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Transient sampling of aggregation-prone
conformations causes pathogenic
instability of a parkinsonian mutant of
DJ-1 at physiological temperature
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Abstract: Various missense mutations in the cytoprotective protein DJ-1 cause rare forms of inher-
ited parkinsonism. One mutation, M26l, diminishes DJ-1 protein levels in the cell but does not
result in large changes in the three-dimensional structure or thermal stability of the protein. There-
fore, the molecular defect that results in loss of M261 DJ-1 protective function is unclear. Using
NMR spectroscopy near physiological temperature, we found that the picosecond-nanosecond
dynamics of wild-type and M261 DJ-1 are similar. In contrast, elevated amide hydrogen/deuterium
exchange rates indicate that M261 DJ-1 is more flexible than the wild-type protein on longer time-
scales and that hydrophobic regions of M26l DJ-1 are transiently exposed to solvent. Tryptophan
fluorescence spectroscopy and thiol crosslinking analyzed by mass spectrometry also demonstrate
that M261 DJ-1 samples conformations that differ from the wild-type protein at 37°C. These transi-
ently sampled conformations are unstable and cause M261 DJ-1 to aggregate in vitro at physiologi-
cal temperature but not at lower temperatures. M261 DJ-1 aggregation is correlated with
pathogenicity, as the structurally similar but non-pathogenic M26L mutation does not aggregate at
37°C. The onset of dynamically driven M261 DJ-1 instability at physiological temperature resolves
conflicting literature reports about the behavior of this disease-associated mutant and illustrates
the pitfalls of characterizing proteins exclusively at room temperature or below, as key aspects of
their behavior may not be apparent.
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Introduction

Parkinson’s disease results from the progressive
death of dopaminergic neurons in the midbrain.
While the cause of most cases of Parkinson’s disease
is unknown, the study of heritable forms of parkin-
sonism has helped elucidate the biochemical basis of
dopaminergic neurodegeneration. Recessively inher-
ited mutations in DJ-1 (PARK7) can cause parkin-
sonism.! Human DJ-1 is a conserved, ubiquitously
expressed homodimeric protein that participates in
multiple pathways®® to protect cells against oxida-
tive stress®'2 and to maintain proper mitochondrial
function.'® In addition to parkinsonism, loss of DJ-1-
mediated cytoprotection is also implicated in
ischemia-reperfusion injury, as occurs in stroke and
myocardial infarction.'*'® Despite abundant evi-
dence that DJ-1 participates in multiple cytoprotec-
tive pathways, the details of its molecular activity
remain incompletely understood.

Several pathogenic missense mutations in DJ-1
decrease protein stability, thereby causing dis-
ease.>!® For example, the L166P, L10P, and P158A
parkinsonian mutations disrupt the DJ-1 dimer,
causing poor folding and proteolytic degradation of
the protein."'” However, several other disease-
associated mutants in DJ-1 are more structurally
benign'®181% and thus the molecular basis of their
pathogenicity is not understood.

M261 is an example of a DJ-1 mutant where the
underlying molecular defect that leads to disease is
obscure. The steady-state level of M261 DJ-1 is lower
than that of the wild-type protein in cell cul-
ture®?%23 and in vivo,?' indicating reduced protein
stability in the cellular environment. However, X-
ray crystallography, NMR, and biophysical studies
indicate that M261 DJ-1 is highly structurally simi-
lar to the wild-type protein and both proteins have
comparable stability to thermal and chemical dena-
turation.'®!” A prior study had determined that
M26I DJ-1 was unstable at room temperature and
did not have a defined thermal unfolding transi-
tion,'® although the same group later determined
that this instability was an artifact arising from his-
tidine tagging and oxidation of the sample.?? Impor-
tantly, untagged or tag-cleaved M26I behaves
similarly in all tested respects to wild-type DJ-1 in
vitro,'®'7 demonstrating that M26I does not result
in major changes in DJ-1 ground state stability,
structure, or oligomerization. Therefore, it is not
clear from prior work why M26I DdJ-1 is less stable
in cells than is the wild-type protein.

The absence of a structural explanation for the
established pathogenicity of M26I DJ-1 suggests
that the conformational dynamics of the protein may
be changed by the mutation. The dynamical hypoth-
esis for M261 DdJ-1 pathogenesis is untested, as no
comprehensive study of the dynamics of DJ-1 or any
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of its pathogenic mutants has been reported to date.
Indirect evidence for the dynamical hypothesis for
M26I pathogenicity is that recombinant M261 DJ-1
is prone to spontaneous aggregation in vitro that is
not observed for the wild-type protein, possibly due
to the transient sampling of more aggregation-prone
conformations.'”1® The enhanced in vitro aggrega-
tion of M26I DJ-1 would likely be manifest as
greater turnover and reduced steady-state levels of
the protein in vivo. Dynamically driven sampling of
aggregation-prone conformations of M26I DJ-1
would provide a rare example of a direct connection
between aberrant protein conformational dynamics
and disease, although the molecular basis for M261
instability has not been elucidated.

Here, we show that the M261 mutation does not
alter the picosecond—nanosecond timescale dynamics
of DJ-1 but does increase sampling of unstable con-
formations on longer timescales as detected using
hydrogen/deuterium exchange (HDX) NMR spectros-
copy and thiol crosslinking. These transiently
sampled conformations of M26I DdJ-1 expose the
hydrophobic core to solvent. In particular, thiol
crosslinking captures a Cysl106-Cys106 crosslink in
M261 DJ-1 at 37°C that is not observed at lower
temperatures or in the wild-type protein. This cross-
linked species demonstrates that M26I samples
dimeric conformations at 37°C that are markedly dif-
ferent from those occupied by the wild-type protein.
The increased sampling of a minor population of
unstable conformations at physiological temperature
results in pronounced aggregation of M261 DJ-1 at
35-37°C but not at lower temperatures. Our results
provide an explanation for why the M26I mutation
destabilizes the protein in cells and rationalize prior
conflicting studies of recombinant M26I stability
conducted at lower temperatures and cellular work
conducted at 37°C. These findings also illustrate a
common and underappreciated limitation of in vitro
experiments performed at room temperature, where
the functional consequences of protein conforma-
tional heterogeneity may not be fully evident.

Results

M261 and wild-type DJ-1 have similar
picosecond-nanosecond dynamics at 35°C
Consistent with previous NMR and X-ray crystallo-
graphic results, the solution structures of wild-type
and M261 DJ-1 are comparable based on their highly
similar two dimensional (2D) 'H-'®N heteronuclear
single quantum coherence (HSQC) NMR spectra at
35°C (Supporting Information Fig. S1).1%17 This tem-
perature was chosen because we sought to charac-
terize DJ-1 near physiological temperature; however
experiments at 37°C resulted in aggregation of M261
DJ-1 (see below). The similar structures but diver-
gent stabilities of wild-type and M261 DJ-1 suggest

Pathogenic Changes in DJ-1 Conformational Dynamics
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Figure 1. Wild-type and M26Il DJ-1 have similar ps-ns
dynamics at 35°C. The general order parameter (S?) for wild-
type (WT, black) and M261 DJ-1 (red) at 35°C obtained from
FAST ModelFree are plotted per residue. Picosecond-
nanosecond (ps-ns) motions for both proteins are nearly
identical at 35°C. The regions without a reported value indi-
cate amino acids that could not be analyzed by FAST Model-
Free, primarily due to unobserved or overlapping resonances
in the NOE spectra. A schematic of the secondary structure
of DJ-1 is shown below for reference (rectangles = B-sheet,
arrows = a-helix).

the hypothesis that the M26I mutation may alter
the conformational dynamics of DdJ-1.

