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Doal/Ufd3 is involved in ubiquitin (Ub)-dependent cellular processes in
Saccharomyces cerevisiae, and consists of WD40, PFU, and PUL domains. Previous
studies showed that the PFU and PUL domains interact with Ub and Hsel, and Cdc48,
respectively. However, their detailed functional interactions with Doal remained
elusive. We report the crystal structure of the PFU-PUL domain pair of yeast Doal at
1.9 A resolution. The conserved surface of the PFU domain may be involved in binding
to Ub and Hsel. Unexpectedly, the PUL domain consists of an Armadillo (ARM)-like
repeat structure. The positively charged concave surface of the PUL domain may bind
to the negatively charged C-terminal region of Cdc48. A structural comparison of Doal
with Ufd2 revealed that they share a similar ARM-like repeat, supporting a model in
which Doal and Ufd2 compete for Cdc48 binding and may dictate the fate of
ubiquitinated proteins in the proteasome pathway.

Doal (degradation of alpha2 1, also known as Ufd3 for ubiquitin fusion degradation 3) is
implicated in various ubiquitin (Ub)-dependent cellular processes in Saccharomyces
cerevisiae. Doal was originally identified in a mutant deficient in degrading the short-lived
MATa2 transcriptional repressor (12). Subsequently, Doal was shown to affect
Ub-dependent proteolysis (9, 14) and resistance to volatile anesthetics (15). The doal A
cells have a reduced amount of free Ub, which is partially complemented by overexpression
of Ub (9, 14). Doal interacts with Cdc48 (mammalian p97/VCP), an AAA-ATPase that acts
as a molecular chaperone for ubiquitinated protein substrates. Cdc48 is involved in several
Ub-mediated pathways, such as membrane fusion and proteasomal degradation (9, 22).
Cdc48 also interacts with the E4 multiubiquitinating enzyme Ufd2, which extends the Ub
chains of ubiquitinated substrates to promote degradation. Doal and Ufd2 bind to Cdc48 in a
mutually exclusive manner, whereas Doal and the deubiquitinating enzyme Otul can
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simultaneously bind to Cdc48 (28). In addition, the doal A phenotypes are reminiscent of
defects observed in mutants of deubiquitinating enzymes (19, 32). These observations
suggested a model in which the balance between Doal, Ufd2, and Otul may determine
whether a ubiquitinated substrate is further multiubiquitinated for degradation or
deubiquitinated and/or released for other purposes (28).

The increased sensitivity of doal A cells to DNA damaging agents suggested that Doal is
also involved in the DNA damage response (11). Recent work implicated Doal in recycling
Ub from the proteasome pathway into the DNA damage response pathways, since neither
PCNA (proliferating cell nuclear antigen) nor histone H2B underwent damage-induced
ubiquitination in the doal A cells, and Lys48-linked trimeric Ub accumulated in the doal A
cells (20). Moreover, Doal plays a role in sorting ubiquitinated membrane proteins into
multivesicular bodies (MVBs) (26); GFP-Ub is accumulated within the vacuoles of doal A
cells. In this context, Doal binds to a Vps27-Hsel (yeast orthologues of mammalian
Hrs-STAM) complex, which serves as a Ub-sorting receptor at the surface of early
endosomes.

Doal homologues are widely distributed among eukaryotes. The Schizosaccharomyces
pombe homologue Lubl1 (low ubiquitin content 1) participates in Ub homeostasis and stress
responses associated with Ub-dependent proteolysis (24). As observed in S. cerevisiae, the
lubl A cells contain low levels of Ub and display hypersensitivity to both UV and
temperature. A Candida albicans homologue of Doal is also associated with Ub-dependent
proteolysis and is involved in multiple cellular processes (17). PLAA (phospholipase A2
activating protein) may be a mammalian homologue of Doal (2), although it is unknown
whether PLAA participates in Ub-mediated pathways. Doal complements lubl A phenotypes
(24), and a Doal-PLAA chimeric protein binds to Ub and complements doal A phenotypes
(22), indicating that Doal is functionally conserved among eukaryotes.

