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Parkin is a multidomain E3 ligase associated with autosomal
recessive Parkinson disease. The N-terminal ubiquitin-like
domain (Ubld) of parkin functions with the S5a proteasomal
subunit, positioning substrate proteins for degradation. In addi-
tion the parkin Ubld recruits the endocytotic protein Eps15,
allowing theE3 ligase to ubiquinate Eps15distal from its parkin-
interacting site. The recognition sequences in the S5a subunit
and Eps15 for the parkin Ubld are ubiquitin-interacting motifs
(UIM). Each protein has two UIM sequences separated by a
50-residue spacer in S5a, but only �5 residues in Eps15. In this
work we used NMR spectroscopy to determine how the parkin
Ubld recognizes the proteasomal subunit S5a compared with
Eps15, a substrate for ubiquitination. We show that Eps15 con-
tains two flexible�-helices each encompassing aUIM sequence.
The �-helix surrounding UIM II is longer than that for UIM I, a
situation that is reversed from S5a. Furthermore, we show the
parkin Ubld preferentially binds to UIM I in the S5a subunit.
This interaction is strongly diminished in a K48A substitution,
found near the center of the S5a interacting surface on the par-
kinUbld. In contrast to S5a, parkin recruits Eps15 using both its
UIM sequences resulting in a larger interaction surface that
includes residues from �1 and �2, not typically known to inter-
act with UIM sequences. These results show that the parkin
Ubld uses differential surfaces to recruit UIM regions from the
S5a proteasomal subunit compared with Eps15 involved in cell
signaling.

Modification of proteins by ubiquitin is an essential bio-
chemical process that signals proteins for degradation via the
26 S proteasome and also for non-proteolytic processes such as
cell cycle and cell division, protein trafficking, endocytosis, and
DNA repair (1–3). Three enzymes in the ubiquitination path-
way (E1, E2, and E3) label a targeted proteinwith ubiquitin. The
E3 enzymes are important for mediating the transfer of ubiq-
uitin onto the target protein through their interaction with
both the E2 enzyme and substrate and provide the specificity
for target protein recognition. Autosomal recessive juvenile
parkinsonism (ARJP)2 is an early-onset familial form of the dis-

ease that is clinically indistinguishable from themore prevalent
idiopathic form of Parkinson disease. Mutations in several
genes have been identified in ARJP patients, although the most
commonly mutated gene encodes the E3 ubiquitin-protein
ligase parkin (4–6). Mutations in parkin account for �50% of
all ARJP cases. Parkin is a 465-residue multidomain E3 ligase
comprising an N-terminal ubiquitin-like domain (Ubld) fol-
lowed by a unique parkin-specific domain, two RING domains
(RING0, RING1), an in-between RING (IBR) domain, and a
C-terminal RING domain (RING2) (7, 8).Mutations associated
with ARJP are found throughout the parkin protein and have
profound affects on the folding and functionality of the protein.
For example, missense mutations in the C terminus of parkin
have been shown to disrupt its function with E2 ubiquitin-con-
jugating enzymes UbcH7 (6) and UbcH8 (9) leading to alter-
ations in the ubiquitination levels of substrates such as cyclin E
(10), p38 (11), and synphilin (12).
TheN-terminal Ubld domain in parkin although not directly

involved in E2 interactions has been shown to be essential for
the ligase activity of parkin because deletion ormutation of this
domain results in impaired E3 ligase activity (6, 13–15). Disease
state mutations localized to the Ubld have been shown to cause
different effects. For example, a R42P substitution in the Ubld
causes complete unfolding of the domain (16), whereas other
mutations havemuch smaller affects on the domain stability (5,
13, 17). Mutations that do not affect the stability of parkin have
been suggested to disrupt protein interactions with E2
enzymes, other modulating proteins or substrates. The three-
dimensional structure of the parkin Ubld (18, 19) shows it
shares a similar three-dimensional fold as ubiquitin, although
like other Ublds it does not have the ability to be conjugated to
other proteins as observed for ubiquitin. Rather, the function of
theUbld is proposed to act as a protein adapter withinmultido-
main proteins allowing the other domains to carry out a diverse
array of processes (20, 21). Representative Ubld-containing
members include hPLIC-2 (Dsk2 in yeast) that uses its N-ter-
minal Ubld, collagen-like, and ubiquitin-associated domains
for spindle body duplication and hHR23a/b (Rad23 in yeast)
involved in nucleotide excision repair, which has at least four
distinct domains including an N-terminal Ubld, two ubiquitin-
associated domains, and a region identified as the binding site
for the repair protein XPC (22–24). Parkin along with HOIL-1
are the only proteins identified to date that possess aUbld along
with multiple RING domains important for ubiquitination.
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Parkin, as well as hPLIC-1, hPLIC-2, and hHR23a/b have been
shown to interact with the 26 S proteasome (17, 18, 25–27)
through their Ublds by possibly acting to recruit substrates tar-
geted for degradation to the proteasomemachinery.Within the
26 S proteasome, the parkin Ubld has been shown to interact
with the S5a subunit of the 19 S regulatory particle. In addition,
recent evidence shows that parkin can interact with the endo-
cytic protein Eps15 (18, 28). In this role the Ubld is suggested to
position parkin to facilitate monoubiquitination of Eps15 at a
distal site. Ubiquitination of Eps15 has been proposed to com-
pete with the parkin Ubld for binding leading to the displace-
ment of the parkin protein allowing for parkin to be recycled for
other ubiquitination pathways. The ubiquitination of Eps15,
however, precludes Eps15 from interacting with the epidermal
growth factor receptor allowing for prolonged signaling
through the phosphatidylinositol 3-kinase-Akt pathway, which
is important for neuronal survival (28).
The interaction of the parkin Ubld with the 19S regulatory