We characterized the picosecond—nanosecond
(ps-ns) time-scale dynamics of DdJ-1 using NMR
spectroscopy by measuring the R; and Ry relaxation
rates as well as Nuclear Overhauser Effect (NOE)
ratios at 500 MHz and 35°C. The Ro/R; and NOE
ratios were similar for wild-type and M26I DJ-1 at
35°C (Supporting Information Fig. S2 and Table S1).
NOE ratios are bound by 0 and 1, with lower values
indicating areas of increased motion in the backbone
of a protein.!” The averaged NOE ratios at 35°C for
both wild-type (0.78+0.10)0 and M261I DJ-1
(0.77 £ 0.087) are lower than previously reported
values at 27°C (0.9 = 0.09),'” consistent with greater
protein motion at higher temperature.

Lipari-Szabo model free analysis was performed
using the measured R;, Ry, and NOE ratios, gener-
ating generalized order parameters (S2) that
describe the extent of motion of each assigned amide
N—H pair using a “vector in a cone” description®”.
S? is bound by 0 and 1, where lower values indicate
areas of increased mobility of the backbone peptide
groups.?*?® The S2 values for wild-type and M26I
DJ-1 at 35°C are similar (Supporting Information
Table S2), with average values of 0.91 +0.079 and
0.93 = 0.054, respectively (Fig. 1, Supporting Infor-
mation Table S1). We note that these values are
high, indicating that DJ-1 is fairly rigid on the ps-ns
timescale. These calculated S? values are robust to
changes in the selection of residues used for initial
diffusion tensor calculation and different random

number seeds, indicating good convergence in
the calculations and low sensitivity to initial
parameters.
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Figure 2. HDX-detected dynamics are globally enhanced in
M26I DJ-1 at 35°C. A: Calculated logio HDX protection fac-
tors (Log+oPF, left Y-axis) for wild-type (WT, black) and M26l
(red) DJ-1. Lower Log4oPF values correspond to residues
that more rapidly exchange backbone amide hydrogen atoms
with solvent deuterons. Difference LogoPF values are shown
in the green bars (right Y-axis) and quantify the lower protec-
tion (more rapid exchange) of M26l DJ-1 compared to wild-
type protein. B: LogoPF values from (A) have been mapped
onto the structure of wild-type (WT, left) and M26I (right) DJ-
1 dimer. Met26 and Cys106 are shown in sphere rendering
and labeled in one monomer. The apparent proximity of
these residues is an effect of this view; they are approxi-
mately 18 A apart in each monomer. All residues for which a
Log+oPF could not be assigned are shown in gray. Red indi-
cates lower protection (faster exchange) with blue indicates
greater protection (slower exchange). M261 DJ-1 is more
exchange-active than WT DJ-1, particularly in the hydropho-
bic core of the protein. C: Difference Log4oPF (M26l Log4oPF
— WT Log1oPF) mapped on to the dimer of M26l DJ-1. Red
indicates areas that more rapidly exchange with solvent in
M26I DJ-1 than in wild-type protein and green indicates the
converse. Areas that are similar between the two proteins are
gray. The enhanced exposure of the hydrophobic core of
M26I DJ-1 to solvent is evident.
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The M26l1 mutation enhances backbone amide
H/D exchange near physiological temperature
Slower timescale (minutes to hours) conformational
heterogeneity of DJ-1 was investigated using NMR-
detected HDX. Because slow conformational fluctua-
tions will increase the solvent accessibility (and
hence HDX rate) of backbone amide groups, NMR-
detected HDX is a sensitive and site-specific probe of
dynamical processes that occur on longer timescales
than those characterized using NMR relaxation-
based methods.

HDX reveals that the hydrophobic core of M261
DdJ-1 is substantially less solvent-protected than that
of wild-type DdJ-1. In contrast, the surface residues of
both proteins have comparable HDX rates, consistent
with a high degree of solvent exposure and rapid
exchange. HDX rates measured at 35°C were con-
verted to protection factors (log;oPF; see Materials
and Methods?®?7) [Fig. 2(A), Supporting Information
Fig. S4 and Table S3] and then mapped onto the crys-
tal structure of dimeric DJ-1 [Fig. 2(B)]. Despite being
structurally similar to the wild-type protein, M261 DdJ-
1 samples conformations that enhance exchange for
residues 15-35, 45-55, 110-120, 130-135, 140-190.

The elevated H/D exchange in the core of M261
DJ-1 is noteworthy, as it indicates that the mutant
protein transiently samples conformations that devi-
ate markedly from the crystal structure. This is
highlighted by inspection of difference log;oPF,
which show that the hydrophobic core of DJ-1 is less
protected (and hence more solvent exposed) in M261
DJ-1 [Fig. 2(C)]. Because the hydrophobic core of
DJ-1 spans both monomers in the dimer, the ele-
vated exchange in the core of M26I DdJ-1 may
involve transient dimer opening. However, M26I has
been shown to be dimeric using sedimentation equi-
librium centrifugation, NMR, X-ray crystallography,
and thiol crosslinking (below), indicating that a total
dissociation of the dimer is unlikely,®17-19:20

Tryptophan (Trp) fluorescence spectroscopy at
37°C was used as an additional probe of conforma-
tional heterogeneity in M261 DJ-1. The quantum yield
of Trp is sensitive to its local environment, and thus
Trp can serve as a reporter of site-specific environ-
mental changes resulting from mutation of residue 26.
Human DJ-1 contains no Trp residues; therefore we
introduced Trp at two locations in the protein (resi-
dues Tyrl41l and LeulO1l) that exhibited strongly dif-
fering HDX behavior in response to the M26I
mutation [Fig. 2(C), Supporting Information Table
S3]. These sites were chosen because they natively
contain Trp in homologs of DJ-1 (see Materials and
Methods) and thus are likely to tolerate mutation to
Trp with minimal structural perturbation. Tyr141 is
located in a region of DJ-1 with low log{(PF and
whose HDX exchange rate is insensitive to the M261
mutation (10g10PFWT =2.09 vs. IOgIOPFMZGI = 208)
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Figure 3. Tryptophan fluorescence emission spectra reveal
site-specific differences in M26l DJ-1 solvent exposure. Tryp-
tophan emission spectra for L101W (black circle), M261/
L101W (red square), Y141W (magenta triangle), and M26l/
Y141W (blue inverted triangle) obtained at 37°C. The M26I
mutation results in quenching of L101W DJ-1 fluorescence,
indicating Trp101 is in an altered environment in M26l DJ-1.
Leu101 is in a dynamic area of DJ-1 that is sensitive to the
M26I substitution in HDX (Log oPF WT_401=4.35, LogsoPF
M26I191=1.75.) In contrast, no differences are observed in
the spectra for Y141W and M261/Y141W DJ-1. Tyr141is in a
dynamic region of DJ-1 that is not sensitive to the M26I
mutation (Log1oPF WTy141=2.09, Log;oPF M26ly141=2.08.).

