158 in chain B. The SASA 

contributions of these residues were 30.28 Å
2
, 

30.00 Å
2
, 39.37 Å

2
 for reduced, oxidized and over-

oxidized DJ-1, respectively. These results suggest 

that a significant difference may be promoted in 

the Cys106 containing pocket upon over-oxidation 

of DJ-1.  

Hydrodynamic diameter of DJ-1. The 

hydrodynamic diameter of DJ-1 was determined to 

be 5.36 ± 0.18, 5.40 ± 0.14, 5.61 ± 0.13 nm, 

respectively for reduced, oxidized and over-

oxidized DJ-1 by dynamic light scattering (DLS). 

These values agree well with the calculated ones 

from the available X-ray structures as well as from 

our MD simulations (Table 3). 

Thermal stability of DJ-1 measured by 

DSC. The thermal stability of the reduced, 

oxidized, and over-oxidized states of DJ-1 were 

determined by measuring the melting temperature 

(Tm) of the proteins using differential scanning 

calorimetry (DSC). As reported in previous 

publications [50] the denaturation of all forms of 

DJ-1 was irreversible in both buffer systems 

tested. The Tm value of oxidized DJ-1, 75.0 °C, 

was significantly higher compared to that of 

reduced DJ-1, 62.2 °C, in our HEPES buffer 

system similarly as reported by Lin et. al. [51]. 

Furthermore, for the first time, we observed that 

over-oxidized DJ-1 had similar thermal stability 

based on the measured Tm, 75.1 °C, as the 

oxidized form of DJ-1 (Fig. 7A).  

Evaluation of DJ-1 secondary structure by 

CD spectroscopy. Far-UV CD spectra of the 

reduced and oxidized forms of DJ-1 exhibit two 

extrema that correspond to the n-
*
 (219 nm) and 

-
*
 (211 nm) transitions of the amide 

chromophores (Fig. 7B). The high qualitative and 

quantitative similarities between the CD curves of 

the reduced and oxidized samples refer to that 

chemical modification of the Cys106 residue does 

not affect significantly the overall secondary 

structure of DJ-1. This conclusion is in a full 

concordance with the percentages of secondary 

structure elements calculated from the CD data, 

which was found to be identical for each sample 

(Fig 7B). Deconvolution of the spectra employing 

the K2D algorithm predicted 37% -helix content 

that agrees well with previous CD spectroscopic 
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results [52]. A fuller description of CD spectra can 

be found in SI. 

 

DISCUSSION 

Novel simulation parameters for CSD and 

OCS. Cys106 in DJ-1 is sensitive to oxidation and 

thus can adopt different oxidation states, such as 

reduced (-S
-
), oxidized (-SO2

-
) and over-oxidized 

(-SO3
-
) forms. Since no suitable force field 

parameters for oxidized cysteine were available in 

the literature, we developed them for the purpose 

of this study. These can hopefully facilitate, for the 

wider research community, the studies of other 

protein systems such as caspases, phosphatases 

and peroxiredoxins that frequently contain active 

site cysteines in different oxidation states 

[48,49,53]. 

Higher thermal stability of oxidized and 

over-oxidized DJ-1 compared to reduced DJ-1. 

Similarly to other studies reported in the literature 

[50,51], our results showed that the oxidized form 

of DJ-1 had substantially higher thermal stability 

compared to the reduced form. We show however 

for the first time that the Tm of the over-oxidized 

form of DJ-1 is similar to that of the oxidized 

form. The increased thermal stability of oxidized 

and over-oxidized DJ-1 is suggested to be a 

consequence of the additional and stronger H-

bonds formed by the additional oxygen atoms of 

the oxidized forms vs. the sulfur atom of reduced 

Cys106. In particular, the SO2
-
 oxygens formed 

interactions with Ala107 and Gly75 in both 

oxidized and over-oxidized DJ-1, which were 

otherwise missing in reduced DJ-1 (Fig. 3A-D). 

