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ABSTRACT

DJ-1 is a Parkinson’s disease associated protein endowed with enzymatic, redox sensing,
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regulatory, chaperoning, and neuroprotective activities. Although DJ-1 has been vigorously

studied for the last decade and a half, its exact role in the progression of the disease remains

uncertain. In addition, little is known about the spatiotemporal regulation of DJ-1, or the

biochemical basis explaining its numerous biological functions. Progress has been hampered by

the lack of inhibitors with precisely known mechanisms of action. Herein we have employed

biophysical methodologies and X-ray crystallography to identify and to optimize a family of

compounds inactivating the critical Cys106 residue of human DJ-1. We demonstrate these

compounds are potent inhibitors of various activities of DJ-1 in vitro and in cell-based assays.

This study reports a new family of DJ-1 inhibitors with a defined mechanism of action, and

contributes towards the understanding of the biological function of DJ-1.
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INTRODUCTION

Parkinson’s disease is a devastating neurodegenerative disorder of ever-increasing concern in
modern societies’. The substantia nigra and striatum of brains of patients suffering from advanced
stages of the disease are severely damaged, showing low levels of the neurotransmitter molecule
dopamine. Although a very active field of research, the molecular mechanisms triggering
Parkinson’s disease are still largely unknown because of the inherent complexity of the disorder.
The elucidation of the underlying etiology and the establishment of effective therapies to combat
Parkinson’s disease and Parkinsonism are pressing challenges faced by the medical and scientific
community, and an problem of great concern for the society at large.

The protein DJ-1 was initially identified as the product of an oncogene, and soon after it was
revealed that mutations on this protein lead to early onset Parkinson's disease.?’ For example
pathological mutations M26I, D149A and L166A cause abnormal conformation of the protein
resulting in a functional loss. DJ-1 also protects dopaminergic neurons from the toxicity of
rotenone (a small molecule inducing symptoms of Parkinsonism).”” A number of structural,
biochemical and cellular studies have sought to understand the protective effect of DJ-1 in
dopaminergic neurons.®/3

A common theme in these and other studies is the central role played by the conserved residue

Cys106 of DJ-1,%%1> showing that changes in the oxidation state and/or mutations of Cys106
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modulate the neuroprotective effects of DJ-1. The residue Cys106 is found in several oxidation
states that includes the reduced thiol from, the activated and reversible sulfenic and sulfinic forms,
and the irreversible sulfonic form.? Interfering with this delicate equilibrium affects the
performance of the protein in a cell-environment. Intriguingly, numerous cellular functions have
been proposed for DJ-1 (see Supporting information Table 1 for an extended list). Despite an
explosion in the number of studies about DJ-1, the debate about its actual biological function has
not been resolved to date. In particular, the regulatory mechanism of DJ-1, or how its loss of
function causes dopaminergic neuronal death and Parkinsonism, are key questions not clarified
yet. Previous studies have also reported overexpression of DJ-1 in many types of cancers
compared with normal tissue. The overexpression of DJ-1 is critical for anti-cancer drug
resistance.’®? This observation has been corroborated by knockdown of DJ-1 using siRNA,
improving the sensitivity of cancer cells to certain drugs./6/%/%222 These previous studies
suggested that the inhibition of protective function of DJ-1 could be a promising therapeutic
approach to fight cancer.

One of the reasons hampering the definitive characterization of DJ-1 could be the absence of a
potent and well-characterized chemical inhibitor. Small-molecule inhibitors and molecular probes
are useful tools to analyze functions of proteins,”® such as the classical examples of compounds

FK506,?* wortmannin,? and JQ1.%° These inhibitors provided important clues to elucidate the
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functions and pathways of target proteins in vitro and at the cellular level. The current body of
research suggests that an inhibitor and/or a molecular probe binding to the pocket of Cys106 will
inhibit the biological function of DJ-1.2*° Although several compounds have been reported to
interfere with the biological functions of DIJ-1, the precise mechanism of action of these
compounds at the molecular level has not been clarified.*3%3/

Herein we have employed fragment-based methodologies to identify compounds with a
well-defined inhibition mechanism against DJ-1. We focused on compounds capable of binding
at the pocket of the putative active residue Cys106, since virtually all proposed functions of DJ-1
are connected to this residue. We identified and validated a compound from a primary screen
displaying an affinity in the pM range. By employing rational design methodologies, the affinity
and inhibitory potency of second-generation compounds was improved by more than 30-fold.
These compounds showed robust inhibitory properties in vitro and suggested inhibition of the
proposed deglycase detoxifying activity of DJ-1 in cell-based assays. These inhibitors may

contribute to elucidate the biological function of DJ-1 and its role in Parkinsonism.

