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ABSTRACT: Human DJ-1, a disease-associated protein that protects cells from oxidative stress, contains
an oxidation-sensitive cysteine (C106) that is essential for its cytoprotective activity. The origin of C106
reactivity is obscure, due in part to the absence of an experimentally determined pK, value for this residue.
We have used atomic-resolution X-ray crystallography and UV spectroscopy to show that C106 has a
depressed pK, of 5.4 £ 0.1 and that the C106 thiolate accepts a hydrogen bond from a protonated glutamic
acid side chain (E18). X-ray crystal structures and cysteine pK, analysis of several site-directed substitutions
at residue 18 demonstrate that the protonated carboxylic acid side chain of E18 is required for the maximal
stabilization of the C106 thiolate. A nearby arginine residue (R48) participates in a guanidinium stacking
interaction with R28 from the other monomer in the DJ-1 dimer and elevates the pK, of C106 by binding
an anion that electrostatically suppresses thiol ionization. Our results show that the ionizable residues
(E18, R48, and R28) surrounding C106 affect its pK, in a way that is contrary to expectations based on
the typical ionization behavior of glutamic acid and arginine. Lastly, a search of the Protein Data Bank
(PDB) produces several candidate hydrogen-bonded aspartic/glutamic acid—cysteine interactions, which

we propose are particularly common in the DJ-1 superfamily.

Cysteine thiolates are potent nucleophiles that are used
by many proteins for catalysis, metal binding, or to facilitate
post-translational modification. However, the solution pK,
value of cysteine (8.3) is not within the optimal physiological
pH range of most proteins. To render cysteine residues
reactive, the thiol pK, must be depressed by stabilization of
the conjugate thiolate anion by the protein environment.
Multiple types of stabilizing interactions can decrease
cysteine pK, values, including electrostatic complementarity
with nearby cations (/, 2), the a-helix macropole (3), and
hydrogen bonding to the thiol (4).

The Parkinsonism-associated protein DJ-1 contains an
oxidation-sensitive cysteine residue (C106 in human DJ-1)
of unknown pK, that is required for the cytoprotective activity
of the protein (5, 6). DJ-1 is a homodimeric protein of 189
amino acid monomers that is found both in the cytoplasm
(7) and in the mitochondria (5, 8) and protects cells from
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various types of oxidative stress (5, 9—18). Although C106
has been shown to be essential for the protective function
of DJ-1 in cell culture (5, 16) and Drosophila melanogaster
(6), the specific biochemical activity of the protein that
requires this cysteine residue is uncertain. Identifying the
structural determinants of C106 ionization (and hence
reactivity) is an essential first step in understanding how this
conserved cysteine residue contributes to the neuroprotective
activity of DJ-1.

The reactive cysteine in human DJ-1 is one of the most
highly conserved residues in the DJ-1 superfamily (79, 20).
Crystal structures determined by several independent
groups (271-25) show that C106 is located at a solvent-
exposed sharp bend between a f5-strand and an o-helix called
the “nucleophile elbow” (26). The backbone ¢ and 1y angles
for the nucleophile elbow cysteine fall in the unfavorable
region of Ramachandran space for every structurally char-
acterized member of the DJ-1 superfamily (27), possibly
contributing to its reactivity. Furthermore, a computational
study of structurally characterized proteins in the DJ-1
superfamily shows that functionally important residues with
perturbed in silico pH titration profiles cluster around the
reactive cysteine residue and can be used to classify distinct
members of the superfamily (28). Of the residues in the
environment of the conserved cysteine, a proximal glutamic
acid (E18 in human DJ-1) is found in many members of the
DJ-1 superfamily. The importance of this residue, however,
remains poorly understood (27, 28).

To improve our understanding of the origin of cysteine
reactivity in DJ-1, we have used a combination of structural
and biochemical methods to show that C106 has a depressed
pK, value of 5.4 £ 0.1 and that the environment of C106
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contains multiple ionizable residues that exert countervailing
influence on the pK, of this residue. The conserved E18
residue has a protonated carboxylic acid side chain that
enhances cysteine ionization by donating a hydrogen bond
to the Sy atom of C106, while R28 and R48 interact through
guanidinium stacking and bind an anion that suppresses C106
thiolate formation. The significance of the low pK, value
for C106 for the proposed biochemical activities and oxida-
tive regulation of DJ-1 is discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Three forms of
recombinant DJ-1 were used in this study: untagged DJ-1,
DJ-1 bearing a noncleavable C-terminal hexahistidine tag,
and DJ-1 bearing an N-terminal thrombin-cleavable hexa-
histidine tag. DJ-1 with a noncleavable C-terminal hexahis-
tidine tag was expressed in bacterial expression vector
pET21a bearing the DJ-1 gene cloned between the Ndel and
Xhol sites. This construct results in eight vector-derived
amino acids (LEHHHHH) appended to the C-terminus of
the expressed protein and was used for DJ-1 crystallization.
For the cysteine pK, experiments, DJ-1 with an N-terminal
thrombin-cleavable hexahistidine tag was expressed in bacte-
rial expression vector pET15b bearing the DJ-1 gene cloned
between the Ndel and Xhol sites. After tag removal, this
construct results in a recombinant protein with three vector-
derived amino acids (GSH) at the N-terminus of the protein
and is called “tag-cleaved” DJ-1 throughout the remainder
of the paper. For all recombinant proteins, Escherichia coli
BL21(DE3) cells (Novagen) containing the appropriate DJ-1
expression construct were grown in LB medium supplemented
with 100 ug/mL ampicilin at 37 °C with shaking, and protein
expression was induced by the addition of 0.1 mM IPTG. The
induced culture was incubated at 20 °C with shaking overnight
and harvested by centrifugation the next day. Cell pellets were
stored at —80 °C until they were needed.

