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Abstract 

Mutations in parkin and PINK1 cause early-onset Parkinson’s disease (EOPD). The 

ubiquitin ligase parkin is recruited to damaged mitochondria and activated by PINK1, a 

kinase that phosphorylates ubiquitin and the ubiquitin-like (Ubl) domain of parkin. 

Activated phospho-parkin then ubiquitinates mitochondrial proteins to target the damaged 

organelle for degradation. Here, we present the mechanism of activation of a new class 

of small molecule allosteric modulators that enhance parkin activity. The compounds act 

as molecular glues to enhance the ability of phospho-ubiquitin (pUb) to activate parkin. 

Ubiquitination assays and isothermal titration calorimetry were performed with the most 

active compound (BIO-2007817) to identify the binding site and mechanism of action. We 

determined the crystal structure of a closely related compound (BIO-1975900) bound to 

a complex of parkin and two pUb molecules. The compound binds next to pUb on RING0 

and contacts both proteins, enhancing the affinity of pUb for RING0 and promoting the 

displacement of the catalytic Rcat domain. In organello and mitophagy assays 

demonstrate that BIO-2007817 rescues the activity of EOPD mutants, R42P and V56E, 

with defective Ubl domains. This study provides the basis for the design of improved 

parkin activators as potential therapeutics for EOPD. 

  



 3 

Introduction 

Mitochondrial homeostasis is a critical process for neuronal survival. Mutations in several 

mitochondrial proteins that regulate the dynamics and turnover of this organelle lead to 

specific neurodegenerative diseases1. In particular, mutations in parkin or PINK1 cause 

early-onset Parkinson’s disease (EOPD), a movement disorder arising from the loss of 

specific neurons including (but not exclusively) dopaminergic neurons in the midbrain that 

are responsible for fine motor control2,3. Parkin and PINK1 work together to mediate 

selective turnover of damaged mitochondria via macroautophagy (a process called 

mitophagy) or through formation of mitochondria-derived vesicles (MDVs) that deliver 

damaged cargo to lysosomes for degradation4. Defects in these pathways lead to 

mitochondria-linked inflammation and autoimmune responses that lead to neuronal 

death5-8. Furthermore, loss of soluble parkin in the human brain correlates with age9,10 

and impaired mitophagy is associated with sporadic PD11. While the details of the 

pathways leading to cell loss remain to be elucidated, it is clear that parkin and PINK1 

suppress these deleterious responses by targeting mitochondrial compartments for 

degradation.  

The molecular mechanisms of parkin/PINK1 have been elucidated in detail over the last 

two decades12. Parkin is a member of the RING-In-Between-RING (RBR) family of E3 

ubiquitin ligases, which carry a RING1 domain that binds E2 ubiquitin-conjugating 

enzymes, as well as a catalytic Rcat (or RING2) domain that transfers ubiquitin to a 

substrate via a thioester intermediate13. Parkin also has two zinc-finger domains called 

RING0 and IBR, as well as an N-terminal ubiquitin-like (Ubl) domain which is important 

for full activation, with a domain structure of Ubl-R0RBR (Fig. 1a)14,15. In the basal state, 

parkin adopts a conformation with three features that maintain auto-inhibition: 1) the Rcat 

domain binds to RING0, which blocks access to the active site Cys431 in Rcat, 2) the 

Repressor Element of Parkin (REP), located upstream of Rcat, binds to RING1 and 

occludes the E2-binding site, 3) the Ubl binds to RING1, which prevents Ubl 

phosphorylation by PINK1 at Ser6516-19. Upon mitochondrial damage, PINK1 

accumulates on the outer mitochondrial membrane (OMM), where its cytosolic kinase 

domain phosphorylates Ser65 in ubiquitin20-25. Phospho-ubiquitin (pUb) recruits parkin to 
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the OMM through a high-affinity site on the RING1 domain, which induces the release 

and phosphorylation of the Ubl domain19,26-28. In turn, the phosphorylated Ubl domain 

(pUbl) binds to RING0 and displaces the Rcat domain and REP, allowing the formation 

of the active thioester transfer complex with a charged E2~Ub conjugate29-31. This 

complex is further stabilized by the activation element (ACT) of parkin, located in the Ubl-

RING0 linker, which makes contacts with both the pUbl and RING0 domains30. Active 

parkin then ubiquitinates OMM proteins such as Mfn2 and Miro, which leads to selective 

mitochondrial turnover32-34.   

Pathogenic missense EOPD mutations can be found throughout parkin domains. Those 

have been categorized into 5 functional groups based on their normalized abundance 

and impact on mitophagy35. Groups 1 and 2 are clearly or likely pathogenic and have the 

greatest impact on mitophagy. Group 1 mutants affect protein folding and stability and 

include mutations in zinc-coordinating cysteines, as well as R275W in the RING1 domain. 

Group 2 mutants reduce mitophagy without affecting protein stability. Those include 

mutations in the active site (e.g. C431F), as well as mutations that prevent pUb or pUbl 

binding (e.g. K211N). Mutations that affect the PINK1-mediated activation mechanism 

such as Ubl mutations R42P and V56E which cannot be phosphorylated by PINK1, or 

K211N in RING0 which impairs pUbl-binding, could all be rescued by synthetic activating 

mutations that disrupt auto-inhibitory interactions. Those activating mutations include 

F146A in RING0 (Rcat and ACT interface), and W403A in the REP (RING1 interface), 

which can also rescue the parkin S65A mutation or Ubl deletion19,36. In a recent survey of 

synthetic activation mutants, we found that mutations that robustly increase parkin’s 

activity and can rescue the S65A mutation form a cluster at the junction of the REP-

RING1 and RING0-Rcat interfaces, suggesting this is a hotspot for parkin activation37.  

