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ABSTRACT: Ubiquitin specific protease 15 (USP15) func-
tions in COP9 signalosome mediated regulation of protein
degradation and cellular signaling through catalyzing the
ubiquitin deconjugation reaction of a discrete number of
substrates. It influences the stability of adenomatous polyposis
coli, IκBα, caspase-3, and the human papillomavirus type 16
E6. USP15 forms a subfamily with USP4 and USP11 related
through a shared presence of N-terminal “domain present in
ubiquitin specific proteases” (DUSP) and “ubiquitin-like”
(UBL) domains (DU subfamily). Here we report the 1.5 Å
resolution crystal structure of the human USP15 N-terminal
domains revealing a 80 Å elongated arrangement with the DU
domains aligned in tandem. This architecture is generated
through formation of a defined interface that is dominated by an intervening β-hairpin structure (DU finger) that engages in an
intricate hydrogen-bonding network between the domains. The UBL domain is closely related to ubiquitin among β-grasp folds
but is characterized by the presence of longer loop regions and different surface characteristics, indicating that this domain is
unlikely to act as ubiquitin mimic. Comparison with the related murine USP4 DUSP-UBL crystal structure reveals that the main
DU interdomain contacts are conserved. Analytical ultracentrifugation, small-angle X-ray scattering, and gel filtration experiments
revealed that USP15 DU is monomeric in solution. Our data provide a framework to advance study of the structure and function
of the DU subfamily.

Ubiquitin specific proteases (USPs) have emerged as key
regulators of ubiquitin mediated protein degradation and

signaling,1,2 thereby influencing major cellular events such as
cell cycle progression, transcriptional regulation, and DNA
damage repair. Dysfunction and mutation in USPs are linked to
a number of diseases including neurodegenerative disease and
cancer.3,4 USPs share a papain-like proteolytic core domain of
typically 30% sequence identity that harbors different
insertions.5,6 In addition, most USPs harbor functional domains
at the N and/or C-terminus, such as typical ubiquitin binding
domains and a range of other domains that probably mediate
protein and ligand interactions to contribute to substrate
specificity or cellular localization.7,8 However, our functional
and structural understanding of these variable domains is
limited at present. USP15 is characterized by an N-terminal
“domain present in ubiquitin specific proteases” (DUSP)
followed by a predicted “ubiquitin-like domain” (UBL)
upstream of the protease domain; neither of these domains
have yet been assigned a function. USP15 associates with the
COP9 signalosome9,10 and thereby stabilizes tumor suppressor
protein adenomatous polyposis coli,11 regulates the RING-box
protein Rbx1,9 and influences the stability and activity of
caspase-3 during Paclitaxel-induced apoptosis.12 USP15 has also
been implicated in the correct processing of polyubiquitinated

substrates bound to p97.13 Moreover, USP15 plays a role in the
downregulation of NF-κB pathway through deubiquitinating
NF-κB inhibitor IκBα14,15 and also regulates human papil-
lomavirus type 16 E6 oncoprotein stability.16

Among USPs, USP15 is most closely related to USP417,18

which has recently been implicated in mRNA splicing19 and
more distantly to USP11 which has been linked to DNA
damage repair pathways.20 The subfamily of USP15, USP4, and
USP11 shares the same overall domain organization charac-
terized by the presence of N-terminal DUSP and UBL domains
(DU subfamily). There are currently no interaction partners
known for the USP15 DU domains, but recently it has been
shown that a region of USP4 including the N-terminal domains
is responsible for the interactions with Sart319 which is involved
in mRNA splicing.
The DUSP domain has been predicted in seven different

USPs and occurs in duplicate or in combination with a UBL
domain.21 The NMR solution structure of the human USP15
DUSP domain has been determined previously, revealing a
three-helix bundle supporting a triple-stranded antiparallel β-
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sheet.21 The predicted presence of two UBL domains in
USP15, USP4, and USP11 is intriguing.5 UBL domains in
multiple domain proteins often act as protein interaction
modules.22,23 In USP14, for example, the UBL domain has been
shown to interact with the proteasome.24 As USPs recognize
ubiquitinated and ubiquitin substrates, an autoinhibitory role
for these UBL domains as ubiquitin mimic in USPs has been
suggested5 and recently confirmed for the UBL domain located
in an insertion of the protease domain of USP4.25 In an effort
to elucidate the arrangement and function of the N-terminal
domains in USP15, we determined the crystal structure of the
N-terminal domains directly upstream of the catalytic core
domain. Our data reveal a unique tandem arrangement of the
DUSP and UBL domains which is conserved in USP4 but not
in USP11.

