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Ubiquitin (Ub) is an essential modifier conserved in all
eukaryotes from yeast to human. Phospholipase A2-activating
protein (PLAA), a mammalian homolog of yeast DOA1/UFD3,
has been proposed to be able to bind with Ub, which plays
important roles in endoplasmic reticulum-associated degrada-
tion, vesicle formation, and DNA damage response. We have
identified a core domain from the PLAA family ubiquitin-bind-
ing region of human PLAA (residues 386–465, namely PFUC)
that can bind Ub and elucidated its solution structure and Ub-
binding mode by NMR approaches. The PFUC domain pos-
sesses equal population of two conformers in solution by cis/
trans-isomerization, whereas the two isomers exhibit almost
equivalent Ub binding abilities. This domain structure takes a
novel fold consisting of four �-strands and two �-helices, and
the Ub-binding site on PFUC locates in the surface of �2-he-
lix, which is to some extent analogous to those of UBA, CUE,
and UIM domains. This study provides structural basis and
biochemical information for Ub recognition of the novel PFU
domain from a PLAA family protein that may connect ubiq-
uitination and degradation in endoplasmic reticulum-associ-
ated degradation.

The eukaryotic secreted proteins are translocated into the
endoplasmic reticulum after synthesis in cytosol. Misfolded
or abnormally assembled proteins should be targeted for
degradation through the endoplasmic reticulum-associated
degradation (ERAD)3 pathway (1, 2). This pathway involves
many molecular steps: unfolded protein response in the
endoplasmic reticulum lumen, retrotranslocation back into

the cytosol, ubiquitin (Ub) conjugation, delivery of ubiquiti-
nated proteins to proteasome, and degradation of the sub-
strates by proteases (3, 4).
A yeast protein DOA1/UFD3 has been shown to bind to

CDC48 by both indirect and direct ways (5–7), suggesting that
DOA1 may be involved in ERAD. Evidence indicates that
DOA1 directly competes with UFD2 at the same docking site
onCDC48, which determines whether a substrate ismultiubiq-
uitinated and routed to the proteasome for degradation or deu-
biquitinated and released for other purposes (8). The direct
interaction between DOA1 and Ub was suggested by recent
studies (7, 9). Moreover, DOA1 also plays roles in the monou-
biquitination of histoneH2B and proliferating cell nuclear anti-
gen (10) and in sorting ubiquitinated membrane proteins into
multivesicular bodies (11).
The mammalian homolog of DOA1 is called phospholipase

A2-activating protein (PLAA), which can bind to P97/VCP (a
CDC48 homolog) with its C-terminal domain PUL (7). Having
high sequence similarity (31% identity) with DOA1, PLAA is
proposed to possess similar function of DOA1. Like DOA1,
PLAA has an N-terminal WD40 domain with yet unknown
function. The central region of PLAA contains a putative PLAA
family ubiquitin-binding (PFU) domain, which is supposed to
bind with Ub as observed in yeast DOA1 (7). Although the
mechanism underlying the function of PLAA remains unclear,
Ub binding of PLAA might be the central role that connects
ubiquitination and degradation in ERAD. Thus, elucidating the
molecular mechanism for specific binding of PLAA with Ub is
prerequisite for understanding the function of PLAA as well as
DOA1. To further understand the Ub-binding mechanism by
which PLAA functions in ERAD pathway, we identified a small
Ub-binding domain from human PLAA (12) and elucidated the
domain structure and Ub-binding properties by NMR and
mutagenesis approaches.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The DNA sequences
encoding UIM-PFU (residues 312–465), PFU (residues 340–
465), and PFUC (residues 386–465) were cloned into the
pET-32 M vector through BamHI/XhoI sites. For convenience
of NMR assignments, PFU or PFUCwas renumbered from 3 or
49 to 128 according to amino acid residues of the PFU domain.
All of the mutants of PFUCwere generated via PCR and cloned
into the pET-32 M vector, which produces Trx-fused proteins.
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These proteins were overexpressed in Escherichia coli strain
BL21(DE3) and purified by Ni2�-nitrilotriacetic acid affinity
columns (Qiagen), followed by on-column cleavage of the Trx
tag by thrombin. UIM (312–331) was cloned into the pGBTNH
vector throughBamHI/XhoI sites, which produces aGB1-fused
protein (13). GB1-UIM was purified through a Ni2�-nitrilotri-
acetic acid affinity column. UIM-PFU was also cloned into the
pGEX-4T-3 vector to produce a GST-fused protein. GST-
UIM-PFU was purified through a glutathione affinity column.
All of the proteins were further purified by Superdex 75 gel
filtration chromatography (GE Healthcare). The procedure for
expression and purification of NEDD8 was similar to that for
Ub. SUMO-1was prepared from aGST-fused form followed by
thrombin cleavage.
Chemical Shift Perturbation Experiments—Two-dimen-