Activation of the parkin/PINK1 pathway is an attractive therapeutic strategy for the 

treatment of EOPD as well as sporadic PD38. Building on the discovery of kinetin as a 

PINK1 activator39, Mitokinin (acquired by Abbvie in 2023) developed potent small-

molecules that stimulate PINK1-dependent mitophagy in the presence of mitochondrial 

damage (EC50 ~500 nM) and promote the clearance of a-synuclein aggregates, which 

are a hallmark of sporadic PD40. Inhibitors of USP30, a deubiquitinating enzyme on the 
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OMM that counters parkin’s activity41, are also being developed by several companies 

and are currently under clinical evaluation. Other groups used phenotypic screens or 

computational approaches to identify small molecules that stimulate parkin/PINK1-

mediated mitophagy, but the targets of these molecules remain unknown42,43. Parkin-

activating compounds have also been pursued by several groups, with three patents 

reporting small-molecules that activate parkin-mediated mitophagy44-46. However, it is 

unclear how these compounds increase parkin activity, and whether they mediate their 

effect through parkin directly47. In 2022, our group at Biogen reported a class of small-

molecule allosteric modulators that increase parkin’s E3 ubiquitin ligase activity in 

biochemical assays48. These tetrahydropyrazolo-pyrazine (THPP) compounds activate 

parkin in a pUb-dependent manner, demonstrate stereospecificity, and have 

submicromolar EC50 values. However, in the absence of structural data, the mechanism 

of action of these compounds remained unknown. 

Here, we report the structural basis for the activation of parkin by THPP compounds. 

Using autoubiquitination assays and isothermal calorimetry (ITC), we show that binding 

of the most potent THPP compound BIO-2007817 (EC50 = 150 nM) is dependent on the 

binding of pUb or exogenous pUbl to RING0. Indeed, we recently discovered that pUb 

can directly activate parkin through binding the RING0 domain49,50. We exploited this 

discovery to determine the crystal structure of a related THPP compound BIO-1975900 

bound to the complex of parkin RING0-RING1-IBR domains (R0RB) and two pUb 

molecules. The structure, confirmed by nuclear magnetic resonance (NMR) and 

mutagenesis, reveals that the THPP compounds bind to the RING0 domain and make 

contacts with the pUb molecule in the RING0 site (pUbl binding site), mimicking the ACT 

element. Structure-activity relationship (SAR) analysis of two sub-series of THPP 

compounds establishes the importance of binding pockets in RING0 (near W183 and 

P180) and pUb (near K48). Based on this structural model, we hypothesized that the 

THPP compounds would rescue Ubl mutations. Indeed, we demonstrate that BIO-

2007817 can partially rescue EOPD mutations R42P, V56E, as well S65A and DUbl using 

in organello ubiquitination assays and mitoKeima-based cellular mitophagy assays. 

These results show that RBR ligases can be modulated pharmacologically and highlight 

the clinical potential of THPP compounds in the treatment of EOPD. 
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Results 

Ubl is not essential for parkin activation by BIO-2007817 

Previous experiments showed that BIO-2007817 could trigger autoubiquitination activity 

of unphosphorylated parkin in the presence of pUb48. We confirmed those results with 

both human and rat parkin, which share 86% identity (Fig. 1b). At 200 µM, BIO-2007817-

induced activity similar to phosphorylated (activated) parkin but the compound did not 

further stimulate the activity of phosphorylated parkin. As previously reported48, the 

activation was strictly dependent on the presence of pUb and could also be detected in 

ubiquitin-vinyl sulfone (UbVS) assays51 that measure the release of Rcat in the absence 

of the other elements of the ubiquitination cascade (Fig. 1d). We next asked if the parkin 

Ubl domain was required for activation. We observed equal autoubiquitination activity of 

full-length and R0RBR parkin (lacking the Ubl domain) in both the human and rat proteins 

(Fig. 1b). Thus, the mechanism of activation by BIO-2007817 does not require the Ubl 

domain. 

BIO-2007817 interacts with pUb molecule bound to RING0 domain 

Phospho-ubiquitin can bind two distinct sites in parkin. The high affinity site (around 20 

nM) formed by RING1 residues H302 and R305 mediates the recruitment of parkin to the 

mitochondria19. Binding of pUb to RING1 also promotes the straightening of a helix 

(RING1 residues 309-327) that facilitates the detachment of Ubl domain and its 

phosphorylation52. The second site is located on the RING0 domain and regulates parkin 

activity. While the second site typically binds pUbl (when parkin is phosphorylated), we 

previously demonstrated that it can also bind pUb49. The site is formed by residues K211, 

R163 and K161 and with an affinity of around 400 nM for binding both pUb and pUbl49,50. 

This binding forces the dissociation of Rcat domain and the release of parkin ligase 

activity.  

We investigated which of the two sites is needed to promote activation by comparing the 

effect of a RING1 double mutation, H302A A320R, with a RING0 mutation, K211N. In the 

absence of compound, neither WT Parkin, the synthetic H302A A320R mutant or K211N 

mutant can autoubiquitinate in the presence of pUb under the condition tested (Fig. 1c). 
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Upon addition of BIO-2007817, the double mutant H302A A320R was activated to close 

to wild-type levels as judged by the disappearance of unmodified parkin and appearance 

of a high molecular weight smear of autoubiquitinated parkin. In contrast, activation of the 

K211N parkin mutant was strongly impaired with an absence of high molecular weight 

parkin adducts (Fig. 1c). Thus, pUb binding to RING0 but not RING1 is required for 

activation by BIO-2007817. We confirmed this result in the UbVS assay that measures 

Rcat release. At 2.5 µM BIO-2007817, half of wild-type parkin was modified by the UbVS 

reagent while K211N mutation completely prevented parkin modification even at 200 µM 

(Fig. 1d). Taken together, these results demonstrate that activation by BIO-2007817 

requires the binding of an exogenous pUb molecule to the RING0 binding site of parkin. 