Hexahistidine-tagged recombinant DJ-1 was purified by
Ni?*-NTA chromatography using His-Select resin (Sigma)
following the manufacturer’s instructions. For C-terminally
His-tagged protein, the Ni>?"-NTA purification was followed
by dialysis against storage buffer [25 mM HEPES (pH 7.5),
100 mM KCI, and 2 mM DTT]" and passage over a Q anion
exchange resin to remove contaminating nucleic acid. DJ-1
appears in the flow-through fraction, while contaminating
nucleic acids remain bound to the Q column. For the
N-terminally His-tagged DJ-1, the hexahistidine tag was
removed by thrombin cleavage at 4 °C for 6—12 h, followed
by sequential passage over His-Select resin to remove any
protein that retained the tag, benzamidine-Sepharose resin
to remove thrombin, and a final passage over a Q anion
exchange resin to remove nucleic acid. Untagged DJ-1 was
purified as previously described (29). For all preparations,
purified DJ-1 runs as a single band with an apparent
molecular mass of 25 kDa on overloaded Biosafe (Bio-Rad)
Coomassie-stained SDS—PAGE. DJ-1 was concentrated to
20 mg/mL (250 = 4000 M~! cm™!) in storage buffer, frozen
in liquid nitrogen, and stored at —80 °C.

! Abbreviations: ADP, anisotropic atomic displacement parameter;
DTT, dithiothreitol; EGCG, epigallocatechin 3-gallate; HEPES, 4-(2-
hydroxyethyl)- 1-piperazineethanesulfonic acid; IPTG, isopropyl f-D-
1-thiogalactopyranoside; PEG, polyethylene glycol; PDB, Protein Data
Bank; rmsd, root-mean-square deviation; UV, ultraviolet; wt, wild-type.
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Crystallization, Data Collection, and Processing. We grew
crystals of untagged wtDJ-1 in space group P2,2,2; with
two molecules in the asymmetric unit (termed orthorhombic
wt throughout the remainder of the paper) using the hanging
drop vapor equilibration method by mixing 2 uL. of DJ-1
(20 mg/mL) supplemented with 2.5 mM epigallocatechin
3-gallate (EGCG) with 2 uL of reservoir solution [28% PEG
4000, 200 mM ammonium sulfate, and 50 mM sodium
acetate (pH 6.0)] and incubating the mixture at room
temperature. Platelike crystals appeared in 2—5 days and
were cryoprotected by serial transfer through increasing
concentrations of ethylene glycol in the reservoir solution
to a final concentration of 25% (v/v). The crystals were
mounted in nylon loops and cryocooled by immersion into
liquid nitrogen. EGCG facilitates crystal growth, although
it does not appear in the final electron density maps.

We grew crystals of C-terminally His-tagged E18Q, E18N,
E18L, and E18D DJ-1 using the hanging drop vapor
equilibration method by mixing 2 uL. of DJ-1 (20 mg/mL)
with 2 uL of reservoir solution [1.4—1.6 M sodium citrate,
50 mM HEPES (pH 7.5—8.0), and 10 mM DTT] and
incubating the mixture at room temperature for 3—5 days.
Bipyramidal crystals in space group P3,21 appeared in 1—5
days and were cryoprotected by serial transfer through
solutions of sodium malonate (pH 7.0) and 5 mM DTT to a
final concentration of 3.4 M sodium malonate (30). All DJ-1
crystals were mounted in a nylon loop and cryocooled by
immersion into liquid nitrogen.

Diffraction data for orthorhombic wt, E18L, E18D, E18Q,
and E18N DJ-1 were collected at the Advanced Photon
Source (APS), BioCARS beamline 14 BM-C, using 0.9 A
incident X-rays and an ADSC Q315 detector. Single crystals
maintained at 100 K were used for the collection of each
data set, and the data for E18Q, E18L, and E18D DJ-1 were
collected in two passes (a separate high-resolution and a low-
resolution pass) with differing exposure times and detector
distances to prevent overloaded pixels for intense low-
resolution reflections. Because C106 is sensitive to radiation-
induced damage, the beam intensity was attenuated and the
crystal was exposed to X-rays for <10 s per 1° oscillation.
Nevertheless, negative mF, — DF. difference electron density
around the Sy atom of C106 indicates that some X-ray-induced
damage has occurred in the E18D, E18L, and E18Q data sets.
Diffraction data were integrated and scaled using HKL.2000
(31), and final data statistics are provided in Table 1.

Crystal Structure Refinement. The structure of orthorhom-
bic wtDJ-1 was determined by molecular replacement with
human DJ-1 (PDB entry 1P5F) (25) as a search model in
PHASER (32) as implemented in the CCP4 suite of programs
(33). The structures of E18L, E18Q, E18D, and E18N DJ-1
in space group P3,21 were refined using human DJ-1 (1P5F)
as the starting model (25). Diffraction data that extend to
atomic resolution (dyi, < 1.2 A) were collected for orthor-
hombic wt, E18L, and E18D DIJ-1, while the data for E18Q
and E18N DJ-1 were of lower resolution at 1.35 and 1.6 A,
respectively. SHELX-97 was used for the restrained least-
squares refinement of the atomic-resolution structures against
a weighted intensity-based residual target function (34). The
refinements for E18Q and E18N DJ-1 were performed using
REFMACS against an amplitude-based maximum likelihood
target function (35). All refinements included both stereo-
chemical and displacement parameter restraints and excluded
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Table 1: Crystallographic Data and Model Statistics
wild type E18L E18Q E18D E18N
Data Statistics

wavelength (A) 0.900 0.900 0.900 0.900 0.900
space group P212,2; P3,21 P3,21 P3,21 P3,21
unit cell

