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ABSTRACT: E3 ubiquitin ligases are essential enzymes in the ubiquitination pathway responsible for the
recognition of specific E2 conjugating enzymes and for transferring ubiquitin to a substrate targeted for
degradation. In autosomal recessive juvenile Parkinson’s disease, an early onset form of Parkinson’s disease,
point mutations in the E3 ligase parkin are one of the most commonly observed traits. Parkin is a
multidomain E3 ligase that contains an N-terminal ubiquitin-like domain that interacts with, and effects
the ubiquitination of, substrates such as cyclin E, p38 and synphilin. In this work we have examined the
folding and structure of the parkin ubiquitin-like domain (Ubld) and of the protein with two causative
disease mutations (K48A and R42P). Parallel experiments with the protein ubiquitin were done in order
to determine if the same mutations were detrimental to the ubiquitin structure and stability. Despite similar
folds between the parkin Ubld and ubiquitin, urea unfolding experiments show that the parkin Ubld is
surprisingly∼10.6 kJ/mol less stable than ubiquitin. The K48A mutation had little effect on the stability
of the parkin Ubld or ubiquitin indicating that this mutation contributes to defective protein-protein
interactions. In contrast, the single point mutation R42P in parkin’s Ubld caused poor expression and
degradation of the protein. To avoid these problems, a GB1-Ubld fusion protein was characterized by
NMR spectroscopy to show that the R42P mutation causes the complete unfolding of the parkin Ubld.
This observation provides a rationale for the more rapid degradation of parkin carrying the R42P mutation
in ViVo, and its inability to interact with some substrate proteins. Our work provides the first structural
and folding insight into the effects of causative mutations within the ubiquitin-like domain in autosomal
recessive juvenile Parkinson’s disease.

Autosomal recessive juvenile Parkinsonism (ARJP1) is an
early onset familial form of Parkinson’s disease (PD) that is
clinically indistinguishable from the more prevalent idio-
pathic form of PD. Mutations in ARJP patients have been
identified in several genes, although the most commonly
mutated gene encodes an E3 ubiquitin-protein ligase termed
parkin (1-3). Mutations in parkin account for approximately
50% of all ARJP cases. E3 ligases such as parkin are essential
enzymes in the ubiquitination pathway. This pathway culmi-
nates with the covalent attachment of the small, 76 amino
acid protein ubiquitin to one or more of the lysine side chains
of a cellular protein. The modification is an essential
biochemical process that signals or regulates protein degra-
dation via the 26S proteasome and non-proteolytic processes
such as cell cycle and cell division, activation and silencing
of transcription, endocytosis and DNA repair (4-6). Three
enzymes in this pathway (E1, E2 and E3) transfer the
ubiquitin protein to its final destination on the targeted
protein. The E3 enzymes play an important role in mediating

the transfer of ubiquitin onto the target protein through their
interaction with both the E2 enzyme and substrate and
provide the specificity for target protein recognition.

Parkin is a multidomain E3 ligase consisting of 465 amino
acids and 5 distinct domains including an N-terminal
ubiquitin-like domain (Ubld) followed by a unique parkin
specific domain (UPD) and two C-terminal RING domains
separated by an in-between RING (IBR) domain. The
C-terminus of parkin has been shown to function in conjunc-
tion with the E2 ubiquitin conjugating enzymes UbcH7 (3)
and UbcH8 (7) leading to ubiquitination of substrates such
as cyclin E (8), p38 (9) and synphilin (10). The N-terminal
domains, Ubld and UPD, while not directly involved in E2
interactions, have both been shown to be essential for the
ligase activity of parkin since deletion or mutation of these
domains results in impaired E3 ligase activity (3, 11-13).
The Ubld from parkin has been shown to be involved in
many specific interactions. Two of these interactions involve
binding to the ubiquitin interacting motifs (UIMs) found in
the proteasomal subunit S5a and the endocytic protein Eps15
(14, 15). Data has also shown that the Ubld participates in
interactions with the F-box/WD repeat protein hSel-10 thus
implicating parkin’s involvement in an SCF-like ubiquitin
ligase complex (8). The Ubld shares 32% sequence identity
with ubiquitin as well as a similar three-dimensional fold.
Integral Ublds are a common feature in many multidomain
proteins whose other domains are involved in diverse
processes (16, 17). Some representative members include
hPLIC-2 (DSK2 in yeast) involved in spindle body duplica-
tion, Bag1 a chaperone protein, and the E3 ligases, parkin
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and HOIL-1 involved in ubiquitination (1, 18-20). Although
this domain is structurally similar to ubiquitin, it does not
have the ability to be conjugated to other proteins as observed
for ubiquitin.