BIO-2007817 binds at the interface of RING0 and pUb/pUbl 

We measured the affinity of BIO-2007817 for parkin using isothermal titration calorimetry 

(ITC) experiments with a parkin construct R0RB that lacks both the Ubl domain and the 

Rcat domain. Since pUb and Rcat compete for binding to RING0, deleting the Rcat 

domain favors pUb binding. The initial experiment measured binding to the complex of 

R0RB with pUb bound to both the RING1 and RING0 sites (R0RB:2´pUb). BIO-2007817 

bound the complex with 10 nM affinity and 1-to-1 stoichiometry (Fig. 2a). The interaction 

was highly specific as the inactive diastereomer BIO-200781848 (Fig. 1e) bound with 150-

fold less affinity (Fig. 2a).  

We next asked if pUb was required for BIO-2007817 binding (Fig. 2b). In the absence of 

pUb, the affinity was decreased over 5000-fold (to the limit of detection), mirroring the 

requirement for pUb observed in autoubiquitination experiments. Although BIO-2007817 

has no effect on phosphorylated parkin, surprisingly, the phosphorylated Ubl domain 

(pUbl) added in trans could replace pUb. In ITC experiments, BIO-2007817 bound to the 

R0RB:pUbl complex with the same affinity as the pUb complex (Fig. 2c). As the R0RB 

fragment does not undergo any conformational rearrangements and pUbl binds only to 

RING0, this result suggests that BIO-2007817 binds at the RING0/pUb (or RING0/pUbl) 

interface. This hypothesis was strengthened by the observation that inclusion of the ACT 

region in the pUbl fragment (pUbl-ACT) decreased the affinity of binding 10-fold (Fig. 2d). 

The ACT improves the affinity of pUbl binding to R0BR three-fold50, so it was surprising 
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to find that the binding of BIO-2007817 was reduced by inclusion of the ACT region 

compared to pUbl alone.  

We used mutagenesis to confirm identification of the BIO-2007817 binding site. The 

K211N mutant that disrupts pUb/pUbl binding to RING0 decreased BIO-2007817 binding 

to the level of the R0RB fragment alone. We also tested the effect of mutating residues 

in the vicinity of the ACT-binding site on RING0. Mutagenesis of F146 decreased BIO-

2007817 binding 10-fold (Fig. 2e). F146 does not make contacts with pUb or pUbl in 

crystal structures of parkin, suggesting instead that F146 is directly involved in binding 

BIO-2007817. 

Crystal structure of parkin R0RB:2´pUb in complex with BIO-1975900 

No crystals were obtained with BIO-2007817 bound to complex of parkin R0RB with two 

pUb50. NMR experiments with BIO-2007817 revealed that the methoxy-methylpyrazine-

ethanone moiety adopts both cis and trans conformations, possibly hindering 

crystallization (Supplementary Fig. 1). Accordingly, we screened related compounds with 

different ethanone substituents and obtained crystals and solved the structure of rat 

R0RB:2´pUb with the compound BIO-1975900 (PDB 8W31) by molecular replacement 

(Supplementary Table 1). BIO-1975900 has a EC50 of 2.9 µM with in vitro TR-FRET 

activity assays (compared to 0.15 µM for BIO-200781748) and is composed of a central 

tetrahydropyrazolo-pyrazine core, decorated by a tetrahydroquinoline head and a benzyl 

and ethanone tail (Fig. 3a).  

Overlay of the electron density of the unliganded structure (PDB 7US1) showed additional 

electron density at the interface of RING0 and pUb that could be fitted with BIO-1975900 

(Fig. 3b). The binding site forms a hydrophobic groove that could be organized into three 

regions: a RING0 W183 pocket, a P180 pocket, and a pUb K48 pocket (Fig. 3c). The 

tetrahydroquinoline group contacts F146, P180, W183 and V186. Replacement of F146 

by tyrosine introduces a polar group and disrupts binding as observed in ITC experiments. 

The ethanone group inserts into a hydrophobic pocket formed by parkin RING0 residues 

L162, V164, L176, P180 and F208. The benzyl moiety extends to sit in a pocket 

sandwiched between the L176 residues of RING0 and residue K48 of the pUb molecule 
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bound to RING0 (Fig. 3c). In the difference density, we also identified a glycerol molecule 

from the cryoprotectant bound near the THPP central ring. The glycerol bridges the 

backbone amide of L162 and the guanidino group of R163 in the RING0 phosphoserine 

binding site.  

We used NMR spectroscopy to confirm that BIO-1975900 and BIO-2007817 bind at the 

same location. The proton NMR spectrum shows similar chemical shift changes in the 

downfield region upon addition of the two compounds (Fig. 3f left panel). 2D NMR with 

15N-labelled R0RB:2´pUb protein confirmed that the shifting signal was from W183, which 

is the only tryptophan present in R0RB:2´pUb (Fig. 3f right panel). Addition of half an 

equivalent of BIO-2007817 to 15N-labelled R0RB:2´pUb split the W183 side chain signal 

at 10.2 ppm into two peaks, indicative of slow-exchange kinetics typical for nanomolar 

binding affinity. Addition of excess of BIO-2007817 shifted the signal to 10.5 ppm, as 

observed in the 1D spectra (Fig. 3f left panel). The downfield chemical shift change arises 

from the interaction between the tetrahydroquinoline moiety of either BIO-2007817 or 

BIO-1975900 and the W183 side chain. This confirms that BIO-2007817 binds at the 

RING0/pUb interface in the same manner as BIO-1975900.  

Mechanism of activation by THPP compounds 

The crystal structure with BIO-1975900 explains how BIO-2007817 and related THPP 

compounds activates parkin activity and the dependence on pUb. The hydrophobic 

groove occupied by the compound is a critical region for controlling parkin activity. In 

autoinhibited structures of parkin (e.g. PDB 5N2W)26, Rcat residues bind the groove: 

W462 forms hydrophobic interactions with RING0 while F463 contacts RING0 W183 (Fig. 

3d). The F463 is positioned almost identically to the tetrahydroquinoline group of BIO-

1975900. Thus, BIO-2007817 competes with Rcat for binding RING0 and promote its 

release to form the active conformation.  