RESULTS AND DISCUSSION

Identification of a novel compound binding to DJ-1

The structure of DJ-1°/2 suggested the existence of a pocket around the critical Cys106 residue
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with favorable properties for binding small molecules.’? We carried out a screening of a fragment
library containing several hundred compounds (< 300 Da) by surface plasmon resonance (SPR)
with the gola of finding a hit compound of medium-low affinity (Supporting information Figure
1). After the screening stage, compound 1 emerged as a suitable hit (Figure 1). The dissociation
constant (Kp) determined by SPR was 2.0 £ 0.5 uM (Figure 1b, Supporting information Figure 2).
Individual association (k,,) and dissociation (k.5 rates could not be determined at this stage
because the kinetic phases were fast (box-shape sensorgrams). Isothermal titration calorimetry
(ITC) was employed as an orthogonal method. The value of Kp obtained by calorimetry was 3.2
+ 0.1 uM, consistent with that determined by SPR. The thermodynamic parameters obtained by
ITC indicated that the interaction between 1 and DJ-1 is highly exothermic (4H = —11.6 + 0.1
kcal mol™') and opposed by the entropy change (—TAS = 4.1 kcal mol™') (Figure 1c, Supporting
information Figure 3). The binding of 1 also increased the thermal stability of DJ-1 with respect
to the unbound protein (A7 = 1.8 °C) as determined by differential scanning fluorimetry (DSF)
33 (Figure 1d). These data demonstrated that 1 binds robustly to DJ-1 with moderate affinity and
very high enthalpic efficiency (EE = 1.1 kcal mol™'),?# although the binding mechanism was still

unclear after this stage.

Structural characterization
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To identify the binding location of 1 within the structure of DJ-1 we employed X-ray
crystallography. The complex between DJ-1 and 1 was obtained by the soaking method at high
(40 mM) and low (2 mM) concentration of ligand, achieving a resolution of 1.39 A and 1.65 A,
respectively (Figure 2a,b, Supporting information Tables 2-4). The overall structure of DJ-1 in
complex with 1 was virtually identical to the unbound form (PDB ID: 4P2G)?® with RMSD
values in the range between 0.103 and 0.093 A. Compound 1 was tightly held by to DJ-1 by a
covalent bond to the sulfur atom of Cys106. The crystal soaked with high concentration of ligand
displayed two other molecules of 1 covalently bound to the surface of DJ-1 in the form of a
Schiff base to the amine group of residues Lys148 and Lys182 (Supporting Information Figure
4).% The mutation of key residues of the binding pocket at Cys106, the use of the analog 2, and
the soaking experiment at low concentration collectively demonstrated that recognition of 1
occurs specifically at Cys106, whereas the secondary binding sites resulted from unspecific
binding and were not observed by ITC (Figure 2, Supporting Information Figures 5, 6).

The bond length between C3 of 1 and the sulfur atom of Cys106 was 1.89 + 0.04 A, a value
approaching that of the sum of the covalent radius of carbon (0.76 A) and sulfur (1.05 A) (Figure
2b, ¢).’% To validate the formation of the covalent bond between Cys106 and 1 in solution, we
employed UV-visible spectroscopy. Because the structure revealed that formation of the covalent

bond is accompanied by the partial loss of aromaticity in the indole ring of 1, we predicted the
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UV-visible spectrum would be changed when covalently bound to DJ-1 (Figure 2d). As expected,

the intensity of the absorption peak of 1, centered at ~305 nm, was greatly reduced in the

presence of DJ-1. Similarly, the intensity of this absorption peak was also diminished in the

presence of the reducing agent dithiothreitol (DTT).

The box-shaped binding profile of 1 to DJ-1 obtained by SPR was consistent with the reversible

attachment to Cys106. To demonstrate whether binding of 1 to DJ-1 is also reversible in the

crystalline form, crystals of the protein were first soaked overnight with 1, followed by three

successive soaks in the absence of ligand (Supporting information Figure 5). No evidence of 1

was found in the pocket of Cysl106, demonstrating that reversibility is also observed in the

crystalline form.

Residues Cys106 (covalently bound to 1), Glul8 (hydrogen bonded to 1) and His126

(establishing m-m interactions with the aromatic ring of 1) were individually mutated, and their

binding properties examined by ITC (Figure 2e, Supporting information Figure 6, Supporting

information Tables 5, 6). Except for the conservative mutation H126Y, the other five mutations

completely abrogated binding of 1 to DJ-1, establishing the importance of the interactions

between 1 and the residues lining the pocket for the stable recognition of the ligand. The

high-resolution crystal structure of the mutein C106S soaked with 1 did not show evidence of

ligand bound in the pocket (Supporting information Figure 5), although we note that two
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molecules of 1 appeared unspecifically bound to Lys residues as seen above for the wild-type
protein.

The evidence gathered so far thus demonstrated that the binding properties of 1 are explained by
the fast and reversible reaction with Cys106 of DJ-1 (Figure 2f). This reaction is governed by
Glul8, which depresses the pKa of the sulfur atom of Cysl06 of DJ-1 enhancing its
nucleophilicity,’” and facilitating its attack to the atom C3 of 1. The complex is additionally
stabilized by non-covalent m-m interactions between the ring of the ligand and His126, and

presumably by the very short hydrogen bond with residue Glul8.

