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ABSTRACT:. A number of missense mutations in the oxidative stress response protein DJ-1 are implicated
in rare forms of familial Parkinsonism. The best-characterized Parkinsonian DJ-1 missense mutation, L166P,
disrupts homodimerization and results in a poorly folded protein. The molecular basis by which the other
Parkinsonism-associated mutations disrupt the function of DJ-1, however, is incompletely understood. In
this study we show that three different Parkinsonism-associated DJ-1 missense mutations (A104T, E163K,
and M261) reduce the thermal stability of DJ-1 in solution by subtly perturbing the structure of DJ-1
without causing major folding defects or loss of dimerization. Atomic resolution X-ray crystallography
shows that the A104T substitution introduces water and a discretely disordered residue into the core of
the protein, E163K disrupts a key salt bridge with R145, and M261 causes packing defects in the core of
the dimer. The deleterious effect of each Parkinsonism-associated mutation on DJ-1 is dissected by analysis
of engineered substitutions (M26L, A104V, and E163K/R145E) that partially alleviate each of the defects
introduced by the A104T, E163K and M26l mutations. In total, our results suggest that the protective
function of DJ-1 can be compromised by diverse perturbations in its structural integrity, particularly near
the junctions of secondary structural elements.

DJ-1is a small (189 a.a.) conserved protein whose absences, 15). The precise biochemical role of DJ-1 is unknown,
or inactivation results in Parkinsonism in humatsgnd is although it binds to multiple protein targets involved in
also a ras-dependent oncogene and has been implicated itranscriptional regulation 16—20), RNA binding @1),
the pathogenesis of several types of can@r DJ-1 is a SUMOylation @2), protein folding 23), and apoptosis?4),
member of the large, eponymous DJ-1/Pfpl superfamily, suggesting that DJ-1 has multiple cellular functions. Fur-
which has representatives in most organis& €. Human thermore, recent studies have shown that DJ-1 enhances the
DJ-1 robustly protects cells from oxidative streSs {4) and cellular oxidative stress response by regulating the activity
is found both in the cytoplasni) and the mitochondrial( of the antioxidant transcription factor Nrf2%) and by
regulating the synthesis of glutathior2g). DJ-1 may also
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associated point mutations compromise DJ-1 stability and
function through multiple structural mechanisms.

EXPERIMENTAL PROCEDURES

DJ-1 Construct Generatiorhree different types of DJ-1
constructs were used in this study: one in which the DJ-1
gene was cloned between tiNcd and BanHI sites of
pET15b and produces the native protein without a tag
sequence (untagged DJ-1), a second in which the DJ-1 gene
was cloned between thédd and Xhd sites of pET15b and
produces a thrombin-cleavable N-terminal hexa-histidine
tagged protein (tag-cleaved DJ-1), and a third in which the
Ficure 1: Location of three PD-associated mutations in the DJ-1 DJ-1 gene was C_Ioned betweer_l Mad and th _S|tes of
dimer. The DJ-1 dimer is represented with one monomer colored PET21a, producing a C-terminal hexa-histidine tagged
blue and the other gold. Three residues that are mutated in certainprotein (DJ-1-6xHis). All DJ-1 point mutations (A104T,
forms of familial Parkinsonism studied in this work are shown in  A104V, E163K, E163K/R145E, M26I, and M26L) were

both monomers of the DJ-1 dimer, with prime symbols indicating sa-di ; ;
the symmetry-related residues. Both M26 and A104 are located in generate(# bé/ Slt? dlrSthegl:In:tageneSISf’ and th.e mu:att;]ons
the core of dimeric DJ-1, while E163 is a surface-exposed residue were verified using the seqguencing service at the