Doal is a 715-residue protein consisting of three domains: an N-terminal WD40 domain,
a central PFU (PLAA family ubiquitin binding) domain, and a C-terminal PUL (PLAA, Ufd3,
and Lubl) domain (Figure 1A). While the WD40 domain is homologous to the WD40
proteins present in many eukaryotes (23), the PFU and PUL domains are unique to Doal
homologues. Although WD proteins comprise a seven-bladed B-propeller repeat structure
and mediate protein-protein interactions, the structure and function of the Doal WD40
domain have remained unclear. Rumpf et al. reported that the WD40 and PFU domains are
both required for Ub binding (28), whereas other groups found that the PFU domain alone is
sufficient for Ub binding (22, 26, 29). In addition, the PFU domain binds to the SH3 domain
of Hsel in the MVB pathway (26). The PUL domain binds to the C-terminal region of Cdc48
in the proteasome pathway (9, 22, 28, 37). However, the mechanism by which Doal achieves
its biological functions by interacting with its partner proteins has not been identified,
partially because of the lack of structural information.

Here, we present the crystal structure of the PFU-PUL domain pair of yeast Doal. The
structure revealed that the PFU domain adopts a novel BBpPaa fold, whereas the PUL
domain forms an unexpected Armadillo (ARM)-like repeat structure. Our findings provide
structural insights into the mechanism by which Doal participates in Ub-mediated pathways
through interactions with various proteins.

MATERIALS AND METHODS

Sample preparation
The gene encoding the region encompassing the PFU and PUL domains of S. cerevisiae
Doal (residues 354-715) was amplified by PCR from the S. cerevisiae genome, and was
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cloned into the Ndel-EcoRI sites of the pET-28 vector (Novagen). The inserted sequence was
verified by DNA sequencing. The N-terminal His-tagged PFU-PUL protein was
overexpressed in E. coli C43(DE3) (Novagen). The transformed cells were grown at 37°C in
25 L LB medium containing 0.1 g/L ampicillin, induced with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) for 4 h, and then harvested by centrifugation.
The cell pellet was resuspended in lysis buffer, consisting of 50 mM Na-phosphate (pH 7.6),
0.3 M NaCl, 10 mM imidazole, 0.1 mM DTT, and 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), lysed by sonication, and clarified by centrifugation. The resultant supernatant was
purified by chromatography on Ni-NTA (Qiagen), HiLoad 16/60 Superdex 200 (GE
Healthcare), and Q Sepharose (GE Healthcare) columns. The purified protein was dialyzed
against 10 mM Tris-HCI (pH 8.0) and concentrated to 30 mg/mL. The selenomethionine
(SeMet)-labeled protein was expressed in E. coli B834(DE3) (Novagen) and was purified
using the same protocol as for the native protein.
Crystallization

Crystallization was performed at 20°C, using the hanging drop vapor diffusion method.
Crystals of the SeMet-labeled PFU-PUL protein were grown by mixing 1 ml of the protein
solution (16 mg/mL) and 1 ml of the reservoir solution [0.1 M Tris-HCI1 (pH 7.5), 28%
PEG3350, and 0.1 M ammonium sulfate].
Data collection and structure determination

X-ray diffraction data were collected at 100 K on beamline BL41-XU at SPring-8
(Hyogo, Japan). Diffraction data were processed using the HKL2000 program (HKL
Research, Inc.). The structure was determined by the MAD method, using the 1.9 A
resolution data from a SeMet-labeled crystal. All four selenium atoms were located, and
initial phases were calculated using SHARP/autoSHARP (35), followed by automated model
building using ARP/WARP (18). The model was further manually built using COOT (7) and
was refined using Refmac (3). Structural figures were prepared using PyMol (6).