a (A) 4391 74.70 74.78 74.83 75.03

b (A) 85.77 74.70 74.78 74.83 75.03

c (A 98.83 74.88 75.44 74.78 75.05
resolution limits (A) 23—1.20 25—1.15 30—1.35 24—1.20 30—1.60
no. of unique reflections 114729 85989 53400 75880 32697
completeness (%)“ 97.8 (96.0) 100 (100) 98.6 (98.7) 99.9 (100) 99.8 (100)
mean redundancy” 5.3 (4.2) 10.9 (8.0) 7.1 (4.8) 11.1 (7.6) 11.2 (11.2)
Rierge (%)“? 6.5 (70.2) 6.8 (36.5) 7.3 (60.7) 6.9 (69.5) 7.0 (57.4)
(DKa(D)* 24.3 (2.0) 38.3 (6.0) 252 (2.3) 355 (2.9) 33.1(5.1)

Model Statistics

no. of molecules in ASU 2 1 1 1 1
no. of modeled residues 374 187 186 186 186
no. of solvent molecules 583 239 193 221 182
no. of residues in dual conformations 24 13 6 10 7
heteroatoms two sulfate one PEG400 none one malonate none
Ryork (%)° 13.1 11.5 153 13.1 15.8
Ruork (%) for Fo > 40(Fo)"! 10.9 10.7 nd 11.6 nd
Riree (%)° 18.2 14.0 16.8 16.4 18.4
Riwee (%) for Fo > 40(Fo)™¢ 154 13.0 nd 14.8 nd
Rai (%) 134 11.5 153 13.1 16.0
Rai (%) for Fo > 40(F,)* 10.7 10.7 nd 12.9 nd
mean protein Beg (A2 13.5 15.0 16.4 15.9 17.4
mean protein anisotropy* 0.40 0.52 1.00 0.46 1.00
mean solvent Beg (A2 333 33.6 32.6 35.5 30.0
mean solvent anisotropy® 0.36 0.39 1.00 0.39 1.00
rmsd for angle lengths (A) 0.013 0.015 0.013 0.014 0.007
rmsd for angle lengths (deg)” 0.031 0.031 nd 0.030 nd
rmsd for bond angles (deg)”" nd nd 1.37 nd 1.06
rmsd for chiral volumes (A3)? 0.077 0.096 0.088 0.091 0.095

“Values in parentheses indicate the statistics in the highest-resolution shells. For the wild-type and E18D DJ-1 data sets, this range is 1.24—1.20 A.
For the E18L DJ-1 data set, the highest-resolution shell is from 1.19 to 1.15 A. For E18Q DIJ-1, it is from 1.40 to 1.35 A, and for E18N DJ-1, it is from
1.66 to 1.60 A. » Ruverse = il — {Ia)V/ ZniZilha, where i is the ith observation of a reflection with indices &, k, [ and angle brackets indicate the
average over all i observations. “ Ryok = Xl Fiws — Fiud/ZniiFiwa, where Fiy is the calculated structure factor amplitude with index h, k, [ and Fjy is the
observed structure factor amplitude with index &, k, [. 4 A statistic that is reported for structures refined in SHELXL; nd means not determined. ¢ Ry is
calculated as Ryo, Where the Fjy, values are taken from a test set comprising 5% of the data that were excluded from the refinement. 7 Ra is calculated
as Ryork, Where the Fjy values include all measured data (including the Ry test set). € Anisotropy is calculated as the ratio of the smallest to the largest
eigenvalues of the refined ADP tensor and is calculated using PARVATL " A statistic that is reported for structures refined in REFMACS; nd means not

determined.

a test set of 5% of randomly chosen reflections that were
sequestered and used for the calculation of the Rg.. value
(36). Bulk solvent models were used to allow inclusion of
all measured data (excluding the test set) in all refinements,
and anisotropic scaling was used in the REFMACS5
refinements.

Manual adjustments to the models were guided by inspec-
tion of 2mF, — DF, and mF, — DF_ electron density maps
in COOT (37), followed by additional cycles of refinement.
For orthorhombic wt, E18L, and E18D DJ-1, anisotropic
atomic displacement parameters (ADPs) were refined, resulting
in an approximately 5% decrease in both R and Ry compared
to the isotropic displacement parameter model. Due to the lower
resolution of the E18Q and E18N DJ-1 data sets, only the
isotropic displacement parameter models were used for these
structures. For all refinements, hydrogen atoms were introduced
in the riding positions on all atoms for which there is an
unambiguous assignment of hydrogen geometry.

Final model quality was assessed with PROCHECK (38),
MolProbity (39), and the validation tools in COOT (37). In
every DJ-1 structure, the backbone torsion angles for C106
were in the unfavorable region of Ramachandran space. This
cysteine residue is always found in marginal or unfavorable
regions in the Ramachandran plots of DJ-1 superfamily

proteins (40). The refined ADP models for orthorhombic wt,
E18L, and E18D DJ-1 were analyzed using the PARVATI
server (41). Final model statistics are listed in Table 1.

Atomic-Resolution Bond Length Analysis. The protonation
state of E18 was determined using an analysis of the changes
in the bond length between heavier atoms that occurs upon
protonation of one of the atoms (42, 43). To allow determination
of the bond length for E18 that was minimally biased by
crystallographic restraints, the refined 1.2 A resolution structure
of orthorhombic wtDJ-1 was subjected to 10 additional cycles
of conjugate gradient least-squares refinement in SHELX-97
(34) after removal of all geometric (DFIX, DANG, and CHIV)
restraints for E18. The resulting model was then subjected to a
single cycle of blocked (BLOC 1), unrestrained full matrix least-
squares refinement and inversion of the least-squares matrix to
determine the estimated standard uncertainties (esu) of the bond
lengths in E18. We note that the final model deposited in the
PDB (entry 20R3) was refined with bond length and angle
restraints; the unrestrained refinement was used only to deter-
mine the protonation state of E18 during analysis of the
structure.