in a-helix G. The figure was created with POVscHp(65). Genomics Core Research Facility at the University of
Nebraska-Lincoln.
(Figure 1), and all have a less dramatic effect on cellular  Protein Expression and PurificatiolRecombinant DJ-1
levels of the protein than the L166P substitution. Of these proteins were expressed in BL21(DEBpcherichia coli
mutations, A104T and M26I are of particular interest since grown in LB media supplemented with 1Q@g/mL of
they reside in the core of the protein and therefore must exertampicilin at 37°C with shaking. Once th&so of the culture
their pathogenic effect by directly altering the properties of reached 0.50.7, it was equilibrated at 28C for 3 h prior
DJ-1. A very recent study showed that the M261 substitution to induction of protein expression by the addition of IPTG
leads to decreased thermal stability and an enhancedto a final concentration of 0.1 mM. The induced culture was
propensity for aggregation, although these defects are notincubated at 20C with shaking overnight and harvested by
as severe as those observed for L166P D@51 The E64D centrifugation the next day. Cell pellets were frozen and
missense mutation, which is located in the solvent exposedstored at—80 °C until needed.
helix B of DJ-1, does not alter the structure of DJ4b)( Untagged DJ-1 was purified using ammonium sulfate
and stabilizes the proteid8, 45). This suggests that E64D  precipitation, hydrophobic interaction chromatography and
disrupts DJ-1 function through another mechanism that may anion exchange chromatography as previously descrityd (
involve interactions of DJ-1 with other macromolecules. In The tag-cleaved and 6xHis-tagged DJ-1 proteins were
contrast, very little is known about the effects of the A104T purified using N#¥-NTA metal affinity chromatography
and E163K point mutations on DJ-1. Furthermore, despite using standard procedures followed by subtractive purifica-
impressive progress made in the characterization of sometion using Hi-Q anion exchange resin (Bio-Rad). For DJ-1
pathological mutations in DJ-1, a detailed structural explana- proteins bearing a thrombin-cleavable N-terminal tad: Ni
tion for the observed deleterious effects of these disease-NTA purified DJ-1 was incubated with thrombin (1 U
associated missense mutations on DJ-1 is still lacking. thrombin/mg DJ-1) for 3-4 h, followed by passage through
In order to understand the impact of the A104T, E163K a second Ni"-NTA column to remove any protein that
and M261 Parkinsonism-associated point mutations on DJ-1 retained the hexa-histidine tag. Thrombin was removed from
structure and stability, we have determined the solution tag-cleaved DJ-1 by passage over benzamidine sepharose
oligomerization state, thermal stabilities, E§pectral prop- resin (GE Biosciences).
erties and atomic resolution crystal structures of each of these - pyrified DJ-1 was dialyzed against storage buffer (25 mM
mutant proteins. Differential scanning calorimetry (DSC) HEPES pH= 7.5, 100 mM KCI, 2 mM DTT) for 412 h
indicates that all three Parkinsonian point mutations desta-at 4 °C and concentrated to 20 mg/mk.do = 4000 M*
bilize DJ-1 to varying degrees. In solution, these mutations m|-%) using a 10 kDa MWCO centrifugal concentrator
do not significantly alter the secondary structural content or (millipore). Purified DJ-1 ran as a single band on Biosafe
dimerization of DJ-1. Structural analysis indicates that each coomassie Blue (Bio-Rad) stained SPBAGE and was
substitution Compromises DJ-1 Stablllty thrOUgh a distinct a"quoted, Snap_frozen in ||qu|d nitrogen’ and stored at
structural mechanism that involves either the introduction —gp °C. The oxidation state of DJ-1 was determined by
of rotameric side chain disorder and solvent into the DJ-1 e|ectr05pray mass Spectrometry (Redox B|0|Ogy Center Mass
core (A104T), disruption of a key stabilizing salt bridge spectrometry Core Facility, University of Nebraska) to
(E163K), or the introduction of a packing defect into the ensure that only reduced DJ-1 was used for the experiments
core of the protein (M261). Our results suggest that disease-in this study. Typically, samples of DJ-1 were95%
reduced, with less than 5% oxidized at C106 to cysteine-

1 ADP, anisotropic atomic displacement parameter; CD, circular sulfinic acid. No evidence for other oxidized species of DJ-1
dichroism; DSC, differential scanning calorimetry; DTT, dithiothreitol; \yas seen in any sample.
HEPES, (4-(2-hydroyethyl)-1-piperazineethansulfonic acid; PD, Par- . . .
kinson’s disease; PEG, polyethylene glycol; rpm, revolution per minute; CrySt_a”'Z_at'Om Da_ta Collection, and Processm_‘@pr all
wt, wild-type. crystallization experiments, DJ-1 at 20 mg/mL in storage
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Table 1: Crystallographic Data and Model Statistics

A104T E163K M261 A104V M26L E163K/R145E
Data Statistics

wavelength (A) 0.980 0.900 0.827 1.542 1.542 1.542
space group P3:21 P3:21 P3:21 P6522 P3:21 P3:21
unit cell

a(h) 74.78 74.93 74.77 66.84 74.82 74.99

c (A) 74.99 75.15 75.06 175.85 75.26 75.11
resolution limits (A) 506-1.05 50-1.15 50-1.15 50-1.85 50-1.5 50-1.5
unique reflections 110,339 86,963 86,085 20,778 39,440 39,554
completeness (%) 97.8 (94.5) 100 (100) 99.9 (99.5) 99.8 (100) 99.9 (99.9) 100 (100)
mean redundanéy 5.7 (3.8) 10.7 (9.4) 6.5 (4.7) 13.6 (14.5) 9.8(8.9) 10.3 (9.8)
Rmerge(%0)2P 4.3 (43.7) 7.9 (81.9) 6.8 (56.0) 9.9 (75.0) 6.9 (16.0) 4.8 (26.1)
o) 3 33.9(2.6) 34.1(2.7) 23.4(2.3) 31.1(3.5) 36.8 (13.0) 46.1 (8.4)

Model Statistics

molecules in ASU 1 1 1 1 1 1
number of modeled residues 187 186 187 191 187 187
number of solvent molecules 229 178 255 189 211 212
number of residues in dual conformations 12 10 6 2 11 4
Rwork (%0)° 13.2 15.0 12.9 18.1 16.7 18.2
Ruork (%) for Fo > 4o(F)ed 114 12.3 11.0 na na na
Riree (%0)° 15.0 17.7 15.6 22.6 17.7 20.3
Riree (%) for Fo > 40(Fo)ed 12.9 14.6 13.6 na na na
Rai (%) 13.3 15.0 12.9 18.3 16.7 18.3
Rai (%) for Fo > 40(F,)¢ 11.4 12.3 10.9 na na na
mean proteirBeq (A2 14.2 16.6 134 19.7 11.0 15.8
mean protein anisotropy 0.48 0.53 0.47 1 1 1
mean solvenBe, (A?) 324 34.0 31.6 33.2 27.6 31.6
mean solvent anisotropy 0.39 0.42 0.38 1 1 1
rms bond length deviation (A) 0.02 0.01 0.01 0.01 0.01 0.01
rms angle length deviation (A) 0.03 0.03 0.03 na na na
rms bond angle deviation (dé'g) na na na 1.3 1.2 1.2
rms chiral volume deviation 0.11 0.09 0.09 0.09 0.07 0.08