RESULTS

Crystallography

We expressed the region encompassing the PFU and PUL domains (residues 354-715) of
S. cerevisiae Doal in Escherichia coli and purified it to homogeneity. Neither the full-length
nor the WD40 domain of Doal was expressed as a soluble protein in E. coli (data not shown).
The crystal structure of the PFU-PUL domain pair was solved by the multiwavelength
anomalous dispersion (MAD) method using a SeMet-labeled protein, and was refined at 1.9
A resolution to an Ry of 19.6% (Rgee of 21.9%) with good stereochemistry (Table 1). The
crystal belongs to the space group P6;, with one molecule in the asymmetric unit. No
electron density was observed for the N-terminal region of the PFU domain (residues
354-375) and the region between the PFU and PUL domains (residues 440-463), probably
because these regions are flexible and disordered in the crystal structure. The refined model
comprises residues 376-439 and 464-715, and 214 water molecules.

Overall structure

The structure revealed that the PFU domain (residues 376-439) consists of two
antiparallel B-sheets (B1-f2 and B3-P4), followed by two a-helices (al-a2) and one
31p-helix (1), whereas the PUL domain (residues 464-715) comprises 16 a-helices
(a3-0.18) and three 3y-helices (n2-n4) (Figure 1B). Consistent with our gel-filtration results
(data not shown), the PFU-PUL domain pair exists as a monomer in the crystal, suggesting
that Doal may function as a monomer in solution. Since the region between the two domains
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Table I. Data collection and refinement statistics
Dataset Seddet
Peak Edge Femote

Data eollection
Wavel engih, A 0.975% 09792 0.5964
Space group Py
Cell dimengons
ab oo b 1031, 103.1, 72.1
Resolution, A 5018 (157190} 5020 (207-2.00) 50-2.1(2.18-2.10)
Wo. of unigee reflections 34,591 (3476) 20,724 (2,59a1) 25,774 (2,555
Redindancy 11.2(11.2) 11.2{11.2}) 11.1 {11.2)
Completeness, % 100 {100 100 {100y 100 (10003
ial 497 (35) 475 @0 46.3(7.3)
Riginn %o 6.2(25.6) 5.6(31.1) 5.7 (36.3)
Reflnement
Resoltion, & S0-1.% {1.55-1.90)
Moo of reflection 32712 2422)
Roeel, %0 195
Ry ¥ 218
Mo of atoms

Protéein 2,543

Waler 214
Average B-factor AS

Proein 262

Waler 3440
R Froom ideal values

Bond lengths, A 0,005

Bond angles, 1.1
Ramachan dran plal, 24

Mgt favored 95.1

Adlowed 4.9

Dizallowed i
FDE 1D ¢code 3L3F

Values in parenthes es are for the highest resolution shell.

(residues 440-463) is disordered, it is difficult to identify the spatial arrangement between the
PFU and PUL domains unambiguously. One PUL domain contacts one PFU domain in the
asymmetric unit, and four PFU domains are related by crystallographic symmetry. Thus, five
arrangement patterns between the PFU and PUL domains are possible. The buried surface
areas between the two domains in these five arrangements range between 121 and 968 A%,
The domain arrangement shown in Figure 1B seems the most likely, based on the largest
buried surface area (968 A?) and the relatively low B-factors for residues at the interface. In
this arrangement, the a6-a7 and a8-a9 loop regions of the PUL domain interact with the
B1-B2 and B3-PB4 loop regions and helix a1 of the PFU domain (Figure 1C). Tyr549 on the
a6-07 loop interacts with Glu394, Lys397, Pro398, and Leu400 on the $3-B4 loop. Glu583
and Asn584 on the a8-09 loop hydrogen bond with Glu381, and Lys401 and Tyr421,
respectively. The main-chain carbonyl group of Lys546 on helix o6 hydrogen bonds with the
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side chain of Arg420 on helix al. However, it is unknown whether the spatial arrangement
between the PFU and PUL domains is fixed in solution, because most of the residues at the
domain interface are not conserved between yeast Doal and human PLAA (Figure 2). Thus,
we speculate that the region connecting the PFU and PUL domains is intrinsically flexible,
so that the two domains could function independently.