■ MATERIALS AND METHODS

Cloning, Expression, and Purification. Human USP15
corresponding to residues 1−222 (USP15 DU) was amplified
from I.M.A.G.E. clone 40118994 and cloned into expression
vector pET26b using NdeI and XhoI restrictions sites. The
sequence verified plasmid was transformed into BL21 (DE3)
codon plus cells (Stratagene). Bacterial cultures were grown at
37 °C to an OD of 0.6, induced with 1 mM IPTG, and grown
for a further 3 h before centrifugation. Bacterial pellets were
resuspended in 50 mM Tris-Cl pH 8, 150 mM NaCl, 25 mM
imidazole, lysed, centrifuged, and loaded onto a HiTrap
chelating column (GE Healthcare) precharged with NiSO4.
Elution was carried out using a gradient to 100% 50 mM Tris-
Cl, 150 mM NaCl, pH 8, and 500 mM imidazole. Appropriate
fractions were pooled, concentrated, and subsequently loaded
on a Superdex 75 16/60 column (GE Healthcare) pre-
equilibrated with 50 mM Tris-Cl, pH 7.4, 150 mM NaCl.
Peak fractions were pooled and concentrated in Vivaspin
concentrators (Sartorius) to 8.7 mg/mL for crystallization.
Human USP4 (residues 1−226), USP4 DU, was cloned into
pET26b using NdeI and XhoI restrictions sites. USP4 DU was
expressed and purified using the same protocols as for USP15
DU. Unless otherwise indicated, all proteins correspond to the
human sequence.
Protein Crystallization and Data Collection. Recombi-

nant USP15 (residues 1−222) at a concentration of 8.7 mg/mL
was used for sitting drop vapor diffusion crystallization trials at
20 °C by mixing equal amounts of USP15 (1−222) with
precipitant solutions. Triangular-shaped crystals grew within a

day in conditions of 2 M (NH4)2SO4, 100 mM Bis-Tris-Cl at
pH 5.5. Prior to flash cooling in liquid nitrogen, crystals were
briefly soaked in a solution of 2.4 M (NH4)2SO4, 100 mM Bis-
Tris-Cl pH 5.5, and 30% glycerol. A data set to 1.5 Å resolution
was collected at beamline I04, Diamond Light Source UK. Data
were processed using the program iMOSFLM and scaled using
SCALA.26 Cell parameters and data collection statistics are
summarized in Table 1.
Structure Solution, Model Building, Refinement, and

Structure Analysis. The structure was solved by molecular
replacement using the USP15 DUSP domain (PDB code
1W6V21) and the USP4 UBL domain (PDB code 3JYU, SGC)
as search models with the CCP4 program PHASER.27 Crystals
contained one molecule per asymmetric unit with a solvent
content of 65%. Model building was carried out using COOT.28

The structure was refined with PHENIX29 against a maximum
likelihood target using translation/liberation/screw (TLS)
refinement with parameters from the TLSMD web server in
the final stages.30 The final model contained 222 residues and
363 water molecules. The structure contains a sulfate molecule
from the crystallization mother liquor. The quality of the
electron density in the loop region between Asp73 and Gln77 is
poor, probably due to multiple conformations; the main visible
conformation supported by the density was modeled. Following
Arg222, the Leu-Glu sequence in the structure is a cloning
artifact and is in fact occupied by Gly-Pro in USP15. The first
three histidines from the affinity tag are also visible in the
electron density. Refinement statistics as computed by
PHENIX are tabulated in Table 1. The quality of the model
was assessed using PROCHECK31 (Supporting Information,
Figure S1) and tools incorporated in the PHENIX package.29

Model coordinates and structure factor files were deposited
under accession number 3T9L in the Protein Data Bank.
Figures were generated by PyMOL v0.99 (DeLano Scientific).
ClustalW in combination with ESPript was used for sequence
alignments and secondary structure assignments.32 Prior to the
analysis of interdomain contacts in murine USP4 DU, the PDB
file 3JYU (Bacik et al., the SGC) was renumbered and modified
by MOLPROBITY33 to introduce side chain flips.
Small-Angle X-ray Scattering. USP15 (1−222) was

expressed and purified according to the protocol described
above and concentrated to 4.9 mg/mL for small-angle X-ray
scattering (SAXS) data collection at beamline X33 at the
DORIS-III storage ring at DESY Germany. Data were recorded
using three different concentrations, 4.9, 2.5, and 1.6 mg/mL,

Table 1. Data Collection and Refinement Statistics

data collection refinement

space group P3121 Rfactor
c (%) 15.6

cell parameters (Å) a = b = 97.60, c = 69.40 Rfree
d (%) 17.8

wavelength (Å) 0.9763 no. of residues 222
Dmin (Å) 1.48 ligand 1 sulfate
completeness (%)a 99.7 (97.9) waters 363
total reflections 671 008 ⟨B -factors⟩ (Å2)
unique reflections 63 890 protein 19.5
multiplicitya 10.5 (9.1) waters 33
⟨I/σI⟩a 22.5 (6.7) Ramachandran plote