subunit S5a and Eps15 is mediated by ubiquitin-interacting
motifs (UIM) (29). These short sequences display alternating
patterns of large and small side chain amino acids frequently
adjacent to acidic residues (30). In particular the S5a subunit
and Eps15 each contain two UIMs near their C termini. Many
proteins havemultiple copies of theUIMpositioned in tandem,
although spacing of the UIMs is irregular and the requirement
for specific UIMs for binding to a specific protein is not clear.
For example, in Eps15 only the secondUIM is needed to recruit
ubiquitin (31, 32), whereas deletion or substitution in either
UIM sequence abrogates the parkin Ubld interaction (28). Sim-
ilarly, it has been suggested that both UIM sequences from S5a
are required for interactionwith theUbld fromparkin (18). The
interaction of parkin with ubiquitin is unknown. A preference
for ubiquitin interaction to the secondUIM is present in the S5a
subunit (33), whereas the hPLIC-1 Ubld interacts primarily
with the S5a first UIM sequence (17). Little information is
available showing how parkin differentiates between UIM
sequences in the S5a proteasomal subunit and in Eps15, a
ubiquitination target.
In this work we have determined that parkin uses two differ-

ent modes to distinguish between the UIM sequences in S5a
and Eps15. In S5a, the Ubld of parkin interacts primarily
through UIM I. This interaction is diminished in the K48A
substitution in parkin, reported to result from amissensemuta-
tion in ARJP (34). For Eps15, we have used NMR spectroscopy
to show the UIM-contacting region of Eps15 has a similar
structure as S5a (33), comprising two separated �-helices. In
contrast to S5a, however, both Eps15 UIM sequences are
required for parkin binding that use an enlarged Ubld protein
interaction surface not observed previously for Ubld-UIM
coordination.

EXPERIMENTAL PROCEDURES

Cloning—The DNA fragments encoding the UIMs from
human S5a-(196–309) and human Eps15-(846–896) were
cloned into a modified pET21a vector (Novagen) containing a
His6 C-terminal tag. The pET21a vector was modified to
include a tobacco etch virus protease cleavage site before the
C-terminal His6 tag. Ubiquitin from Saccharomyces cerevisiae

was expressed from a pET3a vector as previously described
(35). The parkin Ubld and UbldK48A proteins were expressed
from a pET44a vector as previously described (16). All mutants
were created using the QuikChange Site-directed Mutagenesis
kit (Stratagene, La Jolla, CA).
Protein Expression and Purification—The Ubld, UbldK48A,

and the UIM-containing regions from S5a and Eps15 were
overexpressed in the Escherichia coli BL21(DE3) Codon Plus
strain. The bacteria were grown at 37 °C overnight in 2� YT
medium (10 ml) containing the antibiotic carbenecillin (50
�g/ml) and chloramphenicol (34 mg/ml). The culture was
diluted 1:100 in 2�YTmedium (10ml in 1 liter) containing the
same antibiotics. Expression was induced at an A600 of 0.6–0.7
by the addition of 0.7 mM isopropyl 1-thio-�-D-galactopyrano-
side and allowed to grow overnight at 15 °Cwith constant shak-
ing. Ubiquitin was expressed in the E. coli BL21(DE3)pLysS
strain. The bacteria were grown at 37 °C overnight in LB
medium (10 ml) containing the antibiotic carbenecillin (50
�g/ml) and chloramphenicol (34 mg/ml). The culture was
diluted 1:100 in LBmedium containing the same antibiotic and
induced when an A600 of 0.4 was reached by the addition of 0.4
mM isopropyl 1-thio-�-D-galactopyranoside. The cells were
allowed to grow for 4 h at 37 °C with constant shaking. For the
production of 15N,13C-labeled proteins, cells were grown inM9
minimal media containing 1.0 g/liter of 15NH4Cl and 2.0 g/liter
of [13C]glucose. Ubiquitin andUbld constructs were purified as
previously described (16, 35). The UIMs from S5a and Eps15
were expressedwith aHis6 tag and purified using aNi-NTA fast
protein liquid chromatography affinity column (GE Health-
care) followed by cleavage of the His6 tag with tobacco etch
virus, and then reloaded onto the Ni-NTA column. Further
purification was achieved by size exclusion chromatography.
The integrity of all proteins was confirmed by electrospray ion-
ization mass spectrometry (UWO Biological Mass Spectrome-
try Laboratory).
S5a Binding Assays—Purified His6-tagged S5a-(196–309)

was mixed with untagged Ubld, UbldK48A, or ubiquitin at a 1:2
molar ratio, respectively, in a total volume of 600 �l and placed
on a rotating shaker at 4 °C for 1 h. Themixturewas then loaded
onto a Ni-NTA spin column (Qiagen) pre-equilibrated in bind-
ing buffer (20mM sodiumphosphate, 10mM imidazole, 300mM

NaCl, pH 8). The column was washed twice with 600 �l of
binding buffer and then eluted (20 mM sodium phosphate, 250
mM imidazole, 300mMNaCl, pH 8). Elution samples were frac-
tionated by electrophoresis in a polyacrylamide gel and stained
with Coomassie Brilliant Blue dye. This process was repeated
for experiments using His6-tagged S5a-(196–309) and
untagged ubiquitin and UbldK48A and also for His6-tagged S5a-
(196–309)UIMII-5A and untagged Ubld. Protein concentrations
were determined by their extinction coefficient in guanidine
hydrochloride (36).
NMR Spectroscopy—NMR experiments were performed on