The strength of these interactions is reflected by 

the fact that in the X-ray structures that contain 

mono-oxidized DJ-1, the oxygen occupies the 

position where it forms interactions with Ala107 

and Gly75 instead of the other position where it 

could interact with Glu18. In chain B of over-

oxidized DJ-1 the interactions with Ala107 and 

Gly75 showed fluctuations and in their absence 

other stabilizing H-bonds were observed with 

Gly157 and His126 (Fig. 3I-L). In addition, we 

showed in the simulations that in oxidized and 

over-oxidized DJ-1 the interaction between 

Cys106 and Glu18 was stronger, reflected by the 

shorter interatomic distances (Fig. 3E-F). Similar 

stabilizing effect of the Cys106 side chain oxygens 

has been suggested for Drosophila DJ-1β [51]. 

General differences between oxidized and 

over-oxidized DJ-1. Our experimental results 

indicate an overall similar structure and stability of 

the oxidized and over-oxidized states of DJ-1. In 

particular, the thermal stability measured by DSC, 

the secondary structure profile assessed by CD 

spectroscopy and the hydrodynamic diameter 

obtained by DLS yielded similar results. In line 

with these experimental results, the simulations 

showed only smaller differences at the full protein 

level. The calculated hydrodynamic diameter was 

slightly higher and the -helical content was 

slightly lower for the over-oxidized form, 

however, these differences were smaller than the 

detection limits in the experiments. On the other 

hand, several notable local differences were 

identified by the simulations. 

Local differences between oxidized and 

over-oxidized DJ-1. The H-bonding pattern of 

Cys106 in the simulations was different in the 

over-oxidized form compared to the oxidized one. 

Interactions with the backbone NH groups of 

Ala107 and Gly75 in chain B were destabilized 

(Fig. 3A-D) and in parallel interactions with the 

backbone NH groups of Gly157 and His126 were 

formed (Fig. 3I-L). In addition, the H-bond 

between the backbone oxygen atom of Cys106 and 

the backbone NH group of His126 was broken 

(Fig. S5C-D). At the same time, we observed 

changes in the backbone Ψ (Fig. 2) and side chain 

χ1 angles of Cys106 (Fig. S6). These differences 

could have important implications as the unusual 

backbone dihedrals stabilized by strong H-bonds 

of backbone nitrogen and oxygen atoms of Cys106 

have been suggested to play a critical role in the 

unusually low pKa of Cys106 [17]. In line with the 

exceptionally high reactivity of Cys106 the 

dihedrals were in the disallowed region of the 
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Ramachandran plot during the majority of the 

simulations.  Surprisingly, over-oxidation of 

Cys106 resulted in higher Ψ values suggesting an 

increased instability of this residue. Interestingly, 

the fluctuations in χ1 of the over-oxidized form in 

chain B were in contrast to changes of the reduced 

one, suggesting multiple distinct conformations of 

the Cys106 side chain. Moreover, the variations in 

Cys106 χ1 angle showed correlation with the 

distances between the side chain sulfur/oxygen 

atoms of Cys106 and the backbone nitrogen atoms 

of Ala107 and Gly75 (Fig. 3A-D and Fig. S6). 

Besides the different properties of Cys106, 

further deviations in over-oxidized DJ-1 were 

observed that mainly involved the C-terminal of 

chain A and the His126 region of chain B. In 

particular, less favorable monomer-monomer 

interactions were detected, and the H-bond 

between Pro184 and His126 suggested to be 

critical in dimer formation [54] was completely 

abolished. Similarly, the SASA of the over-

oxidized form was slightly larger with major 

contributions of the C-terminal of chain A and 

His126 region of chain B suggesting more water 

exposed hydrophobicity. Furthermore, secondary 

structure calculations indicated a loss of -helical 

structure in these two regions. Importantly, these 

regions did not show any increased fluctuations in 

the analyzed X-ray structures, indicating that they 

could be characteristic allosteric consequences of 

DJ-1 over-oxidation. 

Role of the C-terminal. The C-terminal of 

DJ-1 has been found to be critical for promoting 

dimer formation and suggested to block higher 

order assemblies such as hexamers that is the 

functional form of DJ-1 analogous proteins with 

protease activity [55]. Moreover, Leu166 in DJ-1 

forms a critical interaction with the C-terminal 

which is impaired in the Leu166Pro disease 

causing mutation underlining the importance of 

the C-terminal in the structural integrity of DJ-1 

dimers [56]. It has been further suggested that 

helices 7 and 8 at the C-terminal play a critical 

role in forming the hydrophobic interface site of 

DJ-1, a site for protein-protein interaction [8]. 