Structure-activity relationship

The crystal structure of the complex revealed a small gap between the position C5 of 1 and DJ-1,
suitable for a small substituent that could increase the affinity of the compound. We obtained
compounds 3-5 and determined their affinity to DJ-1 by ITC as above (Figure 3a,b, Supporting
information Figure 3). The dissociation constant of 3 was similar to that of 1, whereas 4 and 5
displayed a robust increase in affinity (~3-fold) with respect to 1 (Kp of 4 and 5 were 0.93 £+ 0.05
uM and 1.00 £ 0.06 uM, respectively). The crystal structure of 4 in complex with DJ-1 was
subsequently determined at 1.45 A resolution (Figure 3c). The overall structure of DJ-1 in

complex with 4 was virtually identical to that with 1 bound (RMSD = 0.11 A). In addition, the

ACS Paragon Plus Environment

Page 10 of 44



Page 11 of 44

oNOYTULT D WN =

ACS Chemical Biology

interaction of 4 with the three key residues Glul8, Cys106, and His126 did not change
significantly. A covalent bond between Cys106 and 4 was also observed (distance = 1.96 + 0.05
A), as well as the short hydrogen bond with Glul8 (2.42 + 0.05 A). The fluorine atom attached to
4 interacted with residues Arg28 and Pro184 of the second chain of the DJ-1 dimer. The distances
between the fluoride atom of 4 and Arg28 and Pro184 of DJ-1 were 3.05 £ 0.05 A and 3.51 +
0.05 A, respectively. It is generally considered that non-covalent interactions between fluoride
and proteins are generally stabilizing, thus explaining the increase of affinity 4.3%37

Next, we obtained compounds 6-8 displaying electrophilic substituents at position C7. An
electrophilic substituent at C7 could, in principle, promote the formation of a covalent bond with
Cys106.#” However, no increase (or decrease) of affinity was observed among the three
compounds evaluated (Supporting information Figure 3). Crystal structures revealed that each
compound accommodates in the pocket in the same manner as that of compound 1 (Supporting
information Figure 7). From these experiments we concluded that modifications at this position
did not promote higher affinity between DJ-1 and the ligands.

It was also apparent from the crystal structure that there was some space to accommodate a
substituent at position N1 (Figure 4). To analyze the effect of a methyl-substituent at position N1,
the 1.5 A resolution crystal structure of the complex between DJ-1 and 9 was determined (Figure

4b-d). The overall structure of DJ-1 remained essentially unchanged with respect to that of DJ-1

10
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with compound 1 (RMSD = 0.09 A). However, a close inspection revealed that binding of 9
induced local changes in the conformation of the neighboring residue Asn76. In particular, the
side-chain of Asn76 is shifted because of the influence of the methyl group of 9. The distance
between the N1 atom of the ligand and the oxygen atom of Asn76 increased from 2.99 = 0.04 A
in the complex of DJ-1 with 1, to 4.35 + 0.05 A in the complex with 9. This local but clear
conformational change resulted in a ~4-fold lost of affinity of (Supporting information Figure 3).

We hypothesized that the movement of Asn76 could be exploited to enlarge the binding pocket
with a homolog of 1 displaying bulkier substituents at N1. A total of 52 compounds with different
substitutions at the N1 position were obtained from a compound library at The University of
Tokyo, and their effect on the thermal stability of DJ-1 examined by DSF. The criterion to select
suitable hits was the stabilization of DJ-1 by more than 1 °C when compared with the value
determined for 1 (Figure 4a,e). ITC experiments with candidates 10-14 were subsequently
performed to precisely determine the binding constants (Figure 4f, Supporting information Figure
3). Compounds 10 and 11 were selected based on their availability, sufficient solubility, and
higher affinity for DJ-1.

To understand how 10 and 11 bind to DJ-1, we determined their crystal structure in complex
with DJ-1, in both cases at 1.65 A resolution (Figure 4h, Supporting information Figure 7). The

overall structure of DJ-1 in complex with 10 or with 11 remained the same as above, including

11
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the covalent bond between the compounds and Cys106 (2.01 + 0.08 A and 1.99 + 0.07 A,
respectively) and the short hydrogen bond with Glul8 (2.45 + 0.08 A and 2.42 + 0.07 A,
respectively). To accommodate the large aryl aliphatic group of attached to N1 in 10, the
side-chain of residue Asn76 adopted the open conformation, enlarging the binding groove of
DJ-1 (Figure 4h). In contrast, the conformation of Asn76 did not significantly change in the
complex with the smaller compound 11. The additional contact interface between 10 and DJ-1
increased the number of van der Waals interactions, which could explain its higher affinity.
Compounds 13 and 14, both displaying long and linear substituents at N1, also bound to DJ-1
more tightly than 1. On the one hand, the structure of DJ-1 in complex with 13 confirmed the
generality of the binding conformation of these family of compounds (Supporting information
Figure 7, Supporting information Table 4). On the other hand, the branched substituent at position
N1 in 12 hampered binding to DJ-1.

We have described how to increase the affinity of analogs of 1 by adding substituents at
positions N1 or C5. The next step was to combine these substitutions in a single compound.
Taking the structures of 1, 4, 10, and 11 as blueprints, we designed 15 and 16 (Figure 5). The
affinities of both compounds increased substantially to Kp values of ~100 nM, representing an
increase of more than 30-fold with respect to 1. Visual inspection of the SPR profiles of 15 and

16 clearly indicates that their ko is significant slower than that of previous hits, suggesting

12
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higher selectivity of the optimized inhibitors (Supporting information Figure 2). In particular, a
value of 0.06 s' was determined for 15. The crystal structure of 15 bound to DJ-1 was
determined at 1.60 A, showing no significant difference to the overall structure of other
complexes of DJ-1 with isatin compounds. The special features of 15 are such that it combines
the favorable interactions of 1, 4, and 10 all in one compound, explaining the highest affinity

among the compounds examined (Figure 5b).