A 11— WD40 —-— PUL 715

K397

K397
9 Y549 & P398

Y549 P398

n3

Figure 1. Overall structure.
(A) Domain structure of Doal. The WD40, PFU and PUL domains are colored gray, ma
genta and cyan, respectively. (B) Overall structure of Doal (stereo view). The PFU and PUL
domains are colored magenta and cyan, respectively. The disordered region between the two
domains is shown as a dashed line. (C) Interaction between the PFU the PUL domains(stereo
view).Residues at the domain interface are shown in stick representations. Hydrogen bonds
are shown as dashedlines.
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Figure 2. Structure—based sequence alignment of yeast Doal and human PLAA.

Conserved residues are highlighted with a red background. The secondary structure of Doal,
colored as in Fig. 1, is shown above the alignment. The disordered region in the crystal
structure is indicated by a dashed line. The figure was prepared using 3D-Coffee (25) and
ESPript (10).

The PFU domain

The PFU domain consists of a BBPac fold. An NMR solution structure of the PFU
domain of human PLAA was reported quite recently (8). The PFU domain of human PLAA
(PDB ID code 2K8B) also consists of a BpBPaa fold and shares structural similarity with
that of yeast Doal (RMSD for 63 Ca atoms of 1.8 A) (Figure 3A), indicating that the PFU
domains of Doal homologues are structurally conserved. Conserved hydrophobic residues
(Val391, 11e393, Leud402, Phe417, Val431, and Phe434) form a hydrophobic core and
stabilize the architecture of the PFU domain (Figure 3A). These conserved residues also
contribute to the formation of a hydrophobic pocket on the molecular surface of the PFU
domain (Figure 3B). A Dali search (13) revealed that the structure of the PFU domain is
partially related to that of Ub. For example, residues 12-64 of the Doal PFU domain
superimposed on residues 1-62 of human Ub (PDB ID code 1SIF) with an RMSD for 47 Ca
atoms of 2.2 A. The B3, 4, al, and n1 of the Doal PFU correspond to the 1, B2, al, and
Nl of human Ub, respectively. However, unlike Doal, Ub consists of a BpaafBBaf fold,
showing that the PFU domain adopts the novel fold characteristic of the Doal homologues.

The PUL domain
The PUL domain consists of six ARM-like repeats comprising different numbers of
a-helices (Figure 4A). The a-helical repeat structure was unanticipated, because the PUL

D429 y43q

A D429 vi4a1, |
L4 D445 447 ';:

Figure 3. Structure of the PFU domain.
(A) Superimposition of the Doal PFU domain and the PLAA PFU domain (PDB ID code
2K8B) (stereo view). The PFU domains of Doal and PLAA are colored magenta and gray,
respectively. The secondary structures of Doal are labeled. (B) Surface representation of the
PFU domain of Doal. Conserved residues between Doal and PLAA are colored magenta.
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Figure 4. Structure of the PUL domain.

(A) Structure of the PUL domain of Doal (stereo view). ARM-like repeats are shown in
different colors. The N-terminal loop is colored blue. (B) Superimposition of the Doal PUL
domain and yeast Kapa in complex with the SV40 NLS peptide (PDB ID code 1BK6)
(stereo view). The PUL domain of Doal is colored cyan. Helices H1, H2, and H3 of Kapa
are colored green, red, and yellow, respectively. The NLS peptides are colored magenta. (C)
Superimposition of the Doal PUL domain and mouse importin a with the internal
autoinhibitory loop. The PUL domain of Doal is colored cyan. Helices H1, H2, and H3 of
importin a are colored green, red, and yellow, respectively. The internal autoinhibitory loop
is colored magenta. (D) Superimposition of the Doal PUL domain and the PLAA PUL
domain (PDB ID code 3EBB). The PUL domains of Doal and PLAA are colored cyan and
gray, respectively. The p97 peptide bound to PLAA is colored magenta.
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domain does not share detectable sequence homology with known a-helical repeat proteins.
The ARM-like repeats 1-3, 4, and 5-6 comprise two, four, and three a-helices, respectively.
These a-helices pack together through hydrophobic interactions, forming a crescent-shaped
extended structure. Helices a3, a6, a8, al2, al5, and 18 define the concave surface,
whereas helices a4-5, a7, a9-11, a13-14, and a16-17 define the convex surface.