aValues in parentheses indicate the statistics in the highest resolution shells. For the M261 and E163K DJ-1 datasets, this rantd5A..19
For the AL04T DJ-1 dataset, the highest resolution shell is-110%5 A. For the M26L and E163K/R145E datasets, it is £.550 A and for the
A104V dataset, it is 1.921.85 A.° Ryerge = { YnuTillhg — D S il ki, Wherei is theith observation of a reflection with indicésk,| and
angle brackets indicate the average overi albservations® Ruork = {SnulFr — Fral} A SnaFrid, WhereFy, is the calculated structure factor
amplitude with indiced k| andFp,, is the observed structure factor amplitude with indilsgsl. ¢ A statistic that is reported for structures refined
in SHELXL; na, not applicable? Ry is calculated a&yon, Where theFp,, are taken from a test set comprising 5% of the data that were excluded
from the refinement2). f Ry is calculated awor, Where theFy,, include all measured data (including tRe. test set) 9 Anisotropy is calculated
as the ratio of the smallest to the largest eigenvalues of the refined ADP tensor and is calculated using PARVAR statistic that is reported
for structures refined in REFMACS5; na, not applicable.

buffer was crystallized using the hanging drop vapor diffu- loops and cryocooled by direct immersion into liquid
sion method using drops containingu2 of protein and 2 nitrogen.

uL of reservoir solution. Crystals of E163K DJ-1-6xHis in X-ray diffraction data for E163K DJ-1-6xHis were col-
space grouj3;21 were grown at room temperature i 2 lected at the Advanced Photon Source (APS), BioCARS
days using sodium citrate (3.6 M) as a precipitant  beamline 14 BM-C. Data for A104T and M261 DJ-1-6xHis
buffered with 50 mM HEPES pi= 7.5. E163K DJ-1-6xHis  were collected at the Stanford Synchrotron Radiation Labo-
crystals were cryoprotected by serial transfer through solu- ratory (SSRL), beamline 11-1. Single crystals maintained at
tions of incrementally higher concentrations of sodium 100 K were used for the collection of each dataset, and the

malonate pH= 7.4 to a final concentration of 3.4 Mig). data were collected in separate high and a low resolution
The crystals were mounted in nylon loops and cryocooled passes with differing exposure times and detector distances
by direct immersion into liquid nitrogen. in order to avoid overloaded pixels for intense low resolution

Crystals of A104T (6xHis), M26l (6xHis), A104V (tag- reflections. Because C106 is sensitive to radiation-induced
cleaved), E163K/R145E (tag-cleaved) and M26L (tag- damage, the beam intensity was attenuated and the crystals
cleaved) DJ-1 were grown using the hanging drop vapor were exposed to X-rays for 10 s or less péroscillation.
diffusion method by mixing 2L of protein at 20 mg/mL Diffraction data for A104V, M26L and E163K/R145E tag-
with 2 uL of reservoir solution (26:25% PEG 3000, 100 cleaved DJ-1 were collected at 120 K on a MicroMax-007
mM HEPES pH= 7.5, 200 mM NacCl) and equilibrating  Cu rotating anode source (Rigaku) operating at 40 kV and
against the reservoir solution for—10 days at room 20 mA with Osmic Blue confocal optics and a Raxis'V
temperature. The resulting bipyramidal (space gregp detector (Rigaku). All diffraction data were integrated and
21) or javelin-shaped (space gro#$s22) crystals were  scaled using HKL200040), and final data statistics for each
cryoprotected by serial transfer through the reservoir data set are provided in Table 1.
solution that was supplemented with increasing concentra- Crystal Structure Refinemer@HELX-97 was used for the
tions of ethylene glycol to a final concentration of 30% v/v. refinement of coordinates and anisotropic displacement
Crystals were removed from the cryoprotectant in nylon parameters for A104T, E163K, and M261 DJ-1. Refinement
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was performed against an intensity-based, weighted least-DSC for the first scan of a series. All thermograms were
squares residual target function that included stereochemicalkollected with freshly prepared samples, and the data were
and displacement parameter restraii@) @nd excluded a  processed by reference thermogram subtraction, concentra-
test set of 5% of randomly chosen reflections that were tion normalization, and progress baseline subtraction in the
sequestered and used for the calculation of Rhg value ORIGIN software package for DSC analysis (Microcal,
(52). The same reflections were chosen for inclusion in the Northhampton, MA). All the DJ-1 proteins studied here
test set for each of the three mutant structures. All measureddenature irreversibly upon heating, as judged by the absence
data were used in the refinement and a bulk solvent of an unfolding endotherm during a second-1I@0°C scan.
correction was employed to allow the inclusion of the low This second 18100 °C scan was performed after cooling
resolution reflections. Initial rigid body refinement at 2.5 A from 100 to 10°C at a rate of 60C/h followed by a 15 min
resolution using the model of human DJ-1 (PBD code 1P5F) rest period at 10C. T, values differ by 1°C or less in
(39) was followed by multiple cycles of stereochemically replicate DSC experiments on a representative DJ-1 sample.
restrained refinement of coordinates and isotrdpfactors Sedimentation Equilibrium Ultracentrifugatio®edimen-
at 1.5 A resolution using a stepwise increase in resolution tation equilibrium ultracentrifugation was performed at
(STIR instruction). Manual adjustments to the model, includ- 20 °C using a Beckman Coulter XL-I analytical ultracen-
ing construction of the initial solvent model, were made by trifuge (Beckman-Coulter, CA) employing a Ti-50 rotor and
inspection of \nF, — DF. andmF, — DF. electron density =~ absorbance optics. Tag-cleaved protein samples were thawed
maps in the program COOT2). Manual adjustments to  on ice and buffer exchanged by rapid dialysis foo3th at
the model were followed by additional cycles of conjugate 4 °C against 25 mM HEPES, pH 7.5, 100 mM KCI and
gradient refinement and inclusion of all data using the STIR 1 mM DTT. After dialysis, the samples and buffer were
instruction. Upon convergence of the refinement using a centrifuged to remove particulates and diluted to the required
model with isotropidB-factors, anisotropic atomic displace- concentration (1.0, 1.5 or 2.0 mg/mL) in the dialysis buffer.
ment parameters (ADPs) were introduced, resulting in a Samples (11@&L) and buffer (125L) were loaded in a six
3—5% decrease in botR and Ry The final cycles of sector CFE sample cell fitted with quartz windows, allowing
refinement were performed with riding hydrogen atoms the monitoring of three different concentrations of sample
(excluding the hydrogen atoms onyQof serine, O of simultaneously. Sedimentation equilibrium ultracentrifugation
tyrosine, @1 of threonine, and Bl of histidine), followed was performed at three different speeds: %.710% 2.0 x
by combination of the working and test set data during the 10* and 2.4x 10* rpm; and the absorbance of each sample
final cycles of refinement. was monitored at 270 and 277 nm as a function of radius.
The structures of A104V, M26L, and E163K/R145E DJ-1 Absorbance scans were collected after 20 h and 22 h of
were refined in REFMAC553), part of the CCP4 suite of  centrifugation for every sample and compared to ensure that
programs %4). A test set comprising 5% of the reflections equilibrium had been attained, after which the speed was
were chosen at random and sequestered for the calculatiorincreased and the same procedure was followed. The partial
Of Rree A104V DJ-1 crystallizes in spacegroips22, which specific volume of the protein samples and the solvent
has not been previously observed for DJ-1. Therefore, thedensity were calculated using the program SedNTB8), (
structure was solved by molecular replacement using PHASERusing the partial specific volume of Tris as a substitute for
(55, 56) with wild-type DJ-1 (PDB 1P5F) as a search model. the HEPES buffer that was used in this experiment. The data
For each structure, conjugate gradient minimization refine- were analyzed using the Origin 6.0 data analysis software
ment against a maximum likelihood, amplitude-based target provided by the manufacturer. A variety of self-association