Spectrophotometric Cysteine pK, Determination. Samples
of tag-cleaved DJ-1 in storage buffer (25 mM HEPES, 100
mM KCl, and 2 mM DTT) were centrifugally desalted using
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FIGURE 1: Cysteine residues in human DJ-1. In panel A, the DJ-1 dimer is represented with one monomer colored blue and the other red.
The three cysteine residues in DJ-1 are shown, and symmetry-related residues are labeled with a prime. Both C106 and C53 are solvent-
exposed, while C46 is buried. In panel B, the residues composing the environment of C106 are shown in stereoview with 2mF, — DF,
electron density contoured at 1o (blue). The thiol of C106 makes two direct hydrogen bonds with surrounding atoms (dashed): one to E18
and the other to an ordered water molecule. The ordered water is bound in the G75/A107 “amide pocket” and is stabilized by two hydrogen
bonds with the peptide backbone. This bound water molecule is not always seen in crystal structures of DJ-1 and may initiate the oxidation

of C106. This figure was created with POVscript+ (61).

PD-6 resin (Bio-Rad) that had been equilibrated with freshly
degassed water. Solutions with pH values in the range of
3.3—7.4 were prepared using an equimolar sodium citrate
and sodium phosphate double buffer system adjusted to the
desired pH by addition of small volumes (0.5—1 uL) of 500
mM NaOH. The double buffer was used at a concentration
of 10 mM for each buffer component, and the pH of each
freshly prepared buffer used in the experiment was measured
at its working concentration using a micro pH electrode after
the addition of 20—30 uM DJ-1. Titrations of wtDJ-1 in 10
mM double buffer supplemented with 100 mM NaCl showed
no effect of increased ionic strength on the pK, of C106 in
wtDJ-1 (Supporting Information, Figure S1).

Ionization of the cysteine thiol was monitored by absorp-
tion of the thiolate anion at 240 nm (44, 45) using a Cary
50 UV —visible spectrometer (Varian) and a 1 cm path length
quartz cuvette. Freshly desalted DJ-1 in water was diluted
10—15-fold (to a final concentration of 20—30 M DJ-1)
into 10 mM double buffer, and the absorption of the sample
at 240 and 280 nm was measured after correction for the
absorption of the buffer alone. The extinction coefficient at

240 nm (&240) was calculated using the ratio of absorbance
at 280 and 240 nm with the following equation:

Anyg
€40 = 8280% (1)

where Az40/Azso 1s the ratio of the absorbance of the protein
at 240 and 280 nm, &, is the known extinction coefficient
of DJ-1 at 280 nm (4000 M~ cm™), and &,49 is the extinction
coefficient at 240 nm. Using the As40/A2g0 ratio normalizes
all measurements to the amount of protein present in the
cuvette. We note that this method assumes that the 55y value
for DJ-1 is not pH-dependent, which is justified by the
behavior of C106S DJ-1 (Figure 2A).

The titrations for tag-cleaved wild-type and C106S DJ-1
were performed in triplicate, and average &40 values with
associated standard deviations from three trials for each
protein sample were calculated. The data were plotted as a
function of pH using SigmaPlot (Systat Software), and the
pK, was determined by fitting a version of the Henderson—
Hasselbalch equation to the data:
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S- SH
€240 ~ €240
P =0+ = @)

where 8(2)40(pH) is the observed extinction coefficient of the
protein at 240 nm as a function of pH, i is the extinction
coefficient of the protein at 240 nm when the cysteine residue
is in the thiol form, €34 is the extinction coefficient of the
protein at 240 nm when the cysteine residue is in the thiolate
form, and pH is the measured pH of the buffer. Nonlinear
regression was performed using SigmaPlot, and the reported
errors for the pK, values are those obtained from the fit
procedure.

Search of the PDB for Aspartic/Glutamic Acid—Cysteine
Interactions. A list of all nonredundant X-ray crystal
structures determined at a resolution of 3.0 A or better was
obtained by searching the April 15, 2008, release of the PDB
using the RCSB search tool (46). Nonredundant structures
were defined as those that are <90% identical in sequence
with other deposited structures, and the resulting list (11765
entries) included only the highest-resolution example of a
set of similar proteins. We searched this set of structures
for all instances in which one of the carboxylate oxygen
atoms from aspartic (Od1 and O92) or glutamic (Oel and
0¢2) acid occurred within 4.0 A of the Sy atom of a cysteine
residue using a custom-written search routine. Additional
geometric selection criteria were applied to select for
candidate hydrogen bonds between D/E and C by including
the hydrogen bond angle and a “virtual” dihedral angle that
includes the hydrogen bond. The hydrogen bond angle was
defined as the angle spanned by the C(6/y), O(d/¢;1/2), and
Sy atoms, where the C(d/y) and O(d/e;1/2) atoms belong to
the carboxylic acid group of glutamic or aspartic acid. The
virtual dihedral angle was defined as the dihedral spanned
by the O(d/e;1/2), C(8/y), O(d/e;2/1), and Sy atoms, where
the first three atoms belong to the carboxylic acid group of
aspartic or glutamic acid. The target hydrogen bond angle
was 109.5 £ 15°, and the target dihedral angle values were
0 4 20° and 180 =+ 20°, corresponding to the cis and trans
orientations, respectively, of this dihedral. For each set of
values, the latter number indicates the accepted deviation
from the target. By convention, clockwise rotation is a
positive displacement for the dihedral angle.