While pUb can directly activate parkin48, the presence of BIO-2007817 reduces the 

concentration needed by two orders of magnitude (from 200 µM to 2 µM pUb)46,49. In full-

length parkin, the local concentration of the Rcat domain is several orders of higher than 

the free concentrations of BIO-2007817 and pUb, so the Rcat domain remains bound 
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unless both molecules are present. The structure also explains the competition observed 

in ITC experiments between ACT and BIO-2007817 binding. The ACT, formed by 

residues 102-109 in the Ubl-R0RBR linker, binds to the same hydrophobic groove than 

BIO-1975900 (Fig. 3e), as observed in the active, phosphorylated parkin:pUb structure 

(PDB 6GLC). ACT L107 contacts W183, L102 contacts F208, and V105 stacks against 

RING0 P180. The molecular mimicry between the compound and the hydrophobic 

residues of the ACT element explains, in part, why the compound is unable to increase 

the activity of phosphorylated parkin. 

The importance of the hydrophobic groove in parkin activation has been observed before. 

The mutation F146A weakens the hydrophobic interaction with Rcat F463 and, 

consequently, promotes parkin activation16. Cells transfected with the F146A mutant 

showed increased recruitment of parkin to mitochondria and mitophagy36. The F146A 

mutation also rescues mitochondrial recruitment and mitophagy in parkin mutants with 

defective Ubl (R42P, V56E, S65A and ∆Ubl) or RING0 pUbl/pUb-binding sites (K161N 

and K211N) 35,36. 

Structure-activity relationship of THPP compounds 

We used molecular docking to explore the structure-activity relationship of related THPP 

compounds. Parkin activity was previously determined for compounds from two 

subseries: BIO-2007817-related subseries 1, which has an isopropyl group attached to 

its pyrazolo-pyrazine moiety, and BIO-1975900-related subseries 2, in which the 

isopropyl is replaced by a benzyl group46. Compounds from both subseries were selected 

to rationalize how chemical modifications in the three interaction regions affect their 

activity (Fig. 4a). To validate the protocol, BIO-1975900 was first docked into the 

R0RB:2´pUb crystal structure using the standard precision ligand docking module in 

Glide. The docked compound had favorable energies (Fig. 4c) and superimposed well 

(less than 0.3 Å  deviation) with the experimentally determined structure.  

Subseries 1-compound BIO-2007817 was docked into the prepared R0RB:2´pUb protein 

grid (Fig. 4a left panel, Supplementary Fig. 2). The isopropyl moiety points towards parkin 

V164 and L176. The methoxy group and methyl-pyrazolyl moiety are rearranged 
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compared to BIO-1975900 and face the positively charged side-chain of pUb K48, 

forming an additional cation-pi interaction. The pi-stacking interactions between 

tetrahydroquinoline group and W183 and F146 are similar to BIO-1975900. In the BIO-

2007818 diastereomer, the oxygen of the methoxy group points away from pUb K48. The 

loss of the electrostatic interaction is reflected by lower docking and MM-GBSA scores 

compared to BIO-2007817 (Fig. 4b). This agrees with the limited effect of BIO-2007818 

on parkin activation48 and its reduced binding in ITC experiments (Fig. 2a). Replacement 

of the methoxy and methyl-pyrazolyl groups with a phenyl moiety (BIO-1966561) 

decreased the docking score and EC50 (Fig 4b). 

Docking of BIO-1983977 (Fig. 4a middle panel) demonstrates that the hydrophobic 

diisobutylamine functional group fits in the W183 pocket. The predicted binding is weaker 

than compound BIO-1966561 (identical except for the tetrahydroquinoline head group) 

but BIO-1983977 was similar in biochemical assays (Fig. 4b). The inactive compounds 

BIO-1967660 and BIO-1979167 could not be docked due to steric clashes with the sides 

of the W183 pocket. 

Modulation of compound interactions with the parkin P180 pocket was investigated by 

docking subseries 2 compounds which are most closely related to the crystallized ligand 

BIO-1975900 (Fig. 4c). In contrast to the ethanone group of BIO-1975900, which showed 

limited interactions with the P180 pocket (Fig. 3c), the methylsulfonamide moiety of BIO-

2006661 formed a hydrogen bond with the backbone carbonyl of pUb A46 (Fig. 4a right 

panel). The additional interaction would explain the higher potency of BIO-2006661 

relative to BIO-1975900 (EC50 of 0.1 µM and 2.9 µM). BIO-2008218, which contains a 

difluoro-ethanone moiety, showed a similar increase in potency. Positioning of the 

subseries 2 benzyl group was critical for binding. BIO-1975902, BIO-2006664 and BIO-

2008219, R-enantiomers of active S-compounds, were inactive in biochemical assays 

and could not be docked. In general, the calculated binding interactions correlated well 

with the biochemical EC50, suggesting that docking could be used for shape-based 

screening of new parkin activators (Fig. 4d).  

BIO-2007817 rescues ubiquitination and mitophagy by parkin Ubl mutants 
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The observation that BIO-2007817 can activate parkin in the presence of pUb suggested 

that it might rescue the activity of parkin variants without a functional Ubl domain. We 

tested this hypothesis using an in organello assay that measures parkin ubiquitination of 

the mitochondrial protein mitofusin-2 (Mfn2)36. In the assay, HeLa cells are stimulated by 

treatment with mitochondria depolarizer CCCP and then the mitochondria are isolated 

and added ex vivo to a ubiquitination reaction mix including parkin with or without activator 

compounds (Fig. 5a).  

Without CCCP, there was no ubiquitination of the Mfn2 substrate due to the absence of 

PINK1 and pUb (Fig. 5b). In contrast, CCCP-treatment led to an accumulation of PINK1, 

which led to parkin recruitment, phosphorylation/activation, and Mfn2 ubiquitination. In 

both conditions, addition of BIO-2007817 had no effect, in agreement with 

autoubiquitination assays with phospho-Parkin (Fig. 1) and previous mitochondrial 

translocation and mitophagy assays48. BIO-2007817 was able to partially rescue Mfn2 

ubiquitination by non-phosphorylatable parkin variants, either S65A or the R0RBR mutant 

which lacks the Ubl domain (Fig. 5b). At 10 µM BIO-2007817, the ratio of mono-

ubiquitinated to unmodified Mfn2 was roughly 50% that of wild-type parkin. 