Mutations associated with ARJP are found throughout the
parkin protein. The effects of the disease state mutations
localized to the Ubld have been shown to decrease the
stability of the full-length parkin protein although to date
conflicting evidence has been presented for the effects of
the mutations on E3 ligase activity (11, 21, 22). In all of
these studies it has not been possible to distinguish whether
the observations arise from mutations causing structural
alterations in parkin and/or are a result of disrupted protein
interactions with E2 enzymes or potential substrates. One
reason for this uncertainty has been the inability to purify
parkin, its constitutive domains and especially proteins
containing disease-causing mutations. To date, only the
parkin Ubld (14) and IBR (23) domains have been purified
and had their three-dimensional structures determined. In
addition, while some mutated forms of the parkin IBR
domain have been isolated and characterized (23), similar
approaches have failed for the Ubld mutant containing
proteins. In this work we have examined the structure and
stability of wild-type Ubld and the protein carrying the R42P
(UbldR42P) and K48A (UbldK48A) disease-state mutations (24,
25). Parallel experiments have been carried out with ubiquitin
since ubiquitin carries a similar fold as the Ubld. Despite
this structural similarity the parkin Ubld is surprisingly much
less stable than ubiquitin. Further, our results show that the
R42P mutation causes the global unfolding of the parkin
Ubld and significantly decreases the stability of ubiquitin.
To show this conclusively for parkin, a fusion protein for
the parkin UbldR42P in tandem with the immunoglobulin
binding protein domain for protein G (GB1) was expressed,
purified and characterized by NMR spectroscopy. In the
absence of the GB1 domain the UbldR42P protein could not
be isolated. This work provides evidence that this ARJP
disease state mutation results in the drastic alteration of the
Ubld structure leading to dysfunction of the protein in the
ubiquitination pathway.

EXPERIMENTAL PROCEDURES

Cloning.The DNA fragment encoding the Ubld (residues
1-77) of human parkin was cloned into theNdeI andBamHI
sites of the pET44a vector (Novagen). For expression with
an in-frame N-terminal GB1 fusion the DNA fragment
encoding the Ubld (1-77) was cloned into theNheI and
XhoI sites of the GEV1 vector (26), a generous gift from
Dr. M. Clore (NIDDK, Bethesda, MD). Ubiquitin from
Saccharomyces cereVisiae was expressed from a pET3a
vector as previously described (27). The mutants R42P,
K48A in both Ubld and ubiquitin proteins were created using
the QuikChange Site-Directed Mutagenesis Kit (Stratagene,
La Jolla, CA).

Protein Expression and Purification.All Ubld constructs,
GB1, GB1 fusion proteins and mutants of ubiquitin were
overexpressed in the BL21(DE3) Codon PlusEscherichia
coli strain. The bacteria were grown at 37°C overnight in
LB media (10 mL) containing the antibiotic carbenecillin
(50 µg/mL) and chloramphenicol (34 mg/mL). The culture
was diluted 1:100 in LB media (10 mL in 1 L) containing

the same antibiotics. Expression was induced at an OD600

of 0.6-0.7 by the addition of 1 mM IPTG and allowed to
grow overnight at 15°C with constant shaking. Ubiquitin
was expressed in the BL21(DE3)pLysSEscherichia coli
strain. The bacteria were grown at 37°C overnight in LB
media (10 mL) containing the antibiotic carbenecillin (50
µg/mL) and chloramphenicol (34 mg/mL). The culture was
diluted 1:100 in LB media containing the same antibiotic
and induced when an OD600 of 0.4 was reached by the
addition of 0.4 mM IPTG. The cells were allowed to grow
for 4 h at 37°C with constant shaking. For the production
of 15N-labeled proteins, cells were grown in M9 minimal
media containing 1.0 g/L15NH4Cl. Ubiquitin and its mutant
proteins were purified using a HiTrap Q XL column,
followed by size exclusion chromatography at pH 8 as
previously described (27). All Ubld constructs were purified
using similar chromatographic methods except that the pH
was increased to 9.0 and 1 mM DTT was added. The isolated
GB1 domain was purified on an IgG sepharose column
(Amersham) and eluted with 0.5 M sodium acetate pH 3.5
as previously described (26). The integrity of all proteins
was confirmed by electrospray ionization mass spectrometry
(Biological Mass Spectrometry Laboratory, University of
Western Ontario).