RESULTS

C106 Has a Depressed pK,. Human DJ-1 contains three
cysteine residues (C46, C53, and C106), two of which (C106
and C53) are solvent-exposed and thus would be more likely
to form reactive thiolates (Figure 1A). The most oxidation
sensitive cysteine in human DJ-1 is C106 (5, 47), and its
environment is rich in ionizable residues that could perturb
the pK, of this functionally essential residue (Figure 1B).
The pK, of C106 was monitored by measuring the increased
absorbance of UV light at 240 nm resulting from formation
of the thiolate anion (44, 45). The pH dependence of the
molar extinction coefficient of DJ-1 at 240 nm (ex49) displays
a transition with a pK, of 5.4 &£ 0.1 and a total increase of
3500 M~! cm™! (Figure 2A), consistent with the reported
extinction coefficient of 4000 M~! cm ™! for a single thiolate
at 240 nm (44). This increase in &g is due solely to
ionization of C106, as demonstrated by the absence of a pH-
dependent transition for C106S DJ-1 (Figure 2A). The pK,

Witt et al.
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FIGURE 2: C106 has a depressed pK, and accepts a hydrogen bond
from a protonated E18. In panel A, the change in the extinction
coefficient at 240 nm (Aég,40) is measured as a function of pH to
monitor formation of the cysteine thiolate anion. The Ae,4 value
is calculated by subtraction of the €54 measured at the lowest pH
from all other measured &,49 values. Wild-type DJ-1 (@) exhibits a
Aéy49 transition corresponding to a pK, of 5.4 + 0.1, where mean
data and associated standard deviations for triplicate measurements
are shown. The curve shows the nonlinear regression fit of eq 2 to
the measured data. C106S DJ-1 (O) shows no transition, indicating
that ionization of C106 is solely responsible for the observed
transition in wtDJ-1. In panel B, unrestrained bond length refinement
of a 1.2 A resolution crystal structure of wtDJ-1 indicates that E18
is constitutively protonated and donates a hydrogen bond to C106.
The refined bond lengths and estimated standard uncertainties for
the carbon—oxygen bonds of E18 are shown, and hydrogen bonds
are represented with dashed lines. Distances are given in angstroms,
and the values for molecule B in the DJ-1 dimer are shown. Panel
B was created with ChemDraw (CambridgeSoft).

of C106 in unchanged when measured in 10 mM double
buffer supplemented with 100 mM NaCl (Supporting Infor-
mation, Figure S1), demonstrating that the pK, of C106 is
54 £ 0.1 in solutions at physiologically relevant ionic
strengths.

The depression of the pK, value of C106 from the solution
value of 8.3 to the measured value of 5.4 corresponds to a
—4.0 kcal mol~! stabilization of the thiolate ion by the local
environment of C106 in DJ-1, calculated as follows:

AAG) = AG (protein) — AG (solution)

mon
= RTInl 1OPKa(PTUteiﬂ)*pKa(solution)] 3)

where AAG}, is the difference in the Gibbs free energy of
ionization of the cysteine thiol in the protein environment
compared with solution and is a measure of the degree of
thiolate stabilization by the protein environment. In eq 3,
AG (protein) is the free energy of ionization of the cysteine
residue in the protein environment, AG%solution) is the free
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energy of ionization of the cysteine residue in solution,
pK.a(protein) is the pKj, of the thiol in the protein environment,
pK.a(solution) is the pK, of the thiol in solution, R is the gas
constant, and 7 is the temperature (kelvin). In the environ-
ment of C106, the carboxylic acid side chain of E18 is the
only residue that is oriented properly to hydrogen bond to
the thiol of C106 (Figure 1B). Both of these residues are
very highly conserved in the DJ-1 superfamily (79, 20),
suggesting that the E18—C106 interaction is likely to be
functionally important.

We note that an ordered water molecule bound in the G75/
A107 amide pocket is apparent in this new crystal structure
of DJ-1 and is within sub-van der Waals distance (2.5 A in
molecule A, 2.7 A in molecule B) of the Sy atom of C106
(Figures 1B and 5). This sulfur—oxygen distance is too great
to correspond to a cysteine sulfenic acid but too short to be
a normal hydrogen bond between these atoms. We propose
that this density is most consistent with a mixture of species,
including the bound water (or other oxygen-containing
species) and a minor contribution from C106-sulfenic acid.
Therefore, we speculate that this may represent a partially
oxidized form of C106 that contains a mixture of stable
intermediate species. This is consistent with a previously
proposed oxidation sequence for the reactive cysteine residue
in the E. coli DJ-1 homologue YajL (40).

E18 Is Protonated and Donates a Hydrogen Bond to C106.
Formation of a cysteine thiolate anion is electrostatically
disfavored by nearby negative charges. It is therefore
surprising that C106 has both a depressed pK, and makes a
3.2 A hydrogen bond with E18 (Figure 1B). Bond length
analysis of a new crystal structure of orthorhombic wtDJ-1
refined at 1.2 A resolution shows that E18 is protonated (and
thus uncharged) and donates a hydrogen bond to C106. The
orthorhombic crystal form of DJ-1 has both molecules of
the physiological DJ-1 dimer in the asymmetric unit,
providing two independent views of E18. Unrestrained
refinement of E18 bond lengths in SHELX-97 (see Experi-
mental Procedures) yields CO—Oe¢l bond lengths of 1.241
A (esu=0.021 A) for molecule A and 1.213 A (esu = 0.012
A) for molecule B. The CO—O¢2 bond lengths are 1.296 A
(esu = 0.021 A) for molecule A and 1.304 A (esu = 0.020
A) for molecule B, demonstrating that the O¢2 atom of E18
is protonated (Figure 2B). These bond lengths compare well
with the bond lengths for a fully protonated (uncharged)
carboxylic acid, which are 1.21 A for a carbon—oxygen
double bond and 1.30 A for a carbon—oxygen single bond
from the Engh and Huber parameter set that is widely used
in macromolecular refinement (48). The crystals were grown
at pH 7.5, suggesting that E18 is constitutively protonated
at physiological pH.