(Supporting Information Table S3). Consistent with
the HDX results, the fluorescence quantum yield of
Y141W is similar in wild-type and M261 DJ-1 (Fig. 3).
In contrast, the L101W substitution is located at a
position that becomes more mobile as a result of the
M26I mutation, exhibiting a HDX log,oPF decrease
from 4.35 in wild-type to 1.75 in M261 DJ-1 (Support-
ing Information Table S3). Supporting the HDX
results, the normalized molar fluorescence emission of
M26I/L101W DJ-1 is ~20% lower than that of L101W
alone, indicating that Trpl01 fluorescence in the
M261 mutant is partially quenched due to changes in
its local environment (Fig. 3). These results cannot be
due to large changes in DJ-1 structure resulting from
the Trp mutations, as both the Y141W and L101W
mutations have only small effects on the thermal sta-
bility and secondary structure of DdJ-1 (Supporting
Information Fig. S5). However, we did not character-
ize the conformational dynamics of these Trp mutant
proteins directly and thus cannot exclude a more
subtle dynamical effect resulting from Trp introduc-
tion that may contribute to our observations. As an
additional caveat, we note that Met26 and LeulO1 are
separated by ~14 A, which is too distant for a direct
structural interaction between these two sites of
mutation in M26I/LL101W DJ-1, but still could be sub-
ject to more subtle perturbation that may contribute
to Trp fluorescence changes.

Thiol crosslinking indicates that M261 DJ-1 is
more flexible than wild-type DJ-1 at 37°C

We have recently described the use of thiol cross-
linking to probe DJ-1 flexibility.2® DJ-1 contains

Pathogenic Changes in DJ-1 Conformational Dynamics
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Figure 4. Thiol crosslinking shows that M26l DJ-1 is more dynamic than wild-type DJ-1 at physiological temperature. A: Left:
Cysteine crosslinking with BMOE for wild-type (WT), M26l, and an engineered M26L mutant DJ-1 at 22 and 37°C resolved by
SDS-PAGE. At 37°C, M261 DJ-1 forms a faster migrating crosslinked dimeric species (indicated) that is absent at 22°C and also
not seen for WT DJ-1. This faster-migrating species is present but ~6-fold less abundant in the M26L mutant that relieves the
steric conflict introduced by the M261 mutation. Monomer and dimer DJ-1 bands are indicated. Right: Location of all six cyste-
ine residues in the DJ-1 dimer is shown as a ribbon diagram. B: The MS/MS spectrum of the Cys53-Cys53 BMOE crosslinked
peptide in the dominant dimer band (“DJ-1 dimer” in A). The sequence and predicted Y daughter ion series are shown with all
detected Y ion species labeled in the MS/MS spectrum. C: The MS/MS spectrum of the Cys106-Cys106 BMOE crosslinked
peptide from M261 DJ-1, which is only found in the fast-migrating dimeric species at 37°C (“Fast-migrating DJ-1 dimer” in A).
As in (B), the sequence and predicted Y daughter ion series are shown with Y ion peaks labeled.

three free thiols per monomer, only one of which
(Cysb3) is highly solvent accessible [Fig. 4(A)].
Cysb3 is ~3.3 A from its symmetry mate in the
DJ-1 dimer and this pair should be readily cross-
linked, while the other cysteines (Cysl106 and
Cys46) are farther separated. However, conforma-
tional fluctuations in DdJ-1 can transiently expose

Milkovic et al.

the other cysteines and make them available for
reaction, increasing the number of crosslinked DJ-
1 species that can be observed in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).28 Therefore, thiol crosslinking is a sensi-
tive probe of large-scale conformational flexibility
in DJ-1.
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DJ-1 was crosslinked using the homobifunc-
tional thiol crosslinker bismaleimidoethane (BMOE)
both at 21°C and at 37°C. A dominant dimer band at
~50 kDa is observed in SDS-PAGE of both wild-type
and M26I DJ-1 at both temperatures [Fig. 4(A)]. In-
gel trypsinization followed by MS of this dominant
50 kDa band identified ions with the expected mass
of a Cys53-Cys53 BMOE crosslinked peptide pair in
the +4 and +5 charge states. The MS/MS spectrum
of this 3423.64 amu species in its +4 state (m/
z =856.92) contains a well-defined series of y-type
fragment ions [Fig. 4(B)] and demonstrates unam-
biguously that it is the Cys53-Cys53 crosslinked
tryptic peptide.

M26I DJ-1 also exists as a faster-migrating
dimeric crosslinked species (~37 kDa) at 37°C that
is much less prominent at 21°C and in wild-type DdJ-
1 [Fig. 4(A)]. In addition to the Cys53-Cys53 cross-
link observed in wild-type DJ-1, MS analysis of the
tryptic peptides from the faster migrating dimeric
species also identified ions whose masses were con-
sistent with a Cys106-Cys106 BMOE crosslinked
peptide pair (4894.62 amu) in the +6 and +7 charge
states. MS/MS analysis of the +7 ion shows that it
has the y-type daughter ion series expected for the
BMOE Cys106-Cys106 crosslinked tryptic peptides
[Fig. 4(C)]. While Cys53 is within 3.3 A of its sym-
metry mate in the DJ-1 dimer and is easily cross-
linked by BMOE, Cys106 is nearly 25 A from its
symmetry mate in the crystal structure of the DJ-1
dimer. This larger Cys106-Cys106 distance in the
DJ-1 crystal structure cannot be spanned by BMOE
and extends across the hydrophobic core of the pro-
tein. Therefore, the presence of the Cys106-Cys106
BMOE crosslink shows that M261 DdJ-1 transiently
samples dimeric conformations at 37°C that result in
exposure of the hydrophobic core and differ greatly
from the crystal structure.

In contrast to the BMOE thiol crosslinking
result, crosslinking with the amine-reactive disucci-
nimidyl suberate (DSS) (Supporting Information
Fig. S6) shows little difference between wild-type
and M26I DdJ-1 at room temperature and at 37°C.
This is expected, as DSS can crosslink many distinct
lysine residues on the surface of the protein and
these mobile surface-exposed sites are not expected
to be sensitive to changes in the conformational
dynamics of M26I DJ-1.