function that included stereochemical @®dactor restraints

models were fit to the data, and the quality of fit was judged

was followed by manual adjustments to the models guided by both the magnitude and absence of systematic trends in

by inspection of thk, — DF; and mk, — DF. electron
density maps in COOTSQ). Anisotropic scaling and a bulk

the fit residuals. A model containing a single dimeric species
for each sample fit the data adequately, and more complex

solvent model were included in the refinement. The geo- models that included monomedimer or dimer-tetramer
metric and stereochemical quality of each model was self-association did not improve the fit. The general equation
validated using both the MolProbity serves7f and the used to fit the dimeric model to the data was
validation tools within COOT %2). Final model statistics
are shown in Table 1.

Differential Scanning CalorimetrypSC experiments were
performed using untagged wild-type, A104T, M26l and
E163K DJ-1 at 1620 uM concentration in a VP-DSC

M(1 — 7p)w’(r* — ry)
2RT

A(r) = Aro) ex;{ +C

whereA(r) is the absorbance as a function of radial position
microcalorimeter (Microcal) over a temperature range 6f 10  in the sector cell A(ro) is the absorbance at the reference
100°C at a scan rate of 60C/h in passive feedback mode. positionro, M is the molecular weight of the protein dimer
Reduced DJ-1 was dialyzed against vacuum degassed DS@ g mol?, ¥ is the partial specific volume of the protein
buffer (10 mM HEPES pH= 7.5) supplemented with 1 mM  (mL g %), p is the density of the solvent (g mb), w is the
p-mercaptoethanol at 4C. All DJ-1 samples were diluted  angular velocity of the rotor (rad ¥, r is radial position in

to 0.01-0.02 mM in dialysis buffer, and the protein the sector celly, is the reference positiorR is the gas
concentration was verified bydg using an extinction constant,T is temperature (K), an@ is the baseline offset.
coefficient of exgo = 4000 Mt cm™L. Prior to loading the Circular Dichroism (CD) Spectroscop¥D spectra be-
sample, 5-10 reference bufferbuffer scans were collected tween 260 and 190 nm were collected at room temperature
and the protein sample was loaded “in cycle” to avoid using a Jasco J-810 CD spectrometer employing a grating
instrument thermal hysteresis that is invariably observed in with 3400 lines cm. Tag cleaved DJ-1 proteins were diluted
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to 10u4M in 10 mM potassium phosphate buffer, pH7.5,
and spectra were measured in continuous scanning mode a 10
50 nm mirm? with a 2 nmbandwidth and an accumulation
of five scans per spectrum. The instrument response time
was 1 s, and the data pitch was 1 nm. Spectra were Al
normalized to units of mean molar residue ellipticity (deg
cn? dmoi? residue?) using protein concentrations deter-
mined by Aggo (€280 = 4000 Mt cm™) according to the
following equation:

eobs(/l)

0] = o

Cp (kcal/mole/°C)