Donation of a Hydrogen Bond from E18 Strongly Influ-
ences the C106 pK, The influence of hydrogen bond
donation by E18 on the pK, of C106 was determined using
site-directed mutagenesis and spectrophotometric pK, deter-
mination. The E18—C106 hydrogen bond was eliminated by
creation of an E18L mutation, which elevates the pK, of
C106 to 6.4 £ 0.1 (Table 2). The elevation of the pK, of
C106 by 1.0 unit in E18L DJ-1 corresponds to a loss of 1.4
kcal/mol of stabilization energy for the C106 thiolate
compared to wtDJ-1 [1.4 kcal/mol = AAGH,(EI8L) —
AAG(Wt); see eq 3 and Table 2], approximately one-third
of the total stabilization of C106 ionization by DJ-1 relative
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to free cysteine in solution. The 1.15 A resolution crystal
structure of E18L DJ-1 shows that no major differences in
the overall structure of DJ-1 or the local conformation of
C106 occur in response to the E18L substitution (Figure 3A).
Therefore, we conclude that the elevation of the C106 pK,
by 1.0 unit in E18L DJ-1 is due principally to the loss of a
single hydrogen bond donated by E18.

To improve our understanding of the influence of E18 on
the pK, of C106, we altered the strength of the hydrogen
bond donated by residue 18 by generating E18Q, E18D, and
E18N substitutions in DJ-1. Each of these engineered
mutations at residue 18 elevates the pK, of C106 (Table 2).
The most structurally conservative substitution, E18Q,
increases the pK, by 0.3 unit and lengthens the hydrogen
bond to Sy by 0.2 A (Figure 3B). The electron density for
C106 in E18Q DJ-1 is elongated at the Sy atom, consistent
either with conformational disorder or minor oxidation of
the cysteine residue. In contrast to the well-ordered Q18 side
chain in E18Q DIJ-1, the shorter side chains of the E18D
and E18N substitutions result in discrete conformational
disorder and increase the length of the hydrogen bond to
C106 by approximately 0.4 A compared to that of wtDJ-1
(Figure 3C,D). In addition, C106 is invariably oxidized to
C106-sulfinic acid in crystals of E18N DJ-1 (Figure 3D),
further lengthening the N02—Sy distance. We note that, in
contrast to the oxidized crystalline protein, the E18N DJ-1
samples used for solution pK, determination are approxi-
mately 85% reduced as determined by electrospray mass
spectrometry (University of Nebraska Mass Spectrometry
Core). Oxidation of C106 to C106-sulfinic acid is well-
established in DJ-1 and can occur during crystallization of
an initially reduced protein (5). This combined structural and
C106 pK, comparison of the E18Q, EI8N, and E18D
substitutions shows that even minor lengthening of the
hydrogen bond donated by residue 18 significantly destabi-
lizes the C106 thiolate, emphasizing the critical role of the
E18—C106 interaction in DJ-1.

Interactions between Acidic Residues and Cysteine in the
PDB. The set of 11765 nonredundant X-ray crystal structures
determined at 3.0 A resolution or better was extracted from
the April 15, 2008, release of the PDB and searched for every
instance in which one of the carboxylate oxygen atoms of
aspartic or glutamic acid was within 4.0 A of the cysteine
Sy atom (see Experimental Procedures). This is a permissive
screen for candidate D/E—C interactions and is likely to
result in many false positives. We identified 6477 instances
of proximal D/E—C pairs in 2349 unique structures, or
roughly 20% of the models in the search set. With this set,
we performed a more stringent search for all examples in
which the hydrogen bond angle defined by the C(6/y), O(5/
€;1/2), and Sy atoms was within 109.5 £ 15° and the O(5/
£;,1/2)—C(0/y)—0(6/¢e;1/2)—Sy dihedral angle was either 0
=+ 20° or 180 =+ 20° (Figure 4A,B). These geometric criteria
have been previously established for hydrogen bonds involv-
ing protonated aspartic or glutamic acids, with the 0° and
180° targets for the dihedral angle corresponding to the
favored cis and trans orientations (49). For members of the
DJ-1 superfamily, this dihedral is near the cis orientation.
This results in 235 D/E—C pairs occurring in 149 unique
structures (Supporting Information Table S2), or approxi-
mately 1.3% of the original search set. All DJ-1 superfamily
members of known structure that contain a putative E—C
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FIGURE 3: Donation of a hydrogen bond by residue 18 contributes to the depression of the pK, of C106. In all panels, 2mF, — DF electron
density is contoured at 1o (blue) and the pH dependence of the Aeyyg value is shown in the bottom portion of each panel. The Agyyg value
is calculated by subtraction of the €,49 measured at the lowest pH from all other measured €549 values. For the Agyy vs pH plots, measured
data are shown with the best-fit curve from eq 2. Panel A shows that eliminating the hydrogen bond between residue 18 and C106 with an
E18L substitution elevates the C106 pK, value by 1.0 unit to 6.4. Panel B shows that a structurally conservative E18Q substitution lengthens
the hydrogen bond to Sy of C106 by 0.2 A and increases the C106 pK, value by 0.3 unit. Panel C shows that the E18D substitution results
in spatially correlated discrete disorder at D18 and C106, lengthens the hydrogen bond by approximately 0.5 A compared to that of wtDJ-1,
and increases the C106 pK, value by 0.7 unit. Panel D shows that the E18N substitution leads to discrete disorder at N18, enhances
oxidation of C106, and increases the C106 pK, value by 0.7 unit. All of the substitutions at residue 18 illustrate the requirement for a
protonated glutamic acid at position 18 for maximal depression of the pK, of C106. This figure was made with POVscript+ (67).
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Table 2: C106 pK, Values and Thiolate Stabilization Free Energies in
DJ-1

protein C106 pK, AAGY, (kcal/mol)*
wt 5440.1 —4.0
E18L 6.4 +£0.1 —2.6
E18Q 5.7+£0.1 —3.5
E18D 6.1 +£0.1 -3.0
EI18N 6.1 +£0.2 —3.0
R28Q 54+0.1 —4.0
R48Q 5240.1 —4.2
R28Q/R48Q 5.0+0.1 —4.5

“AAGY, is the difference Gibbs free energy for ionization of the
cysteine in the protein environment and free cysteine in solution and is
y p y
calculated using eq 3.