sional 1H-15N HSQC spectra of 15N-labeled Ub (�200 �M) in
an NMR buffer (20 mM phosphate, 50 mM NaCl, 0.01% NaN3,
pH 6.5) were recorded at different points of titration with the
PLAA fragments, including UIM-PFU, GB1-UIM, PFU, and
PFUC and its mutants. 15N-Labeled PFUC and P77A mutant
were dissolved into the same buffer to a concentration of about
200 �M, and different amounts of unlabeled Ub or Ub-like pro-
teins were added with each step monitored by acquiring a two-
dimensional 1H-15N HSQC spectrum. The average chemical
shift changes (��) were used for the binding assay and for the
calculation of dissociation constants (KD) (14).
NMR Spectroscopy and Structure Determination—The PFU

and PFUC samples (�1 mM) were dissolved into the NMR
buffer (20 mM phosphate, 50 mM NaCl, and 0.01% NaN3, pH
6.5), and the spectra were recorded at 25 °C on a 600-MHz
Varian Unity Inova spectrometer. Backbone and side chain

assignments were completed by
analyzing the following spectra:
HNCACB, CBCA(CO)NH, HNCO,
HNHA, C(CO)NH, H(CCO)NH,
and HCCH-TOCSY. Total dihedral
angle restraints (�/�) were ob-
tained from chemical shifts of 1H�,
13C�,13C�, and 13CO using TALOS
(15). Three-dimensional 15N- and
13C-edited nuclear Overhauser
effect spectroscopy spectra were
acquired to provide the distance
restraints for structure computa-
tion by using ARIA2.0 (16). A family
of 200 structures was calculated
using the simulated annealing pro-
tocol, and 15 of the lowest energy
structures were selected. Structure
assessment was performed by PRO-
CHECK (17).
The structure of PFUC-Ub com-

plex was calculated based on chem-
ical shift perturbation data by using
HADDOCK software (18). Fifteen
NMR structures of PFUC and one
crystal structure of Ub (Protein
Data Bank code 1UBQ) were used

for mapping the interfaces and docking the structures. The sol-
vent accessibilities of different amino acid residues were calcu-
lated by the NACCESS program. Residues with average chem-
ical shift changes (��) greater than the mean value and with
high solvent accessibilities were selected as the active residues,
whereas the solvent-accessible surface neighbors of these active
residues were defined as passive residues. An ambiguous dis-
tance restraint of 3.0 Å was invoked between all active residues
in one molecule to any atoms within the active and passive
residues of the other partner. Initially, 1000 complex structures
were generated by rigid body energyminimization, and the best
200 structures with the lowest energy were selected for torsion
angle dynamics and Cartesian dynamics calculation in an
explicit water solvent. It totally produced one major cluster of
about 30 structures.
GST Pulldown Assay—Glutathione-Sepharose beads (30 �l)

were washed three times with 500 �l of phosphate-buffered
saline (20 mM phosphate, 100 mM NaCl, 10 mM KCl, pH 7.3),
then incubated with 500 �l of GST-UIM-PFU (200 �M, in the
phosphate-buffered saline buffer) for 30 min at 4 °C, and
washed two times with the same buffer to remove the unbound
protein. Whole cell lysate from HEK 293T cells was cen-
trifuged at 12,000 � g for 15 min. 1 ml of the supernatant was
incubated with GST-UIM-PFU-conjugated beads for 30 min.
After being washed with 200 �l of the phosphate-buffered
saline buffer, the beads were then further washed with 50 �l of
the washing buffer (10 mM reduced glutathione, 50 mM Tris-
HCl, pH 8.0). Eventually, 40 �l of the sample eluted from the
beads was subjected to Western blotting analysis. GST protein
was set as a control.