A Dali search (13) revealed that the PUL domain shares structural similarity with
karyopherin o (Kapa, also known as importin ), which contains ten ARM repeats and
mediates the nuclear import of proteins containing nuclear localization signals (NLSs) (4,31).
The canonical ARM repeat comprises three helices (H1, H2, and H3) (Figure 4B). The H2
and H3 helices pack together in an antiparallel manner, with the H1 helix roughly
perpendicular to the H2 and H3 helices. The ten ARM repeats of Kapa stack through
hydrophobic interactions, forming an elongated right-handed superhelix of helices. Residues
481-711 of the PUL domain superimposed on residues 103-319 of yeast Kapa bound to the
NLS of the simian virus 40 large T-antigen (SV40 NLS, 127-KKKRKV-132) (PDB ID code
1BK6) (4) with a Z-score of 12.2 and an RMSD for 188 Ca atoms of 4.0 A (Figure 4B).
Residues 469-711 of the PUL domain also superimposed on residues 44-313 of mouse
importin o, (PDB ID code 11AL) (16) with a Z-score of 11.2 and an RMSD for 199 Ca. atoms
of 3.8 A (Figure 4C). Although the repeats of Doal comprise different numbers of a-helices,
the ARM-like repeats 1-6 of Doal roughly superimposed on the ARM repeats 1-6 of Kapa.
In particular, helices a16, al7, and al8 of Doal ARM-like repeat 6 superimposed well on
helices H1, H2, and H3 of Kapa ARM repeat 6, respectively. However, there are notable
differences in the canonical ARM repeats of Kapa and the ARM-like repeats of Doal. The
ARM repeats consist of about 40 residues that contain a consensus sequence motif, resulting
in a regular a-helical repeat structure comprising three a-helices. The ARM repeats of yeast
Kapa share a very similar structure and superimposed well on each other, with an RMSD for
aligned Co atoms of 0.9 A on average (4). In contrast, the ARM-like repeats of Doal consist
of helices of various lengths that lack an obvious consensus sequence motif, resulting in an
irregular a-helical repeat structure comprising 2-4 a-helices. These observations suggest that
the canonical ARM repeats of Kapa and the ARM-like repeats of Doal originated from
different ancestors, but acquired a similar o-helical repeat structure through convergent
evolution.

The PUL domain of human PLAA complexed with a peptide consisting of the C-terminal
four residues of p97 (PDB ID code 3EBB) has been deposited in the Protein Data Bank. The
PUL domain of human PLAA also consists of six ARM-like repeats, comprising 17
a-helices (Figure 4D). Although the PUL domain of yeast Doal shares only 22% sequence
similarity with that of human PLAA (Figure 2), the two structures superimposed well, with a
Z-score of 21.9 and an RMSD for 236 Ca atoms of 3.2 A (Figure 4D), suggesting a
conserved function of Doal homologues among eukaryotes.

The N-terminal loop of the PUL domain

The N-terminal 15 residues of the PUL domain (residues 464-479) are well ordered in
the electron density and interact with the concave surface of the PUL domain (Figure SA).
Several residues on the concave surface hydrogen bond to the backbone of the N-terminal
loop. Arg541 on helix a6 hydrogen bonds to the backbone carbonyl group of Asn477.
Asn578, Asn628, and Asn676 on helices a8, al12, and al5 form bidentate hydrogen bonds
with the backbone amide and carbonyl groups of Met475, Leud473, and Val469, respectively.
Asp713 on helix a18 hydrogen bonds to the backbone amide groups of Val466 and Leud67.
In addition, the side chains of Tyr478, Glu476, Met475, Tyr472, Lys470, Val469, and
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Figure 5. Interaction between the N-terminal loop and the concave surface of the PUL domain.
(A) The Fq - Fc omit map for the N-terminal loop contoured at 4 o is shown as a gray mesh.
The N-terminal loop and the ARM-like repeats of the PUL domain are colored blue and cyan,
respectively. Hydrogen bonds are shown as dashed lines. (B) Surface representation of the
concave (Left) and convex (Right) surfaces of the Doal PUL domain. The N-terminal loop is
shown in stick representations with the carbon atoms colored yellow. Conserved residues
between Doal and PLAA are colored magenta. (C) The electrostatic surface potential of the
PUL domain, calculated using APBS (1). Positive and negative surface potentials are colored
blue and red, respectively. The N-terminal loop is shown in stick representations with the
carbon atoms colored yellow. (D) Superimposition of the PUL domains of Doal and PLAA.
The concave surfaces of Doal and PLAA are colored cyan and gray, respectively. The
N-terminal loops of Doal and PLAA are shown in stick representations with carbon atoms
colored blue and green, respectively. The peptide consisting of the C-terminal four residues
of p97 bound to PLAA is colored magenta.