A Oe2
CS 109.5£15
B
Cs Oe2
Oe1
Sy

FIGURE 4: Geometric parameters for carboxylic acid—cysteine
hydrogen bonding. The E18—C106 interaction is shown in both
panels, with the hydrogen bond represented by the dotted line.
Atoms involved in the definition of the hydrogen bond angle and
dihedral angle are shown as balls and labeled. Panel A shows the
definition of the hydrogen bond angle, which is set to a target value
of 109.5 £ 15° in the PDB search. Panel B shows the convention
for defining the hydrogen bond dihedral angle, with the rotatable
bond indicated by the circle. This dihedral angle has a value of
15° in human DJ-1, and target values of 0 £ 20° (cis) and 180 =+
20° (trans) were used in the PDB search. This figure was made
with POVscript+ (67).

dyad are represented in this list except E. coli Hsp31 [PDB
entry IN57 (50)], whose 25.7° H-bond dihedral angle only
slightly exceeds our accepted deviation tolerance of 20°.
Moreover, the E18—C106 interaction is correctly identified
for human DJ-1 [PDB entry 2RK3 (57)]. In total, the
relatively small fraction of structures that returned a positive
hit in our search suggests that hydrogen bonded D/E—C
interactions are uncommon among all structures in the PDB,
but common within the DJ-1 superfamily.

R28 and R48 Bind Anions That Elevate the pK, of C106.
DJ-1 contains two highly conserved arginine residues (R28’
and R48) that participate in an unusual guanidinium stacking
interaction that spans the dimer interface and is located near
C106 (Figure 5). The prime notation (e.g., R28’) indicates a
residue that is donated by the other monomer in the DJ-1
dimer. The charge state of these two residues is ambiguous.
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FIGURE 5: Two proximal arginine residues bind an anion near C106.
The environment of the R28’/R48 dyad is shown with 2mF, — DF
electron density contoured at 1o (blue) and mF, — DF. electron
density contoured at 40 (green). R28 and R48 participate in an
unusual guanidinium stacking interaction that spans the DJ-1 dimer
interface, with R28” contributed by the other monomer in this view
(indicated with a prime). A bound sulfate ion interacts with R48
through three direct hydrogen bonds to the guanidinium side chain,
illustrated as dashed lines. Positive difference electron density
contoured at 40 (green) was calculated prior to the inclusion of
the sulfate ion in the model. The R28’/R48 anion binding site places
a negative charge within 5.9 A of C106. The ordered water bound
near C106 in the G75/A107 amide pocket likely initiates oxidation
of this residue. This figure was made with POVscript+ (67).

The high solution pK, of the arginine side chain (12) would
suggest that they are positively charged; however, the
atypical 3.6 A stacking of the guanidinium groups of R28’
and R48 is electrostatically unfavorable for two positively
charged groups (Figure 5). Despite the uncertain charge state
of these residues, R28" and R48 compose an anion binding
site that is occupied by sulfate in both molecules in the ASU
of the orthorhombic crystal structure of DJ-1 (Figure 5). The
sulfur atom of the sulfate anion is 5.9 A from Sy of C106,
and this proximal negatively charged group is expected to
suppress ionization of the C106 thiol.

The bound sulfate anion makes direct hydrogen bonds only
to R48, and mutation of R28" to glutamine does not affect
the pK, of C106 under these experimental conditions (Figure
6A). The R48Q substitution results in a 0.2 unit decrease in
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FIGURE 6: R28/R48 anion binding site elevates the pK, of C106.
Substitution of glutamine for R28 (A) results in no change in the
pK. of C106; a R48Q substitution reduces the C106 pK, by 0.2
unit, and the R28Q/R48Q double substitution decreases the C106
pK. by 0.4 unit. Measured data are shown with the best-fit curve
from eq 2. Both the R48Q and double R28Q/R48Q substitutions
decrease the C106 pK, value, indicating that the bound anion
observed in the crystal structure suppresses the ionization of C106
in wtDJ-1.

C106 pK,, while the double R28Q/R48Q substitution results
in a larger 0.4 unit C106 pK, decrease. The depression of
the C106 pK, value upon removal of two nearby basic
residues is surprising and strongly suggests that the R48Q
and R28Q/R48Q engineered substitutions disrupt the anion
binding site near C106. The loss of this bound anion
alleviates electrostatic suppression of thiolate formation,
thereby decreasing the pK, of C106 (Figure 6 and Table 2).
The sulfate observed in the crystal structure is not present
in the double buffer used in the C106 pK, titration; thus, the
R28/R48 anion binding site must be occupied by other anions
in the buffer, most likely phosphate. Intriguingly, the pH-
dependent ¢4 transition for both R28Q and R48Q is more
cooperative than expected for a single ionization obeying
the Henderson—Hasselbalch equation (Figure 6A,B), sug-
gesting that the C106 pK, may be influenced by the ionization
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of other nearby groups. A plausible candidate is the E15/
E16/D24’ cluster of acidic residues, which makes multiple
hydrogen bonds to the R48/R28” pair and may be perturbed
by the single R to Q mutations being used in this study.

