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Abstract

Mutations in the E3 ubiquitin ligase Parkin (PARK2) and the protein kinase PINK1 (PARK®) are
linked to autosomal-recessive juvenile Parkinsonism (AR-JP)1,2, and at the cellular level cause
defects in mitophagy, the cellular process that organises destruction of damaged mitochondria3,4.
Parkin is autoinhibited, and requires activation by PINK1, which phosphorylates Ser65 in
ubiquitin and in the Parkin ubiquitin-like (Ubl) domain. Parkin binds phospho-ubiquitin, which
enables efficient Parkin phosphorylation, however the enzyme remains autoinhibited with an
inaccessible active site5,6. It is unclear how phosphorylation of Parkin activates the molecule.

We here follow the activation of full-length human Parkin by hydrogen deuterium exchange mass
spectrometry, and reveal large scale domain rearrangement in the activation process, in which the
phospho-Ubl rebinds to the Parkin core, and releases the catalytic RING2 domain. A 1.8 A crystal
structure of phosphorylated human Parkin reveals the binding site of the phosphorylated Ubl on
the Unique Parkin Domain (UPD), involving a phosphate-binding pocket lined by AR-JP
mutations. Strikingly, a conserved linker region between Ubl and UPD acts as an activating
element (ACT) that contributes to RING2 release by mimicking RING2 interactions on the UPD,
explaining further AR-JP mutations. Our data unveils how autoinhibition in Parkin is resolved, and
suggests how Parkin ubiquitinates its substrates via an untethered RING2 domain. This opens
exciting new avenues to design Parkin activators for clinical use.

Work in the last decade has shown how PINK1 and Parkin initiate mitophagy, and many
steps in this process are mechanistically well understood3,4. It has further been suggested
that targeted activation of either PINK1 or Parkin could increase mitochondrial turnover, and
impede the progression of Parkinson’s disease. A detailed understanding of the underlying
molecular mechanisms is hence essential.
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Parkin requires an elaborate activation mechanism. The first crystal structures of Parkin7—9
revealed several distinct mechanisms of autoinhibition (Fig. 1a, Extended Data Fig. 1a).
Most strikingly, the active site Cys on the catalytic RING2 domain, which receives ubiquitin
from the E2 enzyme, is obstructed by forming an interface with the UPD (also known as
RINGO)(Extended Data Fig. 1a). The RING2-UPD interface is highly hydrophobic7-9
(Extended Data Fig. 1b), and it is not clear how this intramolecular interaction can be
opened.

Activation of Parkin is mediated by the mitochondrial outer membrane (MOM) Ser/Thr
protein kinase PINK1, which phosphorylates Ser65 in ubiquitin (generating phospho-
ubiquitin)10-14 and in the Parkin Ubl domain15-17. A current model for PINK1-mediated
Parkin activation suggests that PINK1 phosphorylates ubiquitin attached to MOM proteins,
and nanomolar affinity recruits autoinhibited, cytosolic Parkin to sites of PINK1
activity3,5,13,18-21. Phospho-ubiquitin binding induces conformational changes in Parkin
that lead to the release of the Ubl domain from the Parkin core, and enable PINK1 to
phosphorylate the Parkin Ubl domain3,5,7,13,18-23 (Fig. 1a, Extended Data Fig. 1c).
Importantly, in structures of Parkin bound to phospho-ubiquitin5,22, Parkin is still
autoinhibited: the E2 binding site remains blocked by the Repressor (REP) element, and
RING2 and its catalytic Cys remain obstructed by the UPD (Fig. 1a, Extended Data Fig. 1c).

Indeed, Ubl phosphorylation is crucial to fully activate Parkin. A Parkin S65A mutant is not
retained at mitochondria, is unable to trigger mitochondrial ubiquitination and mitophagy,
and thus is physiologically inactive13,15,17,21,24. Biochemically, Parkin phosphorylation
enhances activity more than phospho-ubiquitin binding13,21,25, and Parkin
phosphorylation, but not phospho-ubiquitin binding, enables access of ubiquitin activity-
based probes (Ub-ABPs) to the active site Cys5,21,26. How Ubl phosphorylation is able to
activate Parkin, and in particular, how it is able to disrupt the RING2-UPD interface, has
remained a mystery, and has led to various models of Parkin activation3,5,8,9,22,27.

We reconstituted activation of full-length human Parkin by PINKZ, and followed domain
rearrangements by hydrogen deuterium exchange mass spectrometry (HDX-MS) 28(Fig. 1b-
e, Extended Data Fig. 2, 3). HDX-MS reports on the relative rate of exchange of backbone
amide hydrogens with deuterium based on the strength of hydrogen bonding and their
solvent accessibility in the folded protein, and distinguishes peptides in a protein’s core (no/
little exchange with solvent over time), with those at an exposed surface (high or increasing
exchange with solvent over time). The power of the method lies in its ability to compare
identical peptides between different states along an activation cascade, revealing peptides
that become exposed and thus interfaces that are opened (red in Fig. 1b-e), and regions in the
protein that become protected and form new interfaces (blue in Fig. 1b-e). For Parkin, this
allowed us to confirm previously reported conformational changes upon phospho-ubiquitin
binding5,22, whereby the Parkin Ubl is released and becomes exposed to solvent (1, 2 —
numbers referring to Fig. 1b-e), the phospho-ubiquitin binding site becomes protected (3),
while RING2, REP (4) and UPD are essentially unperturbed (Fig. 1b).

Phosphorylation of Parkin starts to show the first signs of REP and RING2 release (4, 5),
especially at later time points, yet the phosphorylated Ubl also remains flexible and in

Nature. Author manuscript; available in PMC 2019 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gladkova et al.

Page 3

exchange with solvent (1) (Fig. 1c, Extended Data Fig. 3b). The behaviour of the phospho-
Ubl changes dramatically when a covalent, non-dischargeable E2~ubiquitin conjugate is
added to the sample — now, the RING2 peptide at the UPD interface is solvent exposed (5),
and the phosphorylated Ubl becomes protected (1), indicating formation of a new interface
(Fig. 1d, Extended Data Fig. 2, 3c). Finally, charging of the RING2 catalytic Cys by
ubiquitin was assessed using phosphorylated Parkin covalently modified with the Ub-ABP
ubiquitin-vinylsulphone (Ub-VS)5,13(Online Methods, Extended Data Fig. 2a-c). “‘Charged’
phospho-Parkin reiterates the conformational changes observed in the phospho-Parkin
E2~Ub bound sample (Fig. 1e), and revealed that the ubiquitin-modified RING2 had been
fully released from the Parkin core (5). Overall, the HDX-MS experiments indicated
considerable rearrangements of Ubl and RING2, with loss of old and formation of new
intramolecular interfaces on the Parkin core (Fig. 1, Extended Data Fig. 3).