Protein Unfolding Experiments.Stock denaturant solutions
were made of 10 mM KH2PO4, 1 mM EDTA, 1 mM DTT
and 9 M urea at pH 7.0. The urea stock solution concentration
was determined by refractometry (28). Protein samples for
unfolding experiments were prepared by combining aliquots
from a series of protein stock solutions with appropriate
dilutions of urea and buffer to provide the desired urea
concentration. Samples were equilibrated overnight at 5°C.
Protein stock concentrations were determined by their
extinction coefficient in guanidine hydrochloride (29).

Unfolding experiments were conducted by urea and
thermal denaturation and monitored by circular dichroism
spectropolarimetry using a Jasco J-810 instrument (Biomo-
lecular Interactions and Conformations Facility, University
of Western Ontario). Protein concentrations ranged from 20
to 80µM. For each urea concentration, spectra for 10 scans
(250-190) were recorded and averaged at 5°C. For the
thermal unfolding experiments the temperature was increased
from 5 °C to 100°C at both 30°C and 50°C per hour. A
1 mm path length cell was used and the buffer background
was subtracted. All unfolding experiments were conducted
in duplicate.

Data Analysis.The chemical unfolding data recorded by
circular dichroism spectropolarimetry were analyzed using
the program GraphPad Prism version 4.0 (GraphPad Soft-
ware) on an Apple iMac G3 computer. The unfolding
transitions were fit according to a two-state unfolding curve
using eqs 1-3 (30) whereF is the population of the folded
protein,U is the population of the unfolded protein andKu

is the equilibrium constant for unfolding.

F a U (1)

Ku ) [U]/[F] (2)

Ku ) exp((∆Gu
H2O + m[D])/(-RT)) (3)

Yobs) (Yf + YuKu)/(1 + Ku) (4)
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The free energy difference (∆Gu
H2O) between the folded and

unfolded forms of the protein and the slope of the unfolding
transition (m) were determined by a nonlinear global analysis
of multiple data sets for the dependence of the observed CD
signal (Yobs) as a function of urea concentration ([D])
according to eq 4 (31). The baselines prior to (Yf) and
following (Yu) the unfolding transition were also fit to the
linear relationships shown in eqs 5 and 6 wheremf andmu

are the slopes of the pre- and post-unfolding transition and
Yf

0 and Yu
0 are the intercepts for the folded and unfolded

states respectively.

CD data were fit by measuring the ellipticity at both 222
and 230 nm as a function of urea concentration at 278 K.
Initial fits of the data showed that the pre- and post-transition
slopes (mf, mu) were very close to zero. As a result these
parameters were set to 0 during final fitting so as to prevent
unrealistic fits.

In addition to ∆Gu
H2O the midpoint of each unfolding

curve where 50% of the protein was unfolded (D50%) was
determined by incorporating∆Gu

H2O ) m(D50%) into eq 4
(32). The value of D50% has been shown to be very
reproducible (33) and provides a more accurate representation
of the differences in stability between the wild-type and
mutant proteins (∆∆Gu

D50%) according to

where∆D50% is the difference betweenD50% for the wild-
type and mutant proteins respectively andmj is the average
slope for the two proteins (32).

NMR Spectroscopy.NMR experiments were performed on
a 600 MHz Varian Inova spectrometer equipped with a13C-
enhanced triple resonance cold probe. Sensitivity enhanced
1H-15N HSQC spectra (34) were recorded at 25°C on15N-
labeled Ubld, GB1, GB1-Ubld and GB1-UbldR42P, samples
in 10 mM KH2PO4, 1 mM EDTA, 5 mM DTT, 30µM DSS,
10% D2O at pH 7.0. All spectra were processed with
NMRPipe (35) software using a cosine-squared function in
1H and15N to minimize artefacts in the spectra and analyzed
by using NMRView (36).