FIGURE 1. PLAA harbors a central region that putatively interacts with Ub. A, domain architecture of PLAA.
WD40, WD40 repeats; PUL, PLAA, UFD3, and LUB1 conserved domain; UIM, ubiquitin-interacting motif. B, mul-
tiple sequence alignment of the PFU domain from different species. C, the putative UIM sequence has the
conserved residues Glu, Leu, Ala, and Ser as marked by asterisks. S5a, S5a subunit of proteasome; At3, ataxin-3.
D, GST pulldown assay for the central region of PLAA (residues 312– 465, UIM-PFU) binding with Ub. The
products pulled down from 293T cell lysate were detected by Western blotting with an anti-Ub antibody.
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RESULTS

The Domain Architecture and Sequence Alignment of PLAA—
PLAA is a homologous protein of yeast DOA1 (7). These pro-

teins share a similar domain architecture (Fig. 1A), consisting of
anN-terminalWD40 domain of seven repeats, a central region,
and a C-terminal PUL domain that can bind to CDC48 or P97

FIGURE 2. Chemical shift perturbation analysis reveals the Ub-binding region of PLAA. A, left panel, overlay of the 1H-15N HSQC spectra of 15N-labeled Ub
in free form and upon titration with UIM-PFU. The Ub/UIM-PFU molar ratios are 1:0 (red), 1:2 (green), and 1:4 (blue), respectively. Right panel, diagram of the
chemical shift changes (��) of Ub against residue number at a molar ratio of 1:4. B and C, as in A, 15N-labeled Ub upon titration with GB1-UIM (B) or PFU (C). The
GB1 tag was applied to easily express and purify the UIM peptide.
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FIGURE 3. Backbone chemical shift assignment of the PFUC domain showing cis/trans isomerization and Ub binding. A, 1H-15N HSQC spectrum of PFUC
with assigned resonance peaks. The peaks in rectangles indicate the duplicate signals that originate from cis/trans-isomerization of proline residues. B, diagram
of the chemical shift changes (��) of PFUC against its residue number at a PFUC/Ub molar ratio of 1:4. The changes in the cis-isomer are shown in red bars, and
those in the trans form are in green. The two horizontal lines indicate mean �� and mean �� plus S.D. values. C, diagram of the chemical shift changes (��) of
Ub against its residue number. 15N-Labeled Ub was titrated with PFUC at a Ub/PFUC molar ratio of 1:4.
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(5). The central region contains a PFU domain with high
sequence homology (Fig. 1B), whichwas previously proposed to
bind with Ub (7). Interestingly, sequence alignment shows a
conserved region in between WD40 and PFU of human PLAA
(residues 312–331) that is homologous to the UIMmotifs (Fig.
1C). The UIM motifs from S5a subunit of proteasome (19, 20)
and ataxin-3 (21) are capable of binding with Ub and ubiquiti-
nated substrates, in which the conserved residues Leu, Ser, and
especially Ala (22) are critical for the binding (23–25). This
implies that, in addition to the PFU domain, the putative UIM
motif of PLAAmayprovide an alternative candidate for binding
with Ub.
The PFU Domain of PLAA Binds with Ub—It was previously

reported that yeast DOA1 binds with Ub through its central
PFU domain (7). By GST pulldown assay, we confirmed that
this corresponding region of PLAA (residues 312–465, UIM-
PFU) including the putative UIM motif and the PFU domain
can bind with mono-Ub, poly-Ub and/or ubiquitinated pro-
teins from cell lysate (Fig. 1D). This suggests that either PFU or
probably UIM of PLAA serves as the Ub-binding domain as
observed in that of yeast DOA1.
To clarify which domain or motif in this region binds with

Ub, we labeled Ub with 15N and performed chemical shift per-
turbation experiments by titration of the three fragments of
PLAA: UIM-PFU (residues 312–465), GB1-UIM (residues
312–331), and PFU (residues 340–465), respectively. As
expected, the UIM-PFU titration causes significant chemical
shift changes of the residues in Ub (Fig. 2A), further corrobo-
rating that the central region of PLAA can bind with Ub. How-
ever, the putative UIM motif cannot bind with Ub, for no sig-
nificant change occurs in the 1H-15NHSQC spectra of Ub upon
its titration (Fig. 2B). By contrast, titration of Ub with PFU also
results in chemical shift changes of residues Leu8, Ile44, His68,
and Val70 (Fig. 2C) that construct a canonical binding surface
on Ub (12), strongly supporting that the PFU domain in PLAA
possesses Ub binding ability.
A Novel Ub-binding Domain from PLAA—Because the PFU