——
T g m—

where P(1)] is the mean residue molar ellipticity as a
function of wavelengthn is the number of residues in the
protein, c is the concentration of the protein (M),is the
sample path length (cm), aifighdA) is the observed ellipticity
as a function of wavelength (nm). Approximate estimates
of secondary structural content for the measured CD spectra
were obtained using a Kohonen neural network trained El.(];UlREDzi:ffeAl’g:1?;;’3eS}ZaDr;g?nsoijgltggnzr]eli:ati(%lssé?eépqv?lltllg.;j?.sz?iﬁgidze
agf’?'”St aset of 1.8 CD spectra collected from model prOte'nscircles), M261 (open squarges), A104T )(/filled squares) and E163K
as implemented in the program K2B9). (gray triangles) shows that each pathogenic mutation reduces the
apparent melting temperaturg) of DJ-1. The molar heat capacity
RESULTS at constant pressur€y) is calculated from the observed endotherms
(ordinate), but cannot be subjected to thermodynamic analysis due
DJ-1 Is Destabilized by Each PD-Associated Missense to the irreversibility of DJ-1 denaturation. THg, for each sample
Mytation. The most common effgct of disegse—as;ociated {f;r?sritﬁgn'q;htiéexmtézg;gg fécr)]rgotg?;lrtnc.)fanon-two state unfolding
missense mutations is the reduction of protein stabiig).(
As each of the three PD-associated DJ-1 mutations has thecharacterize th&y of the monometrdimer equilibrium for
potential to destabilize DJ-1, the thermal stabilities of wild- these proteins, although this was done in a thorough previous
type and the three PD-associated mutants in their fully study @5). Molecular weights for the dimeric species of each
reduced forms were determined by differential scanning sample determined from the sedimentation equilibrium
calorimetry (DSC). The denaturation of DJ-1 is irreversible ultracentrifugation experiment shown in Figure 3 are pro-
under our experimental conditions; therefore no thermody- vided in Supporting Information Table S1.
namic analysis of the unfolding transitions was performed. The secondary structural content of DJ-1 in solution is
The apparent melting temperature§,), however, still also unaffected by the A104T, E163K and M26] mutations,
provide a useful measure of the relative stabilities of the as shown by comparison of far-UV CD spectra (Figure 4).
proteins. The wild-type protein hasTa, of 66.2°C, which The secondary structural content of DJ-1 in solution is
is reduced by each PD mutation to varying extents; M261 approximately 35%u-helix, 18% g-strand and 47% coil/
(63.4 °C), A104T (58.7°C) and E163K (55.1°C). The turn/other, as determined using the program K3Db) (see
unfolding endotherm for each sample is unimodal, allowing Experimental Procedures). These values agree reasonably
a meaningful T, to be determined for each unfolding well with the secondary structural content of DJ-1 calculated
transition (Figure 2). Our results show that M26l is the least from the crystal structure using the PDB annotation for
disruptive of the three PD-associated mutations studied heresecondary structure in 1P5F (35&shelix, 27% f3-strand,
while A104T and E163K both substantially reduce the 38% other), indicating that none of the PD-associated mutants
melting temperature of DJ-1. significantly alter the secondary structure of DJ-1 in solution.
Dimerization and Secondary Structure of DJ-1 in Solution We note that these results differ from those of a previous
Is Unchanged by Three PD-Associated Mutatiobs-1 study that reported reduced secondary structural content for
exists as a homodimer and buries 2600Asurface areaat  M26l DJ-1 45). Some possible reasons for this discrepancy
the dimer interface 39). One well-characterized PD- are provided in the Discussion.
associated missense mutation, L166P, disrupts the DJ-1 dimer The A104T Mutation Introduces Disorder and Water into
and results in loss of protective activit33, 34). As DJ-1 the Hydrophobic Core of DJ-1A104 is very highly
appears to be an obligate homodimer, disruption of the dimerconserved in homologues of DJ-1 and is located near the
interface might be one possible mechanism by which other C-terminal end ofs-strand 5 near a sharp turn that contains
PD-associated mutations impair DJ-1 function. Sedimentationthe functionally critical C106 residue. A104 resides in a
equilibrium ultracentrifugation indicates that this is not the tightly packed hydrophobic environment, and the small size
case for A104T, E163K and M261 DJ-1, all of which exist of the A104 side chain allows for efficient packing with
as dimers in solution (Figure 3AD). Adequate fits to the  bulkier surrounding residues (L72, P109, and L112) in the
observed data could be obtained with a model that assumesentral paralleB-sheet of DJ-1. The 1.05 A resolution crystal
that only the dimeric species is present (Figure 3), with no structure of A104T DJ-1 shows that this substitution causes
evidence of either monomeric or higher order oligomeric ~0.4 A displacements of L72 and L112 to alleviate steric
states of the protein. Consequently, we made no attempt toclashes with the bulkier side chain of T104 (Figure 5A).

Temperature (°C)
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Ficure 3: Sedimentation equilibrium ultracentrifugation of DJ-1 and PD-associated mutants. Each panel represents the measured absorbance
at 277 nm as a function of radius (lower plots), and the residuals after fitting to a dimeric model for each sample (upper plots) after
sedimentation equilibrium ultracentrifugation. The best-fit curve is shown as a solid line in the lower plots for each sample. Shown in panel

A is wtDJ-1, panel B is A104T, panel C is E163K and panel D is M26l. Representative data for an experiment condustelDat@gn

and 25°C is shown. Other self-association models resulted in no improvement in the residuals, and thus the simple dimer model was

retained.