Size Exclusion Chromatography.All samples were pre-
pared in 10 mM KH2PO4, 1 mM EDTA, 1 mM DTT at pH
7.0. For each experiment, (500µL) samples were injected
onto a Superdex 75 column (Amersham) equilibrated in the
same buffer and run at room temperature at a flow rate of
0.5 mL/minute. The absorbance at 280 nm was used to
determine protein elution volumes.

RESULTS

The three-dimensional structure of the parkin Ubld has
been determined by NMR spectroscopy at 30°C (14). The
structure comprises aâ-grasp fold (Figure 1) containing
a five-strand â-sheet (â1, H11-V15; â2, I2-F7; â3,
R42-F45; â4, K48-L50; and â5, Q64-V70) and two
R-helices (R1, I23-R33; R2, Q57-D60), characteristic of
other ubiquitin-like domains such as hPLIC-2 and hHR23a

(37, 38). Several mutations found in patients with autosomal
recessive juvenile Parkinson’s disease are found in the parkin
Ubld. Two such mutations, R42P and K48A, are found at
the N-termini of sheetsâ3 andâ4 respectively. The structure
of ubiquitin (Figure 1) is very similar to the parkin Ubld
comprising fiveâ-sheets (â1, G10-V17; â2, M1-T7; â3,
Q40-F45; â4, K48-L50; andâ5, E64-R72), one regular
R-helix (R1, I23-E34) and anR-helix-like turn (L56-Y59).
These structural similarities result in a backbone rmsd of
1.38 Å between the two proteins when considering the
common sections of theâ-sheet regions. Due to this strong
similarity in the protein folds in parkin’s Ubld and ubiquitin,
the ARJP mutations R42P and K48A were constructed in
both proteins to determine the differences these mutations
make in their structures and stabilities.

Parkin Ubld Has a Lower Stability Compared to Ubiquitin.
The folded states of the parkin Ubld and ubiquitin were
initially characterized by CD spectropolarimetry. At 5°C
the CD spectrum of ubiquitin had well-defined minima at
208 and 225 nm (Figure 2A), consistent with its three-
dimensional structure (Figure 1B) that showed approximately
21% R-helix and 43%â-sheet secondary structure content.
The minima present in the Ubld spectrum were shifted from
the ubiquitin spectrum and located at 204 and 222 nm. The
location of the minimum at 204 nm is characteristic of a
protein with greater random coil structure. The differences
in the two CD spectra also reflect the longerâ-sheets (â1,
â3 andâ5) observed in ubiquitin compared to the parkin
Ubld resulting in decreasedâ-sheet secondary structure con-
tent in the parkin Ubld (31%) compared to ubiquitin (43%).

Initial temperature studies monitored by CD and NMR
spectroscopy were used to determine the optimal temperature
for further experiments since no information on the stability
of the parkin Ubld was available. For the parkin Ubld a
decreased intensity for the 222 nm band was observed at
temperatures above 5°C (Figure 2B). Changes in the
1H-15N HSQC NMR spectrum were also noted as the
temperature was lowered to 5°C. The melting curves for
native parkin Ubld and ubiquitin indicated that the melting
temperature (Tm) for the parkin Ubld occurred around 65
°C which was significantly lower than ubiquitin where the
Tm occurred near 85°C (Figure 2B). As a result of the
temperature sensitive spectral changes noted for the parkin

Yf ) Yf
0 + mf[D] (5)

Yu ) Yu
0 + mu[D] (6)

∆∆Gu
D50% ) mj ∆D50% (7)

FIGURE 1: Ribbon drawings of the (A) parkin Ubld and (B)
ubiquitin. Each structure shows the positions of theâ-sheets (â1-
â5) andR-helices. The positions of the two mutations studied (R42P
and K48A) are indicated with sticks to designate the side chain
positions in the proteins. This figure was produced using the
program Pymol (47) and the PDB files for parkin Ubld (1IYF) (14)
and ubiquitin (1UBQ) (48).
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Ubld that might arise from unfolding or structural changes
in the domain we elected to do all further studies at 5°C.