M261 DJ-1 aggregates at physiological
temperature

Prior studies reported that M261 DJ-1 is more prone
to aggregation in vitro, although a molecular expla-
nation for this aberrant behavior has been elusive.
We monitored the aggregation of recombinant M261
in vitro by measuring scattering of 400 nm light as
a function of temperature [Fig. 5(A)]. Both wild-type
and M26I DJ-1 remained soluble from 15 to 30°C.
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Figure 5. M26I| DJ-1 is aggregation-prone at physiological
temperature in vitro. A: Aggregation of wild-type (WT), M26l,
M26L, and M26V at 30, 35, and 37°C. There is no observable
aggregation for wild-type and M26L DJ-1 at any of these
temperatures (cyan and green symbols at baseline). In con-
trast, M26l and M26V DJ-1 aggregate extensively at 35 and
37°C (labeled) but not at 30°C. B: Aggregation was performed
as in (A), but the samples were treated with 10 mM EDTA
and dialyzed to remove any trace metal contamination from
the proteins before the start of the experiment. M26| and
M26V DJ-1 still aggregate at 35 and 37°C (labeled), although
to a lesser extent than in (A). All samples were measured in
triplicate (plotted as avg = SD.).

Aggregation of M261 DJ-1 was apparent at 35°C and
exacerbated at 37°C, with a lag phase of ~20 h
[Fig. 5(A)]. In contrast, wild-type DJ-1 did not aggre-
gate detectably at these temperatures [Fig. 5(A)]. The
onset of aggregation for M26I DJ-1 at physiological
temperature provides an appealing explanation for
its reduced stability in cells grown at 37°C*?? and
prior reports of stable recombinant protein, which is
typically handled at lower temperatures.®17

The exposure of DJ-1 to transition metals such
as Ni%2" and Fe®' has been reported to enhance its
instability.2? As all proteins used in this study were
purified by Ni2*-NTA chromatography, we tested the
influence of trace metal contamination by treating
the samples with a large excess of EDTA followed by
dialysis. Consistent with the prior report?®, the che-
lation and removal of trace metal diminishes M261
DJ-1 aggregation, although M26I is still unstable
and aggregates at 35-37°C [Fig. 5(B)].

The crystal structure of M26I DJ-1 shows that
the mutation creates both a small cavity within the
hydrophobic core and a steric conflict with the
neighboring I1e31.'% The steric clash with Ile31 is

Pathogenic Changes in DJ-1 Conformational Dynamics



Figure 6. The aggregation-inducing M261 and M26V mutations cause similar steric conflicts with lle31. A: The local environ-
ment of residue 26 is shown for wild-type (dark gray), M26L (blue), and M26I (red) DJ-1. B: A similar superposition to (A), but
with M26V (gold). The conflict with lle31 is the most prominent structural change resulting from mutation of Met26 to lle (A) or
Val (B). The M26L mutation alleviates this steric clash. This steric conflict could communicate changes at the buried residue 26
to the exterior of the protein, particularly the region containing both the N-terminus and C-proximal residues such as lle168 and

Leu172 (labeled). This figure was made with POVScript+.%°

the most obvious structural change resulting from
the M261 mutation, but it is a relatively minor 0.7 A
displacement. To determine whether the clash at
Ile31 in M26I DJ-1 is responsible for the increased
flexibility that drives aggregation of the protein, we
created both the M26L and M26V mutations (Fig.
6). The M26L substitution eliminates the pB-
branched sidechain at position 26 and alleviates the
clash with I1e31.' Many close homologues of DJ-1
natively have a Leu at position 26, indicating that
this substitution is well-tolerated and preserves DdJ-
1 function®. M26L DJ-1 does not aggregate at 37°C
(Fig. 5) and forms the Cys106-Cys106 BMOE cross-
linked species less efficiently than does M261 DJ-1
at 37°C [Fig. 4(A)]l. A comparison of the Coomassie-
stained band intensities for the faster-migrating
dimeric species in M26I and M26L DJ-1 in Figure
4(A) shows that the Cys106-Cys106 crosslinked spe-
cies is 5.9-fold more abundant in M261 than it is in
M26L DJ-1 as determined using integrated band
intensities normalized to the intensities of the domi-
nant dimer band in each lane calculated using
Imaged.?!

The destabilizing effect of B-branched sidechains
at residue 26 was confirmed by the extensive aggre-
gation observed for the M26V mutant at 35-37°C
(Fig. 5). Like M26I (but unlike M26L), M26V places
a hydrophobic B-branched amino acid at residue 26.
The crystal structure of M26V DdJ-1 shows that the
mutation is highly structurally conservative, with a
Ca-RMSD of 0.14 A with M26I DJ-1 (Fig. 6). The
most significant structural change is the displace-
ment of Ile31 resulting from a clash with the Cy1l
atom of Val26, similar to that observed in M261 DdJ-
1 (Fig. 6). This demonstrates that the steric conflict
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between Ile26 and Ile31 is the initiating molecular
defect that ultimately leads to M26I DdJ-1 instability.

Discussion

In this study, we found that the structurally con-
servative parkinsonian M26I DJ-1 mutation transi-
ently samples unstable conformations near
physiological temperature. M261 DdJ-1 provides an
attractive system in which to explore the connection
between transient conformational fluctuations and
disease, as both X-ray crystallography and NMR
spectroscopy indicate that M26I DdJ-1 is highly
structurally similar to wild-type protein despite
being a disease-causing mutation.'®'” Moreover, the
thermal stability of M261 DJ-1 has been repeatedly
shown to be only ~5°C lower than wild-type Dd-
1.1617 Therefore, the lower cellular stability of M26I
DJ-1 is not due to large changes in its ground state
molecular stability. Prior reports indicating that
M26I DJ-1 is greatly destabilized relative to the
wild-type protein'® have been revisited and revised
by the same group,?? who state that histidine tag-
ging and protein oxidation artifactually destabilized
M261 DJ-1 in their prior work. In the same report,??
the authors show that M26I DdJ-1 is less prone to
oxidation at the functionally important Cys106 resi-
due than is the wild-type protein, which is broadly
consistent with our finding that M26I DJ-1 samples
aberrant conformations that permit Cys106-Cys106
BMOE crosslinking at 37°C.

Considered together, our data suggest a model
involving a slow transient opening of the M261 DdJ-1
dimer that increases solvent exposure of its hydro-
phobic core, especially near physiological tempera-
ture. While the M261 mutation does not alter fast
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timescale (ps-ns) DJ-1 backbone dynamics, differ-
ence log;oPF values for HDX show a more exchange-
active core in M26I DdJ-1 and greater H/D exchange
at the edges of the central B-sheet [Fig. 2(C)], sug-
gesting that the sheet “frays” at its edges. Some
prior studies have reported slightly reduced second-
ary structural content for M26I DJ-1,'"1° which
would be consistent with a transient loss of inter-
strand hydrogen bonds in these regions. Supporting
this interpretation, the Trp fluorescence and thiol
crosslinking data both suggest that buried regions of
the crystal structure become more solvent-exposed
in M26I at 37°C. In particular, the appearance of a
Cys106-Cys106 BMOE-crosslinked dimer species in
M261I DJ-1 at 37°C that is much less abundant at
lower temperature, in the wild-type protein, and in
the stable M26L variant indicates that increased sol-
vent exposure of buried portions of M26I DJ-1 is a
temperature-dependent phenomenon. This Cys106-
Cys106 crosslinked species requires that M261 DJ-1
sample conformations that are different from the
crystal structure in order to bring two Cys106 resi-
dues into crosslinking proximity across the hydro-
phobic core of dimeric DJ-1, consistent with the
observation of enhanced HDX in the central buried
B-sheet of M26I DJ-1. In addition, the Cys106-
Cysl106 crosslink unambiguously establishes that
this unstable species is dimeric.