Leud467 on the N-terminal loop interact with the concave surface of the PUL domain. The
average B-factor for the loop region (27 A?) is comparable to that for the rest of the protein
(26 A?%), suggesting that these interactions are not simply crystal-packing interactions. While
most of the residues on the N-terminal loop are not conserved, many conserved residues
(Pro480, 11e483, Arg541, Leu542, Lys545, Arg574, Asn578, Phe580, 11e620, Ala621,
Thr624, Asn628, and Lys635) are located on the concave surface (Figures 2 and 5B) In
addition, this surface is basic, due to the presence of conserved positively charged residues
(Arg541, Arg574, Arg669, and Arg706) (Figure 5C). These observations suggest the
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Figure 6. Structural similarity between Doal
and Ufd2. The PUL domain of Doal
and the core region of Ufd2 are
superimposed. The PUL domain of
Doal is colored cyan. The N-terminal
variable region, core region, and U-box
domain of Ufd2 are colored blue, green
and red, respectively. The region that
may be important for Cdc48 binding is
colored yellow. Residues that could be
involved in binding to the C-terminal
region of Cdc48 are shown in
space-filling representations.

N-terminal
variable region

U-box demain

functional importance of the interactions between the N-terminal loop and the concave
surface of the PUL domain.

In the crystal structure of the human PLAA (PDB ID code 3EBB), the corresponding
loop region (residues 464-479) also interacts with the concave surface of the PUL domain
(Figure 5D). Notably, Arg618, Asn665, and Asn708 of PLAA, which correspond to Arg541,
Asn578, and Asn628 of Doal, hydrogen bond to the backbone of the N-terminal loop.
Asp544 (Glu476 of Doal) forms a salt bridge with Lys622 (Lys545 of Doal). Phe543
(Met475 of Doal) interacts with Arg661, Cys664, Ala701, and Thr704 (Arg574, Val577,
Ala621, and Thr624 of Doal). These observations support the notion that the interactions
between the N-terminal loop and the concave surface of the PUL domain are physiologically
relevant.

DISCUSSION

We have solved the crystal structure of the PFU-PUL domain pair of yeast Doal. The
structure revealed that the PFU domain forms a unique BBPoa fold and the PUL domain
has an unexpected, irregular ARM-like repeat structure. The structure also showed the
interactions between the N-terminal loop and the concave surface of the PUL domain. The
present structure provides possible structural explanations for previous biochemical and
genetic data showing that Doal interacts with various binding partners and participates in
Ub-mediated cellular processes. Our present structure is structurally significant in the
following points; (i) this is the first crystal structure of the PFU-PUL domain pair with a
flexible linker, in which PFU-PUL interaction was observed; (ii) this is the first crystal
structure of the PFU domain in high resolution; and (iii) the autoinhibition mechanism of the
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loop bound to the PUL domain was reproduced in the different crystal form of the
Doal-PUL domain alone (36).