20000 at T104 is correlated with the presence of a partially occupied
water molecule that makes a hydrogen bond joi@one
conformation of T104 (Figure 5B). Thert, — DF electron
density for this water molecule is unambiguous (4,8
however initial attempts to model this water molecule at full
occupancy resulted in pronounced.20) negativemF, —
DF. electron density (Figure 5B) after extensive positional
and displacement parameter refinement in SHELX (see
Experimental Proceedures). Therefore, the occupancy of this
water molecule was reduced to 0.5 in order to eliminate this
difference electron density, although this results in no
significant change in thBse value. The reduced occupancy
ry— , , , , , , of this water molecule closely matches the refined occupancy
190 200 210 220 230 240 250 260 (0.46) of the conformation of the discretely disordered T104
Virslang®i {nr) residue with which it interacts. This indicates that the
FiGure 4: The secondary struqtural content of DJ-1 in sollution.is presence of this water molecule in the core of DJ-1 is
unaffected by three PD-associated mutations. Circular dichroism . ra|ated with discrete disorder at T104. Further supporting

(CD) spectra were collected at 2Q, pH= 7.5 for 10uM wtDJ-1 hi hi | le is ab . Il oth
(filled circles), M261 (open squares), A104T (filled squares) and tNIS argument, this water molecule is absent in all other

E163K (gray triangles) and show no significant differences in the crystal structures of DJ-1. We propose that the A104T
mean residue molar ellipicity @]; ordinate) as a function of  substitution destabilizes DJ-1 principally by burying a
wavelength. discretely disordered polar amino acid and an associated

Apart from these local perturbations near the site of the Water molecule in a largely hydrophobic environment,
A104T substitution, there are no major changes in either the thereby ferrying solvent into the core of the protein.
structure or degree of order in other regions of the protein  To establish to what degree the polar character of T104
(Supporting Information Figures S2 and S3A). influences the discrete disorder in the core of DJ-1 created
In addition, the T104 side chain is discretely disordered by the A104T mutation, we engineered a nonpolar A104V
and samples two rotameric conformations with refined substitution and determined its structure using X-ray crystal-
occupancies of 0.54 and 0.46. The conformational disorderlography. The 1.85 A resolution crystal structure of A104V

—. 15000 4
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L72

Water
e

T154

FiIGUre 5: Buried solvent and side chain rotameric disorder in
A104T DJ-1. Panel A shows a superposition of wild-type (LSOA
(5); semitransparent gray) and A104T DJ-1 (dark gray) in the region
around the site of the substitution. The introduction of a bulkier FiIGURE 6: Hydrogen bonding stabilizes discrete disorder at T104
and disordered side chain at residue 104 results in structuralin A104T DJ-1. Panel A shows the environment of an engineered
perturbations of the surrounding residues L72 and L112. Panel B A104V substitution in DJ-1. Inspection of 1.85 A resolutiomR,
shows a 1.05 A resolution view of the discrete rotameric disorder — DF. electron density at 1 (blue) shows that V104 is less
at T104 and the partially occupied water molecule. Inspection of disordered than T104, despite the steric similarity of these two
2mF, — DF. electron density contoured at {blue) shows that residues. Positive differencenf;, — DF.) electron density contoured
the buried water molecule forms three hydrogen bonds (dashedat 3.Qs (green), however, indicates that the residue likely samples
lines) with surrounding residues, including ther @tom of one a second minor conformation. In panel B, T104 makes two mutually
conformation of T104. Negative differenceni, — DF) electron exclusive hydrogen bonds that favor discrete disorder for this
density contoured at-30 (red) indicates that the buried water residue. The higher occupancy conformation for T104 is shown in
molecule is partially occupied. This negative difference electron the darker line, electron densityr(lF, — DF) is contoured at 18
density disappeared when the occupancy of the water was reducedblue), and hydrogen bonds are shown in dashed lines with their
to 0.5 in the final model. The figure was created with POVseript ~ distances provided in angstroms. The orientation of residue 104 in
(65). panels A and B is the same. The figure was created with
POVscriptt (65).
DJ-1 shows that V104 is better ordered than T104, despite
the very similar steric properties of these two residues (Figure at these two positions in homologues of DJ-1 suggest that
6A) A nearby peak in the difference electron density map this salt brldge interaction is Ilkely important. The 1.15 A
(mF, — DF,) contoured at 3@ suggests that V104 samples resolution crystal structure of E163K DJ-1 shows that
a second minor side chain conformation (Figure 6A). The substitution of lysine for E163 disrupts this salt bridge and
good agreement between the model and thé2— DF, results in increased mobility of R145 due to electrostatic
electron density indicates, however, that V104 exists pre- conflict and loss of hydrogen bonding potential between
dominantly in the modeled rotamer (Figure 6A). As expected, K163 and R145 (Figure 7B). The principal structural change
no buried water is observed near V104 in A104V DJ-1. The in E163K DJ-1 is that the side chain of K163 swings away
nonpolar character of V104 eliminates its ability to hydrogen from R145 to alleviate repulsive electrostatic interactions
bond both to the buried water molecule observed in A104T resulting from the E163K mutation.
DJ-1 and to the backbone carbonyl oxygen of L72 (Figure A comparison of refined anisotropic atomic displacement
6B), thereby reducing the stabilizing interactions that favor parameters (ADPs) for R145 in both wild-type and E163K
discrete disorder at T104. Therefore, we conclude that theDJ-1 shows that R145 becomes more disordered as a result
discrete disorder observed in A104T DJ-1 is due largely (but of the E163K mutation, as demonstrated by the greatly
not entirely) to the enhanced hydrogen bonding potential of elevated ADPs for the guanidinium side chain of R145
T104. (Figure 7C,D). The residue averag@&dfactor for R145
E163K Disrupts a Key Salt Bridge in DJ-In wtDJ-1, increases from 10.4 Ain wtDJ-1 to 25.6 & in E163K DJ-
the carboxylate side chain of Glul163 makes a salt bridge 1, andB-factors throughout helices G and H (residues-159
with the guanidinium side chain of R145, which in turn 189) in E163K DJ-1 are also elevated, demonstrating that
anchors the C-terminus of the other DJ-1 monomer at the loss of the R145E163 salt bridge leads to increased disorder
dimer interface by donating two hydrogen bonds to the in this region of DJ-1 (Supporting Information Figure S3C).
peptide carbonyl oxygen of V186 (Figure 7A). The very high We propose that the E163K substitution destabilizes DJ-1
degree of conservation of both E163 and R145 and thethrough disruption of a key salt bridge between E163 in
electrostatically conservative character of sequence variationsa-helix G and R145, located in the turn betweggstrands
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Ficure 8: An engineered E163K/R145E double mutation creates
a poorly ordered salt bridge. A superposition of E163K (semitrans-
parent gray) and an engineered E163K/R145E DJ-1 double mutant
(darker line) shows that restoring electrostatic complementarity
creates a salt bridge with the poorly ordered side chain of K163.
Electron density (B\F, — DF) calculated from the 1.5 A resolution
crystal structure of E163K/R145E DJ-1 is contoured at(ilue)