600 MHz Varian Inova spectrometers equipped with either a
13C-enhanced triple resonance cold probe withZ gradients or a
xyz gradient, triple resonance probe. Standard pulse sequences
from the Varian BioPack package were used. 1H chemical shifts
were referenced directly to internal 4,4-dimethyl-4-silapen-
tane-1 sulfonic acid at 0 ppm, and the 13C and 15N chemical
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shifts were indirectly referenced from this value (37). HNCA
and CBCA(CO)NH (38, 39) experiments were recorded on an
15N,13C-S5a-(196–309)UIMII-5A sample and analyzed to obtain
sequence-specific 1HN, 15N, 13C�, and 13C� backbone assign-
ments for the residues that shifted due to the 5-alanine substi-
tution. HNCA, HNCACB, CBCA(CO)NH, and HNCO experi-
ments were recorded on wild-type Eps15-(846–896). The data
were analyzed to obtain sequence-specific 1HN, 15N, 13C�,
13C�, and 13C� backbone assignments. All spectra were pro-
cessed with NMRPipe (40) software using a 60° shifted cosine-
squared function in 1H and 15N to minimize artifacts in the
spectra and analyzed by using NMRView (41). Chemical shift
index analysis (42) was performed using H�, C�, and C� chem-
ical shifts for Eps15-(846–896).
Titration Experiments—A solution of 15N-labeled parkin

Ubld (0.5 mM) was prepared in 10 mM KH2PO4, 1 mM EDTA, 1
mM dithiothreitol, 150 mM NaCl, 30 �M 4,4-dimethyl-4-sila-
pentane-1-sulfonic acid, 10%D2O, pH7.0. Aliquots froma con-
centrated solution of unlabeled S5a-(196–309) (3 mM) in the
samebufferwere added to amaximum2.5 eq of S5a-(196–309):
Ubld. Sensitivity enhanced 1H-15N HSQC spectra (43) were
recorded at 25 °C for each S5a-(196–309) addition. Chemical
shift perturbations in the Ubld were measured for each residue
as a function of addition of S5a-(196–309), and analyzed by
non-linear regression and global fitting using Prism 4 software
to obtain equilibriumdissociation constants. Experimentswere
repeated using 15N-labeled S5a-(196–309) (0.5 mM) and unla-
beled Ubld (3 mM). Identical experiments were conducted for
15N-labeled Ubld (0.5 mM) and unlabeled Eps15-(846–896) as
well as the reciprocal experiment. The change in chemical shift
was measured according to the equation ((0.2 � ��N

2) �
��H

2))1/2, where��N and��H represent the change in nitrogen
and proton chemical shifts (in parts per million) upon protein
addition.
Isothermal Titration Calorimetry—Experiments were car-

ried out on a MicroCal VP-ITC isothermal titration calorime-
ter. All purified protein samples were dialyzed into 10 mM

KH2PO4, 1mM tris(2-carboxyethyl)phosphine, 150mMNaCl at
pH7.0. For titrations, purified Eps15-(846–896) andUbldwere
prepared to 4.98 mM and 269 �M, respectively, using dialysis
buffer, and each was degassed prior to titration. Ubld was
loaded into the cell (�1.4ml) and Eps15-(846–896) was loaded
into the syringe. Titration of the UIMs was performed at 25 °C
starting with an initial injection (3 �l), followed by 65 larger
injections (5 �l), with spacings of 300 s. The sample cell was

stirred at 300 rpm throughout the experiment. The buffer blank
performed under the same conditions showed negligible heats
of binding (�0.010 �cal/s). The dissociation constant (Kd) and
stoichiometry of binding (N) were obtained by non-linear least
squares fitting of the parkin Ubld versus the UIMs data to a
one-sitemodel providedwith the data analysis software (Origin
7). Baselines were subtracted automatically using Origin soft-
ware. Titration of purified Eps15-(846–896)with ubiquitinwas
done under identical conditions. All protein concentrations were
determined in triplicate by amino acid analysis (AdvancedProtein
Technology Centre, The Hospital for Sick Children) and their
extinction coefficient in guanidine hydrochloride (28).
Circular Dichroism Spectropolarimetry—CD spectra were

collected on a Jasco J-810 instrument (Biomolecular Interac-
tions and Conformations Facility, University of Western
Ontario). Spectra for 10 scans (250–190) were recorded and
averaged at 25 °C. A 1-mm path length cell was used and the
buffer background was subtracted.
Cross-linking Experiments—Samples of Eps15-(846–896),

parkin Ubld, and the cross-linker bis-sulfosuccinimidyl suber-
ate were prepared in 10 mM KH2PO4, 1 mM tris(2-carboxyeth-
yl)phosphine, 150 mM NaCl at pH 7.0. For cross-linking exper-
iments, solutions of Eps15-(846–896) (60 �M) and/or Ubld (60
�M) in the presence and absence of 10-fold excess bis-sulfosuc-
cinimidyl suberate were incubated at room temperature. Sam-
ples were removed every 15 min, quenched with 20 mM Tris
buffer, and analyzed by SDS-PAGE.

RESULTS

The three-dimensional structure of a fragment of the S5a
proteasomal subunit that contains two UIM sequences (resi-
dues 196–306; S5a-(196–309)) has been previously deter-
mined by NMR spectroscopy (33). The structure comprises a
non-compact arrangement of three well structured �-helical
regions connected by flexible linker regions (Fig. 1). The first
helix spans residues Pro214–Glu245, and contains the first UIM
motif 216LALAL220 (UIM I). The third helix spans residues
Leu278–Gln296, and contains the second UIM motif
287IAYAM291 (UIM II). Acidic residues surround both UIMs
(30) and are involved in binding interactions (Fig. 1A). The
ubiquitin-like domains from hPLIC-1 and hHR23a/b interact
differently with the S5a-(196–309) region. For example,
hHR23a binds with high affinity (12�M) to onlyUIM II (33, 44),
whereas hPLIC-1 binds selectively to UIM I (17). It has been
suggested that the preference for binding is a result of the UIM