Surprisingly, a section of the linker between Ubl and UPD was protected together with
phospho-Ubl re-binding (6) (Fig. 1d-e, Extended Data Fig. 2, 3). This region of Parkin,
spanning amino acids (aa) 75-145, has remained unstudied as it is disordered in full-length
Parkin7, and was removed in subsequent structures of human and rat Parkin18,19,22.

The Ubl-UPD linker contains two connected, short sections of highly conserved residues
that are flanked by a variable number of unconserved residues (Extended Data Fig. 4). A
minimal linker is present in 7hamnophis sirtalfs (Ts)Parkin (garter snake Parkin, sequence
identity to human Parkin 73%, Extended Data Fig. 4), and 7sParkin was used for
comparative studies. HDX-MS revealed highly similar changes upon ubiquitin-charging in
phosphorylated 7sParkin when compared to human Parkin (Extended Data Fig. 5a, compare
Fig. 1e). Moreover, limited proteolysis of full-length 7sParkin revealed that autoinhibited,
unphosphorylated 7sParkin was cleaved first in the Ubl-UPD linker, whereas
phosphorylated 7sParkin was cleaved first in the IBR-RING2 linker, and no longer
efficiently cleaved in the Ubl-UPD linker (Extended Data Fig. 5b). After cleavage of
phospho- 7sParkin, RING2 was no longer stably associated with the Parkin core (Extended
Data Fig. 5¢). Together these data again strongly suggested that the unstudied Ubl-UPD
linker becomes ordered in activated Parkin, whereas REP and RING2 are dislodged, and
RING2 becomes mobile.

We realised that crystallographic analysis of active Parkin was likely impeded by a mobile
RING2 domain, which inspired new construct design. Parkin is insoluble when expressed
without the RING2 domain (data not shown), likely due to the exposed, hydrophobic UPD
(Extended Data Fig. 1b). Hence, we engineered a TEV cleavage site into the IBR-RING2
linker (Fig. 2a, see Online Methods). This enabled removal of the RING2 domain upon
phospho-ubiquitin binding and Ubl phosphorylation (Extended Data Fig. 5d). Importantly,
UbVS-charged 7sParkin and 7sParkinARING2 displayed identical HDX-MS profiles,
indicating that removal of the mobile RING2 has no effect on the remaining molecule
(Extended Data Fig. 5e). For human Parkin, the resulting covalent phospho-ParkinARING2-
phospho-ubiquitin (hereafter phospho-Parkin-pUb) complex was crystallised, and resulted in
a 1.8 A structure (Fig. 2b, Extended Data Table 1, Extended Data Fig. 6).
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The structure of phospho-Parkin-pUb (Fig. 2a) revealed a near-identical organisation of the
Parkin core (UPD-RING1-IBR) bound to phospho-ubiquitin, as compared to previous
structures (RMSD 0.73 A with human Parkin-pUb, pdb-id 5n2w, 22) (Extended Data Fig.
7a), and there no large conformational changes in individual domains. Modelling of an open
E2~Ub conjugate structure (from 29) reveals sensible interfaces (Extended Data Fig. 7b) and
corroborates the ubiquitin binding site observed in HDX-MS (Fig. 1d)22.

Importantly, the phosphorylated Ubl domain was bound to the UPD, and had moved by >50
A compared to its position in autoinhibited Parkin (Fig. 2b, Fig. 3a, Extended Data Fig. 7a).
The interface between phospho-Ubl and UPD is mediated via a common interaction site of
ubiquitin-fold modifiers, the hydrophobic lle44-patch of the Ubl, and engulfs the elongated
UPD domain covering a surface of >800 A2; this interface can be recapitulated in HDX-MS
data (Fig. 1d, Extended Data Fig. 7c). Furthermore, the interaction places phosphorylated
Ser65 into a positively charged pocket on the UPD (Fig. 3a). The phospho-acceptor pocket is
lined by Lys161, Arg163 and Lys211, which contact the phosphate group forming four
hydrogen bonds. We had previously noted this putative phosphate-acceptor binding site8, the
importance of which is highlighted by two mutations found in AR-JP patients, K211N and
K161N1,2, that also abrogate Parkin function in mitophagy13,30. Mechanistically,
phosphorylated Parkin with a K211N mutation blocking the phospho-acceptor pocket, was
no longer modified by Ub-VS (Fig. 3b)5. HDX-MS confirmed that phospho-Parkin-pUb
K211N showed little signs of RING2 release, with strongest relative solvent protection in the
C-terminus, where RING2 binds the UPD (Fig. 3¢, Extended Data Fig. 7d). This indicated
that the RING2 domain catalytic Cys remained inaccessible if the phospho-Ubl was unable
to interact with its UPD binding site, and explained how AR-JP-causing K211N or K161N
mutations produce Parkin variants unable to be activated by Ser65 phosphorylation.

The position of the Ubl on the UPD overlaps only marginally with the position of RING2 in
autoinhibited states of Parkin, and while binding of both would lead to steric clashes (Fig.
3d, Extended Data Fig. 7a), the hydrophobic RING2 binding site (Extended Data Fig. 1b)
would remain unusually exposed upon opening of the RING2-UPD interface. In our
structure, clear electron density for a stretch of residues was apparent at the RING2-binding
site of the UPD (Extended Data Fig. 6¢,d), which we could unambiguously assign to the
sequence corresponding to the first conserved region of the Ubl-UPD linker (Fig. 4,
Extended Data Fig. 4). In particular, residues Leu102, Val105 and Leul07 occupy pockets
previously bound by RING2 residues Met458, Trp462 and Phe463 (Fig. 4a, b). This shields
the hydrophobic patch on the UPD that opened by release of RING2. Indeed, similar to the
K211N mutation, phospho-Parkin with deletion of the first set of conserved linker residues
(A101-109), was unable to be charged by Ub-VS (Fig. 4c).