The exposure of hydrophobic areas of DJ-1 near
physiological temperature is the likely cause of the
enhanced aggregation that we and others have
observed in M261 DJ-1. We find that M26I DJ-1
aggregation is only apparent (over a 60 h timescale)
at 35-37°C, indicating that M26I is a temperature-
sensitive mutant. Importantly, M261 DJ-1 aggrega-
tion does not involve thermal denaturation, as the
melting temperature for M261 DJ-1 is ~60°C, com-
pared to ~65°C for wild-type DJ-1.16:17:1932 Thig
temperature is well above 37°C and indicates that
M26I DJ-1 is not aggregation-prone due to a signifi-
cant loss of ground-state thermodynamic stability
leading to denaturation. Instead, the in vitro behav-
ior of M26I DJ-1 is better explained by a dynamical
model, whereby transient excursions from the stable
ground state of the protein allow sampling of more
aggregation-prone species in solution at physiologi-
cal temperature. DJ-1 aggregation in vitro would
likely manifest as protein degradation in the cell,
and thus would account for the reduced level of
M26I DJ-1 observed in cells grown at 37°C. Attrac-
tively, the onset of dynamically driven instability in
M26I DdJ-1 at physiological temperature resolves
conflicting reports of this mutant’s stability in vitro
at room temperature and instability in cells at 37°C.

The sampling of aggregation-prone conforma-
tions of M26I DdJ-1 is initiated by the steric conflict
between Ile26 and Ile31'® causing an ~0.7 A dis-
placement of Ile31 in M26I DJ-1. This clash is
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relieved by the engineered M26L mutant, which
abrogates both protein aggregation and Cysl06-
Cys106 BMOE crosslinking, indicating that the
Ile26-Ile31 clash is an important contributor to
M261 DJ-1 destabilization.'®3® The damaging effect
of placing B-branched amino acids at residue 26 in
DdJ-1 is confirmed by the M26V mutation, which also
clashes with Ile31 and consequently causes
enhanced aggregation of the protein. Our data indi-
cate that the minor, local structural change caused
by the introduction of a B-branched amino acid at
residue 26 causes global changes in DJ-1 slow con-
formational dynamics that lead to the eventual accu-
mulation of protein aggregates. We also note that
trace transition metals in the DJ-1 purified in this
work seem to enhance aggregation, consistent with
a prior finding.?° This is intriguing, as iron (another
transition metal) levels are elevated in parkinsonian
nigral tissue® and might influence DJ-1 stability.
The basis of this effect is a direction for future work.
M26I DJ-1 appears to be a case where princi-
pally dynamical, rather than structural, changes in
a protein can be connected with instability and dis-
ease. Other examples where protein dynamics have
been connected to pathological dysfunction include
the deletion of a single amino acid (F508) in the
cystic fibrosis transmembrane conductance regulator
(CFTR) protein, which causes areas of inherent dis-
order and flexibility resulting in disease.?®3® An
additional example is copper-zinc superoxide dismu-
tase (Cu-Zn SOD), where mutations associated with
heritable forms of amyotrophic lateral sclerosis
(ALS) cause changes in protein dynamics.>”2° DJ-1
is an easily handled protein amenable to study using
multiple biophysical approaches and thus makes an
attractive system in which to further explore the
connection between disturbed protein dynamics and
disease. Furthermore, as the list of disease-
associated proteins with perturbed conformational
dynamics grows, we propose that aberrant protein
dynamics may be a more common contributor to dys-
function and disease than is currently appreciated.
More generally, our results indicate that routine
in vitro characterization of proteins lower than phys-
iological temperature may provide an inaccurate
view of their behavior in some instances. This has
been well established in the extreme case of X-ray
crystallography of cryocooled samples, where pro-
teins are characterized at ~—170°C. In these cases,
significant alterations to the degree and correlation
of sidechain disorder, which is involved in function-
ally relevant protein dynamics, has been described.*’
The present study indicates that even the modest
~15°C difference between room temperature and
human physiological temperature is enough to con-
ceal important aspects of protein conformational
behavior. As the characterization of protein dynam-
ics becomes more widespread and routine, our
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results indicate that samples should be studied at
their physiologically relevant temperatures wher-
ever possible.

Materials and Methods

Protein expression and purification
Human wild-type and mutant (M26I, M26V, M26L,
L101W, Y141W, M26I Y141W) DJ-1 proteins were
expressed from pET15b (EMD Millipore, Darmstadt,
Germany) constructs*! and purified using Ni*" affin-
ity chromatography as previously described*! except
that all buffers contained freshly added 2.5 mM
dithiothreitol (DTT). Uniformly '°N-labeled proteins
(wild-type, M261 DJ-1) were expressed as previously
described.®

Purified proteins were dialyzed against storage
buffer (258 mM HEPES pH 7.5, 100 mM KCI,
2.5 mM DTT) overnight at 4°C and concentrated to
1 mM using an ultrafiltration concentrator with a
10 kDa MWCO regenerated cellulose membrane
(EMD Millipore), snap-frozen in small aliquots on
liquid nitrogen, and stored at —80°C until needed.
All proteins ran as a single band in overloaded Coo-
massie Blue stained SDS-PAGE gel and had correct
intact masses determined using electrospray mass
spectroscopy (Redox Biology Center, UNL). All pro-
teins had the hexahistidine tag removed by throm-
bin cleavage, resulting in a “GSH” vector-derived
sequence at the N-terminus. Only DJ-1 that was
>95% reduced at Cysl06 as determined by mass
spectrometry was used.

NMR sample preparation, data collection, and
processing

NMR sample preparation. For NMR experi-
ments, purified ®N-labeled DJ-1 samples were dia-
lyzed against 25 mM 2-(4-morpholino)ethanesulfonic
acid (MES) pH 6.5, 25 mM NaCl, 2.5 mM DTT and
concentrated to 0.9 mM. The '°N labeling efficiency
was determined from intact masses using reverse
phase liquid chromatography-mass spectrometry
(LC-MS) as detailed previously.'®?® Proteins were
diluted in water and analyzed using an Agilent 1200
LC system (Agilent Technologies, Santa Clara, CA)
and a Q-Trap-4000 MS (AB Sciex, Framingham,
MA) at the UNL Redox Biology Center Metabolomics
and Proteomics Core Facility. Samples for 7'y, T\,
and NOE measurements were prepared by adding
D50 to a final concentration of 10% by addition of
99.9% D50 (Sigma-Aldrich, St. Louis, MO) and the
sample was transferred to a 5 mm, high-throughput
7" standard series NMR tube (Norell, Marion, NC).
Samples for NMR-detected H/D Exchange
(HDX) experiments were dialyzed against 10 mM
ammonium acetate pH 6.7 and 5 mM DTT at ~21°C.
Samples were flash frozen in liquid nitrogen, lyophi-
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lized, and stored at —80°C until needed. HDX was
performed by rapidly resuspending the lyophilized
protein in 25 mM MES pH 6.1, 25 mM NacCl,
2.5 mM DTT in 100% D5O. Prior to the experiment,
the solution pH was adjusted to 6.1 with a 40% solu-
tion of NaOD (Sigma-Aldrich) and the pD calculated
according to: pDeorrectea = PH + 0.4%2 (therefore the
final pD of this buffer was 6.5).