Wilson plot B -factor (Å2) 17.3 favored regions (%) 97.73
Rmerge

b (%)a 6.4 (29.2) allowed regions (%) 2.27
aValues in parentheses are from the highest resolution shell (1.48−1.56 Å). bRmerge = (∑|I − ⟨I⟩|)/(∑⟨I ⟩). cCrystallographic R factor = (∑|Fobs −
Fcalc|)/(∑Fobs) calculated with 90.1% of the data. dRfree is the R factor based on 9.9% of the data excluded from refinement. eRamachandran plot
statistics were calculated using MOLPROBITY.33
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intercepted by acquisition of buffer curves. The background
was subtracted, and data were processed using the software
package PRIMUS.34 The final scattering curve used for

calculation of ab initio models consisted of the highest
concentration data merged with low Q sections from the
lower concentration data. Ab initio models were calculated

Figure 1. USP15 N-terminal domain structure. (A) Schematic representation of USP15 highlighting the overall domain organization and the
location of catalytic residues (numbering refers to UniProt acc. code: Q9Y4E8). (B) USP15 DU domains in cartoon representation. The DUSP and
UBL domains are depicted in red and blue, respectively. The DU finger β-hairpin structure at the interface of the two domains is highlighted in
orange. Secondary structure elements are labeled according to the numbering scheme employed for the individual domains where H = α-helix, S = β-
strand, and G = right-handed 310 helix (left). Ribbon representation with every 10th residue labeled (right).

Figure 2. (A) Close-up stick representation of the DUSP UBL interface area with electron density map calculated using Fourier coefficients (2Fobs −
Fcalc), αcalc contoured at 1.7 sigma level. Key residues at the interface are labeled, and hydrogen-bonding interactions are shown as dashed lines. Color
coding: red: present in USP15 and USP4 DU structures; black: present in USP15 DU structure. (B) Schematic representation of the hydrogen-
bonding interactions at the USP15 and USP4 DU interfaces; color coding is the same as before. Note the absence of two hydrogen-bonding
interactions at the tip of the USP4 DU finger. (C) Superposition of USP15 and USP4 (PDB code: 3JYU, SGC) DU structures based on the UBL
domain. USP15 key residues Tyr132 and Phe123 at the interface are shown in stick representation. A slight difference in the DUSP domain orientation
can be seen. (D) USP4 DU dimer as seen in the crystal structure (PDB code: 3JYU, SGC) shown in the same color scheme as USP15 DU. Note
how Phe127 from one molecule inserts into a hydrophobic pocket in the DUSP domain of the other molecule. The solvent accessible surface area of
the two molecules is shown in brown and blue, respectively.
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using the software DAMMIN and a final averaged molecular
envelope was generated using the program DAMAVER.
Subsequently, DAMFILT was used for filtering to obtain a
representative dummy atom model.34 The theoretical scattering
curves for the USP15 DU crystal structure and a USP15 dimer
model based on the USP4 crystal dimer (PDB code 3JYU,
SGC) were generated and fitted to the experimental scattering
curve using the program CRYSOL.35 Domain fitting was
carried out by superimposing the coordinate file with the
dummy atom model using SUBCOMB.34

Analytical Ultracentrifugation. The USP15 N-terminal
DU domains were expressed as described above, and solutions
of 1, 0.5, and 0.25 mg/mL in 50 mM Tris-Cl, pH 7.4, 150 mM
NaCl were prepared for ultracentrifugation studies. Sedimenta-
tion velocity experiments were carried out at 40 000 rpm using
a Beckman XL-A analytical ultracentrifuge. Two channel
sedimentation velocity cells were loaded into an An60Ti
rotor; the set temperature was 20 °C. Partial specific volumes of
the protein were calculated using SEDNTERP. Solution
densities were measured using an Anton Paar DMA5000
density meter, and the solution viscosity measured using an
Anton Paar microviscometer. Data were processed using
ULTRASAN running on a Windows XP platform. Data were
analyzed using the 2DSA and GA algorithms submitted to the
Texas Teragrid using the LIMS portal contained in the
ULTRASCAN software.
Gel Filtration Analysis. Purified USP15 and USP4 DU

domains were analyzed by size exclusion chromatography using
a Superdex 75 16/60 (GE Healthcare) equilibrated with 50
mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM DTT, 1% glycerol
(v/v). Protein samples of 1 mL at 8 mg/mL were applied and
chromatographed at a flow rate of 0.8 mL/min. The column
was calibrated using molecular weight standards (GE Health-
care): aprotinin, 6.5 kDa, Ve = 91.4 mL; ribonuclease A, 13.7
kDa, Ve = 77.2 mL; carbonic anhydrase, 29 kDa, Ve = 65.9 mL;
ovalbumin, 44 kDa, Ve = 57.7 mL; conalbumin, 75 kDa, Ve =
51.9 mL. Peak fractions were collected, analyzed by SDS-
PAGE, and visualized by Coomassie blue staining.