Biochemical studies showed that the PFU domain of Doal is involved in Ub binding (22,
26, 28) and that the F417D/F434D double mutant, in which the conserved Phe417 and
Phe434 are replaced by Asp, cannot bind to Ub (22). In the present structure, Phe417
contributes to stabilize the architecture of the domain, whereas Phe434 participates in
forming a putative Ub-binding hydrophobic pocket (Figure 3). It is also possible that the
mutation of Phe417 to Asp resulted in the structural perturbation. Fu et al. reported that the
PFU domain (residues 386-465) of human PLAA weakly binds to Ub, through Met442 and
Asp445 on helix a2 of the PFU domain interacting to Ile44 and Arg42 on the Ile44—centered
patch of Ub, respectively (8). However, it should be noted that the affinity between the
wild-type PLAA PFU domain and Ub is very low; the K, value of the wild-type for Ub is 1.8
mM. Moreover, Met442 and Asp445 in human PLAA are not conserved in yeast Doal
(Figure 3A), thereby suggesting the yeast Doal-PFU domain is not sufficient for Ub binding,
while the WD-PFU domain pair is necessary. This notion is consistent with the previous
biochemical data showing that the fragment encompassing both of the WD and PFU domains
(residues 1-494) binds to Ub, but neither the fragment containing only the WD domain
(residues 1-288) nor the fragment lacking the WD domain (residues 288-715) could (28).
However, Mullally et al. and Ren et al. reported that the fragments encompassing only the
PFU domain (residues 350-450 and residues 301-465) are sufficient for Ub binding,
respectively (22, 26). These discrepancies may stem from differences in their experimental
conditions.

Yeast two-hybrid screens suggested that Doal could interact with the SH3 domain of
Hsel (33). In addition, a recent study showed that Doal directly interacts with Hsel and
plays a role in helping to process ubiquitinated membrane proteins for sorting into MVBs
(26). GST pull-down experiments revealed that the conserved region (residues 433-445)
within the Doal PFU domain is critical for binding to the Hsel SH3 domain. This was
confirmed with a mutant Hsel containing an Ala replacement of a Trp residue on the
predicted hydrophobic surface of the SH3 domain, which could not bind Doal (26). In our
PFU structure, residues 433-439 are located on helix a2 and residues 440-445 are disordered
(Figure 3A). Phe434 on helix a2, together with other conserved residues, forms a
hydrophobic pocket on the molecular surface (Figure 3B). This hydrophobic pocket could be
involved in the interaction with the Trp residue of the Hsel SH3 domain.

Biochemical studies showed that the PUL domain of Doal binds to the C-terminal region
of AAA-ATPase Cdc48 (9, 22, 28). Recently, the C-terminal 10 residues of Cdc48 were
reported to be sufficient for Doal binding (37). A structural comparison of Doal with Kapa
suggests that the concave surface of the PUL domain could serve as a binding site for Cdc438.
In the structure of yeast Kapa , the SV40 NLS binds in an extended conformation to the two
sites on the concave surface formed by the ARM repeats, through a complex combination of
interactions (Figure 4B) (4): (i) the orientation of the NLS is defined by hydrogen bonding
interactions between the backbone of the NLS and the conserved Asn residues of Kapa ; (ii)
the aliphatic portions of the Lys side chains of the NLS interact with the conserved Trp
residues of Kapa ; and (iii) the Lys side chains of the NLS form salt bridges with the
conserved acidic residues of Kapa.. In the present structure of Doal, the conserved residues
on the concave surface interact with the N-terminal loop of the PUL domain (Figure SA and
B). Notably, the two bidentate hydrogen bonding interactions between the invariant Asn
residues (Asn578 and Asn628) and the backbone of the loop in Doal are reminiscent of
those between the invariant Asn residues (Asnl57 and Asnl99) and the backbone of the
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SV40 NLS in Kapa. In addition, several residues on the concave surface (Glu665, Tyr668,
Arg669, and Arg706) are highly conserved. The negatively charged concave surface of Kapa
is involved in the binding to the positively charged SV40 NLS (4). The positively charged
concave surface of the PUL domain is complementary to the negatively charged C-terminal
region of Cdc48 (Figure 5C). The crystal structure of p97 formed a hexameric ring with its
flexible C-terminal region, which is located outside the ring and exposed to the solvent (5),
thereby allowing Doal/PLAA to bind the C-terminal region of Cdc48/p97 without steric
hindrance. Taken together, these observations suggest that the acidic C-terminal region of
Cdc48 binds in an elongated conformation to the basic concave surface of the PUL domain.
The conserved residues (Arg541, Asn578, and Asn628) of Doal could hydrogen bond with
the backbone of Cdc48. Notably, the N-terminal loop regions of yeast Kapa
(54-KRRNV-58) and mouse importin o (49-KRRNV-53), which share sequence similarity
with the NLS, bind to the NLS-binding site and play a role in the autoinhibitory regulation of
nuclear import (21). The crystal structure of mouse importin a, with the N-terminal
autoinhibitory loop bound to the NLS-binding site, revealed the structural basis for
regulating nuclear import (Figure 4C) (16). Hence, it seems likely that the N-terminal loop of
the PUL domain may have a regulatory role. We speculate that the present crystal structure
of the PUL domain may represent a possible autoinhibited form, and the C-terminal region of
Cdc48 could bind in place of the N-terminal loop to the concave surface.