Urea denaturation of the parkin Ubld, ubiquitin and their
mutants in 8 M urea revealed that the unfolded forms of
these proteins had characteristic CD spectra marked by near
zero ellipticity at 222 nm and a broad featureless minimum
near 230 nm (Figure 2A). Using these two wavelengths the
unfolding of each protein was examined as a function of
urea denaturant (Figure 3A). In all cases the observed
unfolding transitions were marked by smooth sigmoidal
curves indicative of a two-state unfolding process (eq 1),
although more complicated unfolding pathways have been
proposed for ubiquitin (39). The data show that there is a
clear difference between ubiquitin and the parkin Ubld
despite the similarities in their structures. Ubiquitin has a
transition midpoint (D50%) near 6.7 M urea while that of the
Ubld is much lower (4.85 M). However the slopes of the
unfolding curves for both proteins are comparable (Table 1)
indicating that the cooperativities for unfolding are probably
similar. Fitting of the data resulted in a free energy of
unfolding (∆Gu

H2O) for ubiquitin (24.5 kJ/mol) that was
approximately 10.6 kJ/mol higher than the parkin Ubld (13.9
kJ/mol). This increased stability of ubiquitin compared to
the parkin Ubld is in agreement with our thermal unfolding
observations.

Disease-State Mutations Dramatically Affect Ubiquitin and
Ubld Stabilities. The two selected ARJP disease-state muta-
tions R42P and K48A were created in the parkin Ubld as
well as in ubiquitin for comparative studies. In both proteins
the K48A mutation was found to have little effect on stability
compared to the wild-type sequences based on the similarities
of the D50% values (Table 1). In addition the slope of the
unfolding transitions for UbldK48A and UbK48A were nearly
identical to those for the parent proteins. This resulted in
∆∆Gu

D50% values of only 2.3 and 1.0 kJ/mol between the
K48A mutants and the Ubld and Ub wild-type proteins
respectively (Table 1).

In contrast to the UbldK48A and UbK48A proteins, the R42P
mutations in the parkin Ubld and ubiquitin had dramatic
effects on their expression and the cellular stabilities of these
proteins. For example, the UbldR42P was susceptible to
degradation at its N-terminus during expression and purifica-
tion. Analysis of the partly purified UbldR42Pprotein by mass
spectrometry indicated a loss of 1609 Da consistent with
proteolysis of the first 13 amino acids of the protein. Due to

FIGURE 2: CD spectra of parkin Ubld and ubiquitin. (A) The spectra show the CD data for Ubld in the folded (s), ubiquitin in the folded
state (- - -), and unfolded states (- ‚‚ -). All samples were composed of 80µM protein in 10 mM KH2PO4, 1 mM EDTA, pH 7 at 5
°C and the addition of 1 mM DTT for the parkin Ubld. The unfolded spectrum of ubiquitin was collected in the presence of 8.5 M urea.
(B) Thermal denaturation of the Ubld (s) and ubiquitin (- - -) monitored by CD at 222 nm. Samples were prepared under identical
conditions as described above.

FIGURE 3: Unfolding curves for parkin Ubld, ubiquitin and their
mutants. (A) Comparison of the denaturation curves for the Ubld
(1) and ubiquitin (]). (B) Denaturation curve for Ubld (1) and
K48A (∆) mutant. (C) Denaturation curve for ubiquitin (]), K48A
([) and R42P (3) mutants. In all cases, data was collected for
samples containing various amounts of urea that had been equili-
brated with the protein overnight. CD spectra were collected and
the ellipticity, measured at 222 and 230 nm, was converted to
fraction unfolded. The curves shown were globally fit to mul-
tiple data sets according to the equations described in the
Experimental Procedures section. The pre- and post-transition slopes
(mf, mu) were set to 0 during final fitting so as to prevent unrealistic
fits. All samples were composed of 20-80 µM protein in 10 mM
KH2PO4, 1 mM EDTA, pH 7 at 5°C and the addition of 1 mM
DTT for the parkin Ubld.
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the susceptibility to degradation of the UbldR42Pthe unfolding
of this protein could not be analyzed by CD spectropola-
rimetry. However, this vulnerability of UbldR42Pto degrada-
tion indicated a marked decrease in stability for this protein
in solution. In contrast, the UbR42Pprotein did not suffer from
proteolysis in solution. This was confirmed by unfolding
studies that showed a remarkable 3.6 M shift in its
denaturation midpoint (Figure 3C, Table 1). This resulted
in a ∆∆Gu