■ RESULTS
USP15 DUSP-UBL (DU) Structure. We cloned a USP15

construct spanning residues 1−222 that encompasses the N-
terminal domains (Figure 1A). Crystallization screens yielded a
single crystal form using 2 M (NH4)2SO4, 100 mM Bis-Tris-Cl
at pH 5.5 as mother liquor. Crystals have the symmetry of
space group P3121 with cell parameters of a = b = 97.6 Å, c =
69.4 Å and contain one molecule per asymmetric unit. The
structure was determined using molecular replacement and
refined to an Rfactor/Rfree of 15.6/17.8% at 1.5 Å resolution. The
overall structure is kidney-shaped, measuring about 80 Å in the
longest dimension (Figure 1B). The N-terminal DUSP domain
is comprised of a three-helix bundle followed by a typical β-
grasp fold ubiquitin-like (UBL) domain. The DUSP and UBL
domains interact via a small interface forming an elongated
arrangement. The previously determined NMR structure of the
isolated USP15 DUSP domain (residues 6−132)21 super-
imposes well on the crystal structure with an rmsd of 1.3 Å over
111 aligned Cα positions. Local differences occur in the loop
regions Gly46-Pro62 (following H2, Figure 1B) and Leu71-Ser78

(following the 310 helix G2). At the C-terminal end of the
DUSP domain our crystal structure shows that strands S3
(Ile113 to Gln120) and S4 (His126-Val129) adopt a distinctive β-
hairpin structure (highlighted in orange in Figure 1B) which we

will refer to as the DU finger. The tip of the DU finger is
hydrophobic, consisting of residues Met122, Phe123, and Val124.
The DU finger tip is pinned to the side of the UBL domain via
two hydrogen-bonding interactions between Phe123 main chain
N and Asp200 as well as the Lys125 side chain and Asp200. The
interface is characterized by an extensive side chain−side chain
and side chain−main chain hydrogen-bonding network along
the length of the hairpin as shown in Figure 2A,B. Additional
contacts also occur between Glu130 and Leu133, Gly121 and
Gln199, Gln120 and Lys154, Glu81 and Tyr132, and Val118 and
Ala155. Furthermore, four water molecules are engaged in
bridging the DUSP and UBL domains via hydrogen-bonding
interactions. Overall, the DU interface buries a surface area of
380 Å2 and is predominantly hydrophilic in nature, whereby the
UBL domain contributes a positive electrostatic potential
surface with contributions from residues Arg151 and Lys154 that
is counteracted by a negative electrostatic potential on the
DUSP surface through the presence of Glu81 and Glu130. In
addition to the DU finger, the DUSP domain loop regions prior
to S2 are engaged in interactions with the UBL domain,
whereas the UBL domain interface residues cluster within a
stretch of sequence located between S2′ and H1′ and on H2′
(Figure 1B).
DU Interface Is Conserved in USP4. The closest

homologue of USP15 is USP4,36 and they share 58% sequence
identity overall with 66% identity spanning the DU domains.
Compared to USP15, USP4 harbors an additional four residues
close to the N-terminus, and the residue numbering is
respectively offset. We superposed the USP15 DU structure
with the 2.4 Å resolution murine USP4 DU structure (PDB
code 3JYU; Bacik et al., the SGC, mUSP4 1−229 crystallized in
20% w/v PEG 4000, 10% isopropanol, 0.1 M Na-HEPES, 1
mM DTT with two molecules in the asymmetric unit). The
individual domains of USP15 and USP4 are similar overall and
superimpose with an rmsd of 1.8 Å (DUSP; 119 matching Cα
positions; 64% sequence identity) and 1.2 Å (UBL; 88
matching Cα positions; 72% sequence identity), respectively.
Upon superposition of the DU structures via the UBL domains,
the DUSP domains are offset by ∼15° (Figure 2C). The
interface is conserved overall as schematically indicated in
Figure 2B. The DU finger is present in USP4, and this
sequence conserved with the exception of residues Leu126 and
His124 replacing Met122 and Gln120 in USP15. Met122 is
peripheral to the interface, and Gln120 is not in contact with
the UBL domain. Although the residues at the finger tip are
conserved, surprisingly, structural differences arise here in
USP4 with Phe127 (Phe123 in USP15) peeling away from the
body of the UBL and the tip extending away from the UBL
domain. The phenylalanines at the tip of the turn adopt unusual
dihedral angles in both structures. Concomitant changes in the
interface resulting from this peeling back are illustrated
schematically in Figure 2B, showing a reduction in the number
of interfacial interactions formed in USP4. USP15 lacks a
hydrogen-bonding interaction between His124 and Gln203 that
occurs in USP4.
Analysis of DU Surface Features and Packing