Thus the disruptions found in this region can have 

serious effects on its functions. 

Role of the His126 region. DJ-1 shares 

significant sequence homology to members of the 

PfpI protease family (e.g. PH1704, PfpI, ThiJ). 

Catalytic triad in these enzymes includes a 

histidine residue that is replaced by an alanine in 

DJ-1. His126 of DJ-1 was suggested as a 

replacement for this crucial histidine. However, 

the distances found between His126, Cys106, 

Glu18 suggested that DJ-1 is not a functional 

protease under normal conditions. His126 forms a 

H-bond with C-terminal residue Pro184 from the 

opposite chain that prevents the formation of the 

catalytic triad. In the simulations of reduced and 

oxidized DJ-1 the intermonomer His126-Pro184 

interaction remained stable. In the over-oxidized 

form, however, this critical interaction was lost 

resulting in notable structural changes in the C-

terminal of chain A and His126 region of chain B 

(Fig. S10). After this rearrangement, His126 was 

able to form H-bond with Cys106 for a short 

period of time suggesting that the disruption of the 

His126-Pro184 interaction may lead to structural 

changes and possibly activation of DJ-1’s other 

functions [51]. It has been also shown that C-

terminal truncated forms of DJ-1 have increased 

protease activity, while wild-type DJ-1 does not. 

This may be in line with our observations in this 

study, suggesting a critical role in intermonomer 

interactions between the C-terminal and His126 

region [57]. On the basis of the analysis of DJ-1 

crystal structures, Wilson et al. suggested that the 

formation of over-oxidized Cys106 is sterically 

disfavored by the surrounding residues, 

particularly the Cβ atom of His126 [58]. In 

accordance with this, we found that the third 

oxygen of Cys106 initiated structural changes in 

His126. 

DJ-1 over-oxidation causes significant 

local structural rearrangements.  Multiple over-

oxidized isoforms of DJ-1 have been detected in 

the brains of patients with idiopathic PD and AD 
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[2]. Over-oxidation of Cys106 has been shown to 

be associated with loss of secondary structure in 

DJ-1 by CD spectroscopy [26]. However, the CD 

results in this study did not show significant 

secondary structural changes in freshly prepared 

over-oxidized DJ-1 compared to oxidized or 

reduced DJ-1. In the simulations over-oxidized 

DJ-1 already showed characteristic differences and 

loss of secondary structure at the local level, 

however these were not yet significant at the full 

protein level. Further, the higher water exposed 

surface area and loss of intermonomer interactions 

found in the simulation of over-oxidized DJ-1 also 

suggest the dimeric state of over-oxidized DJ-1 

may be less stable compared to reduced and 

oxidized forms. 

Structural characteristics of the Cys106 

containing pocket. Due to the lack of 

experimental structures of apo DJ-1 in different 

oxidation states, MD simulations were carried out 

to identify differences that could be exploited for 

structure-based drug design of oxidation-state 

specific DJ-1 ligands. As a buried, nucleophilic 

residue Cys106 provides a particularly interesting 

targetable site for drug discovery. On the basis of 

our simulations the over-oxidized DJ-1 had a 

larger binding site around Cys106. A new cavity 

in the direction of His126 was observed between 

the Cys106 binding site and the hydrophobic 

interface site (Fig. 6) [14]. Since this cavity could 

not be detected in either reduced or oxidized DJ-1, 

we suggest that it may be selectively targeted by 

small molecule ligands. 

 

CONCLUSIONS 

 To conclude, this study presents the first 

comprehensive computational structural and 

biophysical characterization of physiologically 

relevant oxidation states of DJ-1 protein.  