FIGURE 1. UIM regions in the proteasomal subunit S5a and the endocytotic protein Eps15. A, sequence alignment of the UIM containing regions from
Homo sapiens S5a and Eps15 (30). The sequence of S5a, containing a 5-alanine substitution in the second UIM S5a-(196 –309)UIMII-5A is also shown. The UIM motif
identified by Hofmann and Falquet (30) is shown below, where � is a large hydrophobic residue, e/d denotes a preference for an acidic residue, and X is any
amino acid. The constructs used in this work extend from residues 196 –309 in S5a (S5a-(196 –309)) and 846 – 896 in Eps15 (Eps15-(846 – 896)). A box with inset
numbers indicates the number of residues in the inter-UIM linker for S5a and Eps15. B, ribbon drawing of the three-dimensional structure of S5a-(196 –309)
(Protein Data Bank code 1YX4) (33) highlighting the regions (red) for the central hydrophobic regions of UIM I and II. This figure was produced using the
program PyMOL (52).
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amino acid composition that best accommodates the individual
Ubld (33).Unlike S5a,wheremore than 50 residues separate the
UIM sequences, the UIM regions in Eps15 are very close
together (Fig. 1). There is little structural information about
this region in Eps15 or how the Ubld in parkin recognizes the
UIMsequences in Eps15 or the S5a proteasomal subunit. In this
work the secondary structure for the UIM-containing region of
Eps15 was determined and the differences in the interaction
between Eps15 and S5a with the parkin Ubld identified. This
datamay help distinguish how the parkinUbld targets a protein
for degradation via the S5a subunit in the 26 S proteasome
comparedwith an adapter role assisting in the ubiquitination of
a substrate (Eps15).
The Parkin Ubld Interacts with UIM I from S5a—To deter-

mine whether the parkin Ubld interacts with one or both UIMs
in the S5a subunit we used NMR spectroscopy to characterize
the interactions between the Ubld and an S5a fragment (S5a-
(196–309)) containing both UIM sequences. All of the reso-
nances from the 1H-15N HSQC of S5a-(196–309) could be
accounted for based on previously published data for this pro-
tein (44). We incrementally titrated a solution of 15N-labeled
S5a-(196–309) with unlabeled parkin Ubld, and acquired
standard 1H-15N HSQC experiments at each titration point
(Fig. 2). The chemical shift changes were plotted and perturba-
tions were identified for UIMs I and II. From this data it was
clear that residues in UIM I were perturbed to a much greater
extent than those in UIM II. For example, residues Ser211 and
Ala212 in UIM I shifted �0.3 ppm in the 15N dimension com-
pared with �0.1 ppm for Met291 and Met293 in UIM II (Figs. 2
and supplemental S1). Furthermore, the magnitude of the
chemical shift changes observed for UIM II is much smaller
than observed for its binding to hHR23a (26). The change in
nitrogen chemical shift for residues around UIM I (Gly207,
Ser211, Ala212, and Glu215) could be fit to a one-site binding
equation with a Kd of 217 	 51 �M (Fig. 2 and Table 1). This
dissociation constant is very similar for other UIMs interacting
with Ublds, which are generally low affinity and in the range of
10–500 �M (39). In contrast, attempts to fit the residues near
UIM II (Met291 and Met293) yielded a much poorer binding
curve with an apparent Kd �� 2000 �M. To confirm that only
UIM I was required for the interaction with the Ubld of parkin,
we introduced a five-alanine substitution in UIM II
(287IAYAM291 substituted to 287AAAAA291; S5a-(196–
309)UIMII-5A). The alanine substitution was selected to main-
tain the�-helical structure of theUIMwhile abolishing binding
of the UIM similar to that previously reported for S5a-(196–
309) when binding to ubiquitin (45). The 1H-15NHSQC of S5a-
(196–309)UIMII-5A showed no gross structural changes from
the substitutions in UIM II as only the substituted residues and
their neighbors experienced chemical shift perturbations (Fig.
2). A solution of purified Ubld was then titrated into a 15N-
labeled S5a-(196–309)UIMII-5A sample and an 1H-15N HSQC
was recorded for each addition. Little change in the chemical
shifts for the alanines or surrounding residues in UIM II were
noted, whereas the chemical shift changes in the UIM I
remained similar to the wild-type S5a-(196–309) (Figs. 2D and
supplemental S1). Using residues near UIM I (Gly207, Ser211,
Ala212, and Glu215) a Kd of 121 	 24 �M was determined for

S5a-(196–309)UIMII-5A binding to the parkinUbld (Fig. 2, Table
1). The increased affinity ofUIM I for theUbldwhen the second
UIM is removed suggests that the presence of UIM II could be
interfering with the binding of UIM I to the Ubld at the high
protein concentrations used. A similar experiment using a
UIM I mutant, S5a-(196–309)UIMI-5A was monitored by NMR
spectroscopy using 15N-labeled S5a-(196–309)UIMI-5A with
increasing amounts of parkin Ubld (data not shown).We noted
some residues such as Ser202, Thr273, and Thr251 experienced
line broadening perhaps suggestive of a weaker interaction,
although residues Ser211 andAla212, which shift in thewild-type
S5a, do not change significantly. However, little difference was
noted for residues near UIM II similar to observations for both
wild-type S5a-(196–309) or S5a-(196–309)UIMII-5A. These
experiments re-affirm that the S5a UIM I region is the major
site of interaction with the parkin Ubld but that replacement of
the three central hydrophobic residues with alaninemay not be
sufficient to completely abolish binding.
To determine the interacting surface on the parkin Ubld for