Interactions. The USP15 DU structure contains one
molecule per asymmetric unit. We analyzed the USP15 DU
crystal contacts using the PISA server.37 This revealed the
presence of two dimeric arrangements in the crystal packing;
however, both involve only a small interface surface area (425
and 350 Å2) within the range of a typical crystal contact. Unlike
USP15 DU, USP4 DU forms an antiparallel dimer in the
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asymmetric unit as shown in Figure 2D. A significant surface
area of 1084 Å2 is buried at the interface, which places it above
400−800 Å2 generally observed for crystal contacts and the
same order of magnitude as some obligate functional
dimers.38,39 There are no contributions from the UBL domain
to the dimer interface apart from three residues forming a single

surface patch, and the surfaces are not fully complementary in
shape. In fact, the B chain UBL domain in the crystal is further
removed and does not make any direct contacts with the DUSP
domain of the A chain, resulting in a nonisologous dimer. In
total, 10 residues from the A chain make direct contact with 13
residues from the B chain, and six residues are engaged in four

Figure 3. (A) Superposition of the hUSP15 and mUSP4 DUSP domain structures. USP15 residues that are not conserved in USP4 are depicted in
red stick representation. Note the differences in helix 1. The boxed region is shown as a close-up on the right. USP4 electrostatic potential surface
representation with USP15 Leu20 shown that occludes the hydrophobic pocket present in USP4 (right). USP4 electrostatic surface area shown with
USP4 Phe127 from the second molecule in the crystallographic dimer occupying the hydrophobic pocket (far right). (B) Multiple sequence alignment
of the N-terminal regions of hUSP15 (UniProt acc. code: Q9Y4E8); mUSP15 (UniProt acc. code: Q8R5H1); hUSP4 (UniProt acc. code: Q13107);
mUSP4 (UniProt acc. code: P35123); hUSP11 (UniProt acc. code P51784), and mUSP11 (UniProt acc. code: Q99K46). USP15 secondary
structure elements are shown above the sequences and color coded according to domains (red: DUSP; blue: UBL; shaded orange: DU finger).
Residues shaded gray are located at the USP4 crystal dimer interface whereby dark gray denotes residues that are involved in direct contacts. Orange
(DUSP) or light blue (UBL) shaded residues are located at the USP15 DUSP-UBL interface; red or dark blue shading denotes for direct contacts.
(C) USP15 DU module structure shown in both cartoon (top) and surface (bottom) representation in the same orientation. Nonconserved residues
between USP15 and USP4 sequences are depicted in red, similar residues depicted in salmon, and conserved residues depicted in gray. Note that one
face of the molecule is significantly more conserved (face A, left and outlined) than the other (face B, right). Key residues referred to in the text are
labeled.
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hydrogen-bonding interactions according to DIMPLOT that
uses HBPLUS.40 A distinctive feature of the USP4 dimer
interface is that the tip of the DU finger inserts into the
hydrophobic pocket of the second DUSP domain lined by
residues Met24, Phe42, Phe51, Val96, and Val94 with the Phe127

side chain fully buried and flanking Val128 and Leu126 side chains
becoming partially buried. Figure 3A illustrates how USP15
Leu20 from the N-terminal helix H1 has closed in to fill the
pocket (right panel), whereas in USP4 H1 is shorter by three
residues and slightly moved outward for the DU finger to insert
(far right panel). Leu20 is absolutely conserved in USP15
orthologues but replaced by methionine in most USP4
sequences.
Most residues contributing to the DUSP pocket region are

conserved between USP15 and USP4. This includes the
adjacent acidic residues Asp85 and Glu86 which line the rim of
the pocket and are part of a β-turn that also contains the two
exposed hydrophobic residues Ile84 and Leu87 (Figure 3). The
exception is the N-terminal helix H1, which is the least
conserved region between USP15 and USP4 DU domains
(Figure 3B). Gly21, the terminal residue of the shorter helix H1,
is absolutely conserved among USP4 sequences but not present
in USP15. Further analysis of the surface properties of USP15
DU in comparison with USP4 revealed that most absolutely
conserved residues cluster on one face which contains the
DUSP pocket (arbitrarily defined as face A and outlined in
Figure 3C), whereas more variation is observed on the opposite
face (face B in Figure 3C). The following noteworthy surface
features locate to face A: (i) the USP15 loop region Phe47-
Met55 following H2 in the DUSP domain that adopts different
conformations and contains Trp50 and Tyr53 (Figure 3C),
residues that often occur at protein interfaces and rarely on the
surface.41 With the exception of Lys52 that is replaced by Met56