domain can bind with Ub, we labeled this fragment
(PLAA(340–465) or PFU(3–128)) with 15N/13C and partially
assigned the backbone resonances. The 1H-15N HSQC spec-
trum of the PFU fragment is well dispersed, indicating a well
folded domain in this fragment (supplemental Fig. S1). How-
ever, the backbone resonances of the N-terminal residues
exhibit relatively low intensities or peak missing. The three-
dimensional 15N- or 13C-edited nuclear Overhauser effect
spectroscopy spectra also exhibit few nuclearOverhauser effect
spectroscopy signals among the N-terminal residues (data not
shown). These all suggest that theN-terminal region of the PFU
fragment is flexible and does not adopt a defined conformation.
Moreover, titration of the PFU fragment with Ub results in
chemical shift perturbation mostly on the C-terminal residues,
suggesting that the Ub-binding sites on PFU are located in its C
terminus (supplemental Fig. S1). We thus subcloned the Ub-
binding domain from PLAA (namely PFUC for PFU core
domain, PLAA(386–465)) and determined its solution struc-
ture byNMR.The 1H-15NHSQCspectrumof PFUCalso exhib-
its well dispersed and homogenous (Fig. 3A). Most of the peaks
of PFUC reside in the same positions as they do in the spectrum

of PFU (supplemental Fig. S1), indicating that PFUC pos-
sesses a compact structure as in the PFU fragment. Again,
chemical shift perturbation analysis demonstrates that
PFUC still retains the ability to bind with Ub (Fig. 3, B andC),
in which the Ile44 residue locates in the center of the canon-
ical binding surface on Ub.
To compare the binding abilities of these PLAA fragments,

we performed titration of 15N-labeled Ubwith UIM-PFU, PFU,
and PFUC, respectively, and determined their dissociation con-
stants (KD) (see Fig. 6A). The binding of these three fragments
with Ub is relatively weak with same affinities of millimolar
range (Table 1). This result demonstrates that the core domain
of PFU retains the Ub binding activity and implies that the
PFUC domain represents most of the properties of the PFU
fragment structurally and functionally.
NMR Structures of PFUC in Solution: the Proline cis/

trans-Isomerization—We assigned all the chemical shifts of the
PFUC domain by NMR. Interestingly, residues 70–80 exhibit
duplicate peaks in the 1H-15NHSQCspectrum (Fig. 3A), as they
do in that of PFU (supplemental Fig. S1), indicating that there
are two conformers in solutionwith slow exchange. TheGly76–
Pro77 prolyl bond exists both in the cis- and trans-conforma-
tions as evidenced by the characteristic nuclear Overhauser
effect correlations between Gly76 and Pro77, as well as the 13C�

and 13C� chemical shifts of Pro77 (supplemental Fig. S2) (26).
Judging from the signal intensities, the two sets of resonance
peaks show a population ratio of about 1:1 (50.3% cis versus
49.7% trans), suggesting that the cis- and trans-conformers
have the same free energy level. To our knowledge, this is the
first illustration of a protein with equal population of the cis-
and trans-isomers in solution. Normally, the cis-isoform of a
protein occurs with a very low population (5% or so) or is
scarcely observed in solution. On the other hand, mutation of
Pro77 (P77A) results in only one set of peaks for residues 70–80

TABLE 1
Dissociation constants (KD) for the binding affinities of PFU
fragments and its mutants with Ub or Ub-like proteins

PUF and mutants KD
a

mM

UIM-PFU 0.99 � 0.29
PFU 0.98 � 0.28
PFUC wild type 1.8 � 0.6b
cis/trans-P77A 1.4 � 0.2b
WT 1.4 � 0.3

Helix-1 L91A 1.0 � 0.1
L97A 1.3 � 0.4

Helix-2 M105A 2.8 � 0.6
D108N 3.5 � 0.9
M105A/D108N �10

P77 loop D71N 1.5 � 0.2
V72I 1.3 � 0.4
V72F 1.1 � 0.3
V72K 0.68 � 0.16
V72D 0.64 � 0.03
V72A 0.34 � 0.08
V72G 0.54 � 0.07