the S5a subunit we monitored the chemical shift changes for
Ubld residues using a 15N-labeled Ubld sample titrated with
unlabeled S5a (Fig. 3A). The peaks were easily tracked through-
out the titration to their final position after the addition of 2.5
eq of S5a-(196–309). Several residues had chemical shift per-
turbations that were more than double the average perturba-
tion including Phe4 and Phe13 at the N terminus, Arg42–Ile44 in
�3, Ala46, Lys48, Glu49, and Arg51 in �4, Leu61 in the �2-�5
linker, and Ile66–Val67 in �5, and Arg75 at the C terminus. One
of themost perturbed residues was Lys48, which had a chemical
shift change of nearly 2 ppm in the 15N dimension. The largest
chemical shift changes were mapped onto the surface of the
parkin Ubld to obtain the interaction surface for S5a (Fig. 3B).
Most residues were localized primarily on the five-strand
�-sheet face of the Ubld with little perturbation of the long
�-helix positioned on the backside of the domain. A contiguous
surface containing residues Phe13, Arg42–Ile44, Ala46, Lys48,
Glu49, Arg51, Leu61, Ile66–Val67, Gln71, and Arg75 is formed on
the parkin Ubld used for the interaction of UIM I in S5a.
The observation that the UIM I region of S5a and the region

surrounding Lys48 in the Ubld are necessary for interaction was
assessed by affinity pulldown experiments. Fig. 4 shows that
purified His6-tagged S5a-(196–309) bound to Ni-NTA suc-
cessfully pulled down untagged parkin Ubld (lane 4). Further-
more, the His6-tagged S5a-(196–309)UIMII-5A pulled down
similar amounts of the Ubld compared with the wild-type S5a-
(196–309) (lane 6). In contrast, negative control experiments
using His6-tagged S5a-(196–309) and ubiquitin showed no
detectable binding (lane 10) similar to results obtained by Wang
and co-workers (33). Due to the large perturbation of Lys48 in the
Ubld of parkin during NMR experiments, we tested the require-
ment for this residue in the interaction with S5a-(196–309). As
shown inFig. 4, theUbldcontaining the single alanine substitution
(K48A) interacted poorly with S5a-(196–309) (lane 8). Because
UbldK48A retains a similar structure and stability as the wild-type
protein (16) this experiment shows that Lys48 in the parkinUbld is
an important residue for S5a interaction.
Eps15 Contains Two �-Helical UIM Regions—Because little

structural information is available for the UIM-containing
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region of Eps15, a 50-amino acid construct of this protein con-
taining both UIM regions (residues 846–896; Eps15–846-
896)) was created and analyzed by NMR spectroscopy and cir-
cular dichroism spectropolarimetry. The 1H-15N HSQC
spectrumof Eps15-(846–896) showed a dispersed series of res-
onances indicative of a folded protein and allowed the back-
bone assignment for Eps15-(846–896) to be completed (Fig. 5).

Circular dichroism spectropolarimetry of purified Eps15-
(846–896) showed the presence of well defined minimums at
206 and 225 nm indicative of a proteinwith about 40%�-helical
structure (Fig. 5). The �-helical regions for Eps15-(846–896)
were identified using NMR assignments for the C�, H�, and C�
atoms and the chemical shift index (42). This analysis (Fig. 5C)
showed two distinct �-helical regions in Eps15-(846–896)

FIGURE 2. Parkin Ubld interacts with UIM I in S5a. Selected regions of the 600 MHz 1H-15N HSQC spectra showing the interaction of the parkin Ubld with
15N-labeled (A) S5a-(196 –309) or (B) S5a-(196 –309)UIMII-5A. In both figures the S5a-(196 –309) (or S5a-(196 –309)UIMII-5A) is shown in the absence of parkin Ubld
(black contours) and presence of 2 eq of parkin Ubld (red contours). The spectra were collected using 500 �M S5a protein in 10 mM KH2PO4, 1 mM EDTA, 1 mM

dithiothreitol, 150 mM NaCl, pH 7, at 25 °C. The spectrum of S5a-(196 –309) was assigned according to triple resonance experiments and published work (44).
The spectrum of S5a-(196 –309)UIMII-5A was assigned by triple resonance NMR methods. Spectra are presented at different contour levels to account for line
broadening in the S5a proteins upon Ubld addition. Binding curves based on NMR titration data are shown in C and D. In C the S5a-(196 –309) titration data is
plotted and fit using peaks near UIM I (Ser211 and Ala212) and UIM II (Met291 and Met293) In D, the S5a-(196 –309)UIMII-5A titration data are plotted using residues
from UIM I only (Ser211 and Ala212). The sequence of the S5a UIM regions is shown in E with the portion of the linker region between Arg230 and Lys262 omitted
for clarity.
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encompassing UIM I (Glu852–Ser863) and UIM II (Arg870–
Ala887). Both helices cover the UIM regions and several resi-
dues toward their N termini. The shorter �-helix includes UIM
I, whereas a significantly longer �-helix surrounds UIM II. This
observation is opposite that found for S5a where a longer helix
encompassing UIM I and UIM II is found in the shorter helix.
Furthermore, the linker region between the helices in Eps15 is
about 40 residues shorter compared with S5a. On the surface,
these two distinctions suggest that interactions between the
parkin Ubld with Eps15 should differ from those of S5a.
The Parkin Ubld Interacts with Both UIMs from Eps15-

(846–896)—To identify the binding surface for Eps15-(846–
896) with the parkin Ubld, a solution of purified 15N-labeled
Ubldwas incrementally titratedwith a solution of purified unla-
beled Eps15-(846–896) andmonitored by 1H-15NHSQC spec-
troscopy (Fig. 6). As with the S5a interaction the most per-
turbed residues were Ala46 and Lys48 in the Ubld whose
chemical shifts were changed by more than 1.8 ppm in the
nitrogen dimension. Other residues had chemical shift changes
that were more than double the average perturbation (0.050)
including Phe4, Val5, Phe7, Ser10, His11, Val43, Ile44, Ala46,

Lys48–Glu49, Leu61–Gln64, Ile66–His68, and Val70. Within this
group were several residues that did not undergo significant
shifts upon S5a binding including Val5, Phe7, Ser10, His11,
Asp62–Ser65, His68, and Val70 (Fig. 7). In addition many peaks
underwent much larger shifts in the Ubld in the presence of
Eps15 compared with S5a. When these residues were mapped
to the surface of the parkinUbld (Fig. 6) it was clear that amuch
larger contiguous binding regionwas presented comparedwith
that observed for S5a. This included the C-terminal region of
�1 through the linker and into �2, regions not utilized by the
S5a proteosomal subunit. The Eps15 interaction with the Ubld
of parkin was determined by globally fitting four residues
(Gly47, Ile44, Phe45, and Gln64), whose chemical shifts could
be tracked throughout the titration to a Kd of 139 	 19 �M.
This was confirmed using isothermal titration calorimetry
(ITC) experiments that showed a Kd of 193 	 30 �M (see
Table 1).