According to our findings, the overall structure 

and dynamics of DJ-1 in different oxidation states 

were similar globally, while the local differences 

may have implications on its stability, function 

and its link to PD and other diseases. In particular, 

reduced DJ-1 lacked some critical local 

interactions when compared to oxidized and over-

oxidized DJ-1 due to lack of side chain oxygens in 

Cys106. In addition, the characteristic interaction 

between Cys106 and the protonated Glu18 was 

much weaker in reduced DJ-1. Local structural 

differences in the Cys106 containing pocket 

between the various oxidation states of DJ-1 were 

identified, which may be responsible for effects on 

its suggested functions. The third oxygen in the 

over-oxidized DJ-1 resulted in a partial loss of 

helical secondary structure at the C-terminal and 

His126 region, reduced strength of the monomer-

monomer interactions and increased solvent 

exposed surface area compared to oxidized and 

reduced states of DJ-1. Taken together, we 

speculate that over-oxidation may further trigger 

loss of function due to the structural 

destabilization of the dimeric state as well as the 

active conformation of DJ-1. In a number of 

neurodegenerative diseases such as in Parkinson’s 

disease, high oxidative stress critically contributes 

to the onset and progression of the disease. High 

oxidative stress inducing over-oxidization of DJ-1 

can lead to loss of function potentially by local 

structural modification and by the destabilization 

of DJ-1 dimeric structure. Such loss of DJ-1 

function would result in reduction of redox protein 

homeostasis in dopaminergic neurons and thus the 

increased progression of the disease. Moreover, 

the distinct Cys106 pocket characteristics of over-

oxidized DJ-1 may provide a basis for identifying 

oxidation-state selective ligands. These may have 

applicability as imaging agents for the detection 

and characterization of over-oxidized DJ-1 in a 

number of diseases. 
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FOOTNOTES 

None 

 

FIGURE LEGENDS 

 

Figure 1. (A) DJ-1 homodimer with Cys106 highlighted. (B) Geometry of reduced (CYM), oxidized 

(CSD) and over-oxidized (OCS) states of cysteine. Atoms are colored as follows: C (green), O (red), N 

(blue), S (yellow). Per residue average Cα RMSD (C) of the analyzed X-ray structures of DJ-1 (blue) (+/- 

S.D. values are indicated in black). Per residue secondary structure propensity (D) of the analyzed X-ray 

structures of DJ-1: -helical (blue) and beta-sheet (red) structures are indicated. 

 

Figure 2. Backbone Φ and Ψ dihedral angle distributions for chain A (A, C) and chain B (B, D) for the 

reduced, oxidized and over-oxidized DJ-1. Angles calculated from the available X-ray structures are 

shown as blue triangles (A, B). 

 

Figure 3. Time series of interatomic distances and atomic representations for reduced (gray), oxidized 

(red) and over-oxidized (green) DJ-1. Data for Chain A and B are displayed on the left and right, 

respectively. For distances involving Cys106: the closest distance from either the side chain S (reduced 

DJ-1) or any of the side chain Os (oxidized or over-oxidized DJ-1) is shown. Line values are moving 

averages with a 2ns window. A-B. Cys106 to backbone N atom of Ala107.  C-D. Cys106 to backbone N 

atom of Gly75.  E-F. Cys106 to the protonated side chain O atom of Glu18.  G-H. Protonated side chain 

O atom of Glu18 to the side chain O atom of Glu15.  I-J. Cys106 to backbone N atom of Gly157.  K-L. 

Cys106 to side chain NE2 atom of His126. 

 

Figure 4. DJ-1 monomers separated showing largest intermonomer interaction energy differences (A, B) 

and largest solvent accessible surface area (SASA) differences (C, D) between reduced and over-oxidized 

(A, C) or oxidized and over-oxidized (B, D) states. Blue indicates weaker intermonomer interactions and 

more SASA in over-oxidized state, while red indicates stronger intermonomer interaction and less SASA 

in over-oxidized state. 

 

Figure 5. Helical (A, B) and unstructured (“loop”) (C, D) secondary structure content of the C-terminal 

of chain A (A, C) and the His126 region in chain B (B, D) of the reduced (grey), oxidized (red) and over-

oxidized (green) DJ-1 systems calculated by DSSP. 

 

Figure 6. Cys106 binding site of reduced (CYM), oxidized (CSD) and over-oxidized (OCS) DJ-1 in the 

second monomer (chain B). Access to the binding site is indicated by black arrows.  