and shows that K163 moves to interact with E145. Prominent
negative differenceni, — DF¢) electron density contoured at
—3.50 (red) indicates that K163 is poorly ordered and that native
hydrogen bonding interactions between R145 and E163 in wtDJ-1
are required for optimal interactions in this region of the protein.
The figure was created with POVscript(65).

DJ-1 shows that the side chain of K163 moves to form a
salt bridge with E145 (Figure 8) in the engineered double
mutant DJ-1. Despite the restoration of the salt bridge, the
side chain of K163 is partially disordered as indicated by
FIGURE 7: The E163K substitution disrupts a critical salt bridge in weak 2nF, — DF. electron density, prominent negative
DJ-1. Panel A shows the network of hydrogen bonds (dashed lines)difference mF, — DF. electron density, and elevatet

that extendff;gmé?ellfj;(ia?%% skalfjbri'?r?e tO_Vl?aFjggngO;T]%fws factors (Figure 8). The disorder at K163 in E163K/R145E
monomer of the DJ-1 dimer (marked with a prime). - : .
a superposition of wild-type (1SOAY; semi-trgnsparentgray) and D.J'.l Ind'lcates t.hat hydrogen bonding between the guap -
the 1.15 A resolution crystal structure of E163K DJ-1 (dark gray), dinium side chain of R145 and the carboxylate of E163 in
showing that the substitution of a lysine at position 163 disrupts WtDJ-1, which is absent in the engineered E163K/R145E
the salt bridge with R145 and leads to reorientation of the K163 double mutant, is a critical contributor to stability of the
side chain. Electron densityf#, — DF) contoured at & (blue) — interaction between residues 145 and 163 in DJ-1. Further

and positive differencenF, — DF. electron density contoured at . - . .
4g (green) calculated from the E163K DJ-1 model indicate that support for this conclusion is provided by the robust

loss of the E163R145 salt bridge leads to disorder at Arg145 in Precipitation of E163K/R145E DJ-1 that occurs during
E163K DJ-1. The increased mobility of R145 is evident by unsuccessful attempts to measureTitsby DSC.

comparison of the thermal ellipsoids calculated from the refined 261 Causes Packing Defects in the Core of the DJ-1
ADPs of wtDJ-1 (panel C) and E163K DJ-1 (panel D). The thermal Dimer. M26 is a conse?ved residue im-helix A that is

ellipsoids with their principal axes are shown at the 50% probability o ; .
level and are colored to indicate the magnitude of the total atomic l0cated in the core of the protein. Although M26 is near the