The linker provides additional contact points for the phospho-Ubl interface. Arg104 is
located between two key hydrophobic residues, and contacts with its side chain the Ala46
loop in the phospho-Ubl. Importantly, Parkin R104W is an AR-JP patient mutation2,31,
which we would predict to disrupt or misalign the observed hydrophobic interactions.
Importantly, a phospho-Parkin R104A mutant was charged less efficiently by Ub-VS (Fig.
4d), showed slower E2~Ub discharge activity (Extended Data Fig. 8a, b), and reduced /in
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vitro polyubiquitination activity (Fig. 4e), while its thermal stability remained unperturbed
(Extended Data Fig. 8c).

Together, structural, biochemical and patient data confirmed the crucial importance of the
first conserved stretch of the Ubl-UPD linker for Parkin activity, and defines a new
activating element, which we term ACT, in this to-date understudied regulatory region of
Parkin that also contains several phosphorylation sites (see further discussion in Extended
Data Fig. 8d).

Our work resolves the activation mechanism of Parkin, finally visualising large-scale domain
rearrangements. It is fascinating how the Parkin Ubl switches between an inhibitory position
in the unphosphorylated molecule, to an activating position in phosphorylated Parkin. Our
data is consistent with a model in which the phosphorylated Ubl and the here identified ACT
element in the Ubl-UPD linker dislodge RING2 from its autoinhibited position, enabling it
to be charged by E2~Ub, and ubiquitinate substrates in its vicinity, independently of the
Parkin core (Fig. 4f). Notably, our model does not require Parkin dimerisation6,27.

Our structure of an activated Parkin core will inform drug discovery efforts that have set out
to identify Parkin activators. With the realisation that the RING2-UPD interface opens and
exposes a hydrophobic pocket, small molecules could be directed towards this interface.
Such molecules may become particularly useful to restart mitophagy in AR-JP patients
carrying Parkin variants that fail to be activated by PINK1 mediated Ubl phosphorylation.

Online Methods

Molecular Biology

cDNA of Thamnophis sirtalis (Ts) Parkin was obtained from GeneAurt (Invitrogen) with
codon-optimisation for bacterial expression and cloned into a pOPIN-K vector 32, using the
In-Fusion HD Cloning Kit (Takara Clonetech). HsParkin and PAPINK1 constructs were also
expressed from a pOPIN-K vector, while UBE2L3 was expressed from a pGEX6 vector.
HSUBE1/PET21d was a gift from Cynthia Wolberger [Addgene plasmid # 34965, 33].

Site-directed mutagenesis was carried out using the QuikChange protocol with Phusion
polymerase. A TEV cleavage site was introduced in the Parkin constructs using the NEB Q5
Site-Directed Mutagenesis Kit (NEB). In 7sParkin residues 368 — 374 (KSPGATA) were
replaced by the ENLYFQS TEV cleavage sequence, while in AHsParkin residues 382 — 378
(EASGTTT) were replaced by the TEV cleavage sequence to yield cleavable constructs.

Protein purification

For Parkin expression, E. coli Rosetta2 pLacl cells (Novagen) were grown in 2xTY medium
at 37 °C. At ODggg = 0.6 the temperature was reduced to 18 °C, expression induced at
ODggp = 0.8 - 1.0 with 30 UM IPTG and the media supplemented with 200 uM ZnCl,, cells
were harvested after overnight growth at 18°C and frozen at -20°C.

For Parkin purification, cells were resuspended in lysis buffer (300 mM NaCl, 10% (w/v)
glycerol, 25 mM Tris (pH 8.5), 14.3 mM p-mercaptoethanol) supplemented with 2 mg/mL
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lysozyme, 0.2 mg/mL DNasel and 80 pg/mL PMSF. The suspension was homogenised using
an EmulsiFlex-C3 (Avestin) for two passes at ~15,000 psi and cleared by centrifugation at
46,000 g for 35 min at 4°C. The clarified lysate was applied to Amintra glutathione resin
(Expedeon), resin washed with high salt buffer (25 mM Tris (pH 8.5), 500 mM NacCl, 10
mM DTT) and GST-fusion Parkin cleaved from the resin overnight at 4°C with GST-3C
protease.

Samples were eluted and resin washed with no-salt buffer (25 mM Tris (pH 8.5), 10 mM
DTT). All following purification steps were carried out on an Akta Pure system (GE
Healthcare). Pooled fractions were subjected to anion-exchange chromatography on a 6 mL
Resource Q column (GE Healthcare) with a 0-25% linear gradient from buffer A (25 mM
Tris (pH 8.5), 10 mM DTT, 50 mM NacCl) to buffer B (25 mM Tris (pH 8.5), 10 mM DTT,
1000 mM NacCl) over 15 column volumes. For phosphorylated Parkin, the resulting sample
was phosphorylated using a 1:100 molar ratio of GST-PAPINKL in phosphorylation buffer
(10 mM ATP, 10 mM MgCl,, 200 mM NaCl, 50 mM Tris (pH 8.5), 10 mM DTT). PINK1
was subsequently removed by incubation with Amintra glutathione resin (Expedeon) and
phosphorylated Parkin purified using anion exchange chromatography as above. Finally,
samples were subjected to size-exclusion chromatography (HiLoad 16/600 Superdex 75 pg,
GE Healthcare) into buffer C (25 mM Tris (pH 8.5), 10 mM DTT, 200 mM NacCl).

In short, HSUBE1 was purified as follows: An N-terminal GST-Ub fusion protein was
expressed and lysed in p-mercaptoethanol-free lysis buffer and applied to Amintra
glutathione resin (Expedeon). Upon washing, the resin was equilibrated with 50 mM Tris
(pH 8.5) and 2 mM ATP. HsUBE1 B-mercaptoethanol-free clarified lysate was generated as
above, supplemented with 10 mM ATP and 10 MgCl, and incubated with the GST-Ub
fusion-bound glutathione resin at room temperature for 30 min. The resin was then washed
with DTT-free high salt buffer supplemented with 5 mM MgCl,. HsSUBE1 was eluted in
DTT-containing buffer and protein containing fractions were applied to anion-exchange and
size-exclusion chromatography as above. UBE2L3, UBE2D3 and GST-P/PINK1 were
purified as described previously34.