D50% about 14.1 kJ/mol lower for UbR42Pcompared
to the wild-type protein. Interestingly, the UbR42Pprotein had
a ∆Gu

H2O that was similar to that obtained for the wild-type
parkin Ubld. While not observed for UbR42P the increased
degradation during expression and purification of the parkin
UbldR42P indicates that at least a comparable 40% decrease
in stability might be expected for the Ubld rendering it more
susceptible to proteolysis.

The Disease State Mutation R42P in Parkin Unfolds Its
Ubiquitin-like Domain.The proteolytic susceptibility of the
UbldR42P indicated that significant alterations to the tertiary
structure of the protein had occurred. The degradation of
this protein was prevented by the creation of an N-terminal
fusion to the UbldR42Pprotein that encoded 56 residues from
the B1 immunoglobulin binding domain from protein G
(GB1) (26) and a 6 residue linker (GB1-UbldR42P). The
addition of the GB1 moiety allowed for the purification of
the construct and protected the Ubld from proteolysis as
determined by mass spectrometry (MWcalc 15451.3, MWobs

15451.4). To determine if any structural changes in the Ubld
occurred, or whether an interaction between the Ubld and
GB1 domains was evident, a wild-type GB1-Ubld protein
was also created and probed by size exclusion chromatog-
raphy and NMR spectroscopy. Initial size exclusion chro-
matographic experiments were aimed at examining changes
in the apparent protein size of GB1-Ubld compared to GB1-
UbldR42P(Figure 4). These experiments showed that the GB1-
Ubld eluted at a smaller volume compared to the GB1
domain alone, consistent with its increased size compared
to GB1. In contrast, the elution of the GB1-UbldR42P was
significantly perturbed from the wild-type fusion protein and
eluted at a much earlier volume. Despite the near identical
molecular weights of GB1-Ubld and GB1-UbldR42P this
difference in elution volume indicates that the GB1-UbldR42P

protein was behaving like a much larger species, consistent
with an unfolded or aggregated state.

A more detailed examination of the structural state of the
UbldR42Pwas completed using1H-15N HSQC NMR experi-

ments of the GB1, GB1-Ubld, and GB1-UbldR42P proteins.
Due to the small size of the GB1 tag (56 amino acids) and
the susceptibility of the UbldR42P to proteolysis all experi-
ments were completed without cleavage of the GB1 protein.
The spectra of the GB1-Ubld and the isolated GB1 domain
had well-dispersed peaks with line widths appropriate for
proteins in the 8-15 kDa range (Figure 5A). Superposition
of these two spectra showed that there was little change in
the peak locations for the GB1 moiety when present in the
GB1-Ubld fusion protein. Further, all of the resonances from
GB1 could be accounted for based on previously published
data for this protein (40). The data also showed that the
subspectrum of the parkin Ubld within in the GB1-Ubld
construct was easily identifiable when this spectrum was
compared to the1H-15N HSQC of the Ubld alone. The
disperse nature of the Ubld subspectrum indicated that the
Ubld was well folded. The similarity of chemical shifts for
both the GB1 and Ubld portions of the GB1-Ubld fusion
protein, compared to those in the individual domains,
provides strong evidence that the GB1 domain and Ubld have
little or no association within the GB1-Ubld fusion pro-
tein that would alter their structures. This showed that the
GB1-Ubld fusion system was a good model for detecting
the folded or unfolded state resulting from the R42P mutation
in the parkin Ubld. In contrast to the GB1-Ubld protein, the
1H-15N HSQC spectrum of the GB1-UbldR42P fusion had a
mass of peaks located in the central region of the spectrum
as well as a group of well-dispersed peaks (Figure 5B). These
features of the spectrum indicated that there were two distinct
regions within the GB1-UbldR42Pprotein, one region that was
unfolded and a second that was folded. The location of the
well-dispersed peaks was in excellent agreement with those
observed in the1H-15N HSQC spectrum of the isolated GB1
domain and the GB1 portion of the GB1-Ubld fusion protein,
indicating that this group of peaks belonged to the GB1
domain that maintained its native fold. The remaining peaks
that had little resemblance to the1H-15N HSQC of the folded
wild-type Ubld correspond to the UbldR42P. The nondisperse
nature of these peaks in the1H-15N HSQC spectrum and
their tight clustering between 8.0 and 8.5 ppm in the1H
dimension indicated that the UbldR42Pwas unfolded (Figure
5B). Together with the sensitivity to proteolysis, decreased
stability of the similar UbR42Pprotein and aberrant behavior
in size exclusion experiments, these results show that the
R42P mutation in the parkin Ubld causes this domain to
unfold.