in USP4, this loop region is conserved across mammalian
USP15 and USP4 sequences; (ii) the two exposed hydrophobic
residues Ile84 and Leu87; (iii) the UBL S3′−S4′ loop that is well
ordered in USP15 due to crystal contacts but adopts different
conformations with high B-factors in USP4; and (iv) Trp220

from the C-terminal Asp-Gly-Thr-Trp-Pro motif that engages
in a π-stacking interaction with the side chain of Arg178 part of
the Arg-Leu-Trp motif on strand S3′. Interestingly, these two
motifs are not only strictly conserved between USP15 and
USP4 but also in the more distantly related USP11 (Figure
3B).
Analysis of DU in Solution Using AUC and SAXS. To

investigate the solution behavior of USP15 DU, we employed
analytical ultracentrifugation (AUC) and small-angle X-ray
scattering (SAXS) techniques. The sedimentation velocity
experiments revealed a single species in solution (Figure 4A)
with a hydrodynamic shape compatible with the crystal
structure: the calculated sedimentation coefficient of 2.2 S is
close to the experimental value of 2.4 S. An average molecular
weight of 30 kDa was calculated, which agrees well with the
theoretical molecular mass of 26.8 kDa.
SAXS experiments of USP15 DU revealed a molecular

weight of 26 kDa (calculated from the forward scattering
vector) consistent with a monomeric species. Buffer subtracted
scattering curves and corresponding Guinier plots for USP15
DU at three concentrations are shown in Supporting
Information, Figure S2. The radius of gyration, calculated by
the second moment of the distance distribution function, and
the maximum dimension, Dmax, were found to be 26.6 and 81 Å,
respectively: both values are consistent with the crystal

structure (Rg,theor: 25.9 Å; longest dimension: 80 Å). We then
reconstructed the molecular envelope of the protein using both
small- and wide-angle scattering data. The results of ten
independent runs of the reconstruction program DAMMIN34

were used to construct a representative dummy atom model

Figure 4. (A) Ultracentrifugation velocity sedimentation diagram of
USP15 DUSP-UBL showing a single peak at a sedimentation
coefficient of 2.4 S, corresponding to a monomer of USP15 with a
molecular weight of 30 kDa. (B) USP15 DU crystal structure fitted
into the SAXS ab initio molecular envelope using SUPCOMB. Two
different orientations 90° from each other are shown. (C) Comparison
of theoretical small-angle X-ray scattering curves derived from the
USP15 DU crystal structure (blue) and a USP15 dimer model (red)
computed using CRYSOL with the experimental scattering curve
(gray). Note the near-perfect fit of the experimental curve with the
monomeric USP15 DU crystal structure (chi2 = 1.06) compared to the
DU dimer model (chi2 = 5.09).
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shown in Figure 4B. The molecular envelope agrees well with
the shape of the crystal structure. The predicted scattering
curve from the crystal structure matches the experimental one
with a near ideal chi2 value of 1.06 (Figure 4C). Slight
differences can be attributed to the hydration shell and a degree
of flexibility in loop regions and between the domains, such as
seen between USP15 and USP4 DU. These results are in line
with gel filtration, where pure USP15 DU monomer elutes at
68 mL corresponding to 27.5 kDa (Supporting Information,
Figure S3).
We also investigated the behavior of USP4 DU in solution.

Sedimentation velocity experiments on USP4 DU samples
taken instantly post gel filtration revealed a single peak with a
calculated sedimentation coefficient of 2.6 S, which correlates
with an average molecular weight of 29.5 kDa (Supporting
Information, Figure S4). Gel filtration of USP4 DU showed a
main peak at 64.8 mL, corresponding to ∼34 kDa (Supporting
Information, Figure S3). These data are consistent with a
monomeric species having a theoretical mass of 27.3 kDa. In
contrast to USP15 DU, USP4 DU showed a tendency to self-
associate/aggregate over time with higher order aggregates
forming (unpublished observation).
Comparison of USP15 UBL with Other β-Grasp Folds.