Ub-like with PFUC
NEDD8 2.2 � 0.7c
SUMO-1 �10c

a The data were obtained from titration of 15N-labeled Ub with different PFU frag-
ments and mutants. The data are presented as the means � M.D. (M.D., mean
deviation of data from 3 or more amino acids which come from a single NMR
titration experiment).

b The data were from titration of 15N-labeled PFUC with Ub.
c The data were from titration of 15N-labeled PFUC with Ub-like proteins.
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in the 1H-15N HSQC spectrum (supplemental Fig. S2). This
confirms that the Gly76–Pro77 prolyl bond is the main source
for the conformational heterogeneity of the PFUC domain in
solution.
We then performed titration of 15N-labeled PFUC and its

P77A mutant with different amounts of Ub (Fig. 6B). The dis-
sociation constants (KD) are 1.8� 0.6 and 1.4� 0.2mM forWT
PFUC and P77A, respectively (Table 1). Although an ensemble
of equal population of cis- and trans-PFUC binds with Ub rel-
atively weakly, the all-trans-conformer of P77A mutant binds
Ub with a similar affinity, suggesting that both cis- and trans-
conformers have equivalent Ub binding ability.
Solution Structures of PFUC Reveal a Novel Domain Fold—

We then obtained two sets of distance restraints for each iso-
mer of PFUC from 15N- and 13C-edited nuclear Overhauser
effect spectroscopy spectra, and calculated the structures of cis
and trans conformers independently. A summary of the NMR
experimental restraints for structural calculation and statistics
for both conformers is presented in supplemental Table S1. Fig.
4A shows an ensemble of the 15 lowest energy structures super-
imposed on the backbones for the two conformers. Both cis-
and trans-isomers fold into a compact globular domain of (� �
�) pattern consisting of four �-strands and two �-helices (Fig.
4B). The four �-strands, �1, �2, �3, and �4, arrange into two
separate anti-parallel �-sheets. The meander between �2 and
�3 contains only one residue of Asp65, and the angle between
them is about 60°. However, there are hydrophobic contacts
between Val57 in �1 and Val67 in �3 (supplemental Fig. S3),
probably stabilizing the atypical fold. The two�-helices arrange
at an angle about 45° to each other and keep in contact with the
�-sheet of �3 and �4 (Fig. 4B). The major difference of the
backbone structures between the cis- and trans-conformers lies
in the loop of Ile70–Lys80 around Pro77 (P77 loop) connecting
the �3 and �4 strands (Fig. 4C).

Sequence analysis indicates that there is no homologous
sequence of the known structure in ProteinData Bank data base
with that of PFUC. By using the DALI server (27), we identified
a most similar structure (Protein Data Bank code 1G2R, Z 	
3.5) of a hypothetical protein YlxR (28). This structure shows a
folding pattern partially similar with that of PFUC, but the
�1�2 sheet in PFUC is missing in the 1G2R structure (supple-
mental Fig. S3). Although the �1�2 sheet displays a little apart
from the core pattern (�-flap), it still contacts with the �3�4
sheet by hydrophobic interactions (supplemental Fig. S3). This
structure is not consistent with the previous prediction that
PFU may have structural homology with the UEV domain (7,
12). Because there is no similar structure deposited in Protein
Data Bank, the structure of PFUC could be considered as a
novel domain fold.
Structural Model of the PFUC-Ub Complex—The clear

delineation of the binding interface between PFUC and Ub
has been brought out by an NMR restraint-guided docking
approach (HADDOCK) (18). Fig. 5A shows an overlay of 10

lowest interaction energy and water-refined structures. The
root mean square deviation of all backbone atoms in the
interfaces is 1.2 � 0.8 Å for the cis-PFUC-Ub complex and
1.1 � 0.9 Å for trans-PFUC-Ub. Both isomers of PFUC bind
Ub on the canonical hydrophobic interfaces mainly con-
structed by �2-helix of PFUC and �-sheet of Ub. Met105 of
PFUC is in close contact with the side chain of Ile44 of Ub by
hydrophobic interactions, whereas Asp108 contacts with
Arg42 possibly by electrostatic interactions (Fig. 5B). To con-
firm the binding mode of the PFUC-Ub complex, we per-
formed mutagenesis of the residues that experience larger
chemical shift changes upon Ub binding (Fig. 3B) and NMR
titration experiments (Fig. 6). Mutation of the residues on
�1-helix (L91A and L97A) does not significantly affect the
binding, whereas mutation on �2-helix (M105A and D108N)
shows increasedKD values to several millimolars (Fig. 6C and
Table 1). In addition, double mutation of these residues