Table 1: Free Energies of Unfolding Determined by Urea
Denaturation

protein
D50%

a

(M)
mb

(kJ‚mol-1‚M-1)
∆Gu

H2O

(kJ‚mol-1)
∆∆Gu

D50% c

(kJ‚mol-1)

Ub 6.71( 0.04 -3.7( 0.2 24.5( 1.5
K48A 6.44( 0.03 -4.0( 0.2 25.6( 1.1 -1.0( 0.2
R42P 3.13( 0.03 -4.2( 0.2 13.1( 0.6 -14.1( 0.5

Ubld 4.85( 0.06 -2.9( 0.2 13.9( 0.9
K48A 4.08( 0.05 -3.0( 0.2 12.1( 0.7 -2.4( 0.3
a TheD50% is the midpoint of unfolding.b The slopemand unfolding

free energy were measured using eqs 1-6 as described in the
Experimental Procedures. In all cases the pre- and post-transition slopes
(mu, mf) were set to 0.c ∆∆Gu

D50% was calculated according to the
equation ∆∆Gu

D50% ) mj ∆D50% relative to the respective wild-type
protein.

FIGURE 4: Size exclusion chromatography of the GB1 domain,
parkin Ubld and parkin UbldR42P. The elution profiles for the GB1
domain (- ‚‚ -), parkin GB1-Ubld (s), and parkin GB1-UbldR42P

(- - -). All samples were loaded on a Superdex 75 column in 10
mM KH2PO4, 1 mM EDTA, 1 mM DTT pH 7 at room temperature
and a flow rate of 0.5 mL/min.
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DISCUSSION

The native parkin Ubld and ubiquitin proteins share high
sequence similarity (62%) and identity (32%) (14) that is
also translated into their similar three-dimensional folds
(Figure 1). Despite these similarities, there are significant
differences between the stabilities of the wild-type proteins.
The stability of ubiquitin was about 24.5 kJ/mol at pH
7.0, a value similar to that reported previously (25.2, 28.9
kJ/mol) at pH 5.0 (41, 42). The stability of the parkin Ubld
(13.9 kJ/mol) is about 10.6 kJ/mol lower than ubiquitin. This
value is similar to at least one other ubiquitin-like protein,
SUMO-1 (43), indicating that the lower stability of ubiquitin-
like proteins may be an inherent property of these proteins
compared to ubiquitin. Therefore, mutations when present
in the parkin Ubld would be expected to have a larger impact
on protein stabilityin ViVo on the less stable Ubld than if
present in the more stable ubiquitin.

In this work we have examined the structures and
stabilities of the disease-causing mutations (R42P, K48A)
in the parkin Ubld, the first examples where the stabilities
of these proteins were determined using purified proteins.
Further, we found that preparing an N-terminal GB1 fusion
tag with the UbldR42Pmutant eliminated its degradation and
allowed isolation of the fusion protein with an intact Ubld.
This protein, as characterized by NMR spectroscopy, showed
that the UbldR42P was unfolded. The two PD causative
mutations (R42P and K48A) in the parkin Ubld resulted in
drastically different effects in protein stability that was
paralleled by the same mutations in ubiquitin. In both cases
the K48A mutation had only minor effects on protein
stability. This is perhaps not surprising since this residue
resides onâ-sheetâ4 in an exposed position. In parkin, the
region of the Ubld that includes Lys48 has been shown to
comprise the binding interface with the S5a proteasome
subunit (14). This interaction surface is also shared by other
ubiquitin-like domain proteins including hPLIC-2 (37) and
hHR23a (38). It might be expected that mutation of this
residue to alanine, as observed in some ARJP cases, causes
a disruption of the parkin interaction with the proteasome.
There have, however, been no reports to support this
hypothesis. In ubiquitin, the K48A mutation would undoubt-
edly be detrimental to its function since the Lys48 side chain