 

Figure 7. (A) Thermodynamic stability of reduced (grey), oxidized (red) and over-oxidized (green) DJ-1 

protein determined by DSC.  Determined Tm were 62.2, 75.0 and 75.1 °C, respectively, for reduced, 

oxididzed and over-oxidized DJ-1.  (B) CD spectra of the reduced (44 M, grey), oxidized (40 M, red), 

and over-oxidized (46 M, green) form of DJ-1 in the far-UV region. The results of secondary structure 

analysis performed using the K2d program for all three forms of DJ-1 are: -helix (37%), β-sheet  (26%), 

and random coil (38%). 
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TABLE LEGENDS 

 

Table 1. Geometric data extracted from experimental protein structures and calculated by GAFF for the 

modified cysteine residues: 3-sulfinoalanine (CSD) and cysteine sulfonic acid (OCS). 

 

Table 2. Calculated charges for the modified cysteine residues: 3-sulfinoalanine (CSD) and cysteine 

sulfonic acid (OCS). 

 

Table 3. Hydrodynamic diameter derived from DLS experiments and calculated for X-ray structures and 

from MD simulations of DJ-1. *: the oxidation state of DJ-1 in the X-ray structures is ambiguous [27], 

therefore the average value of all X-ray structures is indicated. 
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Figure 4. 

  
Figure 5. 

 
Figure 6. 
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Figure 7. 

 

 
 

TABLES 

 

Table 1. 

 Experimental GAFF 

CSD     

d(CB-SG) / Å 1.776 ± 0.066 1.807 

d(SG-ODx) / Å 1.417 ± 0.068 1.497 

α (CA-CB-SG) / ° 115.831 ± 2.735 110.070 

α (CB-SG-ODx) / ° 108.285 ± 9.637 106.210 

α (OD1-SG-OD2) / ° 110.583 ± 7.556 110.610 

OCS     

d(CB-SG) / Å 1.760 ± 0.064 1.774 

d(SG-ODx) / Å 1.451 ± 0.080 1.436 

α (CA-CB-SG) / ° 116.290 ± 3.494 110.000 

α (CB-SG-ODx) / ° 107.353 ± 4.529 108.320 

α (ODx-SG-ODy) / ° 111.214 ± 4.767 119.730 
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Table 2. 

Atom \ Residue CSD OCS 

CA (HA) 0.0950 (-0.1390) -0.2186 (0.1735) 

CB (HB) -0.0064 (0.0352) 0.0188 (0.0176) 

SG 0.3128 1.1326 

ODx -0.6092 -0.6757 

 

 

 

 

 

 

 

Table 3. 

 Exp. Dh (nm) ± SD X-ray Dh (nm) ± 

SD 

Simulation Dh 

(nm) ± SD 

Reduced 5.361 ± 0.182 

5.540 ± 0.056* 

5.604 ± 0.022 

Oxidized 5.402 ± 0.140 5.604 ± 0.022 

Over-oxidized 5.610 ± 0.127 5.614 ± 0.022 
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 Residue  

Conformation 

RMSDE(pot) [kcal/mol] % 

 CSD  alpha 4.25 52.2 

 CSD  extended 4.73 67.8 

 OCS  alpha 2.77 50.0 

 OCS  extended 2.55 44.3 

 ASP  alpha 4.01 63.5 

 ASP  extended 2.85 57.5 

 HIP  alpha 2.53 47.4 

 HIP  extended 1.94 40.4 

 LEU  alpha 1.30 38.2 

 LEU  extended 1.08 39.2 

  

Table S1. RMSD values of potential energies (RMSDE(pot) = SQRT((Σ(Eabinitio,i-EMM,i)
2
)/N)) and 

percentage of points exceeding this value are shown for all residues analyzed during the 2D 

dihedral scan. 3-sulfinoalanine (CSD) and cysteine sulfonic acid (OCS), aspartate (ASP), 

protonated histidine (HIP) and leucine (LEU). 