Generation of non-dischargeable E2-Ub complex

UBE2L3 (C86K) and ubiquitin were stored in charging buffer (25mM CAPSO (pH 9.5), 20
mM MgCl,, 150 mM NaCl). UBE2L3 (C86K) (450 uM) was incubated with Ub (900 uM)
and HsUbel (2.5 uM) in charging buffer supplemented with 10 mM ATP at 37 °C overnight.
The resulting mixture was applied to size-exclusion chromatography as above in buffer C.
Fractions containing UBE2L3-Ub were pooled, concentrated and again applied to size-
exclusion chromatography to remove free UBE2L3.

Ub-VS generation and Parkin coupling

Ub(1-75)-MesNa was prepared as described previously35. H-Gly-VS hydrochloride was a
kind gift from Huib Ovaa and Bo Xin (Leiden University). Ub-MesNa, stored in buffer D at
~20 mg/mL was used to dissolve ~50 mg H-Gly-V'S hydrochloride together with ~30 mg of
N-hydroxysuccinamide (Fluka), acting as a catalyst. The pH was raised to 8.5 by addition of
~60 pL of 4 M NaOH and reaction incubated at 37°C for ~40 min. Reaction progress was
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monitored by LC-MS analysis. When the ratio of Ub(1-75)-VS to the hydrolysed Ub-MesNa
product was ~1:1, with a minimum formation of the doubly coupled, Ub(1-75)-VS-VS
species, the reaction was quenched by addition of 20 uL 12 M HCI (~30 min). The
subsequent sample was diluted in 50 sodium acetate (pH 4.5) and applied to cation-exchange
chromatography on a 1 mL MonoS column (GE Healthcare) with a 10-35% linear gradient
between 50 mM sodium acetate (pH 4.5) containing 0 M and 1 M NaCl respectively. The
resulting fractions were analysed by LS-MS and Ub(1-75)-VS containing fractions were
pooled and applied to size-exclusion chromatography as above in buffer D.

For quantitative Parkin Ub-VS coupling, phospho-Parkin was purified as above where 10
mM DTT in buffer C was replaced with 5 mM TCEP. Phospho-Parkin and Ub-VS were
mixed at a 1:3 molar ratio and incubated at room temperature. Reaction progress was
monitored by LC-MS analysis and upon completion, the reaction was quenched by addition
of DTT. The resulting sample was purified using size-exclusion chromatography (buffer C).

Mass-spectrometry analysis

LC-MS analysis was carried out on an Agilent 1200 Series chromatography system coupled
to an Agilent 6130 Quadrupole mass spectrometer. Samples were eluted from a phenomenex
Jupiter column (5 Im, 300 A, C4 column, 150 x 2.0 mm) using an acetonitrile gradient

+ 0.2% (v/v) formic acid. Protein was ionised using an ESI source (3 kV ionisation voltage),
and spectra were analysed in positive ion mode with a mass range between 400 and 2,000
m/z. Averaged spectra were deconvoluted using Promass (Novatia, LLC) and plotted using
GraphPad Prism (version 7).

Limited proteolysis

7sParkin, phospho- 7sParkin, phospho- 7sParkin-pUb, and phospho- 7sParkin-pUb charged
with Ub-VS, were purified as described above. A 1 mg/mL protein solution was mixed with
5 ug/mL solution of elastase from the Proti-Ace Kit (Hampton research) and incubated for 1
h at room temperature. The reactions were quenched by addition of DTT- and
iodoacetamide-containing LDS buffer and resolved on a 4-12% SDS NuPAGE gradient gels
(Invitrogen) and stained with Instant Blue SafeStain (Expedeon).

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)

Complexes were formed on ice and incubated for 30 mins giving a final Parkin
concentration of 10 pM. Deuterium exchange reactions of Parkin and the different
complexes were initiated by diluting the protein in D,0 (99.8% (v/v) D,O ACROS, Sigma,
UK) in 25 mM Tris (pH 8.5), 200 mM NaCl, 1 mM TCEP to give a final D,0 percentage of
~95%. For all experiments, deuterium labelling was carried out at 23°C (unless otherwise
stated) at five time points, 0.3 seconds (3 seconds on ice), 3 seconds, 30 seconds, 300
seconds and 3000 seconds, in technical triplicate. The labelling reaction was quenched by
the addition of chilled 2.4% (v/v) formic acid in 2 M guanidinium hydrochloride and
immediately frozen in liquid nitrogen. Samples were stored at -80°C prior to analysis.

The quenched protein samples were rapidly thawed and subjected to proteolytic cleavage
with pepsin followed by reversed phase HPLC separation. Briefly, the protein was passed
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through an Enzymate BEH immobilised pepsin column, 2.1 x 30 mm, 5 um (Waters, UK) at
200 pL/min for 2 min, the peptic peptides were trapped and desalted on a 2.1 x 5 mm C18
trap column (Acquity BEH C18 Van-guard pre-column, 1.7 um, Waters, UK). Trapped
peptides were subsequently eluted over 11 min using a 3-43% gradient of acetonitrile in
0.1% (v/v) formic acid at 40 pL/min. Peptides were separated on a reverse phase column
(Acquity UPLC BEH C18 column 1.7 um, 100 mm x 1 mm (Waters, UK) and detected on a
SYNAPT G2-Si HDMS mass spectrometer (Waters, UK) over an m/z of 300 to 2000, with
the standard electrospray ionisation (ESI) source with lock mass calibration using [Glul]-
fibrino peptide B (50 fmol/pL). The mass spectrometer was operated at a source temperature
of 80°C and a spray voltage of 2.6 kV. Spectra were collected in positive ion mode.

Peptide identification was performed by MS® 36 using an identical gradient of increasing
acetonitrile in 0.1% (v/v) formic acid over 11 min. The resulting MS€ data were analysed
using Protein Lynx Global Server software (Waters, UK) with an MS tolerance of 5 ppm.

Mass analysis of the peptide centroids was performed using DynamX software (Waters,
UK). Only peptides with a score >6.4 were considered. The first round of analysis and
identification was performed automatically by the DynamX software, however, all peptides
(deuterated and non-deuterated) were manually verified at every time point for the correct
charge state, presence of overlapping peptides, and correct retention time. Deuterium
incorporation was not corrected for back-exchange and represents relative, rather than
absolute changes in deuterium levels. Changes in H/D amide exchange in any peptide may
be due to a single amide or a number of amides within that peptide.