We next asked if BIO-2007817 could rescue pathological mutations that impair parkin 

activity. R42P and V56E both affect the Ubl domain to destabilize its folding53,54 and impair 

mitophagy in cells in response to CCCP treatment35. BIO-2007817 at 10 µM effectively 

suppressed the ubiquitination defect of both mutations (Fig. 5c). The suppression was 

limited to Ubl mutations: neither R275W nor K211N showed enhanced activity in the 

presence of BIO-2007817. R275W occurs in the RING1 domain, disrupting parkin stability 

and possibly pUb binding35,55. The lack of effect on the K211N mutant recapitulates the 

conclusions of autoubiquitination and UbVS assays that pUb-binding is essential for 

activation by BIO-2007817 (Fig.1). The rescue of Mfn2 ubiquitination was selective. We 

did not observe rescue of either R42P and V56E by the diastereomer BIO-200781848 that 

differs at only one chiral center (Fig. 1e). Taken together, the in organello results show 

that mutations (DUbl, R42P, V56E, S65A) that affect the parkin Ubl domain can be 

rescued by BIO-2007817.  
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We turned to mitoKeima assays to confirm this result and assess the ability of BIO-

2007817 to de-repress non-phosphorylatable parkin mutants which do not normally 

induce mitophagy in cells. The assay measures mitophagy using mitochondrially targeted 

fluorescent protein (mitoKeima) that shifts its excitation spectrum when mitochondria 

enter the acidic environment of lysosomes. Depolarization of mitochondria by CCCP led 

to robust mitophagy in cells expressing wild-type parkin with or without 1 h pre-exposure 

to BIO-2007817 (Fig. 5d). Cells expressing non-phosphorylatable S65A parkin or ∆Ubl 

parkin showed only partial mitophagy that was enhanced by BIO-2007817. PD mutations 

destabilizing parkin Ubl (R42P and V56E) and reducing mitophagy response to CCCP, 

could be rescued by pre-treatment with BIO-2007817. In agreement with our previous 

findings, the importance of RING0 pUb/pUbl binding site in BIO-2007817 activation of 

parkin was confirmed by the complete loss of mitophagy response in K211N mutant which 

could not be rescued by the compound. 

Based on our results, we propose a mechanism of activation of parkin by BIO-2007817 

or THPP compounds (Fig. 5e). In the case of parkin with impaired Ubl, the THPP 

compound can allosterically promote the binding of pUb onto RING0 through bridging 

between parkin and pUb. When parkin Ubl can be phosphorylated by PINK1, the THPP 

binding site is already occupied by the ACT following pUbl relocalization to RING0. This 

explains the lack of activation effect of THPP on wild-type parkin observed in in organello 

and mitophagy assays, as well as in previously reported cell assays48. 

 

Discussion 

Boosting the activity of parkin using small molecule drugs has been proposed as a 

potential treatment for Parkinson’s disease. To do so, the molecules need to shift the 

inactive/active equilibrium toward the active conformation by rearrangement of the Ubl 

and Rcat domains. Several point mutations that increase parkin activity have been 

suggested as models for the design of parkin activators. The mutations W403A and 

F146A increase the activity of unphosphorylated parkin by disrupting inhibitory 

interactions. W403A weakens the REP-RING1 interaction while F146A disrupts the 

RING0-Rcat interface. Both are strongly activating in in vitro and cellular experiments and 
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can suppress some naturally occurring EOPD parkin mutations16,36,37. Unfortunately, no 

small molecule activators mimicking those mutations have been identified so far. One 

possible explanation is that many of the parkin surfaces are multifunctional which creates 

additional constraints for small molecule binders. A compound facilitating the release of 

Ubl from RING1 could accelerate the phosphorylation of Ubl by PINK1 and its 

relocalization to RING0; however, it cannot interfere with the E2-binding site, which 

overlaps with the Ubl domain. It also cannot inhibit the Ubl domain's ability to act as a 

substrate for PINK1 or hinder the phosphorylated domain from binding to RING0. 

Similarly, a compound facilitating the release of Rcat from RING0 shouldn't compete with 

the physiological pathways of activation. If binding RING0, it shouldn't block pUb or pUbl 

binding. If binding Rcat, it shouldn't prevent the transthiolation step of ubiquitin transfer 

from the E2 to the Rcat cysteine or the subsequent step of ubiquitin transfer to the 

substrate lysine. THPP compounds were identified in a biochemical screen with 

unphosphorylated parkin and pUb, not with phosphorylated parkin. As such, the 

compounds circumvent these problems by acting as a molecular glue to promote a minor 

activation mechanism in which pUb substitutes for pUbl. This avoids interfering with the 

activation and catalytic steps necessary for parkin function. 

An additional consideration for the design of parkin activators is avoiding excessive or 

inappropriate activation. Phosphorylated parkin is highly active and ubiquitinates proteins 

indiscriminately, including itself. Compound BIO-2007817 amplifies an existing activation 

mechanism to obtain activation in a regulated way. BIO-2007817 is not a direct activator 

of parkin since it has a low affinity for parkin in the absence of pUb (Fig. 1d). The pUb-

dependent activation is only functional upon parkin translocation to damaged 

mitochondria displaying pUb. In in vitro ubiquitination assays, activity was detected only 

in the presence of pUb and functional pUb-binding site (Fig. 1).  