Previous studies indicated that in yeast, Doal/Ufd3 and Ufd2 compete for Cdc48 binding
and may determine the fate of ubiquitinated substrates (28). The crystal structure of S.
cerevisiae Ufd2 showed that it consists of an N-terminal variable region (residues 1-187), a
core region (residues 188-879), and a U-box domain (residues 884-947) (Figure 6) (34). The
core region contains irregular ARM-like repeats comprising 31 o-helices and shares
structural similarity with yeast Kapa. Biochemical studies suggested that Ufd2 binds to
Cdc48 through electrostatic interactions (30), and yeast two-hybrid experiments indicated
that the C-terminal region, the Ufd2 core region (residues 808-856), is important for Cdc48
binding (27). Within this region, the side chains of the conserved Arg844 and Glu855
residues are exposed to the solvent. Based on these observations, Tu et al. speculated that the
core region of Ufd2 interacts with Cdc48, using Arg844 and Glu855 (34). A structural
comparison of the PUL domain of Doal with the core region of Ufd2 revealed that they
commonly have a similar irregular ARM-like repeat structure (Figure 6). The PUL domain
of Doal (residues 552-715) superposed onto the core region of Ufd2 (residues 614-862) with
an RMSD of 4.1 A for 148 Ca atoms (Figure 6). Notably, Arg699 and Asp713 of Doal are
located at positions equivalent to Arg844 and Glu855 of Ufd2, respectively. In addition, the
highly conserved Asn812 of Ufd2 appears to be equivalent to Asn628 of Doal. These
observations in part provide a possible structural explanation for the fact that Doal and Ufd2
compete for Cdc48 binding (27). However, it appears that the concave surface of the Ufd2
core region lacks the residues that correspond to Arg541, Asn578, and Asn628 of Doal and
could hydrogen bond to the backbone of Cdc48. This might imply that the Cdc48 binding
sites of Doal and Ufd2 only partially overlap. Consistent with this, pull-down assays
suggested that Doal might have higher Cdc48 binding affinity that Ufd2 (28). Further details
of Doal and Ufd2 binding to Cdc48 will be required to fully understand the mechanism by
which they compete for Cdc48 binding.

During the preparation of this manuscript, the crystal structure of the PUL domain
(residues 464-715) of yeast Doal/Ufd3 was reported (36), which is essentially identical to
that of the PUL domain we presented here. In addition, isothermal titration calorimetry (ITC)
and mutagenesis experiments showed that the PUL domain binds to a peptide consisting of
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the C-terminal 14 residues of Cdc48, and that the conserved residues (Asn578, Arg541, and
Arg669) of the PUL domain are involved in Cdc48 binding. These results are consistent with
our idea that the positively charged concave surface of the PUL domain serves as a binding
site for Cdc48, and that Arg541 and Asn578 are involved in hydrogen bonding interactions
with the Cdc48 backbone. As also observed in our structure, the N-terminal 20 residues
cover the concave surface of the PUL domain in their structure. Based on this observation
and the analogy with Kapa. , Zhao et al. also proposed a regulatory role for the N-terminal
loop of the PUL domain (36). The structure of Doal in complex with full-length Cdc48 will
clarify the mechanisms by which Doal recognizes the C-terminal residues of Cdc48 and the
possible regulatory role for the N-terminal loop.
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