1H-15N HSQC titration experiments using 15N-labeled
Eps15-(846–896) and unlabeled parkinUbld showed that large
chemical shift changes were noted in and near both UIM I and
II of Eps15 (Fig. 8). For example, residues Ser851, Trp858, and
Ser863 near UIM I and Ser889, Ser891, Glu892, and Glu895 in UIM
II exhibited obvious changes upon Ubld binding. This observa-
tion is in contrast to the S5a interaction with the parkin Ubld
where binding was noted preferentially to UIM I. In Eps15 sev-
eral residues also experienced line broadening caused by the
increased rotational correlation time of the complex, likely
reflecting residues directly at the Eps15-Ubld interface. The
residues included Ser863, Arg873, Ala887, and Ser891, all of which
experienced significant chemical shift perturbations ranging in
the nitrogen dimension from 0.23 ppm for Arg873 to 1.02 ppm

FIGURE 3. The parkin Ubld binding surface for UIM I of S5a-(196 –309). A, selected regions of the 600 MHz 1H-15N showing the interaction of S5a-(196 –309)
with 15N-labeled parkin Ubld. The spectra show the parkin Ubld in the absence of S5a-(196 –309) (black contours) and presence of 2 eq of S5a-(196 –309) (red
contours). Spectra are presented at different contour levels to account for line broadening in the Ubld protein upon S5a-(196 –309) addition. B, ribbon and
surface drawing of the parkin Ubld showing the interacting surface for UIM I in S5a. The surface is colored according to the magnitudes of the chemical shift
changes ((0.2 � ��N

2) � ��H
2))1/2 observed in NMR experiments resulting from the interaction with the S5a-(196 –309). Residues that shifted more than 0.5 S.D.

above the average chemical shift change (0.024 ppm) are indicated in red. This figure was produced using the program PyMOL (52) using the human parkin
Ubld structure (Protein Data Bank 1IYF) (18).

TABLE 1
Binding affinities of the parkin Ubld with S5a and Eps15 proteins

Protein (cell)a Protein (titrant)b Kd Technique

�M

Ubld S5a-(196–309) 233 	 60 NMR
S5a-(196–309) Ubld 217 	 51c NMR
S5a-(196–309)UIMII-5A Ubld 121 	 24c NMR
Ubld Eps15-(846–896) 139 	 19 NMR
Ubld Eps15-(846–896) 193 	 30 ITC

a Protein (cell) denotes the protein in cell (ITC) or 15N-labeled protein (NMR).
b Protein (titrant) denotes the protein in the syringe (ITC) or unlabeled (NMR).
c Residues from UIM I (Gly207, Ser211, Ala212, and Glu215) were used.

Parkin Interactions with S5a and Eps15

JANUARY 8, 2010 • VOLUME 285 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1429



for Ala887 and in the proton dimension from 0.01 for Ser863 to
0.08 for Ser891 (Fig. 8). The observation that both UIM
sequences in S5a exhibited chemical shift changes raised the
possibility that Eps15-(846–896) was interacting withmultiple
Ubld proteins akin to the mechanism proposed by Sims and
Cohen (46) for the interaction of the UIMs in Rap80 with mul-
tiple ubiquitin molecules. To test this, we performed chemical
cross-linking experiments with the parkin Ubld and Eps15-
(846–896) (supplemental Fig. S2). These experiments revealed
that Eps15-(846–896) had a high propensity to form 1:1 com-
plexes with the parkin Ubld with little evidence for a 2:1 (Ubld-
Eps15) complex evident.

DISCUSSION

The UIM-containing region from the endocytotic protein
Eps15 was determined to have two �-helical segments sepa-
rated by a 7-residue linker. A shorter �-helix (Glu852–Ser863)
encompasses UIM I, whereas a longer helix (Arg870–Ala887)
contains UIM II. The �-helical nature of the individual UIM
regions is similar to that observed for other known UIM
sequences from Vps27, hHR23, Hrs, and S5a (26, 37, 41–43). It
is also interesting that Eps15 displays one �-helix that is clearly
longer (UIM II) than the other, a common characteristic
observed in the three-dimensional structures of the tandem
UIM sequences from the proteolytic subunit S5a (33) and the

FIGURE 4. A substitution in the Ubld binding surface impairs S5a interac-
tion. His6-S5a-(196 –309) or His6-S5a-(196 –309)UIMII-5A were incubated with 2
molar eq of the parkin Ubld, UbldK48A, or ubiquitin for 1 h and then loaded
onto a Ni-NTA spin column. Following elution from the column the samples
were fractionated on a Tricine gel and then stained with Coomassie dye. The
figure shows the purified proteins His-S5a-(196 –309) (lane 1), parkin Ubld
(lane 3), parkin UbldK48A (lane 7), and ubiquitin (lane 9); purified His6-S5a-
(196 –309) (lane 2) and His6-S5a-(196 –309)UIMII-5A (lane 5) after elution from
the Ni-NTA column; and bound parkin Ubld with His6-S5a-(196 –309) (lane 4)
and His6-S5a-(196 –309)UIMII-5A (lane 6), His6-S5a-(196 –309) with parkin
UbldK48A (lane 8), and His6-S5a-(196 –309) with ubiquitin (lane 10). Molecular
weight markers are shown at the right of the gel.