In the USP15 DU structure, residues 133−218 adopt a
ubiquitin-like fold. We performed structural comparisons of the
UBL domain using DALI42 which revealed that, apart from the
USP4 UBL domain, the overall structure is most closely related
to ubiquitin among UBL folds (Z-score of 11.0, PDB code
1TBE43). A Z-score of 11.4 with a lower sequence identity of
10% was obtained for tubulin folding cofactor B (PDB code
1T0Y44). The USP15 UBL domain can be superimposed onto
ubiquitin (PDB code 1UBI45) with an rmsd of 2 Å and 18%
sequence identity (75 matching Cα positions).
Overall, the USP15 UBL domain is characterized by longer

loop regions compared to ubiquitin (Figure 5A). The loop
connecting H1′ and S3′ and strand S3′ are significantly longer in
USP15 UBL compared to ubiquitin. Similarly, the loop
connecting strands 3 and 4 (S3′−S4′ loop), Ala46-Gly47 in

ubiquitin, is longer by three residues in USP15-UBL and
consists of the sequence Tyr183-Met-Ser-Asn-Thr187 (Figure
5A,C). Whereas ubiquitin is characterized by two surface
regions of either predominantly positive electrostatic potential
(front facing in Figure 5A), mediated through Arg42, Arg72, Lys6,
Lys48, Arg74 or negative electrostatic potential (back-facing in
Figure 5A), through Asp21 (Asp156 in USP15), Glu24 (Asp159 in
USP15), Asp32 (Lys167), Glu18 (Ser153), Glu16 (Arg151), Asp52

(Pro194), this charge distribution is not replicated in the UBL
domain of USP15 as most residues are not conserved. A cluster
of acidic residues creates a negative electrostatic potential in the
area of the turn containing residues Glu216 and Asp217 and the
turn containing Asp173 and Glu174 (between H1′ and S3′) in
USP15. None of the ubiquitin lysine residues are conserved in
the USP15 UBL domain, and there is no double glycine at
equivalent positions in USP15 UBL. Residues creating the
hydrophobic surface that acts as the main interaction site in
ubiquitin,46 namely around Ile44, Val70, Leu8, and His68, are not
conserved in the USP15 UBL (Figure 5A,C). However, the
corresponding region in USP15 is still hydrophobic in nature
containing solvent exposed residues Trp180 and Phe188. In
addition, a leucine residue introduced by the cloning strategy
interacts with this site. Ubiquitin Asp58 engaged in the Rabex 5
interaction47 is conserved in USP15 UBL (Asp200), but other
residues in this region are not. Nor is ubiquitin His68 conserved
in USP15 which is involved in the interaction with the EAP45
GLUE domain.48,49 Based on the sequence of the predicted
second UBL domain within the catalytic protease domain of
USP15, there are no obvious similarities to the N-terminal UBL
domain (sequence identity of 11%). Similarly, other available
USP UBL structures such as from USP7 (PDB code 2KVR,
SGC, rmsd of 2.3 Å, and 9% sequence identity over 75
matching Cα positions) and murine USP14 (PDB code
1WGG, RSGI, rmsd of 1.9 Å, and 9% sequence identity over
64 matching Cα positions) do not share any obvious conserved
surface features with USP15 UBL.

Figure 5. (A) USP15 UBL domain and ubiquitin shown in the same orientation with important residues labeled indicating the similarities and
differences. Residues creating the hydrophobic surface patch in ubiquitin that most often engages in protein interactions are labeled red. (B)
Location of the nuclear export signal in USP4, shown in yellow stick representation highlighting Leu138 which is not conserved in USP15. (C)
Structural alignment of human USP15 UBL and ubiquitin with secondary structure elements shown. Note the shorter loop regions in ubiquitin.
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■ DISCUSSION

There are at least 55 USPs in the human genome that have
diverged to contain a plethora of ancillary domains proposed to
mediate protein−protein interactions.50 USPs are specific to
certain substrates and ubiquitin chain linkages and often
interact with ubiquitin ligases and other proteins as part of
larger protein complexes.8 Very little is known about the
function and interaction partners of the N-terminal DUSP and
UBL domains in USP15. We describe here the high resolution
structure, surface characteristics, and solution behavior of the
USP15 DU domains, utilizing X-ray crystallography, small-
angle X-ray scattering, analytical ultracentrifugation, and gel
filtration. We show that the two domains are arranged in
tandem and that a distinct intervening β-hairpin structure
mediates the interface between the DUSP and UBL domains.
Interestingly, the β-hairpin is conserved in USP4 (PDB code
3JYU, SGC) where conformational changes may be important
to expose the nuclear export signal (NES) that is located in this
region (residues 133−141, Figure 5B).17 Leu138 is replaced by
Thr134 in USP15, and so far this sequence is not known to act
as functional NES in USP15. We also noted that USP15 and
USP4 share one face of the DU domains, arbitrarily termed face
A that is distinctively more conserved than the other. This face
is still largely exposed in the USP4 crystal dimer. It is tempting
to speculate that this is of functional significance in the context
of the full-length molecule or interaction with binding partners.
Notably, this face contains the UBL S3′−S4′ loop which is
absolutely conserved among mammalian USP15 and USP4
sequences (Figure 3B) but not other UBL domains found in
USPs. This loop is often engaged in UBL protein−protein
interactions.23,24 The presence of surface hydrophobic residues
such as USP15 Ile84 and Leu87, Trp50 and Tyr53 also supports a
functional role for face A.41