Binding both parkin and pUb, BIO-2007817 belongs to a growing class of molecules 

known as molecular glues56. Chemically diverse, they share the property of directing a 

protein-protein interaction often with therapeutic goal. Cyclosporin, rapamycin, and 

thalidomide are among the best-known examples. Targeted protein degradation through 

the linking of ubiquitin ligases and substrate proteins is a particularly exciting 
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application57, although molecule glues can also act to inhibit ligase activity58. Here, we 

observed the compounds act as activators through linking pUb and the RING0 domain to 

shift parkin toward its active conformation (Fig. 5e). The binding site of the compounds in 

hydrophobic groove between pUb and RING0 is a strategic location. In the inactive 

conformation of parkin, the groove is filled by C-terminal residues of the Rcat domain. In 

the inactive conformation, the groove is occupied by elements of the Rcat domain, while 

in the phosphorylated active conformation, it is occupied by the ACT element (Fig. 3d,e).  

The identification of a hot spot for parkin activators lays the basis for further development. 

While BIO-1975900 mimics the shape of the hydrophobic groove, it does not fully occupy 

the region between RING0 and pUb. Potential modifications could improve its binding to 

parkin. A well-ordered glycerol molecule is found adjacent to BIO-1975900 where it 

interacts with L162 and R163 of RING0 (Fig. 3c). The glycerol could be linked to the 

methyl-pyrazolyl moiety to boost the solubility and affinity of an activator. There are only 

a few hydrogen bonds created between the elongated compounds and the hydrophobic 

groove, suggesting that higher affinity molecules are possible by improving the salt 

bridges and H-bond interactions.  

Finally, while THPP compounds are not universal activators of parkin, we note that their 

selectivity in rescuing parkin Ubl mutations could be an advantage for patients with those 

specific mutations. BIO-2007817 increases mitophagy in cells transfected with parkin 

mutants with defective Ubl domains (Fig. 5d). Generalized activation of parkin is unlikely 

to be a viable therapeutic strategy due to parkin's lack of substrate selectivity. As selective 

inducers, THPP compounds are promising leads for personalized medicine for patients 

with certain naturally occurring parkin mutations. 
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Material and methods 

Cloning, expression, and purification of recombinant proteins in E. coli 

Single-point mutations and deletions were generated using PCR mutagenesis (Agilent) 

and proteins expressed in BL21 (DE3) E. coli. Purification of full-length parkin, R0RBR, 

R0RB:2´pUb, pUb∆G76, pUbl, pUbl-ACT, UbcH7, Tc-PINK1 and human His-E1 were 

done using methods previously described 19,59. Briefly, proteins were purified by 

glutathione-Sepharose (Cytiva) or Ni-NTA agarose (Qiagen) affinity chromatography, 

followed by either 3C protease cleavage to remove the GST tag or Ulp protease cleavage 

to remove the His-SUMO tag. Size-exclusion chromatography was used as a last step. 

15N-labeled rat R0RB and pUb were produced in M9 minimal medium supplemented with 

15NH4Cl. Phosphorylated Ub and Ubl were produced and purified according to published 

procedures 28,52. Purified proteins were verified using SDS-PAGE analysis. Protein 

concentrations were determined using UV absorbance. 

Ubiquitin vinyl sulfone assays 

To assess the effect of compounds on Ub-VS-charging of parkin at a fixed pUb 

concentration, 2 µM parkin (either WT or K211N mutant) were incubated at 25 °C for 2 hr 

in the presence of 10 µM Ub-VS (R&D Systems), 3 µM pUb, at the following compound 

concentrations of BIO-2007817 (0 µM, 0.09 µM, 0.27 µM, 0.8 µM, 2.5 µM, 7.4 µM, 22.2 

µM, 66.7 µM, and  200 µM) in 50 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 8.0 

containing 2 %(v/v) DMSO. Reactions were stopped by addition of reducing SDS-PAGE 

loading buffer and the level of cross-linking was analyzed on SDS-PAGE gels (Biorad) 

stained with Coomassie blue. 

Ubiquitination assays 

The autoubiquitination assays of full-length and R0RBR parkin were performed at 22 °C 

for 60 min by adding 2 µM full-length WT, K211N or H302A A320R parkin or R0RBR, to 

50 nM human His-Ube1, 2 µM UbcH7, 100 µM ubiquitin in 50 mM Tris pH 8.0, 150 mM 

NaCl, 1 mM TCEP, 0.4% DMSO 5 mM ATP and 10 mM MgCl2. Where indicated, pUb 

without the C-terminal glycine (pUbDG76) was used. When stated, 2 µM of pUbDG76 
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and/or 200 µM BIO-2007817 were added to the sample. pUbDG76 was used to prevent 

incorporation of pUb by E1 into the ubiquitination reaction. Reactions were stopped by 

the addition of reducing SDS-PAGE loading buffer and the level of ubiquitination was 

analyzed on SDS-PAGE gels stained with Coomassie blue. Phosphorylated full-length 

parkin in complex with pUb was used as positive control. 

Isothermal titration calorimetric assays 

ITC measurements were carried out at 20 °C using VP-ITC (Microcal) Samples were in 

50 mM Tris-HCl, 150 mM NaCl, 1 mM TCEP, 0.33% DMSO, pH 7.4. 21 µM WT R0RB 

with and without 2.2x equimolar pUb and 16 µM K211N R0RB with 19.2 µM pUb were 

titrated with one injection of 5 µl followed by 28 injections of 10 µl of 166 µM BIO-2007817. 

The experiment was repeated for 19 µM WT R0RB with 2.2-fold excess of pUb but titrated 

with 166 µM BIO-2007818. 17 µM WT R0RB with either 1.2 equivalents of pUbl or pUbl-

ACT, and 20 µM F146Y R0RB with pUb were titrated with 42 or 48 injections of 6 µl of 

166 µM BIO-2007817. Data were modeled using a single set of identical sites using Origin 

v7 software. 

Crystallization and Structure determination 

Crystals of R0RB:2´pUb in complex with BIO-1975900 were grown using hanging drop 

vapor diffusion method by mixing 0.3 µl of protein complex at 10 mg/ml (230 µM) 

supplemented with 400 µM of BIO-5900 in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.7 

mM TCEP, 4% (v/v) DMSO with 0.3 µl of 0.2 M NaCl, 0.1M HEPES pH 7.5, 25% (w/v) 

PEG 3350 at 4 °C. Crystals appeared after 9 days. After 3 weeks, crystals were 

cryoprotected in mother liquor supplemented with 25% (v/v) glycerol before being cryo-

cooled in liquid nitrogen. 