FIGURE 4. Solution structure of the PFUC domain. A, backbone superposition of 15 lowest-energy structures in cis (left panel) and trans (right panel) isomers.
B, ribbon representation of the structures for cis (left panel) and trans (right panel) isomers. N and C indicate the N and C termini of PFUC, respectively.
C, comparison of the cis and trans isomers in the loop between �3 and �4 where Pro77 resides. The Gly76–Pro77 prolyl bonds in both cis- and trans-isomers are
fit together and the side chain positions of Gly76 and Pro77 are shown in red (cis) and blue (trans).

FIGURE 5. HADDOCK-derived model for the PFUC-Ub complex. A, back-
bone superposition of 10 refined cis-PFUC-Ub complex structures. The aver-
age energy for the cluster is 
6349 � 59 kcal�mol
1 for the cis-PFUC-Ub
complex and that is 
6377 � 81 kcal�mol
1 for trans-PFUC-Ub. The root
mean square deviation of all backbone atoms in the interfaces is 1.2 � 0.8 Å
for cis-PFUC-Ub and 1.1 � 0.9 Å for trans-PFUC-Ub. B, close-up view of the
interfaces showing the side chains of key interacting residues. The stick rep-
resentations are in red for the side chains from Ub and in blue for those from
PFUC.
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almost abolishes the binding of PFUC with Ub, because the
chemical shifts of residues on the canonical binding surface
of Ub have no significant changes upon addition of the
M105A/D108Nmutant. This result demonstrates that PFUC
binds Ub through the surface of its C-terminal �2-helix.

To define the binding specificity of the PFU core domain, we
prepared two Ub-like proteins, NEDD8 and SUMO-1 and
determined their binding affinities with PFUC (supplemental
Fig. S4). As a result, NEDD8 exhibits similar binding affinity
with Ub, whereas SUMO-1 has no PFUC binding ability (Table
1). NEDD8 shows high sequence and structural similarities
with Ub, especially the conserved hydrophobic patch (Ile44,
Val70, and Leu8) (29). On the contrary, SUMO-1 is quite differ-
ent from Ub in this characteristic surface; it is reasonable that
SUMO-1 has lost the binding ability with PFUC. Therefore, the
PFU core domain binds to the Ub-like proteins or domains
weakly but specifically with a canonical mode via the conserved
hydrophobic interfaces.

Effects of the P77 Loop Region on Ub Binding Ability—Some
residues, such as Asp71 and Val72 in the P77 loop region, also
show large chemical shift changes upon titration of Ub (Fig.
3B). Tomake clearwhether these residues are involved in direct
Ub binding, we performed mutations of Asp71 and Val72 and
NMR titration experiments. As a result, D71N, V72I, and V72F
mutants do not show change of their Ub binding affinities (Fig.
6D and Table 1), suggesting that the loop region is not directly
involved in the Ub binding. Intriguingly, the mutants V72K,
V72D, V72A, and V72G exhibit significantly enhanced Ub
binding affinities (Fig. 6D and Table 1). The V72A and V72G
mutations make the side chain smaller in the Val72 position,
and the V72K and V72D mutations alter the charges in this
position. These four mutations confer the loop more flexible,
suggesting that the loop flexibilitymay considerably affect their
Ub binding affinities. Thus, the results demonstrate that the
P77 loop does not directly contact Ub but somehow affects
PFUC binding with Ub.

FIGURE 6. Quantitative analysis of the Ub binding affinities of PFUC and its mutants. A, titration of 15N-labeled Ub with three PFU fragments, PFUC, PFU,
and UIM-PFU. B, titration of 15N-labeled wild-type and P77A mutant of PFUC with unlabeled Ub. C, titration of 15N-labeled Ub with unlabeled PFUC mutants in
�1-helix (L91A and L97A) and in �2-helix (M105A, D108N, and M105A/D108N). D, titration of 15N-labeled Ub with unlabeled PFUC mutants in the P77 loop
region (D71N, V72F, and V72G). The average chemical shift changes of Leu71 in Ub are shown in A, C, and D, and those of Ala111 in PFUC or the P77A mutant are
shown in B.
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DISCUSSION