Overall, we observed three principal structural differences in
a comparison of USP15 with USP4: (i) differences in
orientation by about 15° between the DUSP and UBL
domains; (ii) the DU finger loop packs closely onto the UBL
domain in USP15 whereas it is extended away from the UBL in
USP4, which results in a smaller interface; (iii) differences in
the N-terminal helix H1 which is shortened in USP4. These
differences may all be attributed to interactions with a second
molecule in the crystal packing of the USP4 crystal structure
which is not present in USP15. Although the DU finger is
conserved, differences in the N-terminal helix impact on the
DUSP domain pocket which may preclude such a dimer
forming in USP15. The presence of a glycine residue that caps
the N-terminal helix concomitant with the absence of a leucine
residue in USP4 may aid in creating the deep hydrophobic
pocket that can accept hydrophobic ligands/residues. Although
the cleft in USP15 lacks this deep pocket, the hydrophobicity is
conserved in this region. We anticipate that other DUSP
domains will modulate the characteristics of this pocket
through sequence variations in the N-terminal helix to create
surface cavities that mediate binding to different ligands or the
creation of self-association sites.
Our gel filtration, SAXS, and AUC experiments reveal that

USP15 DU exists as a monomer in solution under physiological
buffer conditions. We cannot rule out that there might be
conditions under which H1 in the USP15 DUSP domain
undergoes conformational changes to allow similar dimer
formation as seen in the USP4 crystal structure, but as we
observe both DU modules as predominantly monomeric in

solution, the physiological relevance remains to be determined.
In this context it is interesting to note that full length USP15
from Rattus norvegicus (98% sequence identity to human
enzyme) has been reported to exist as monomer in solution,51

whereas full-length cellular human USP4 has been shown to
exist as monomer or higher molecular weight species.52 This
has mainly been attributed to USP4 associating with other
proteins such as pRb but could also reflect transient
dimerization. Alternatively, the crystal contacts observed in
the murine USP4 DU structure may mimic a ligand. At this
point there is no evidence for a functional role of the DUSP
pocket or N-terminal UBL domain in the DU family, but the
DUSP domain pocket is a potential site for protein−protein
interactions.
Given the significant differences in surface characteristics

between ubiquitin and the UBL domain, it is unlikely that the
USP15 N-terminal UBL domain may act as ubiquitin mimic.
Ubiquitin is generally recognized through the Ile44 face when
interacting with USPs,24,53,54 and based on our analysis, this
surface in USP15 UBL, although hydrophobic, is very different
in shape compared to ubiquitin. No obvious sequence and
surface characteristics are shared between the structures of
USP15, USP14, and USP7 UBL domains, the two other USP
UBL structures that have been determined to date (SGC,
RSGI). In the N-terminal USP14 UBL domain, which has been
shown to interact with the proteasome,24 the UBL S3′-S4′ loop
is short like in ubiquitin, typically indicative of a better mimic of
a β-grasp modifier,23 whereas it is longer in the DU module of
USP15 and USP4. These differences are in line with a
proteomics study which shows that there are no common
interaction partners known between USP14 and USP15.55 Also,
an interaction of USP15 with the proteasome has not been
reported, indicating that these UBL domains may fulfill
different functions.
There are significantly less structures of integral UBL

domains showing interactions with adjacent domains compared
to isolated UBL domain structures. Among these, the USP15
UBL domain interacts with the DUSP domain through a UBL
surface area that is rarely used as recognition site,56 which
leaves the more typical sites available for potential interaction
partners. The domain organization of an N-terminal DUSP
followed by a UBL domain upstream of the protease domain is
common to USP15, USP4, the more distantly related USP11
(32% sequence identity). Interestingly, based on sequence
alignments, the DU finger β-hairpin in USP11 is shortened by
three residues compared to USP15 and USP4 (Figure 3B), and
not all residues engaged in interdomain contacts are conserved,
which leads us to speculate that USP11 DU may adopt a
different DU architecture.
A large-scale proteomics approach has identified proteins

that interact with USPs and has shown that USP15 and USP4
have several interaction partners in common.55 This is
consistent with our findings that both share a common tandem
DU architecture and some similarities in surface characteristics.
These data will make a significant contribution to interpreting
studies on ligand binding and the function of the DU domains
in ubiquitin deconjugation and COP9 signalosome mediated
processes.
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