Diffraction data was collected at the CMCF beamline 08ID-1 at the Canadian Light 

Source. A total of 1800 images were collected with an oscillation angle of 0.2° at 0.953 

Å. Reflections were integrated and scaled using XDS package 60. The diffraction data 

were phased by molecular replacement using R0RB and two pUb molecules from PDB 

deposition 7US1 as search model using Phaser implemented in PHENIX 61-63. The 
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structure was refined using PHENIX package 61 and the model building was performed 

using COOT 64.  Calculated Ramachandran values for the final structure are 98.1% of 

residues in the favored region and 0% outliers (Supplementary Table 1). The final 

structure has been deposited in the RCSB with PDB ID 8W31. 

NMR experiments 

For 1D NMR titrations, 60 µM of either BIO-2007817 or BIO-1975900 were added to 50 

µM unlabeled rat R0RB:2´pUb in 20 mM Tris-HCl, 120 mM NaCl, 0.5 mM TCEP, 4% 

DMSO, pH 7.4 and spectra acquired for 8 hours. For 2D NMR titrations, 14 µM and 32 

µM of BIO-2007817 were added to 28 µM 15N-labeled rat R0RB:2´pUb in 20 mM Tris-

HCl, 120 mM NaCl, 0.5 mM TCEP, 1% DMSO, pH 7.4. 1H-15N correlation spectra were 

acquired for 16 hours. All acquisitions were done at 25 °C at 600 MHz on a Bruker 

spectrometer equipped with a triple-resonance (1H, 13C, 15N) cryoprobe. Spectra were 

processed using NMRpipe and analyzed with SPARKY 65.  

Compound synthesis and characterization 

Synthesis of compounds BIO-2007817 and BIO-2007818 was described previously48.  

See supporting information for synthesis of compounds BIO-1966561, BIO-1983977, 

BIO-1979167, BIO-1967660, BIO-1975900, BIO-1975902, BIO-2008218, BIO-2008219, 

BIO-2006661, BIO-2006664, and related racemic mixtures.  

Docking 

The co-crystal structure of BIO-1975900 was used as a starting point for docking. The 

protein was prepared using the Protein Preparation Wizard accessible from Maestro 

interface of the Schrodinger 2019-3 suite at a pH of 7.0 66. The hydrogen atom positions 

were added and optimized using OPLS3e force field 67-69. The optimization was done in 

the absence of the ligand. Crystal waters, not interacting with the ligand were removed 

from the receptor structure. Only hydrogen atoms were minimized while the heavy atoms 

were kept fixed. Ligands were prepared using LigPrep utility in Schrodinger using 

OPLS3e force field as well. Protein grid was generated using Receptor Grid Generation 
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utility in Glide for assigning the ligand position in the binding pocket. Docking of ligands 

was performed using standard precision (SP) ligand docking module in Glide.  

The Molecular Mechanics-Generalized Born/Surface Area (MM-GBSA) method is slightly 

more complex than docking calculations as it computes ligand strain and solvation and 

therefore adds more accuracy to the protein-ligand binding prediction. MM-GBSA 

calculations were performed directly from Maestro interface using Prime. The solvation 

model used for the ligand was VSGB 2.1 with OPLS4 force field. Protein residues were 

kept rigid for the calculation and the default minimization was used for the protein 

sampling method. 

In organello assays 

Assays were performed as described previously36
. HeLa cells treated with 10 mM CCCP 

or DMSO for 3 h were suspended in mitochondrial isolation buffer (MIB) (20 mM HEPES-

KOH pH 7.4, 220 mM mannitol, 10 mM KAc and 70 mM sucrose) on ice. Cells were 

disrupted by nitrogen cavitation, and cell homogenates were centrifuged at 500 g for 5 

min at 4 °C to obtain a post-nuclear supernatant. Cytosolic fractions were collected by 

two further centrifugation steps for 15 min at 4 °C at 12,000xg. Mitochondria pellets were 

suspended in MIB to a concentration of 2 mg/ml and stored at -80 °C.  

Five micrograms of CCCP- or DMSO-treated mitochondria were supplemented with a 

ubiquitination reaction mix (100 nM E1, 200 nM of UbcH7, 5 mM Ub, 1 mM ATP, 5 mM 

MgCl2 and 50 mM TCEP in MIB), 200 nM of recombinant WT or mutant human parkin 

and 10 µM of BIO2007817, BIO2007818 or some MIB buffer with equivalent DMSO 

concentration into a final 10 µl reaction volume. After a 10-min incubation at 37 °C, 

reactions were stopped with reducing SDS-PAGE loading buffer and separated by SDS-

PAGE gels. Proteins were transferred to PVDF membrane for Western blotting analysis. 

Membranes were blocked with 5% BSA in TBS-T (0.1% Tween 20) and incubated with 

rabbit anti-mitofusin2 (1:2000, mAb D2D10, Cell Signaling), mouse anti-parkin (1:40000, 

mAb Prk8, Cell Signaling), or rabbit anti-VDAC (1:5000, mAb D73D12, Cell Signaling) 

diluted in TBS-T with 3% BSA. Membranes were washed with TBS-T and incubated with 

HRP-coupled horse anti-mouse or goat anti-rabbit IgG antibodies (1:10000, Cell 
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Signaling). Detection was performed with Clarity Lightning ECL (Bio-Rad) and images 

acquired with a ImageQuant LAS 500 (GE Healthcare). Mitofusin 2 ubiquitination was 

quantified from western blot signals of using Fiji 70.  