FIGURE 5. The UIM regions in Eps15 are found in two distinct �-helices. A, 600 MHz 1H-15N HSQC spectrum showing the assignment of Eps15-(846–896). Peaks
that could not be assigned are labeled (*). B, CD spectrum of Eps15-(846–896) at 25 °C shows the minimums at 206 and 222 nm indicative of the �-helical structure.
C, secondary structure of Eps15-(846–896) determined from chemical shift index analysis (35) of NMR assignment data for H�, C�, and C� resonances. Symbols are
used to denote �-helical (F), �-sheet (f), or random coil (E) structures. The consensus �-helical structure identified is shown above the Eps15 sequence.
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endosome-sorting protein Vps15 (47). However, the shorter
linker between the two helices in Eps15 makes it distinct from
these other proteins where the two UIM-containing �-helices
are separated by �30 and �40 residues, respectively.
Eps15 Has a Unique Arrangement of UIM Motifs—Our

results show that both UIM I and II in Eps15 are involved in
interaction with the parkin Ubld. This finding agrees well with
experiments that show mutation to either UIM in Eps15 abol-
ishes the interaction with parkin and reduces its ability to ubiq-
uitinate Eps15 at a distal site (28). The use of both UIM regions
by Eps15 is unique compared with other known Ubld-UIM
interactions. For example, UIM II from the S5a subunit has
been shown to preferentially bind to hHR23a using a series of
deletion constructs (25). Furthermore, the ubiquitin-like
domain from hPLIC-1 (ubiquilin-1) has been shown to interact
with UIM I from Eps15 (48) and UIM I from yeast Rpn10a (17),
a homolog of human S5a. The interaction of hPLIC-2 with the
S5a subunit has also been observed (27). Although this study
did not identify whether UIM I or II was utilized, the high sim-
ilarity of the Ubld regions for hPLIC-2 and hPLIC-1 (95% iden-
tity) suggests a preference for UIM I is likely.
The structure of the hHR23a-S5a complex has been deter-

mined using NMR spectroscopy (26) and shows the major
sites of interaction with the S5a UIM II arise from residues
along �5 flanked by the C termini of �1 and �3 where the
largest changes in chemical shift were also noted in hHR23a.
Using chemical shift mapping the residues in the parkin
Ubld most sensitive to Eps15 binding comprise similar
regions but also include �2, the linker preceding �5 and
nearly all of �1. This leads to a more extensive surface on the
Ubld of parkin compared with that of hHR23a. In addition,

the parkin Ubld interaction surface is also more extensive
that that identified in this work for the interaction of UIM I
from S5a. It is likely that close spacing of the two UIM-
containing helices in Eps15 is responsible for this differential
interaction with the Ubld of parkin that may correspond to
its unique function. Parkin is capable of ubiquitinating both
Eps15 and S5a (28, 49). However, these previous experi-
ments show that ubiquitination of Eps15 requires its recruit-
ment via both UIM sequences by the Ubld of parkin. It is
possible this mechanism is used to distinguish trafficking
substrates such as Eps15 via monoubiquitination from sub-
strates destined for degradation requiring a polyubiquitin
signal (28, 31).
Rationale for the Preference of Parkin for S5a UIM I—Our

experiments show the parkin Ubld interacts preferentially with
UIM I from S5a. In contrast, previous experiments using the
individual UIM regions from Rpn10 (S5a) showed no detecta-
ble binding to parkin using NMR spectroscopy (18). This result
may suggest that the lengths of the individual UIM constructs
used may contribute to the strength of the interaction. In our
case we utilized substitutions in UIM II rather than deletions to
confirm the interaction. Alternatively there could be a second-
ary area outside the central hydrophobic regions of UIM I
(LALAL) and II (IAYAM) that is important for interaction with
the Ubld of parkin. Indeed many of the largest chemical shift
changes in and around UIM I are observed for residues prior to
this region includingGly207, Ala211, Ala212, andGlu215. It is also
clear that the type of protein expression tag on the parkin Ubld
influences the observed interaction with S5a sequences. For
example, co-immunoprecipitation experiments using glutathi-
one S-transferase-tagged parkin Ubld and S5a fail to show an

FIGURE 6. The Eps15-(846 – 896) binding surface on the parkin Ubld. A, selected regions of 600 MHz 1H-15N spectra showing the interaction of Eps15-(846 –
896) with 15N-labeled parkin Ubld. The spectra show the parkin Ubld in the absence of Eps15-(846 – 896) (black contours) and presence of 2 eq of Eps15-(846 –
896) (red contours). Spectra are presented at different contour levels to account for line broadening in the Ubld protein upon Eps15-(846 – 896) addition.
B, ribbon and surface drawing of the parkin Ubld showing the interacting surface for Eps15-(846 – 896). The surface is colored according to the magnitudes of
the chemical shift changes ((0.2 � ��N

2) � ��H
2))1/2 observed in NMR experiments resulting from the interaction with Eps15-(846 – 896). Residues that shifted

more than 0.5 S.D. above the average chemical shift change (0.050 ppm) are colored in cyan. This figure was produced using the program PyMOL (52) for the
structure of human parkin Ubld structure (Protein Data Bank code 1IYF) (18).
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interaction (18, 28), a similar result to that obtained by our
group.3 However, the current work shows the interaction is
easily observable with smaller, non-dimeric His6-tagged S5a
constructs suggesting the glutathione S-transferasemoietymay
mask the weak interaction. In support of this idea is the inter-
action of untagged S5a-(196–309)with the parkinUbld is easily
observed using NMR or ITC experiments in this and previous
work (18).
The observation that UIM I from S5a interacts with parkin