T;, T. relaxation and heteronuclear NOE
spectra. All 2D 'H-'°N heteronuclear single quan-
tum coherence (HSQC) spectra were collected using
a Bruker AVANCE DRX 500 MHz spectrometer
equipped with a 5 mm triple resonance cryogenic
probe (*H, '3C, and 'N) with a Z-axis gradient
(Bruker BioSpin, Billerica, MA) at the University of
Nebraska-Lincoln’s Research Instrumentation Facil-
ity. 2D 'H-'SN HSQC spectra acquired for T,
(Bruker pulse sequence: hsqctletf3gpsi), T
(hsqct2etf3gpsi), and NOE (hsqgcnoeetf3gpsi) meas-
urements were collected at 35°C. The delays for T,
(0.2696, 0.05392, 0.5392, 0.005392, 0.4044, 1.0784,
0.1348, 0.6740, 0.2696 s) and T (0.0176, 0.0352,
0.0528, 0.0704, 0.0880, 0.1056, 0.1231, 0.1408,
0.1584, 0.1760, 0.1936, 0.2112 s) relaxation experi-
ments were randomized to minimize systematic
error. All spectra were collected using a total of 2048
and 256 data points and spectral sweep widths of
7309.942 and 2027.164 Hz along the proton and
nitrogen dimensions, respectively. Free-induction
decays zero-filled, transformed,
phased, and baseline corrected using NMRPipe*3
and analyzed using NMRViewd.** Chemical shift
assignments for wild-type DJ-1 were retrieved from
the Biological Magnetic Resonance Data Bank with
accession number BMRB 17507.17 The 35°C spectra
are shifted ~0.16 ppm in the hydrogen dimension
compared to the previously collected 27°C spectra,’’
as expected with an increase in temperature.

The relaxation times (T, T5) for each amide res-
onance were calculated by fitting a decay curve [see
Eq. (1)] to the intensity of each peak plotted against
the associated delay (in ms), where I; is the intensity
of each peak at the specified delay time ¢, and I, is
the initial steady-state intensity. The inverse of the
relaxation times produced relaxation rates (Ri, Rs)
(converted to s~ 1).

were Fourier

I=Ise <T_> (1)
1
Ri= E

Interleaved 2D *H—1°N heteronuclear NOE spec-
tra were collected using 2048 and 128 data points
along the direct and indirect axis, respectively, with
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or without 5 s of proton saturation applied with a
5 s relaxation interval. The NOE values were calcu-
lated by dividing the peak intensities for resonances
in the saturated (Ig,;) spectrum by the corresponding
resonance intensity in the unsaturated (I,,s.¢) spec-
trum [see Eq. (2)]:

NOE~— Lsat (2)

unsat

The errors for the NOE ratios in Eq. (2) (¢
were calculated using propagation of error from
each heteronuclear NOE measurement according to
the following formula:

ofr= \/(Iunsat) 2 (asat)2 + (Isat)2 (Iunsat) 74(0‘unsat)2 (3)

where og,; and ouneat are the errors associated with
the saturated and unsaturated NOE intensities,
respectively. og.; and ounsat Were estimated using the
average background noise for each spectrum. Ro/R,
and heteronuclear NOE ratio data used for the gen-
eralized order parameter calculation are presented
in Supporting Information Figure S3.

The R;, Ry relaxation rates and heteronuclear
NOE data were used to calculate the generalized
order parameter (S?), internal motion (z,), chemical
exchange (R.,), and the overall correlation time (z.)
using Lipari-Szabo model free parameters in the
FAST ModelFree program (Facile Analysis and
Statistical Testing for ModelFree), interfaced with
ModelFree 4.20.25%%46 PDBInertia was used to
translate the centers of mass of the wild-type (PDB
1P5F )*" and M261 DJ-1 (PDB 2RK4)'° coordinates
to the origin. For each Ry/R; list and PDB file from
PDBInertia, the RoR;-Diffusion program was used
to predict the axially symmetric diffusion tensor
based on the approach by Tjandra et al.*® The NMR
spin-relaxation data (R;, Rs, NOE) and PDBs
obtained from RyR;-Diffusion were then input into
the FAST ModelFree software package.?’ To ensure
that the dynamics analysis was not trapped in a
local minimum, the random seed value was changed
for each run and the same seed value was never
used more than once. Further, each FAST Model-
Free run was done in triplicate to verify that the
output values were reproducible.

Temperatures for all NMR experiments were
calibrated using 100% ethylene glycol as a tempera-
ture standard. Briefly, the separation between the
OH resonances and the CHjy resonances in ethylene
glycol were measured (A, ppm) and the sample
temperature calculated, according to the following
equation: 7= (4.637 — A)/0.009967, where T is the
calculated temperature (Kelvin), and A is the shift
difference (in ppm) between OH and CH, peaks
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(Bruker Instruments, Inc. VT-calibration manual).
The final temperature of the sample was estimated
to be 35°C based on the temperature calibration (see
above), chemical shifts of wild-type DJ-1, and
protein behavior at elevated temperatures (see
aggregation data in Fig. 5).

H/D exchange NMR spectroscopy. For HDX
measurements, protonated ®N-labeled proteins were
lyophilized and resuspended in 500 pL of 25 mM
MES pH 6.5 (pD 6.1, see above), 25 mM NaCl,
2.5 mM DTT in 100% D,0. 2D 'H-'*N HSQC spec-
tra (sfhmqcf3gpph) were collected every 10 min for
60 h at 35°C. To ensure lyophilization did not cause
irreversible changes in DJ-1, we verified that the 2D
H-'5N HSQC spectra obtained from protein before
and after lyophilization and resuspension were iden-
tical. Spectra were collected using a total of 2048
and 256 data points with spectral sweep widths of
7309.942 and 3041.362 Hz along the proton and
nitrogen dimensions, respectively. The pulse pro-
gram was edited to use a REBURP shape pulse®®
and to include a delay equal to 300 s. This delay
occurs before data collection to allow the cryoprobe
coil temperature to equilibrate after each acquisi-
tion. The 300-s delay was only applied for subse-
quent acquisitions in the first 60 h of data acquired.
Each spectrum had a REBURP pulse duration of 1
ms, receiver gain set to 3k, SP23 set to 24.05 dB,
SP24 set to 13.11 dB, PC9 set to 3 ms, thereby mak-
ing each SoFAST-HSQC'’s total acquisition time 5
min 8 s.