Mitophagy assay 

Mitophagy was assessed using flow cytometry analysis of mitochondrially targeted 

mitoKeima as previously described 19,36. Briefly, U2OS cells stably expressing an 

ecdysone-inducible mitoKeima were induced with 10 µM ponasterone A, transfected with 

GFP-parkin or parkin mutants for 20 h, and treated (or not) with 20 µM CCCP for 4 h. 

Where indicated, cells were pre-treated with DMSO or 2.5 µM BIO-2007817 1 h prior to 

addition of CCCP. Cells were trypsinized, washed and resuspended in PBS prior to 

fluorescence-activated cell sorting (FACS) analysis on a Thermo Attune NxT cytometer 

(NeuroEDDU Flow Cytometry Facility, McGill University). Lysosomal mitoKeima was 

measured ratiometrically using excitation at 405nm and 561 nm. For each sample, 

100,000 events were collected, and single GFP-parkin-positive cells were gated for 

mitoKeima. Data were analyzed using FlowJo v10.7.2 (Tree Star). The percentage of 

cells with an increase in the 405:561nm ratio (i.e. cells within the upper gate) was 

quantified and normalized to the percentage observed in GFP-WT-parkin CCCP treated 

samples for each replicate.  
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Fig. 1. Activation of parkin by tetrahydropyrazolo-pyrazine (THPP) compound BIO-

2007817 in the presence of pUb. a, Domain structure of parkin. b, Autoubiquitination 

assays show full-length parkin and the Ubl-ACT deletion (R0RBR) are activated by BIO-

2007817 and phosphorylated ubiquitin (pUb). pUb without a C-terminal glycine 

(pUb∆G76) was used to prevent its incorporation by E1. No effect was observed on 

activated, phosphorylated human parkin. c, Effect of mutations in the pUb-binding sites 

on RING1 (H302A A320R) and RING0 (K211N) on the parkin activation by BIO-2007817. 

d, Ubiquitin vinyl sulfone (UbVS) assay of parkin activation by BIO-2007817 in the 

presence of pUb. Formation of the parkin-Ub crosslink measures release of the Rcat 

domain from RING0. e, Chemical structures of BIO-2007817 and inactive diastereomer 

BIO-2007818.  
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Fig. 2. BIO-2007817 binds to the complex of parkin and pUb or pUbl. a, Isothermal 

titration calorimetry measurement of BIO-2007817 binding to the rat R0RB:2´pUb 

complex. The diastereomer BIO-2007818 binds with 150-fold less affinity. b, BIO-

2007817 shows weak binding in the absence of pUb. c, The R0RB:pUbl complex binds 

BIO-2007817 as well as the pUb complex. d, The ACT element hinder binding of BIO-

2007817 and decreases the affinity of R0RB:pUbl-ACT. e, Mutational analysis shows the 

pUb/pUbl binding site on RING0 is required for high affinity binding and the F146Y 

mutation in RING0 decreases the affinity 80-fold.  
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Fig. 3. Crystal structure of BIO-1975900 bound to parkin R0RB:2´pUb complex. a, 

Chemical structure of BIO-1975900. b, Crystal structure of rat R0RB:2´pUb with BIO-

1975900. Inset shows an omit map of BIO-1975900 contoured at 3 σ. c, Details of the 

BIO-1975900 (magenta) bound to a hydrophobic groove formed by residues from RING0 

and a lysine from pUb. A glycerol and two water molecules were observed at the binding 

site. d, Overlay of the inactive parkin structure (PDB 5N2W). The C-terminus of the Rcat 

domain (salmon) occupies the BIO-1975900 binding site. e, Overlay of the active, 

phosphorylated parkin:pUb structure (PDB 6GLC). The ACT element (yellow) binds the 

same site as BIO-1975900. f, NMR spectra of THPP binding. 1D NMR spectra (left 

panel) of the downfield region upon addition of BIO-1975900 or BIO-2007817. 2D 

1H-15N correlation NMR spectra (right panel) of the tryptophan W183 indole amide 

titrated with BIO-2007817. 
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Figure 4. Structure-activity relationship based on the crystal structure predict 

potencies of two subseries of THPP compounds. a, Docking-based positioning of 

BIO-1975900 related-compounds. Comparison of parkin biochemical assay for subseries 

1 (b) and subseries 2 (c) compounds and the scores of their structures docked in parkin 

crystal structure. d, Correlation between docking scores and biochemical potency for 

THPP compounds with a tetrahydroquinoline moiety.  
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Figure 5. BIO-2007817 rescues parkin Ubl mutations in organello and in cells. a, 

Schematic of in organello ubiquitination assay of parkin. PINK1 expression is induced in 

cultured cells by CCCP and parkin activity measured by ubiquitination of mitofusin-2 

(Mfn2). b, Immunoblots of in organello assays showing the rescue of ubiquitination activity 

of the non-phosphorylatable parkin mutants, S65A and R0RBR, by BIO-2007817. 

Quantification of the percentage of ubiquitinated Mfn2 is shown as chart bar.  c, 

Immunoblots of in organello assays showing the rescue of ubiquitination activity of 

Parkinson's disease parkin mutants, R42P and V56E, by BIO-2007817, but not by the 

diastereomer, BIO-2007818. Quantification of the percentage of ubiquitinated Mfn2 is 

shown as chart bar. d, Quantification of average percentage of mitophagy detected by 

fluorescence-activated cell sorting (FACS) of mitochondrially targeted mitoKeima U2OS 

cells expressing transient WT or mutant GFP-parkin. Cells were treated with DMSO 

(white), CCCP (black), or pre-treated with BIO-2007817 followed by CCCP treatment 

(grey). Percentages were normalized to WT Parkin pre-treated with DMSO followed by 

CCCP treatment. A partial rescue by BIO-2007817 was observed in cells expressing 

parkin with defective Ubl. Error bars indicate s.e.m. For statistical analysis, a one-way 
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ANOVA with Tukey’s post-test was performed on data from three biological replicates. 

****, P<0.0001; ***, P<0.001; n.s., not significant. e, Model for THPP activation of parkin 

with a defective Ubl domain. 
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