DISCUSSION

The cytoprotective activity of DJ-1 requires C106 (5, 6),
and our results establish that this residue has a low pK, of
5.4 £ 0.1. Site-directed mutation of residue 18 demonstrates
that approximately one-third of the total stabilization energy
for the ionization of C106 results from the Sy thiolate of
C106 accepting a hydrogen bond from the constitutively
protonated Oe2 atom of E18. It is noteworthy that the
disordered E18D and E18N substitutions increase the C106
pK, value by comparable amounts (Table 2), despite the
different electrostatic and hydrogen bonding character of
these two substitutions (Table 2). Furthermore, the E18D
and E18N substitutions have pK, values near that of the E18L
mutant, which eliminates this hydrogen bond entirely. We
conclude that the C106—EI18 interaction in DJ-1 represents
an unusual type of dyad that uses a protonated carboxylic
acid moiety to depress the pK, of a reactive cysteine residue.
Residues that are structurally equivalent to C106 and E18
in human DJ-1 are very highly conserved in other members
of the DJ-1 superfamily, indicating that the glutamic
acid—cysteine dyad is widely distributed in the superfam-
ily (19, 20). We note that our current data do not preclude the
possibility that the E18—C106 dyad represents a general
acid—general base pair, although this is highly speculative in
the absence of a well-established catalytic activity for DJ-1.

The influence of E18, R28, and R48 on the pK, of C106
contradicts expectations based on the typical ionization
behavior of these residues in other proteins. In this regard,
DJ-1 serves as a cautionary example that illustrates the
potential limitations of computational approaches to deter-
mining pK, values, as a previous report suggested a pK, value
of 11.38 for C106 based on computational prediction (52).
Furthermore, our results show that when the hydrogen bond
between E18 and C106 is eliminated by mutagenesis, the
pK, of C106 is still 1.9 pH units below that of free cysteine.
This suggests that additional factors contribute to the de-
pressed pK, of C106 in DJ-1, possibly including the strained
backbone conformation around this residue or the a-helix
macropole of helix E (3). Future experimental studies of the
structural determinants of depressed cysteine pK, values in
DJ-1 and other systems are expected to aid in the develop-
ment of improved algorithms for the computational prediction
of cysteine pK, values.

Cysteine residues with depressed pK, values often serve
catalytic roles (53-55). The biochemical function of DJ-1 is
uncertain, and attempts to detect various enzymatic activities
have been inconclusive (15, 25, 29, 52, 56). Most published
reports agree, however, that C106 is exquisitely sensitive to
oxidation and readily forms the C106-sulfinic acid (C106-
SO;7) under physiological conditions (5, 29, 47, 52, 57).
The 1.2 A resolution crystal structure of oxidized DJ-1
containing C106-SO,~ shows that one of the two sulfinic
acid oxygen atoms of C106-SO,™ makes an unusually short
2.47 A hydrogen bond to the O¢2 atom of E18 (5). Therefore,
the protonated carboxylic acid of E18 contributes both to
rendering C106 reactive by depressing its pK, and to the
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stabilization of a specific oxidized form of this cysteine
residue. The C106-SO,~ form of DJ-1 has been implicated
in the neuroprotective function of the protein by several
distinct mechanisms, including enhancement of mitochondrial
DIJ-1 localization (5), regulating a redox-regulated chaperone
activity of the protein (/5, 29) and directly scavenging
reactive oxygen species (17, 58). Although further research
will be required to determine which, if any, of these activities
is critical for DJ-1’s cytoprotective function, it is clear that
the E18—C106 dyad plays a major role in directing the
chemistry that can occur at C106 in DJ-1 and its many
homologues.

A survey of structures in the PDB reveals that ap-
proximately 20% of the structures in our search list have at
least one carboxylic oxygen atom of either glutamic and
aspartic acid within 4 A of the sulfur atom of cysteine. Of
this set of possible D/E—C dyads, only 149 structures (1.3%
of the original 11765 structures) contain a candidate D/E—C
interaction that satisfies more stringent angular and dihedral
criteria for hydrogen bonding (see Experimental Procedures).
Therefore, candidate D/E—C dyads that are structurally
similar to the hydrogen bonded E18—C106 interaction
observed in DJ-1 are rare. We note that we have used
moderately stringent criteria for identifying candidate D/E—C
interactions, and protonated acidic residues can influence
cysteine reactivity in diverse structural environments that do
not satisfy these criteria. In the well-studied example of E.
coli thioredoxin, a buried aspartic acid residue (D26) with
an elevated pK, acts as a general acid/base that facilitates
thiol—disulfide exchange involving C32 in the enzyme active
site (59, 60). While the E18—C106 interaction in DJ-1 does
not appear to be involved in thiol—disulfide exchange, our
results suggest that functionally important interactions be-
tween carboxylates and thiols are present in several types
of proteins. It is difficult to speculate about the frequency
with which a protonated acidic residue depresses the pK, of
cysteine because it is impractical to determine the cysteine
pK, values and carboxylic acid protonation states of all of
the candidate D/E—C interactions listed in Table S2 of the
Supporting Information. We propose, however, that this type
of interaction is common for residues that are structurally
homologous to E18 and C106 in the large DJ-1 superfamily.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows a titration of wtDJ-1 in a double buffer
supplemented with 100 mM NaCl, demonstrating that
increased ionic strength has no effect on the pK, of C106
under these conditions. Table S2 lists every example of a
candidate D/E—C hydrogen bonded dyad in the April 15,
2008, release of the PDB. This material is available free of
charge via the Internet at http://pubs.acs.org.
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