Inhibitory potency

Because the compounds bind strongly to the critical Cys106, it was expected they would exert a
strong inhibitory effect on the function of DJ-1. Among the proposed functions of DJ-1, this
protein (enzyme) has shown robust glyoxalase activity amenable to classical enzymatic
analysis.”’**3 Glyoxal is the byproduct of the metabolism of glucose produced in the cells,*/ its
excess causing oxidative stress by nonspecific modification of proteins, lipids, and DNA,
resulting in the inactivation of these important biomolecules. Glyoxalase activity with the
compound phenylglyoxal as a substrate*” was employed to monitor the inhibitory potency of
several compounds (Figure 5c). The values of ICso determined for 1, 15, and 16 were 13, 0.28,
and 0.33 uM, respectively, consistent with the order of affinities determined by ITC (Figure 5a).

No inhibitory effect was observed with analog 2 in agreement with binding experiments (Figure

13
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2e).

More recently, a protective function of DJ-1 in guanine glycation has also been reported.?® No
inhibitors have been examined for this novel function of DJ-1 to date. The HPLC profile of dGTP
(containing a guanine moiety) was compared under various experimental conditions in the
presence of the major glycating agent methylglyoxal (MGO), with or without DJ-1 and with or
without compound 1 (Supporting information Figure 8). In the presence of DJ-1, full protection is
achieved. However, the similarity of the HPLC profile of the mixture dGTP/MGO in the absence
of DJ-1 with that in the presence of DJ-1 and 1 clearly indicated that the protecting activity of
DJ-1 is abolished in the presence of the inhibitor. Overall, these experiments demonstrate that
these compounds are effective inhibitors of the enzymatic activity and protective function of DJ-1

in vitro.

Efficacy in cells

We aimed at evaluating the effect of these compounds in cell-assays. First we demonstrated
target engagement in a cellular environment by the technique of cellular thermal shift assay
(CETSA).”#8 A preliminary temperature scan in the absence of inhibitors was carried out,
proving the feasibility of the assay and establishing an optimal temperature of 63 °C for the

subsequent experiments with compounds (Supporting information Figure 9). The incubation of

14
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HeLa cells with compounds followed by thermal treatment at 63 °C showed a
concentration-dependent stabilization of the soluble from of the protein in all three compounds
tested (Supporting information Figure 10). The greatest stabilization efficacy was achieved with
15, followed by that of 16 and 1.

Lysine residues of proteins are converted to carboxy-methyl-lysine (CML) in the presence of
glyoxal.#/#3%> Since DJ-1 has been proposed to prevent glycation of proteins caused by glyoxal,
we studied the level of CML in the presence of inhibitors of DJ-1 in HEK293 cells by western
blot (Figure 5d, Supporting information Figure 11). In the absence of glyoxal, no protein bands of
proteins modified with CML were detected, regardless of the presence or absence of compounds.
The bands corresponding to DJ-1 and B-actin remained constant under all conditions tested. In
contrast, in the presence of glyoxal (2 mM), several bands corresponding to proteins modified
with CML were clearly visible. In the presence of compounds 1, 16 or 16 the intensity of these
bands increased significantly compared with the control experiment (DMSO). This effect
suggested that the compounds were permeable in the cells, where they inhibited the preventive
activity of DJ-1 toward glycation of proteins. We note that the relative intensity of the band
corresponding to DJ-1 (and B-actin) in the SDS-PAGE gel was constant.

The activity of DJ-1 was independently verified using a HeLa cell line (Supporting information

Figure 12). Similarly to the results above, the intensity of a protein modified with CML clearly

15
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increases at the highest concentration of 1 and 15 employed. In contrast, such effect was not
observed in DJ-1 knockout cells treated with inhibitors. Interestingly, the level of CML
modification in the knockout cells was lower than that in wild type cells suggesting that an
alternative route of cellular repair is stimulated in the absence of DJ-1. Indeed, a similar
compensatory mechanism has been recently described in dicarbonyl detoxification mediated by
glyoxalase-1 in mammalian Schwann cells.?”’

In summary, we have identified and optimized the first family of inhibitors of the Parkinson’s
disease associated protein DJ-1 using structure-based rational approaches. The maximal affinity
and inhibitory potency (ICso) achieved were 100 and 300 nM, respectively. Crystal structures of
the protein/inhibitor complex, site-directed mutagenesis, and spectrometric measurements
revealed that these compounds bound to a conspicuous pocket of DJ-1, where they attached
covalently to residue Cys106 (Figures 2-4). Since Cys106 is the critical residue for virtually all
the functions proposed for DJ-1, it was expected that the inactivation of this residue would lead
to impairment of the function of the protein. Indeed these compounds inhibited the glyoxalase
and guanine protective activities of DJ-1 in vitro, stabilized the protein against thermal
aggregation in a cell environment, and decreased in the deglycase detoxifying activity in
cell-based assays (Figure 5). Because the small size of the most potent inhibitor (270 Da) it is

reasonable to aim for better affinity, selectivity, and physicochemical properties by applying

16
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additional optimization schemes, and especially by exploiting larger substituents at position N1.