It was previously reported that the PFU domain of yeast
DOA1 binds with both mono- and poly-Ub (7). We have char-
acterized the Ub binding specificity of PLAA by identifying a
novel small domain that is distinct from other knownUb-bind-
ing domains in amino acid sequence and three-dimensional
structure. Our structural and biochemical data suggest that this
PFUC domain binds Ub through the surfaces mainly in the
�-helical region with the Ub surface centered on the Ile44 patch
(12) (Fig. 5B).
Because Met105, Asp108, and Gln109 all reside in the �2-heli-

cal region, we conclude that PFUC binds with Ub through the
surface on the second �-helix (Fig. 7A), which is to some extent
analogous to those of some known Ub-binding domains, such
asUBA,CUE, andUIMdomains (12). All of these domains bind
Ub on the surface centered by the Ile44 residue of Ub. The UBA
and CUE domains are structurally homologous, with a com-
mon three-helix bundle structure. UBA (from BMSC-UbP)
binds Ub through its �1- and �3-helices as well as the loop
between �1 and �2 (Fig. 7B) (30), whereas CUE (from Cue2-1)
uses the �1- and �3-helices for the binding (Fig. 7C) (31). The
single-helical UIM binds Ub through the conserved alanine
neighbored by some hydrophobic residues, closely contacting
with Ile44 of Ub (Fig. 7D) (19). The binding surfaces of double-
sided UIM (DUIM) (32) and the inverted UIM (MIU) (33, 34)
are similar to that of normal UIM. The major difference of
PFUC binding with Ub is that the flexibility of the P77 loop that
considerably affects its Ub binding affinity. Besides, other Ub-

binding domains have been identi-
fied with different binding patterns.
The PHD fold of Pru domain from
Rpn13 subunit of proteasome binds
the common hydrophobic pocket of
Ub through exclusive loops (35, 36).
However, the GLUE domain from
ESCRT-II EAP45 binds the Ile44-
containing surface of Ub through
the residueswithin secondary struc-
tural elements including C-terminal
helix (37), although it also adopts a
PHD fold.
The PFUC-binding surface onUb

is comprised of several hydrophobic
residues centered by Ile44. There are
high sequence similarity (58%
identity) and structural similarity
between NEDD8 and Ub (29). The
residues on the binding surface of
Ub, including Ile44, Val70, Arg42,
and Leu8, are all conserved in
NEDD8, but this hydrophobic patch
does not exist in SUMO-1. So, it is
not surprising that NEDD8 has the
binding affinity with PFUC as in the
case of Ub binding, whereas
SUMO-1 has not. On the other
hand, the major difference between
NEDD8 and Ub is the residue in

position 72 (Ala in NEDD8 and Arg in Ub), which is the main
determinant of their selectivity in E1 recognition (38, 39) and
deNEDDylating process (40). In this regard, the hydrophobic
patch centered by Ile44 may be themajor source for the binding
selectivity of Ub-like proteins or domains with the PFU domain
of PLAA.
In summary, we have provided the solution structure and

binding mode of a novel Ub-binding domain from human
PLAA. Although the function of PLAA remains largely
unknown, it is most likely that its major cellular function, sim-
ilar to that of its counterpart DOA1 in yeast, is correlated with
Ub binding. The Ub recognition by the PFU domain confers
PLAA to function in cellular processes, such as mediating
ERAD (4), controlling the concentration of free Ub in cells (41),
regulating monoubiquitination for DNA repair (10), and sort-
ing ubiquitinated membrane proteins into multivesicular bod-
ies (11). Despite theweak binding of PFUwithmono-Ub, itmay
bind poly-Ub cooperatively, and its Ub binding ability would be
improved significantly. In this regard, the PFU domain may
work as a recognition signal in all the above-mentioned pro-
cesses. Whether binding of PFUC with poly-Ub or full-length
PLAA with Ub provides a stronger affinity remains to be eluci-
dated in the future.
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FIGURE 7. Structural comparison of some Ub-binding domains complexed with Ub. All of these Ub-bind-
ing domains bind with Ub through the surface mainly on �-helix. Ile44 residue of Ub is shown in blue stick. The
Ub receptors shown here are: cis-PFUC from PLAA (Protein Data Bank code 2K8B) (A); UBA from BMSC-UbP
(Protein Data Bank code 2DEN) (B); CUE from Cue2–1 (Protein Data Bank code 1OTR) (C); and UIM from S5a
subunit of proteasome (Protein Data Bank code 1YX5) (D).
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