 

CSD containing protein 

structures 

1eu1, 1soa, 2r3i, 2zcf, 2zpi, 3f5v, 3sqz, 4n12, 4pst, 4rgc, 

1gz8, 1u9c, 2r3q, 2zpb, 3a8g, 3hht, 4bpy, 4ob0, 1i88, 2cz1, 

2ril, 2zpe, 3a8m, 3hj0, 4ekf, 4oq4, 1oki, 2gcu, 2rk6, 2zpf, 

3a8o, 3mi2, 4ge0, 4p2g, 4ptj, 1qfm, 2qdy, 2wlr, 2zpg, 3ezg, 

3oqp, 4i07, 4pss, 4qyt 

OCS containing protein 

structures 

1j98, 1z70, 2afy, 2v1m, 2wfi, 3r0v, 3ttv, 4d1w, 4lgt 

  

Table S2. PDBs used for parametrization. PDB codes of the protein structures used for 

parametrization of the modified cysteine residues: 3-sulfinoalanine (CSD) and cysteine sulfonic 

acid (OCS). 
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PDB code Dh of DJ-1 dimer 

1J42 5.476 

1P5F 5.606 

1PDV 5.52 

1PDW_dimer1 5.518 

1PDW_dimer2 5.48 

1PDW_dimer3 5.514 

1PDW_dimer4 5.526 

1Q2U 5.538 

1SOA 5.618 

1UCF 5.456 

2OR3 5.54 

2R1U 5.612 

3BWE_dimer1 5.494 

3BWE_dimer2 5.54 

3BWE_dimer3 5.482 

3BWE_dimer4 5.46 

4BTE 5.564 

4P2G 5.586 

4P34 5.602 

4RKW 5.57 

4ZGG 5.646 

 

Table S3. Hydrodynamic diameter (Dh) of the analyzed X-ray structures of DJ-1 as calculated by 

HYDROPRO. 
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Table S4. Occurrences (% of total simulation time) of individual residues at the monomer-

monomer interface of DJ-1. Residues with at least 10% Delta Average occurrences are shown. 

Residues at the C-terminal in chain A and in the His126 region in chain B are colored green and 

yellow, respectively. 

 

 
Table S5. Per residue contributions to DJ-1 monomer-monomer interface interaction energies 

calculated by MM-GBSA. Residues with largest contributions at the C-terminal in chain A and 

in the His126 region in chain B are colored green and yellow, respectively. 
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Table S6. Per residue contributions to DJ-1 monomer-monomer interface interaction energies 

calculated by MM-GBSA. Residues with largest contributions at the C-terminal in chain A and 

in the His126 region in chain B are colored green and yellow, respectively. Residues with at least 

0.1 % Delta Average are shown. 
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Figure S1. Time evolution of C atom RMSD with a 1ns moving average representation. 

 
Figure S2. Time evolution of radius of gyration (Rg) with a 1ns moving average representation. 

 

 
Figure S3. Time evolution of solvent accessible surface area (SASA) with a 1ns moving average 

representation. 
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Figure S4. Time evolution of MM/GBSA score with a 1ns moving average representation. 
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Figure S5. Distances between the backbone O atom of Ser155 and the backbone N atom of 

Cys106 (A, B). Distances between the backbone N atom of His126 and the backbone O atom of 

Cys106 (C, D). Distances for chain A (A, C) and chain B (B, D) are shown. 

 

 

 
Figure S6. Time evolution of side chain χ1 angle for chain A (A) and chain B (B) in the reduced, 

oxidized and over-oxidized DJ-1 simulations. 
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Figure S7. Distribution of distances between the side chain S atoms of Cys53 in chain A and 

chain B. 

 
Figure S8. Distribution of the hydrodynamic diameter (Dh) in the reduced, oxidized and over-

oxidized DJ-1 simulations. 
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Figure S9. Reduced, oxidized and over-oxidized DJ-1 monomer-monomer MM-GBSA 

interaction energy (A) and SASA distributions (B). 
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Figure S10. Distances between the side chain N(H) atom of His126 in chain A and the backbone 

O atom of Pro184 in chain B (A). Distances between the side chain N(H) atom of His126 in 

chain B and the backbone O atom of Pro184 in chain A (B). Distances between the backbone N 

atom of Gly159 in chain A and the backbone O atom of Pro184 in chain B (C). Distances 

between the backbone N atom of Gly159 in chain B and the backbone O atom of Pro184 in chain 

A (D).  