It is important to note that the family of inhibitors described herein belong to the family of isatin,
a endogenous metabolite.’” Since the concentration of isatin (1) increases in the urine of patients
of Parkinson’s disease,’’ it was suggested 1 could be employed as a marker of the disease.’’”?
Our study has demonstrated that the dissociation constant of 1 is close to its concentration in
mammalian serum,’’73%4 suggesting that, in principle, the biological activity of DJ-1 could be
modulated by endogenous levels of 1, and supporting the notion of 1 being a marker for
Parkinson’s disease. Moreover, 1 is also a known inhibitor of monoamine oxygenase B, the
enzyme degrading the brain neurotransmitter dopamine and several of its precursors yielding
highly reactive oxidative species such as H>O: and various aldehydes. Because the inhibitory
potency of 1 for monoamine oxygenase B is similar to that in DJ-1,77? we suggest the possibility
of a simultaneous regulation of both enzymes by a common metabolite overproduced during the
progression of the disease. Previous studies have also showed that the addition of a phenyl group
to position N1 improved the anticancer activity of isatin derivatives.*-%* Our structural analysis
might help to study the mechanism why the addition to N1 improved the anticancer activity of
isatin derivatives.

In conclusion, we reported a new family of inhibitors of the human protein DJ-1 with a defined

mechanism of action, and suggested a route to design even more potent inhibitors of the isatin

17
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family.

MATERIALS AND METHODS
Expression and purification of DJ-1

Human DJ-1 and muteins were cloned in a modified pET28b vector containing an N-terminal
Hise-tag and a TEV cleavage site between the N-terminal tag and the sequence of the protein.?®
Briefly, Escherichia coli BL21 (DE3) transformed with plasmid containing DJ-1 was grown in
LB medium at 37 °C. Protein expression was induced with isopropyl B-D-thiogalactopyranoside
(1 mM) when ODsoo reached a value of 0.6. Cells were grown for additional 16 hr at 28 °C, after
which they were harvested by centrifugation and stored at —80 °C. Frozen cells were thawed on
ice and resuspended in a buffer composed of 20 mM TRIS-HCI at pH 7.9 (buffer was prepared at
4 °C, unless otherwise indicated), 500 mM NaCl, 5 mM imidazole, and 1 mM dithiothreitol
(DTT). Cells were homogenized with an ultrasonic cell-disruptor instrument (Tommy, Japan).
The soluble fraction was separated by centrifugation and loaded into a nickel affinity
chromatography (His-Trap HP, GE Healthcare). Protein was eluted with a gradient of 5-500 mM
imidazole over 10 column volumes.

Two different routes were employed depending on the absence or presence of a Hiss-tag in the

purified protein. For the preparation of DJ-1 without Hiss-tag, fractions containing DJ-1 were

18
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pooled and subjected to a digestion with TEV protease in a buffer containing 20 mM TRIS-HCI
at pH 7.9, 150 mM NaCl, and 1 mM DTT for 12 hours. The digestion product was loaded in a
nickel affinity chromatography, achieving the separation of the cleaved His¢-tag. Fractions
containing DJ-1 were further purified in a size exclusion chromatography column (Hiload 16/600
superdex 200 pg, GE Healthcare) equilibrated with a buffer containing 20 mM TRIS-HCI at pH
7.9, 150 mM NacCl, and 3 mM DTT. Purified DJ-1 protein was supplemented with 5 mM DTT
and stored at —80 °C. For the preparation of DJ-1 with Hise-tag on the N-terminus, fractions
containing DJ-1 from a nickel affinity chromatography were further purified in a size exclusion
chromatography column (Hiload 16/600 superdex 200 pg, GE Healthcare) equilibrated with a
buffer containing 20 mM TRIS-HCI at pH 7.9, 150 mM NaCl, and 3 mM DTT. Purified DJ-1
protein was supplemented with 5 mM DTT and stored at —80 °C.
Fragment screening by SPR

Fragment screening was conducted with a Biacore T200 instrument (GE Healthcare, Piscataway,
NJ) using a CM5 sensor chip as previously described.’* The Zenobia fragment library (Zenobia
Therapeutics) containing 352 compounds was employed for the screening. The fragments were
diluted at 200 uM in screening buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.005% Tween-20,
I mM DTT and 5% DMSO). DJ-1 was immobilized to a surface decorated with an anti-Hise

antibody.’% The BSA-free anti-Hiss-tag antibody (QIAGEN, 40724 Hilden) was covalently

19
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immobilized on a CM5 sensor chip by the amine coupling method at a density of ~12,000 RU.
DIJ-1 displaying a Hiss-tag was captured by the antibody at about 1,500 RU. Subsequently, DJ-1
was covalently immobilized to the antibody by the amine coupling method. All the
immobilization was conducted in a buffer composed of 25 mM HEPES pH 7.5, 150 mM NaCl,
and 0.005% Tween-20 (immobilization buffer).