Protein preparation for crystallisation

TEV-cleavable Parkin was purified as described above. An anion-exchange purified Parkin
sample (step 1) was incubated with Ub-3CBr in a 1:4 molar ratio and GST-PAPINK1 ina 9:1
molar ratio in phosphorylation buffer (10 mM ATP, 10 mM MgCl,, 200 mM NaCl, 50 mM
Tris (pH 8.5), 10 mM DTT) at a final Parkin concentration of ~70 uM, yielding a
phosphorylated, phospho-ubiquitin conjugated, TEV-cleavable Parkin sample (step 2). GST-
PHPINK1 was subsequently removed using Amintra glutathione resin (Expedeon). The
sample was subjected to Hisg-TEV cleavage overnight at 4°C (step 3). Hisg-TEV was
removed using Ni-NTA agarose (Qiagen), sample diluted in Buffer A and applied to anion-
exchange and size-exclusion chromatography as described above.

Ub(1-75)-MesNa was prepared as described previously 35. Ub-MesNa, stored in buffer D
(20 mM HEPES, 50 mM sodium acetate (pH 6.5), 75 mM NaCl) was incubated with 0.2
g/mL 3-bromopropylamine hydrobromide (Fluka) dissolved in PBS (pH 4.8) at 2:1 molar
ratio with final Ub(1-75)-MesNa concentration of 445 uM. The coupling was carried out on
ice for 30 min following addition of 50 uL 4 M NaOH to raise the pH to 10.5. The reaction
was quenched by addition of 12 pL of 12 M HCI and sample buffer exchanged using a
disposable PD-10 desalting column (GE Healthcare) into buffer C.

Crystallisation

Initial crystals were found from crystallisation experiments carried out at 18°C in a 96-well
sitting drop vapour diffusion plates in the MRC format (Molecular Dimensions) by mixing
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100 nL of 4 mg/mL protein solution with 100 nL reservoir solution. The crystallisation
condition of 12.5% (w/v) PEG 1000, 12.5% (w/v) PEG 3350, 12.5% (v/v) MPD, 0.03 M of
each sodium nitrate, disodium hydrogen phosphate, ammonium sulphate, 0.1 M MOPS/
HEPES-Na (pH 7.5) was found from the MORPHEUS screen (Molecular Dimensions).
Seeds were obtained from a fine screen and streak seeding was carried out in a hanging drop
format from an 8 mg/mL protein solution. Larger crystals were obtained after 6 days in the
original crystallisation condition. Crystals were soaked in mother-liquor supplemented with
10% (v/v) glycerol prior to vitrification in liquid nitrogen.

Data collection, phasing and refinement

Diffraction data was collected at the Diamond Light Source, beam line 1-24 (0.9686 A, 100
K), and processed using DIALS37. The crystal structure was determined by molecular
replacement in Phaser 38using the structure of the human Parkin core (pdb-id 5n2w, 6)
truncated after the IBR as well as a human Parkin Ubl structure (pdb-id 5¢1z, 19). The
structure was built at 1.80 A, in multiple rounds of model building in Coot 39 and
refinement in PHENIX40. Phenix ReadySet-derived geometry restraints for the 3CN
warhead were used, with external restraints defining the linkage points. Final Ramachandran
statistics: 98.9 % favoured, 1.1 % allowed, and 0 % outliers. Structural figures were
generated using PyMol (www.pymol.org). Data collection and refinement statistics can be
found in Extended Data Table 1.

Parkin activity assays

Ub-VS conjugation assays—Indicated Parkin variants stored in either DTT- or TCEP-
containing buffer were incubated with Ub-VS that was prepared as described above. The
reactions were quenched at indicated time points by addition of DTT- and iodoacetamide-
containing LDS buffer and resolved on a 4-12% SDS NuPAGE gradient gels (Invitrogen)
and stained with Instant Blue SafeStain (Expedeon)

Parkin assembly assays—phospho-Parkin wild-type or R104A (5 uM) buffer were
incubated in ubiquitination buffer (30 mM HEPES (pH 7.5), 100 mM NacCl, 10 mM ATP, 10
mM MgCl,) with HsSUBE1 (0.2 uM), UBE2L3 (2 uM) and Ub (20 uM). The reactions were
quenched at indicated time points by addition of DTT- and iodoacetamide-containing LDS
buffer and resolved on a 4-12% SDS NuPAGE gradient gels (Invitrogen) and transferred to a
PVDF membrane (BioRad). Membranes were blocked in a 5% (w/v) milk solution in PBS-T
(PBS + 0.1% (v/v) Tween-20) for 30 min and incubated overnight at 4 °C with a ubiquitin
recognizing antibody (Ubi-1, NB300-130, Novus Biologicals) in 5% (w/v) BSA in PBS-T
and 0.1% (w/v) sodium azide. The membrane was then washed with PBS-T, incubated for 1
h at room temperature with anti-mouse 19G-HRP (NXA931, GE Healthcare) in 5% (w/v)
milk in PBS-T, washed in PBS-T and visualised using the Amersham Western Blotting
Detection Reagent (GE Healthcare) and a ChemiDoc Touch Imaging System (BioRad).

E2~Ub discharge assays—The UBE2D3~Ub conjugate was generated by incubating
UBE2D3 (20 uM) with HsUBE1 (20 nM) and Ub (80 uM) in ubiquitination buffer
supplemented with 5 pM CacCls at 37°C for 10 min. To remove remaining ATP, 0.5 U of
Apyrase (NEB) were added and the reaction incubated at 30°C for 30 min. The discharge
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reaction was studied by addition of 1 uM phospho-Parkin wild-type or R104A to a diluted
charging reaction mixture (final UBE2D3 concentration was 9 uM). The reactions were
quenched at indicated time points by addition of DTT-free LDS buffer, while a final sample
was collected at 11 min in DTT-containing LDS buffer to assess the extent of isopeptide-
linked UBE2D3-Ub species formation. Samples were resolved on a 4-12% SDS NuPAGE
gradient gels (Invitrogen) and stained with Instant Blue SafeStain (Expedeon). The gel band
intensity was quantified in ImageJ by isolating the specific intensity of the UBE2D3~Ub
thioester band as indicated, subtracting the background of the final reduced sample and
normalized within each reaction.