displacement (blue; 6 Ared; 40 &). The figure was created with  dimer interface, it does not directly participate in dimer-
POVscriptt (65). spanning contacts (Figure 1). The 1.15 A resolution crystal
8 and 9. The disruption of this salt bridge leads to a loss of structure of M26l DJ-1 reveals that this point mutation is
anchoring hydrogen bonds between R145 and the C-terminughe least structurally disruptive of the Parkinsonism-associ-
of the other monomer in the DJ-1 dimer, increasing the ated mutations studied here (Figure 9A). The modest
mobility of R145 and thereby weakening a network of disruption of hydrophobic packing contacts around 126 is a
hydrogen bonds that spans the dimer interface. consequence of introducingfabranched amino acid in the
The salt bridge between R145 and E163 in wtDJ-1 is tightly packed hydrophobic core of the protein. The steric
stabilized by both charge complementarity and hydrogen conflict between the ¢2 atom of 126 and the side chain of
bonding. The E163K mutation eliminates both types of 131 results in a-0.7 A displacement of 131 away from 126.
interaction, leading to destabilization of the protein. To In addition, the M26I substitution creates a smaiBQ A%)
determine the relative contribution of electrostatics and cavity with consequent loss of optimal packing contacts in
hydrogen bonding to the stability of the 14563 salt bridge, ~ the interior of the protein due to the loss of the &hd $
an engineered E163K/R145E double mutant was created toatoms of M26.
restore the electrostatic interaction between residues 145 and Unlike A104T and E163K DJ-1 (see above), the M26l
163. The 1.5 A resolution crystal structure of E163K/R145E mutation does not result in a significant change in side chain
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A atoms as a result of radiation damage that was incurred
during data collection39). Therefore, the ADPs from a less
P M26 damaged crystal structure of C106-sulfinic acid oxidized
V33 wtDJ-1 (1SOA) are used for comparison with the ADPs from
the mutant DJ-1 crystal structures reported in this stbidy(
The ADPs and &hF, — DF. electron density for 126 indicate
that the residue does not show a pronounced directional bias
in atomic mobility (mean residue anisotropy 0.59) and
126 exists in a single rotameric state in the crystal (Figure 9B).
Analysis of the crystal structure suggests that the modest
thermal destabilization of M261 DJ-1 observed in DSC is
due to minor core packing defects created by the branched
side chain of 126 and the loss of favorable packing contacts
with the Ge and $ atoms of M26. These results are in broad
agreement with previous molecular dynamics simulations that
showed no major structural changes in response to the M26l
missense mutatior6().

An engineered M26L substitution was created that elimi-
nates the van der Waals conflict between 126 and 131 in M26l
DJ-1. The 1.5 A resolution crystal structure of M26L DJ-1
shows that, as expected, 131 returns to the conformation
observed in wtDJ-1 (Figure 9C). Unexpectedly, the side chain
of L26 is discretely disordered and samples two conforma-
tions in the hydrophobic core of the protein (Figure 9C).
This disorder is the result of the small cavity30 A3)
created by the loss of thec@nd $ atoms of M26, which
permits two rotameric states of L26 to be accommodated
without steric clashes. Although similar disorder is not
observed in the pathogenic M261 mutation, the alternate
conformations of L26 confirm that the cavity formed by
removal of the M26 side chain permits greater conforma-
tional flexibility in the core of DJ-1 and likely contributes
to the modest thermal destabilization of M261 DJ-1 observed
by DSC (Figure 2).

DISCUSSION

o . . . In this study, a combination of DSC, CD spectroscopy,
FiGURE 9: The M26I substitution results in packing defects in the and sedimentation equilibrium ultracentrifugation was used
core of DJ-1. Panel A shows a superposition of wild-type (1SOA to show that the A104T, E163K and M26l PD-associated

(5); semitransparent gray) and M261 DJ-1 (dark gray) in the region . . . - .
around the site of the substitution. The M261 substitution results Mutations in DJ-1 variably reduce the stability of the protein

in a~0.7 A displacement of 131 to accommodate the2Gtom of without causing major structural changes or loss of dimer-
126. In addition, the loss of thedSand G atoms of M26 creates a ization in solution. Atomic resolution X-ray crystallography

minor packing defect in the hydrophobic core of the protein. In provides a structural rationale for the differing effects of the

Panel B, InF, — DF, electron density contoured at Iblue) is -
shown with t(r)]ermalcellipsoids calculated from the refined ADPs A104T, E163K, and M26I substitutions on the thermal

of 126, indicating that this residue is well-ordered in the crystal. Stability of reduced DJ-1. The A104T point mutation
The thermal ellipsoids are shown at the 60% probability level with introduces a discretely disordered residue into a hydrophobic
their principal axes and are colored to indicate the magnitude of environment near the functionally critical residue C106. A
th%\}\f’staé aétlc,l)[r)rgl’cpglssitpi)(l)e:]c%rp?\;; élt"éee;mﬁéﬁgb ;ri rﬁ)ég?;‘eén% e P2rtially occupied water molecule that is absent in structures
engineered M26L substitution, with alternate conformations for L26 of wiDJ-1 S hydrogen bonded to one of thg two rotameric
shown in black and dark gray. The cavity created by the M26L conformations of T104, and the burial of a disordered polar
substitution allows L26 to sample two rotameric conformations in residue and its accompanying water molecule is proposed
g:)en tgoido;t gibll ea)lsc ;20}/;33 é))fllfrgﬂr:ﬁ t;e[ipsc /f'r%gtg?f}i C()jl’?eritSytal to account for much of the destabilization of A104T DJ-1.
structgre of M26LUDJ-1. Tl?]e figure was created withuPOVsd>1/=ipt The E163.K point mutation dlsrUpts.a critical salt br.ld.g.e to
(65). R14_15, which leads to elevated mok_)lllty for the _guan|d|n|um
moiety of R145 and consequently interferes with a network
conformation or degree of order at the site of the substitution. of hydrogen bonds that involves L186 and spans the dimer
126 has a mean side chahfactor of 9.3 &, which is only interface. We note that the homozygous E163K mutation in
slightly elevated compared to the mean side cligfiactor DJ-1 was originally isolated from patients that also carried
of 7.0 A? for M26 in oxidized wtDJ-1 that was refined at mutations in the promoter region of the gene, complicating
comparable resolution (PDB accession code 1SGAWe the interpretation of the structural result in the context of
note that the original 1.1 A resolution crystal structure (1P5F) the unusual clinical pathology of E163K DJ-#4j. The
displays elevate®-factors and reduced anisotropy for most M261 mutation results in packing defects in the core of the

131
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