Sensorgrams corresponding to the binding of compounds to DJ-1 were obtained by injecting the
analyte (compounds) at a flow rate of 30 pL min~!. Contact and dissociation times were 15 s in
both cases. Data analysis was performed with the BIAevaluation software (GE Healthcare). The
binding level of each fragment was corrected with standard procedures by employing 4—6%
DMSO in eight steps in the Biacore T200 evaluation software.%

Binding affinity (SPR)

SPR was employed also to determine the dissociation constant between selected compounds and
DJ-1 in a Biacore T200 instrument (GE Healthcare). DJ-1 was immobilized as above, except that
the protein was not covalently attached to the antibody to avoid oxidative inactivation of Cys106.
DJ-1 was washed off after each regeneration cycle, and subsequently immobilized before
evaluating each compound. Compounds were flowed in two-fold serial dilutions in PBS buffer
PBS (NaCl 137 mM, KCl 2.68 mM, Na,HPO4 10.1 mM, and KH,POg4, 1.76 mM, pH 7.4 - 7.5)

supplemented with Tween 20 at 0.005% (PBS-T) and 5% DMSO. The concentrations tested for

20
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compound 1 were in the range 0.3125 to 20 uM, for compounds 4, 5, 10, and 11 in the range
0.078 to 5 uM, and for compounds 15 and 16 in the range 0.016 to 1 uM. Sensorgrams were
obtained by injecting increasing concentrations of analytes at a flow rate of 30 pL min'.
Contact and dissociation time were 60 and 120 sec, respectively. Regeneration was carried after
completion of each sensorgram by injecting a solution of 1 M Arg-HCI at pH 4.4.

Data analysis was performed with the BIAevaluation software (GE Healthcare) assuming a
Langmuir model. The Kp value for compounds 1, 4, 5, 10, 11, and 16 was calculated as the
concentration at half the maximum response. For compound 15, a full kinetic analysis was
performed. Association (ko,) and dissociation (ko) rate constants were calculated by a global
fitting analysis. The value of Kp was determined from the ratio of the rate constants (Kp = kog/
kon).

Binding affinity (ITC)

Thermodynamic parameters of the interaction between DJ-1 and compounds were determined in
an auto-iTC200 (GE Healthcare) at 25 °C. Prior to each experiment, the protein sample was
equilibrated in a solution of PBS by dialysis (>100-fold volume) and to remove DTT.
Compounds were prepared in the same PBS buffer supplemented with 5% DMSO. The
concentration of protein in the cell and that of compounds in the syringe are indicated in the

corresponding figure legends. To determine the dissociation constant Kp of compound 1 to
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muteins, the measurement was performed with higher concentration of protein (100 pM) and
compound (1 mM). Binding isotherms were fitted to a one-site binding model using ORIGIN 7.0.
Crystallization and preparation of complexes

Crystals of DJ-1 in complex with compounds were prepared by soaking method. First, crystals
of unbound and reduced DJ-1 were obtained from purified protein in 20 mM potassium
phosphate buffer at pH 7.0 and 5 mM DTT using the hanging drop method by mixing protein at
20 mg mL! with a solution of 100 mM TRIS-HCI at pH 8.5, 200 mM sodium citrate, 30%
PEG-400, and 5 mM DTT. Suitable crystals of DJ-1 were soaked with the crystallization solution
supplemented with compounds (1 to 40 mM) for 1 to 24 hr. We also performed a back-soaking
experiment, in which crystals of DJ-1 were first soaked overnight with 1 (10 mM), followed by
three consecutive soaks for approximately one hour in the same buffer but in the absence of
compound. Suitable crystals were harvested, frozen, and stored in a vessel containing liquid N»
until data collection.
Data collection and structure refinement

Data was collected in beamlines BL5A, AR-NE3A and AR-NWI12 at the Photon Factory
(Tsukuba, Japan) under cryogenic conditions (100 K) at a wavelength of 1.000 A. Diffraction
images of single crystals of each complex were processed with the program MOSFLM and

merged and scaled with the program SCALA or AIMLESSY” of the CCP4 suite. The three
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dimensional structure was determined by the method of molecular replacement using the
coordinates of DJ-1 (PDB code, 1SOA) with the program PHASER.% Initial models were further
refined with the program REFMAC5% and COOT.”” Validation was carried out with
PROCHECK.” In all cases, residue Cys106 (or Ser106 in mutein C106S) appeared in the
non-allowed region of the Ramachandran plot despite the very clear features of the electron
density at this position and the high resolution achieved (1.30 to 1.65 A). No other residue
appeared in the non-allowed region of the Ramachandran plot. The coordinates and parameters of
the ligands were generated with PRODRG.”? The data collection and refinement statistics are
given in Supporting information Tables 2-4.
UV-visible spectroscopy

Purified DJ-1 (100 uM), 1 (2 mM), and (DTT 1 mM) were separately prepared in PBS, mixed
appropriately, incubated for 5 minutes, and their UV-visible spectra collected at room temperature
in a V-660 Spectrophotometer (Jasco, Japan) between 270 nm and 350 nm.
Thermal stability by DSF

The thermal stability of DJ-1 in the presences or absence of compounds was monitored by DSF
with SYPRO Orange (Invitrogen), in a CFX Connect Real-Time System (Bio-Rad).’® Excitation
and emission filters were set to 470 and 570 nm, respectively. Compounds were dissolved in

DMSO at 2 mM, and stored at =30 °C until use. Protein DJ-1 without Hises-tag at 10 pM and
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compounds at 50 uM were mixed in PBS, 0.01% Tween 20, and 2.5% DMSO. During the
experiment the temperature was increased from 30 to 85 °C at a constant rate of 2 °C/min. The
melting temperature (7u) was determined from the derivatives (inflection point) of the unfolding
curve.
Enzymatic activity of DJ-1