Thermal denaturation assays

Protein melting curves were recorded on a Corbett RG-6000 real time PCR cycler (30°C to
85°C with 7 s per 0.5°C). Samples contained 4 uM Parkin protein and 4x SYPRO Orange in
ubiquitination buffer + 5 mM TCEP. Melting curves were obtained as the maxima of dAd 7
versus 7 plots. All data were recorded in triplicate.
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Extended Data

a autoinhibited Parkin (5¢c1z) [+ pUb-bound Parkin (5n2w)

TN

*
UPD, @l

REP occludes E2 binding site

helix pUBH
straightening

Ubl occludes E2 binding site

catalytic’

catalytic
Cys431

Cys431

Parkin
(core)

Open book view of
hydrophobic interface
RING2 between RING2 and UPD

Extended Data Figure 1. M echanisms of Parkin autoinhibition
a, Structure of autoinhibited, full-length human Parkin (pdb-id 5¢1z, 19) shown

schematically (fop, as in Fig. 1a) and in cartoon representation in the same colours. Two
insets show the UPD-RING2 interface (with Cys431 shows in ball-and-stick representation),
and the blocked E2 binding site (with the E2 position, modelled according to 5edv 29 shown
as grey surface). Zn ions are shown as grey spheres. b, An ‘open-book’ view on the UPD-
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RING2 interface, with hydrophobic residues coloured white on each surface. ¢, Structure of
phospho-ubiquitin bound to full-length Parkin (pdb-id 5n2w, 6) as in a. Phospho-ubiquitin
binding leads to helix straightening, and IBR domain repositioning, which releases the Ubl
domain for phosphorylation5,6. In the shown structures of unphosphorylated Parkin, the Ubl
and REP (red) inhibit E2 binding, and the RING2-UPD interface is intact, with Cys431
being inaccessible. The Ubl-UPD linker was removed from both crystallised constructs6,22.
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Extended Data Figure 2. Samples preparation for HDX-M S and selected raw data.
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a, Representative LC-MS spectrum of the prepared Ub-VS probe (see Online Methods).
Experiment has been performed in duplicate. b, Representative LC-MS spectrum of Ub-VS-
reacted phospho-Parkin. Experiment has been performed in duplicate. ¢, Samples used in
HDX-MS analysis. In HDX-MS, non-covalent complexes with phospho-ubiquitin were
used. Covalent complexes are indicated with a dash (*-*), thioester-based covalent complexes
by a tilde (‘~’), and non-covalent complexes by a colon (*:’). This is representative of at least
three independent experiments, for gel source data, see Supplementary Fig. 1. d, Relative
deuterium uptake (in Da) is shown for exemplary selected peptides across the Parkin
molecule, over the timecourse of the experiment. Each point for the technical replicate
experiments is shown. Data points were taken at identical time points, but are offset on the
x-axis for clarity.
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Extended Data Figure 3. Graphical representation of HDX-M S data.
Data from HDX-MS experiments (Fig. 1b-e) was plotted onto a stylised ‘open domain’

model of Parkin, with identical colouring (blue, more protected from solvent exchange
compared to previous state; red less protected from solvent exchange compared to previous
state). Grey regions correspond to peptides that were not covered or could not be analysed
due to modification.

Schematic domain representations indicate an average change of the corresponding
interfaces across all time points. White regions indicate no change.
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a, Parkin compared to Parkin:phospho-ubiquitin.

b, Parkin:phospho-ubiquitin compared to phospho-Parkin:phospho-ubiquitin

¢, phospho-Parkin:phospho-ubiquitin compared to phospho-Parkin:phospho-ubiquitin in
complex with UBE2L3-Ub isopeptide UBE2L3~Ub thioester mimetic (see Online
Methods). This experiment confirmed a previously reported binding site for the E2-
conjugated ubiquitin on the RBR6,29 (8).

d, phospho-Parkin:phospho-ubiquitin compared to Ub-VS-reacted phospho-Parkin:phospho-
ubiquitin. Reaction with Ub-VS leads to modification of the catalytic Cys431 containing-
peptide, generating non-identical peptides precluding comparison by HDX-MS. Low
coverage of the RING2 domain can be explained by ubiquitin resistance to pepsin cleavage,
leading to protection of the linked RING2 domain and subsequent peptide loss. To allow
comparison, these peptides were also omitted form analysis of the UBE2L3 sample.

In cand d, the structure representation is deceiving since REP and RING2 are highly mobile
and are no longer bound to the Parkin core. Indeed, the high HD exchange in the REP
sequence in active Parkin (see Fig. 1d, e, peptide (4) in Extended Data Fig. 2d) indicates an
additional loss of secondary structure in this helical element when REP and RING?2 are
released.
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Extended Data Figure 4. A conserved linker between Ubl and UPD.
Sequence alignment of Parkin, with domains coloured corresponding to 5n2w 6 as in

Extended Data Fig. 1. Phosphate binding pockets are labelled. The linker region between
Ubl and UPD (aa 76-143) contains two strings of highly conserved residues. Residues
upstream and downstream of the conserved region are unconserved both in sequence and
linker length. Thamnophis sirtalis (Ts, garter snake) Parkin shows the smallest number of
residues in the linker (upstream, 25 aa in human Parkin, 18 aa in 7sParkin; downstream, 18
aa in human Parkin, 11 aa in 7sParkin). See also Extended Data Fig. 8d.
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Extended Data Figure 5.