Ubld is similar to that observed for interaction for the hPLIC-1
Ubld (17) and likely hPLIC-2 based on sequence identity, but in
contrast to hHR23a that targets UIM II. Sequence comparison
and analysis of these three Ublds (Fig. 9) in combination with
observed chemical shift changes upon UIM interaction and the
hHR23a-S5a structure (26) sheds some light into the differ-
ences in UIM selectivity. For example, both parkin and hHR23a
undergo many large chemical shift perturbations in the �3–�4
region including Arg42–Arg51 in parkin (Lys47–Ser56 in
hHR23a). Within this region Lys48 in parkin is clearly an inte-
gral residue because substitution to an alanine strongly modu-

lates its interaction with S5a. This is a region of high identity
between parkin, hHR23a, and the hPLIC proteins with the only
significant difference being Arg51 in parkin (Lys82 in hPLIC-1)
replaced by Ser56 in hHR23a (Fig. 9), a site more remote from
the UIM binding surface. Larger differences exist in the Ubld
sequences of parkin, hPLIC-1/2, and hHR23a when examining
interacting residues near�1–�2, in�5, and in the�1–�3 linker.
For example, in parkin the largest chemical shift changes are
noted for Phe4, Ser10, and Phe13 (�1–�2), and Leu61, Ile66,
Val67, His68, Gln71, and Arg75 (�5) upon UIM I binding. In
hHR23a the largest change observed is Leu10, which is a key
anchoring residue packing between Pro275, Leu278, Tye289, and
Met293 in UIM II. This position is occupied by Asn8 in parkin
(Pro40 in hPLIC-1/2) suggesting a different role for this residue
in theUIM I interaction. Furthermore, the larger change in shift
for Phe4 (Thr6 in hHR23a) perhaps indicates this residue plays a
more important role in the S5aUIM I interaction. In parkin and
hPLIC-1/2 residues in �5 are among the most divergent in the
Ubld sequence (Fig. 9) from hHR23a. Three key positions,
exposed in the structure of the parkin Ubld structure (18)
appear to be His68, Val70, and Arg72, occupied by similar resi-
dues in hPLIC-1/2 (His102, Leu104, and Lys106), but alternate3 S. S. Safadi and G. S. Shaw, unpublished results.

FIGURE 7. NMR chemical shift perturbation data showing the differences in the parkin Ubld interaction with the UIMs from S5a (red) and Eps15 (cyan).
The data are displayed for each residue according to the equation ((0.2 � ��N

2) � ��H
2)1/2, where ��N and ��H represent the changes in nitrogen and proton

chemical shift (ppm) upon Ubld binding addition. The dotted lines represent the average chemical shift change for S5a-(196 –309) (red) or Eps15-(846 – 896)
(cyan) binding.
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residues in hHHR23a (Val73,Met75, and Thr77). In hHR23a this
section of theUbld interactswith the IAYAMregion, indicating
that sequence variation in parkin andhPLIC-1/2might contrib-
ute to a more favored interaction with the LALAL sequence in
S5a UIM I. In addition, it has been noted that hHR23a has a
3-residue extension within the �1–�3 linker that is absent in
other Ublds (Fig. 9) (26) including parkin and hPLIC-1/2. In
hHR23a this region contacts Pro275, Leu278, andGln286 near the
N terminus of UIM II and approaches Leu10 in the �1–�2 loop.
In the parkin and hPLIC-2 structures (18, 27), a larger gap exists
between the �1–�3 linker and �1–�2 loop indicating similar
Ubld-UIM interactions as observed in hHR23a-S5a likely do
not occur in parkin�hPLIC-UIM complexes. Together, these
three sections are likely the most responsible for the selectivity
of the S5a UIM I by the parkin Ubld.
Interaction between the Ubld-containing protein parkin

with Eps15 is important becausemutation of theUIM sequence
results in impaired activity in vivo (31). Nevertheless, these
interactions are weak (�100–200 �M) based on experiments
from this work. It has been suggested that the weak Ubld-UIM
interactions allow for easy reversibility and in the case of an
abundant protein like ubiquitin (10 �M in a mammalian cells
(50) offset the need for a strong affinity (51). This hypothesis is
less clear for less abundant signaling proteins such as Eps15.
The work presented here is the first to show how parkin uses
two different methods to recruit UIM sequences, a single UIM
with the S5a subunit and two UIM sequences with Eps15. The
unique coordination of bothUIM sequences in Eps15 by parkin
may act as a signal to assist in the trafficking of this protein and
distinguish this process from UIM recognition in the degrada-
tion pathway.
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FIGURE 8. Eps15-(846 – 896) uses both UIM sequences to interact with the
parkin Ubld. A–C, three different regions of the 600 MHz 1H-15N HSQC spec-
tra showing 15N-labeled Eps15-(846 – 896) in the absence (black contours) and
presence of 1.5 eq of parkin Ubld (cyan contours). The figure shows large
changes in chemical shifts and broadening for residues in and near UIM I
(Ser863 and Arg873) and UIM II (Ala887 and Ser891) of Eps15. Spectra are pre-
sented at different contour levels to account for line broadening in the Eps15-
(846 – 896) protein upon Ubld addition.

FIGURE 9. Sequence alignment of the Ubld from parkin, hPLIC-2, and
hHR23a. The alignment is based on previously reported secondary structure
elements (18, 27) shown above the sequences. Highlighted in yellow are res-
idues that exhibited the largest chemical shifts in parkin upon interaction
with UIM I from S5a. Residues that become buried or partly buried in the
hHR23a Ubld upon binding to UIM II from S5a are indicated below the
sequences (*). The sequence of hPLIC-1 is identical to hPLIC-2 with the excep-
tion of Met33, Glu60, His68, and Ser88.
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