The enzymatic activity of DJ-1 was determined at 250 nm using phenylglyoxal (Tokyo
Chemical Industry, Japan) as substrate.”’ All assays were performed in an automated EnSpire
instrument (Perkin Elmer, MA). The concentrations of DJ-1 and phenylglyoxal were 0.5 uM and
2 uM, respectively. The concentration of compounds 1, 2, 15 and 16 ranged between 1.0 nM and
30 uM. Buffer was composed of 100 mM potassium phosphate buffer at pH 7.0 supplemented
with 1% DMSO. The initial velocities were obtained by monitoring the time course of substrate
disappearance from the absorbance at 250 nm. Sigmoidal curves were fitted to the rate constants
obtained in the presence of compounds to obtain the inhibition constant with OriginPro
(OriginLab, Northampton).
Cell assay (HEK293 cells)

HEK?293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
bovine serum, 100 units/ml of penicillin and 100 pg/ml of streptomycin (Thermo Fisher

Scientific, Waltham), in a humidified atmosphere with 5% CO» at 37°C. Cells (2 x 10°) were
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seeded on 6 cm dish and cultured for three days. Before the treatment with glyoxal, the medium
was exchanged to DMEM with 1% fetal bovine serum, 100 units/ml of penicillin and 100 pg/ml
of streptomycin and the cells were starved. After 20 hours culture in the starvation medium, the
medium was exchanged to DMEM with 1% fetal bovine serum, 0.2% DMSO, and compounds at
the desired concentrations. After three hours of culture, the cells were harvested for analysis.
HEK?293 cells were harvested and lysed in assay buffer (10 mM Tris—HCI, pH 7.4, 0.1% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, and 1 mM EDTA). The lysates were
separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were
blocked for one hour in 5% skim milk in PBS-T (Tween 20 at 0.05%) at room temperature,
followed by incubation at 4 °C for overnight with antibodies against DJ-1 (MBL), B-Actin (Santa
Cruz), or carboxy methyl lysine (R&D systems). After washing three times, membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies in PBS-T. The proteins
were developed and visualized using an Amersham Imager 600 instrument (GE Healthcare,
Piscataway, NJ).
Cell assay (HeLa cells)

HeLa cells (1.5 x 10°) were seeded on 6 well-plates and cultured in DMEM with 10% fetal
bovine serum, 100 units/ml of penicillin, and 100 pg/ml of streptomycin in a humidified

atmosphere with 5% CO; at 37°C for 24 hours. DJ-1 knockout HeLa cells were obtained as
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described previously.”? Before the treatment with compounds, the medium was exchanged to
DMEM with 0.5% fetal bovine serum, 100 units/ml of penicillin and 100 pg/ml of streptomycin.
After 20 hours culturing in the starvation medium, the medium was exchanged to DMEM with
0.5% fetal bovine serum and 1 at the desired concentrations. The concentration of DMSO was
0.2%. The cells were harvested three hours later for analysis, lysed in RIPA buffer (Wako, Japan)
and the lysates subjected to SDS—PAGE and transferred to a nitrocellulose membrane. The
membranes were blocked for one hour in 5% skim milk in PBS-T (Tween 20 at 0.05%) at room
temperature, followed by overnight incubation at 4 °C with antibodies against DJ-1 (MBL),
B-Actin (Santa Cruz), and carboxy methyl lysine (R&D systems) diluted in PBS-T. After washing
three times, the membranes treated with anti-carboxy methyl lysine antibody were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody in PBS-T. Membranes treated with
anti-DJ-1 or anti-B-Actin antibodies were incubated with Cy5-conjugated secondary antibody in
PBS-T. Chemiluminescence from HRP and fluorescence from Cy5 were detected in a LAS4000
(Fuyjifilm, Japan) or Typhoon9200 (Amersham) instruments, respectively.

HPLC

The nucleotide dGTP (500 uM) was incubated at 37°C in 50 mM sodium phosphate pH 7.0 for 4
hours, or in the presence of MGO (5 mM), or with MGO (5 mM) and DJ-1 (5§ uM), or with MGO

(5 mM), DJ-1 (5 uM) and 1 (50 uM). The samples were analyzed by RP-HPLC in a InertSustain
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C18 column (GL Science, Japan) equilibrated in 100 mM potassium phosphate, pH 5.5 at 22°C,
and eluted with the same buffer.

CETSA

HeLa cells were harvested and suspended with culture media containing 10% FBS to a cell
density of 3 x 10 cells ml"'. Compounds solubilized in DMSO were added to cells (final DMSO
content 0.5 %). Cells were incubated for 30 min at 37°C in 5% COz. The cell suspension was
subsequently heated at the indicated temperature for 3 min, followed by cooling down to room
temperature for 3 min. After the heating step, cell suspensions were freeze-thawed three times
using liquid nitrogen. The resulting cell lysates were centrifuged at 10,000 g for 60 min at 4 °C in
order to separate the soluble fraction from cell debris and aggregates. The soluble fraction was
subjected to a western blot using a PVDF membrane. The membranes were blocked for one hour
in 1% skim milk in TRIS buffered saline supplemented with 0.05 % Tween 20 (TBS-T) at room
temperature, followed by overnight incubation at 4 °C with antisera against DJ-1 (MBL), B-Actin
(Santa Cruz). After washing three times, membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies. The proteins were developed and visualized using
ImageQuant LAS 4000 (GE Healthcare, Piscataway, NJ). All CETSA data were expressed as

means = SEM.

27

ACS Paragon Plus Environment

Page 28 of 44



Page 29 of 44

oNOYTULT D WN =

ACS Chemical Biology

ASSOCIATED CONTENT

Supporting Information

The supporting information contains 12 supporting figures and 6 supporting tables. This material

is available free of charge via the internet at http://pubs.acs.org.