a, HDX-MS experiment comparing phospho- 7sParkin reacted with pUb-C3Br and phospho-
7sParkin reacted with pUb-C3Br and Ub-VS with identical colouring (blue, more protected
from solvent exchange; red less protected from solvent exchange; grey, not covered in all of
the compared states, see Fig. 1). The experiment was performed in technical triplicate. The
7sParkin profile is highly similar to the profile of human Parkin in an analogous state (Fig.
1e). Higher peptide resolution in this sample reveals protection of the RING2 interface by
reacted Ub-VS, but importantly, the C-terminus of RING2 that binds to the UPD interface is
surface exposed. Secondly, both phospho-Ubl and the Ubl-UPD linker are protected in
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activated Parkin. b, Limited proteolysis of 7sParkin with Elastase, in different stages of
activation. In unphosphorylated, autoinhibited 7sParkin, the Ubl is cleaved off in the Ubl-
UPD linker. In activated forms of 7sParkin (phospho- 7sParkin, phospho- 7sParkin reacted
with pUb-C3Br, phospho- 7sParkin reacted with pUb-C3Br and Ub-VS), the RING2 is
readily cleaved off, while the Ubl is not efficiently removed. this suggests that the Ubl-UPD
linker is not accessible in activated forms of 7sParkin. A representative gel from three
independent experiments is shown. For gel source data, see Supplementary Fig. 1. ¢, ATEV
cleavage site was introduced after the IBR domain, so that after activation by phospho-
ubiquitin and Ubl-phosphorylation, the released RING2 domain can be removed. Once
removed, RING2 is no longer stably associated with the remaining Parkin core. Shown is a
gel filtration profile illustrating this point. A representative profile from three independent
experiments is shown. d, SDS-PAGE analysis of sample preparation process (see Online
methods). An asterisk (*) denotes ubiquitin probe (Ub-C3Br) reacted material that modifies
the RING2 catalytic Cys, which explains the cleaved, probe-reacted RING2 band (* in step
3). A representative gel from three independent experiments is shown. For gel source data,
see Supplementary Fig. 1. e, HDX-MS experiment on 7sParkin, comparing phospho-
7sParkin reacted with pUb-C3Br with either phospho- 7sParkin reacted with pUb-C3Br and
Ub-VS (bottom) or with RING2-TEV cleaved phospho- 7sParkin reacted with pUb-C3Br
(top), colouring as in a. Identical profiles were obtained, showing that RING2 removal has
no effect on the activated core of Parkin. This further indicates that RING2 acts
independently of the Parkin core upon full activation. Notably, in both comparisons, we
observed concomitant protection of phospho-Ubl and the Ubl-UPD linker. The experiment
was performed in technical triplicate.
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Extended Data Figure 6.

a, LC-MS spectrum of crystallised human phospho-Parkin (aa 1-382) bound to phospho-
ubiquitin. This is representative of two independent experiments. b, Composite omit map
(generated with simulated annealing) shown for the single complex in the asymmetric unit.
2|F,|-|F¢| electron density is shown at 1e. ¢, Electron density as in b for the Ubl-UPD linker.
d, Electron density as in b for the Ser65 phospho-Ubl binding site on the UPD linker. e,
Electron density as in b for the Ser65 phospho-Ub binding site. Since we are missing
electron density for disordered regions in Ubl-ACT and ACT-UPD linkers, there is a remote
possibility that the phospho-Ubl may interact in trans with a neighbouring Parkin molecule,
which we cannot exclude.
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Extended Data Figure 7. The phospho-Ubl binding site on the UPD

a, Side by side view of phospho-Parkin-pUb (/ef?) and Parkin-pUb (pdb-id 5n2w, 6, right),
and superposition of both (below). The green Ubl domain changes position by >50 A. b,
E2~Ub from the structure of HOIP RBR domain in complex with UBE2D2~Ub29, was
modelled onto phospho-Parkin-pUb, by superposition of the RING1 domains of each
complex. The E2-conjugated ubiquitin molecule in the ‘open’ conformation binds to the
previously recognised cryptic ubiquitin binding interface on RING1/IBR 6. The contact
points correlate with HDX-MS data (Fig. 1d, Extended Data Fig. 2, 3). ¢, HDX-MS data
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from Fig. 1e was plotted onto the phospho-Parkin-pUb structure with identical colouring
(blue, more protected from solvent exchange; red less protected from solvent exchange;
grey, not covered in all of the compared states, compare Fig. 1). Protected regions on UPD
match the observed phospho-Ubl interface. d, HDX-MS experiments comparing a Parkin
mutant with a mutation in the phospho-acceptor binding site on the UPD, (phospho-Parkin
K211N:phospho-Ub) compared with phospho-Parkin:phospho-Ub, coloured as in ¢. The
mutant is unable to protect the Ubl, and to release RING2 and REP. Experiments were done
as technical triplicate.
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Extended Data Figure 8. A regulatory role of the Parkin Ubl-UPD linker.
a,b, E2 discharge assay resolved on a Coomassie stained SDS-PAGE gel (a) and quantified

from band intensities (b) for phospho-Parkin and phospho-Parkin R104A. This is
representative of at least two independent experiments, for gel source data, see
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Supplementary Fig. 1. The mutation in the ACT element leads to lower discharge activity,
suggesting that the residue is required to dislodge RING2 from the Parkin core. ¢, Parkin
R104A is equally stable as compared to wild-type Parkin, in the unphosphorylated or
phosphorylated form. Thermal denaturation experiments were performed as technical
triplicate.

d, Sequence detail of the Ubl-UPD linker, which contains the here described ACT element.
In the ACT element as bound to phospho-Parkin-pUb, the positions for two annotated (in
PhosphoSitePlus) Parkin phosphorylation sites, Ser101 and Ser108, are resolved.
Phosphorylation of Ser101 decreases Parkin activity41, which is likely explained by
phosphorylation preventing phospho-Ubl and/or linker binding to the UPD. It is hence
highly likely that phosphorylation of Parkin on these residues provides additional layers of
Parkin regulation that remain to be uncovered in future work. As an example, Parkin
phosphorylation by PKA was recently reported to be a mechanism of Parkin inhibition in
beige-to-white adipocyte transition, although phosphorylation sites remained unclear 42.
Residues before the ACT element (aa 73-99), and after the ACT element, (aa 109-142) are
disordered in our structure. The last ordered residue, Ser108, is tantalisingly close to the
REP binding site as well as to the phospho-ubiquitin binding pocket, but disorder suggests
that clear binding sites for other conserved linker residues, in particular for the Parkin
GLAVIL motif, are not present. HDX-MS also does not reveal additional protection of the
linker, even when the E2~Ub conjugate is bound, suggesting that the GLAVIL motif may not
bind the E2 (Fig. 1, Extended Data Fig. 2, 3). On the other hand, there are at least three
additional annotated phosphorylation sites, Ser116, Ser131 and Ser13615,41,43,44,
suggesting that the second part of the linker may also be regulated. Phosphorylation on these
residues could change its ability of the disordered parts of the linker to interact with Parkin
in cis. For example, we would speculate that a phosphorylated Ser116 could e.g. reach the
phosphate binding pocket occupied by phospho-Ser65 of ubiquitin. Alternatively, the
remaining Ubl-UPD linker may be important for substrate recruitment, or involved in other,
PINK1-independent mechanisms of Parkin activation.