HDX rates (k.y) were calculated similarly to T
and T relaxation rates (see above). A protection fac-
tor (PF) was calculated by dividing an estimated
intrinsic rate (k;,;) for each residue by the measured
rate (ko) for that residue,2627%%%! je. PF = kin/Fox.
The PFs presented here are the logio(kiny/kex)
referred to as logioPF.?2%% Due to rapid exchange,
kex values for several residues for wild-type DJ-1 (47
for the monomer) and M26I DJ-1 (85 for the mono-
mer) had to be estimated as described below. For
residues that were observed in a 7y HSQC but were
not present in the first HDX HSQC, the rate con-
stant for exchange was estimated to be ten times
greater than the collection time for the HDX HSQC
(e.g., kex=1/14 min~ ! for an HSQC spectrum
obtained after 14 min of HDX); this affected 85 resi-
dues for M26I and 44 residues for wild-type DJ-1. A
similar estimate was made for the k.4 of all residues
that were present in the first HDX spectrum but
then exchanged before a second spectrum could be
collected, which affected three residues for wild-type
DdJ-1. Additionally, six residues in M26I and 12 resi-
dues in wild-type DJ-1 did not exchange with D,O
over the 60 h experiment and thus their k., could
not be determined.
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DdJ-1 aggregation as a function of tempera-
ture. DJ-1 purified using Ni2*-NTA chromatogra-
phy [referred to as “As Purified” in Fig. 5(A)] has
been reported to be more susceptible to aggregation
than samples that were not exposed to transition
metals.?? Consequently, purified DJ-1 was supple-
mented with 10 mM EDTA, dialyzed overnight
against storage buffer containing 1 mM EDTA, then
dialyzed again against storage buffer alone [referred
to as “EDTA treated and Removed” in Fig. 5(B)]
prior to the experiment. Aggregation of DJ-1 was
monitored by measuring the optical density of the
sample at 400 nm every 30 min over 60 h with a
BioTek Synergy 2 multi-mode microplate reader
(BioTek Instruments, Inc., Winooski, VT). Sample
temperature was controlled with Gen5 software and
data were collected at 30, 35, and 37°C. Wild-type,
M261I, M26L, and M26V DdJ-1 were diluted to 100
uM in degassed storage buffer and placed in a 96-
well plate (Costar 3595). About 50 pL of light min-
eral oil (Thermo Fisher Scientific, Pittsburgh, PA)
was layered over each 180 pL sample to prevent
evaporation and the 96-well plate was sealed with
optically clear polystyrene seals (VWR International,
Radnor, PA). The samples were allowed to equili-
brate for 10 min prior to the start of the assay.

Fluorimetry of DdJ-1 tryptophan mutants.
Human DJ-1 lacks Trp, making it necessary to intro-
duce this residue by site-directed mutagenesis. To iden-
tify minimally disruptive locations for the introduction
of a Trp residue into DJ-1, sequence alignments of vari-
ous DJ-1 homologs that contain Trp residues were
used. Proteins in this alignment were 40-46% identical
to human DJ-1, improving the likelihood that the iden-
tified locations for Trp substitution would be structur-
ally well-tolerated. Leul01 and Tyr141 were chosen as
candidate sites for mutation that lie within regions of
DJ-1 with markedly different responses to the M261
mutation in HDX. Site-directed mutagenesis was used
to generate the L101W and Y141W mutations, which
were verified by DNA sequencing. Hexahistidine-
tagged recombinant proteins were expressed using
pET15b in BL21(DES3) E. coli and purified as previously
described.'®*! Due to solubility problems, cells express-
ing M26I/L101W DJ-1 were induced with 0.2 mM iso-
propyl B-pD—1-thiogalactopyranoside (IPTG; Thermo
Fisher Scientific) followed by incubation at 20°C over-
night with shaking. Additionally, chloramphenicol
(Thermo Fisher Scientific) was added to a final concen-
tration of 100 pg/mL 2 h before cells were harvested to
enhance the recovery of soluble proteins.?*®°

Intrinsic tryptophan fluorescence emission spec-
tra were collected at 37°C using a Cary Eclipse fluo-
rescence spectrophotometer (Varian) with excitation
at 280 nm, emission spectra measured from 300 to
400 nm, and excitation and emission slit widths set
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to 5 nm. A recirculating thermostatic water bath
(Varian) was used to control sample temperature.
DJ-1 samples were diluted to 500 uM in storage
buffer, the cuvette was capped, and the solution
was allowed to equilibrate at the measurement
temperature for 5 min. After correction for back-
ground scattering using a buffer control, the fluores-
cence spectra of the samples were measured. All
fluorescence intensities were normalized to the con-
centration of protein in the cuvette determined
using Asgg. Extinction coefficients at 280 nm were
calculated based on the mutant DJ-1 amino acid
sequences using ExPASY.®

Chemical Crosslinking of DJ-1. DSS (Thermo
Fisher Scientific) was divided into 2 mg aliquots in a
Coy anaerobic chamber (Coy Lab Products, Grass
Lake, MI) with plastic spatulas. All plastic material
was equilibrated in this environment for at least two
weeks prior to use in order to minimize metal or
oxygen contamination prior to the experiment,
which can reduce DSS crosslinking efficiency. DSS
aliquots were then stored in a desiccator at 4°C until
ready to use.

Wild-type and M261 DJ-1 were diluted to 100
uM and subsequently dialyzed against storage buffer
lacking DTT. Each protein was divided into two 200
uL aliquots, where one aliquot was incubated at
room temperature (~22°C) and the other at 37°C.
The samples incubated at their respective tempera-
tures for ~2 h prior to the initiation of crosslinking
by addition of 100 mM DSS dissolved in DMSO to
final concentrations of 0, 2, 3, 4, or 5 mM. DMSO
alone was added as a negative vehicle control. After
30 min, the reaction was quenched with the addition
of Tris-HCl, pH 7.5 to a final concentration of
38 mM and incubated for an additional 15 min. All
samples were then mixed with SDS-loading dye,
heated to 95°C for 5 min and analyzed using SDS-
PAGE with a 12% gel stained with colloidal Coomas-
sie blue dye (Thermo Fisher Scientific).

For the BMOE crosslinking experiments, wild-
type, M261, and M26L DdJ-1 were diluted to 100 uM
and subsequently dialyzed against PBS pH 7.4
(1837 mM NaCl, 2.7 mM KCI, 10 mM NayHPO,,
1.8 mM KHy,PO4, 5 mM EDTA). Each protein was
incubated either at room temperature (~22°C) or at
37°C. At selected time points, a small aliquot of the
protein was removed and crosslinked with BMOE
(Thermo-Fisher Scientific) at a final crosslinker con-
centration of 0, 0.1, or 0.5 mM. DMSO was used as
a negative vehicle control. After 45 min, crosslinking
was quenched with the addition of 20 mM DTT and
then incubated for an additional 15 min. Samples
were mixed with SDS-loading dye, heated to 95°C
for 5 min and analyzed using SDS-PAGE with a
12% gel stained with colloidal Coomassie blue dye
(Thermo Fisher Scientific).
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Mass spectrometry analysis of thiol crosslinked
DeJ-1. Coomassie-stained BMOE-crosslinked sam-
ples were excised from the gel using a clean razor
blade. The samples were digested with trypsin and
analyzed using a Waters Synapt G2-S mass spec-
trometer equipped with a NanoAcquity HPLC sys-
tem. The tryptic digests were separated on a Waters
HSS T3 column (1.8 um particle size 75 pm X
150 mm) with a flow rate of 500 nL/min and a gradi-
ent of 5% to 50% acetonitrile in HyO with 0.1%
formic acid for 50 min. The mass acquisition range
was from 50 to 2000 Da, and spectra were obtained
in the mass resolution mode (R = 20,000) at a rate
of 1/s.