Accession codes.

Coordinates and structure factors of DJ-1 after back-soaking (accession code 5GPS), DJ-1 in

complex with 1 (high concentration, accession code SGPW), with 1 (low concentration, accession

code 5SGPV), with 4 (accession code SGPX), with 6 (accession code SGPZ), with 7 (accession

code 5GQ2), with 8 (accession code 5GQ3), with 9 (accession code 5GQ4), with 10 (accession

code 5GQS5), with 11 (accession code 5GQ6), with 13 (accession code 5GQ7), with 15 (accession

code 5GQ8), unbound DJ-1 C106S (accession code SGPT), and DJ-1 C106S in complex with 1

(accession code SGPU), been deposited in the Protein Data Bank.
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Figure 1 | A novel hit compound binds to DJ-1. (a) Chemical structure of 1 (1H-indole-2,3-dione, trivial

name isatin). (b) Binding of 1 to DJ-1 determined by SPR. (¢) Binding of 1 to DJ-1 determined by ITC.

Cell and syringe contained DJ-1 (50 uM) and 1 (500 uM), respectively. Buffer was PBS (NaCl 137 mM,

KCl1 2.68 mM, Na,HPO4 10.1 mM, and KH,>POy4, 1.76 mM, pH 7.4 - 7.5) supplemented with 5% DMSO.

(d) Thermal stabilization of DJ-1 (10 uM) in the

with 2.5% DMSO.

presence of 1 (50 uM). Buffer was PBS supplemented
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Figure 2 | Structural features of the binding of 1 to DJ-1. (a) Overall structure of the complex between
the dimer of DJ-1 (salmon or gray) and 1 (green or yellow space filling representation) at 1.39 A
resolution. (b) Close-up view of 1 (green sticks) in the Cys106 pocket. (¢) Diagram of the covalent bond
(thick solid line) and non-covalent forces (dotted arrows) between 1 and DJ-1. (d) Change of UV-visible
spectrum of 1 after the lost of planarity in the indole ring. The arrow points at the absorption peak of 1.
The orange, black, red, and blue spectra corresponds to 1 (10 uM), DJ-1 (20 uM), 1 (10 uM) mixed with
DJ-1 20 uM), and 1 (10 uM) mixed with DTT (20 mM), respectively. (e) Titration of muteins of DJ-1
(100 uM) with 1 (1 mM) (left and center panel), or WT DJ-1 (50 uM) with 2 (500 uM). (f) Proposed
mechanism for the formation of the covalent bond between 1 and Cys106 of DJ-1. The Glul8 located next
to Cys106 enhances the nucleophilicity of the sulfur atom,”” facilitating the formation of the covalent

adduct observed in the high-resolution crystal structure.
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Figure 3 | Binding of S-substituted compounds to DJ-1. (a) Summary of the dissociation constants. The
values of Kp were determined by titration of DJ-1 (50 uM) with compounds (500 pM) in PBS
supplemented with 5% DMSO. (b) Representative binding isotherm obtained with 4. (c¢) Close-up view of
the binding pocket. The dotted lines correspond to electrostatic interactions between the fluorine atom of 4

and residues Arg28 and Pro184 of chain B of the homodimer of DJ-1, presumably stabilizing the complex.
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Figure 4 | Binding of 1-substituted compounds to DJ-1. (a) Summary of melting temperatures and
dissociation constants for 1-substituted compounds. The value of Ty of DJ-1 at 10 uM as determined by
DSF in the absence or in the presence of compounds (50 uM) in PBS supplemented with 2% DMSO. In
the absence of compounds, the T of DJ-1 was 58.6 ‘C. The Kp values were obtained as in Figure 3. (b)
Superposition of the crystal structures of DJ-1 in complex with 1 (green) and with 9 (brown). The arrow
highlights the adjustment of Asn76 in response to the binding of 9. For clarity purposes, Cys106 is not
shown. (c-d) View of the same region depicted in panel for each complex (b). (e¢) Melting curves of DJ-1
in presence of the indicated compounds. (f) Representative binding isotherm of 10 to DJ-1. (g-h)
Comparison of the structures of complex of DJ-1 with 1 and 10. The orientation of side chain of Asn76

changes in response to binding of 10, generating a grove that accommodates the large phenyl group.
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Figure 5 | Characterization of the first generation of potent inhibitors of DJ-1. (a) Binding and
inhibitory properties of the compounds indicated. The value of Kp was determined by titration of DJ-1 (20
puM) with compounds (200 uM) in PBS supplemented with 5% DMSO. The values of ICso were calculated
from an in vitro glyoxalase activity assay (panel c). (b) Crystal structure of the complex between DJ-1 and
15. For clarity purposes, Cys106 is not shown. (¢) Glyoxalase inhibition assay. Glyoxalase activity of DJ-1
was calculated as the ratio between the initial velocity of disappearance of phenylglyoxal in the presence
of inhibitor and the velocity in the absence of inhibitor. (d) Glyoxalase/deglycase activity of DJ-1 in
HEK293 cells was examined by the appearance of proteins modified with CML (full-sized membranes are
shown in Supporting information Figure 11). When DJ-1 is inhibited, the band corresponding to proteins

modified with CML increases.
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