Extended Data Table 1
Data collection and refinement statistics.

Values in parentheses are for highest-resolution shell.

phospho-Parkin (1-382) - phospho-Ub

Data collection
Space group P3,21
Cell dimensions

a b c(A) 83.93, 83.93, 105.12

a B () 90, 90, 120
Resolution (A) 72.69 -1.80 (1.84 — 1.80)
Rimerge 0.065 (0.773)
/ol 13.80 (2.40)
Completeness (%) 100.00 (99.30)
Redundancy 6.7 (6.7)
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phospho-Parkin (1-382) - phospho-Ub

Refinement
Resolution (A)
No. reflections / test set 40229 / 2020

59.79-1.80

Ruork ! Riree 0.180/0.205
No. atoms
Protein 3039 (398 aa)
Ligand/ion 41
Water 165
B-factors
Protein 45.05
Ligand/ion 66.19
Water 46.94

R.m.s. deviations
Bond lengths (A) 0.008
Bond angles (°) 1.19

*
Values in parentheses are for highest-resolution shell.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain rearrangementsin Parkin, resolved by HDX-MS.
a, Cartoon of Parkin activation. Left, Parkin is autoinhibited by several mechanisms (red

circles)7-9. Middle, phospho-ubiquitin binding to Parkin releases the Ubl domain, but most
mechanisms of autoinhibition remain5,6. Right, after Ubl phosphorylation, Parkin is fully
active (green circles), but a structure of active Parkin has not been reported. Also see
Extended Data Fig. 1. b-e, HDX-MS difference map with the shortest peptides covering any
given region, coloured from blue (more protected from exchange compared to previous
state) to red (more accessible to solvent exchange), peptides for grey coloured regions could
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not be analysed (see Extended Data Fig. 3d). The five rows per sample indicate different
time lengths for HD exchange (0.3 s, 3's, 30 s, 300 s and 3000 s). All experiments were
performed with human full-length Parkin, as technical triplicates. See Extended Data Fig. 2
and 3 for raw data and structural mapping, respectively. b, Difference between Parkin and
Parkin bound to phospho-ubiquitin. ¢, Difference between Parkin:phospho-ubiquitin and
phospho-Parkin:phospho-ubiquitin. d, Difference between phospho-parkin:phospho-
ubiquitin, and phospho-Parkin:phospho-ubiquitin in complex with a non-dischargeable
UBE2L3-Ub complex (see Online Methods). e, Difference between phospho-
Parkin:phospho-ubiquitin and phospho-Parkin:phospho-ubiquitin charged with Ub-VS (see
Online Methods).
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Figure 2. Structure of the phosphorylated Parkin core

a, Schematic for obtaining a crystallisable phosphorylated Parkin core. Scissors indicate the
introduction of a tobacco etch virus (TEV) protease cleavage site after the IBR domain (aa
382). b, Crystal structure at 1.80 A of the human phosphorylated Parkin core lacking
RING2, bound to phospho-ubiquitin. Phosphorylated residues are shown in ball-and-stick
representation. A cartoon representation akin Fig. 2a is shown to the right. Also see
Extended Data Fig. 6 and Extended Data Table 1.
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Figure 3. The Parkin UPD - phospho-Ubl interaction.
a, Structural detail of the binding site between Parkin phospho-Ubl (green) and UPD (blue).

Key residues are shown, and phospho-Ser65 is highlighted. Grey spheres indicate Zn atoms,
and hydrogen bonds are shown as dotted lines. b, Ub-VS probe reactivity of the RING2
catalytic Cys residue with Parkin:phospho-ubiquitin, phospho-Parkin, or phospho-Parkin
K211N. The experiment was done in duplicate with identical results, for gel source data, see
Supplementary Fig. 1. ¢, HDX-MS analysis of phospho-Parkin:phospho-ubiquitin in
comparison to phospho-Parkin K211N:phospho-ubiquitin. The C-terminal peptide profiles
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are compared, see Extended Data Fig. 7d for overall data. The RING2 C-terminus remains
solvent protected in the phospho-Parkin K211N background. Technical triplicates are shown
for all time points. d, Superposition of Parkin-pUb (5n2w, 6), and phospho-Parkin-pUb
showing relative positions of the RING2 (cyan surface) and phospho-Ubl (green surface),
respectively, on the UPD domain.
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Figure 4. An Activating element (ACT) in Parkin.

a, Structural detail of the ordered Activating element (ACT) within the Parkin phospho-Ubl-
UPD linker. Three hydrophobic ACT residues bind the hydrophobic UPD groove, and polar
ACT residues contact the phospho-Ubl. b, Superposition of the ACT with RING2 (5n2w, 6,
semi-transparent) in the same orientation as in a. Hydrophobic ACT residues mimic RING2
interactions. ¢, Ub-VS charging assay of phospho-Parkin, and phospho-Parkin variants
lacking the ACT (A101-109) or the second conserved hydrophobic linker sequence
(A116-123). Experiments were performed in duplicate with identical results, for gel source
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data, see Supplementary Fig. 1. d, Ub-VS charging assay as in c, for phospho-Parkin wild-
type (wt) or R104A mutant. Patients with Parkin R104W suffer from AR-JP31. Experiments
were performed in duplicate with identical results, for gel source data, see Supplementary
Fig. 1. e, Activity of phospho-Parkin wild-type (wt) and R104A in vitro, with UBE2L3 as
the E2 enzyme. The reaction was resolved by SDS-PAGE and Western blotted for ubiquitin.
A representative gel of three independent experiments is shown. For source data, see
Supplementary Fig. 1. f, Model of the sequential domain rearrangements required for full
Parkin activation, extended from 3 (also see Fig. 1a). In autoinhibited Parkin, the Ubl, REP
and RING2 assume inhibitory positions. Phospho-ubiquitin binding induces MOM
localisation, repositioning of the IBR domain and release of the Ubl domain.
Phosphorylation of Parkin allows the phospho-Ubl domain and ACT element to bind to the
UPD, to replace and release the RING2 and REP, enabling MOM protein ubiquitination.
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