 

 
Figure S11. Helical and unstructured (“loop”) secondary structure content of the reduced, 

oxidized and over-oxidized DJ-1 calculated by DSSP. 
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Figure S12. Crystal structure of aggregated DJ-1 (PDB ID: 3BWE). Individual monomers are 

colored differently. Regions with decreased helical secondary structure in over-oxidized DJ-1 

simulations are indicated with red, filled surfaces.  
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(A) 

 

 
(B) 

 

 

(C) 

 
 

Figure S13. : Hydrodynamic diameter (Dh) of reduced (A), oxidized (B) and over-oxidized (C) DJ-1 

determined by DLS.  
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CD Spectroscopic Measurements of DJ-1 – Extended Results and Discussion 

 

Far-UV CD spectra of the reduced and oxidized forms of DJ-1 exhibit two distinctive 

extrema (Fig. 7B, main article). The minimum at 219 nm stems from the n-
*
 transitions of the 

carbonyl groups while the second extremum around 211 nm corresponds to the negative branch 

of the exciton CD couplet of amide -
*
 transitions. The positive exciton CD peak below 200 nm 

could not be measured due to the very strong UV absorption of the buffer component 

dithiothreitol. The double ellipticity minimum in the CD curves at 211 and 219 nm is a 

characteristic sign for the significant extent of -helical content. It is to be noted that in helical 

polypeptides the -
*
 and n-

*
 bands are at 208 and 220 nm, respectively. The red and blue shift 

of these peaks in the CD spectrum of DJ-1 might be due to the spectral overlap with the 218 nm 

negative band of the significant -sheet content [2,3] which is supported by the secondary 

structure analysis (see inset in Fig. 7B, main article). The high qualitative and quantitative 

similarities between the CD curves of the reduced and oxidized samples indicates that chemical 

modification of the Cys106 residue does not affect the secondary structure of DJ-1. This 

conclusion is in a full concordance with the percentages of secondary structure elements 

calculated from the CD data which was found to be identical for each sample (Fig. 7B, main 

article). Deconvolution of the spectra employing the K2d algorithm predicted a 37% -helix 

content that well agrees with previous CD spectroscopic results [3]. 

 

 
 

Figure S14. CD (A) and UV (B) absorption spectra of the reduced (gray) (30 µM), oxidized (red) (31 

µM), and over-oxidized (green) (33 µM) form of DJ-1 in the near-UV region. 
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The near-UV CD spectrum of proteins is dominated by -
*
 transitions of aromatic side-

chains and can be used as the fingerprint region of the tertiary structure. The CD signals 

measured here sensitively probe local structural changes affecting the molecular environment 

and conformation of the aromatic rings. DJ-1 contains three Phe and three Tyr but not Trp 

residues. In general, CD activity of Tyr is much larger than that of Phe. Therefore, the broad 

negative band displayed above 265 nm can be assigned to the 
1
Lb contribution of the Tyr residues 

(Fig. S14). It exhibits a characteristic vibrational fine structure, the shape of which as well as the 

position of the vibronic sub-bands are in close correlation with that of the UV absorption band. 

In relation to the phenolic ring of Tyr, the 
1
Lb transition of the phenyl chromophore of Phe is at 

shorter wavelengths (max ≈ 200 M
-1

cm
-1

 at 260 nm). Accordingly, the weaker negative signal at 

262.4 nm is associated to the asymmetrically perturbed 
1
Lb transition of the Phe side-chains [4]. 

Upon oxidation of the Cys106 residue, amplitudes of the near-UV CD signals significantly 

increase below 280 nm (Fig. S14). These intensity changes, however, are inhomogeneous in 

nature showing a gradual enhancement toward shorter wavelengths. The intensification is most 

pronounced at the 262 nm peak, the molar ellipticity value of which rises from -9.6 to -22 and -

25, respectively. In contrast, a much smaller intensity increase can be seen for the Tyr allied 

ellipticity minimum around 278 nm (Fig. S14). This discrepancy suggests the more prominent 

role of the Phe residues in relation to tyrosines in the CD spectral changes. Presumably via 

allosteric mechanisms, oxidation of Cys106 results in a sterically more constrained environment 

around the Phe side-chains. The decrease of the conformational freedom, i.e. the rotation of the 

phenyl ring(s) reduces the number of rotameric species having opposite rotatory strength and 

thus gives rise to enhanced CD activity [4]. 
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