forms an isopeptide bond in polyubiquitin chain formation,
a signal for degradation by the 26S proteasome.

The R42P mutation causes the Ubld in parkin to globally
unfold and significantly destabilizes ubiquitin. Within the
three-dimensional structures of the parkin Ubld and ubiquitin
Arg42 resides near the N-terminus ofâ-sheetâ3. This sheet
traverses the central region of each protein possessing several
buried hydrophobic residues (V43, I44, F45 in Ubld, L43,
I44, F45 in ubiquitin) that stabilize the protein fold. Though
similar, the â-sheetâ3 in these two proteins is different
in length. In the parkin Ubldâ3 is only four residues
(R42-F45) compared to six residues (Q40-F45) in ubiq-
uitin. In the diseased state, the substitution of a proline at
the â-sheet initiating position Arg42 would cause the loss
of a hydrogen bond to Val70, in addition to eliminating side
chain interactions with Leu50 (â4) and Val70 (â5) across
the sheet. This is probably a strong contributor to the global
unfolding of the UbldR42P observed in this work. The
unfolding of the UbldR42Pwould likely contribute to a more
rapid degradation of parkin by the 26S proteasome. This idea
is supported by observed decreases in the steady-state levels
of the parkin protein containing the R42P mutation (11, 21)
and subsequent decreased E3 ligase activity. It has been
further shown that the lifetime of the R42P mutant can be
increased by the addition of the proteasome inhibitor MG132
(11). While the parkin Ubld has been shown to bind the S5a
subunit (14) of the 19S proteasome lid, the unfolding of the
UbldR42P mutant suggests that this binding is probably not
occurring during parkin degradation. However, degradation
of parkin could still occur directly by the 20S core of the
proteasome as demonstrated for other proteins (44, 45).
Consistent with this, a parkin mutant lacking the entire Ubld
is degraded more rapidly than the wild-type protein. Further
it has been shown that the C-terminus of parkin comprising
the IBR-RING domains interacts with subunitR4 of the 20S
proteasomal core (46). Alternatively, interaction of parkin
with the S5a subunit could be promoted through ubiquiti-
nation of parkin at a site other than the Ubld.

The parkin Ubld has been shown to interact with, and is
required for the polyubiquitination of, substrates p38 (9),
synphilin (10) and R-synuclein (12). The R42P mutation
causes a decrease in binding of parkin toward p38. Further,

FIGURE 5: 1H-15N HSQC spectra of the GB1 fusion proteins. Comparison of the (A) GB1-Ubld with the (B) GB1-UbldR42P. In both cases
the GB1-Ubld or GB1-UbldR42P protein is plotted in black contours while the isolated GB1 protein is shown in red contours. The spectra
were collected at 600 MHz in 10 mM KH2PO4, 1 mM EDTA, 1 mM DTT pH 6.8 at 25°C using protein concentrations of 800µM. Peaks
from the parkin Ubld were labeled according to the published assignment (14).
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parkin containing the R42P mutation was unable to pull down
o-glycosylatedR-synuclein (12). Our results show the R42P
mutant causes the complete unfolding of the Ubld. Thus the
decreased interactions with substrates such as p38 and
R-synuclein for the R42P mutant are likely a result of Ubld
unfolding rather than a modification of the binding site in a
structured domain. Taken together, our results show that the
R42P and K48A disease state mutations in the parkin Ubld
and observed in ARJP lead to dysfunction of the protein by
different mechanisms. The R42P mutation destabilizes the
domain leading to its complete unfolding and thereby
disrupting substrate and/or proteasome interactions. The
K48A mutation retains the Ubld but likely leads to a modified
interaction with the S5a subunit of the proteasome.
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