MS/MS experiments were conducted using colli-
sional dissociation with Argon. The data were
acquired and processed using Waters MassLynx 4.1
software.

Thermal stability measurement and Far-UV
circular dichroism spectroscopy

The melting temperatures (7%,) of DJ-1 proteins
were determined using differential scanning fluorim-
etry (Thermofluor) as previously described.?®%” The
secondary structural contents of the proteins were
determined using far-UV circular dichroism (CD)
spectroscopy following a previously reported proto-
col?® with minor modifications. Far-UV CD spectra
were measured for 13 pM proteins in 10 mM potas-
sium phosphate pH 7.2, 2.5 mM DTT using a Jasco
J-815 CD Spectrometer (Jasco, Inc., Easton, MD)
and 0.1 cm path length quartz cuvettes. Sample
temperature was controlled with a Julabo AWC100
(Julabo USA, Inc., Allentown, PA) recirculating
water cooler and maintained at either 25 or 37°C.
Protein concentration in the cuvette was determined
from the measured absorption at 205 nm using
Scopes’ method®® and used to calculate the mean
residue molar ellipticity according to the formula
below?®:

(4)

where ©(1) is the mean residue molar ellipticity as a
function of wavelength (deg cm? dmol ! residue 1),
Oops(A) is the measured ellipticity as a function of
wavelength (mdeg), n is the number of residues in
the protein, ¢ is the concentration of the protein (M),
and / is the path length of the cuvette (cm).

Crystal Growth, Data Collection and Processing,
and Structure Determination for M26V DJ-1

M26V DdJ-1 was crystallized using sitting drop vapor
equilibration by mixing 2.4 uL of protein at 1.3 mM
(MW= 20,140 g/mol) and 1.8 uL of reservoir solution
(100 mM Tris-HC1 pH 9.0, 200 mM sodium acetate
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Table I. Data Collection and Refinement Statistics for
M26V DdJ-1

Data collection

Sample M26V DJ-1
X-ray source Rotating Cu Anode
X-ray wavelength (A) 1.54
Space group P3,21
Cell dimensions a, b, ¢ A) 75.04, 75.04, 75.27
o B,y (degreees) 90, 90, 120
Resolution (A)? 65-1.45 (1.50-1.45)
Roerge” 0.062 (0.523)
<I>/<a(l)> 56.6 (5.0)
CC1/2 0.999 (0.966)
Completeness (%) 99.7 (97.0)
Redundancy 20.4 (18.2)
Refinement

Program Refmach
Resolution (A) 65-1.45
No. of reflections 43,711
Ryoric® 0.110 (0.340)
Riree? 0.132 (0.376)
Ran® 0.111
No. of protein residues 189
No. of water atoms 276
No. of heteroatoms 20
(ligand: EDO, ACT)
B, factors (A2)

Protein 18.3

Water 39.5

Heteroatoms 30.6
r.m.s. deviations

Bond lengths (A) 0.016

Bond angles (degrees) 1.79
Ramachandran favored, 99.0; 0.5; 0.5
allowed, forbidden (%)

* Values in parentheses are for the highest resolution shell
(1.50-1.45 A).
b Rerge is calculated according to Eq. (5).

Romerge = il s = Tww)| /D> Tha )

where i is the ith observation of a reflection with index A,
k, l, and angle brackets indicate the average over all i
observations.

¢ Ryork 18 calculated according to Eq. (6).

Ruork=D il Fret=Fiul/ Y P (6)

where Ff,, is the calculated structure factor amplitude
with index A, k, [, and F,?kl is the observed structure factor
amplitude with index A, &, [.

4 Riee is calculated as Ryo, where the Fl?kl values are
taken from a test set comprising 5% of the data that were
excluded from the refinement.

® Ran is calculated as Ryou, where the Fp,, include all
measured data (including the Rg... test set).

trihydrate, 25% PEG 4000, and 3 mM DTT. Bipyra-
midal crystals of M26V DJ-1 in space group P3;21
appeared in 2-4 days at room temperature. The
crystals were cryoprotected by serial transfer
through the reservoir solution supplemented with
increasing amounts of ethylene glycol to a final con-
centration of 25% (vol/vol). The cryoprotected crys-
tals were removed from the cryoprotectant in nylon
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loops and mounted in the nitrogen cryostream for
data collection.

X-ray diffraction data were collected to 1.45 A
resolution from a single crystal at 110 K at the Uni-
versity of Nebraska-Lincoln Macromolecular Struc-
tural Core Facility using a MicroMax-007 copper
rotating anode source (Rigaku) operating at 40 kV
and 20 mA with Osmic Blue confocal optics and a
Raxis IV'" detector (Rigaku). In situ annealing®®
was performed by blocking the cold nitrogen stream
for ~3 s, which reduces mosaicity and improves data
scaling statistics. All data were indexed, scaled, and
merged using HKL2000%° with final data statistics
detailed in Table I. The resolution of the data (1.45 A)
was limited by the geometry of the diffractometer, pre-
venting the collection of strong data at higher resolu-
tion. This results in a dataset with an <I>/<a(I)> of 5
and CC1/2 of 0.966 in the highest resolution bin (Table
I), both larger than the preferred values.

Phases for M26V DJ-1 were determined by
molecular replacement using the structure of human
DJ-1 (PDB: 1P5F, 99% sequence identity?’) as a
search model in Phaser®! in the CCP4 suite.5? Man-
ual adjustments to the initial model were made by
inspection of 2mFq— DFc and mFo — DF¢ electron
density maps in COOT.®® The resulting model was
refined in Refmac5%* against a maximum likelihood
amplitude-based target function with geometric and
anisotropic atomic displacement parameter (ADP)
restraints and including riding hydrogen atoms. A
randomly selected test set comprising 5% of the
reflections was used for the calculation of the Rpeet®
value. The stereochemical, side chain rotameric, and
packing quality of the final model was validated
using COOT®® and the MolProbity server.®® All resi-
dues except Cysl06 were in favored or allowed
regions of the Ramachandran plot and Pro66 is a
cis-peptide. Cysl06 is a legitimate Ramachandran
outlier, as is commonly observed in DJ-1 crystal
structures. Final data and model statistics are pro-
vided in Table I.

Accession numbers

Coordinates and structure factors have been depos-
ited in the Protein Data Bank with accession num-
ber 4S0Z
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