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Ubiquitin-specific proteases (USPs) can remove covalently
attached ubiquitin moieties from target proteins and regulate both
the stability and ubiquitin-signaling state of their substrates. All
USPs contain a conserved catalytic domain surrounded by one or
more subdomains, some of which contribute to target recognition.
One such specific subdomain, the DUSP domain (domain present in
ubiquitin-specific proteases), is present in at least seven different
human USPs that regulate the stability of or interact with the hy-
poxia-inducible transcription factor HIF1-«, the Von Hippel-
Lindau protein (pVHL), cullin E3 ligases, and BRCA2. We describe
the NMR solution structure of the DUSP domain of human USP15,
recently implicated in COP9 (constitutive photomorphogenic gene
9) -signalosome regulation. Its tripod-like structure consists of a
3-fold a-helical bundle supporting a triple-stranded anti-parallel
B-sheet. The DUSP domain displays a novel fold, an a/f tripod
(AB3). DUSP domain surface properties and previously described
work suggest a potential role in protein/protein interaction or sub-
strate recognition.

There are at least 67 human deubiquitinating enzymes, subdivided in
ubiquitin-specific proteases (USPs)* and ubiquitin carboxyl-terminal
hydrolases. By removing covalently attached ubiquitin moieties from
target proteins, USPs counteract the activity of a relatively small number
of E2 enzymes and hundreds of E3 enzymes responsible for specific
protein ubiquitination. The subclass of ubiquitin carboxyl-terminal
hydrolase enzymes cleaves ubiquitin from small peptides. Deubiquiti-
nation serves a number of roles: it protects Lys**-linked polyubiquiti-
nated proteins from targeting to the proteasome and subsequent deg-
radation, but can also control the signaling state characterized by
monoubiquitination or Lys®*-linked polyubiquitination (1).

Human USP7 was shown to stabilize p53 and, as a consequence, affect
cell viability and apoptosis. Initial observations suggested that USP7
stabilizes p53 by direct binding and deubiquitination of p53 (2, 3). Sub-
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sequently, USP7 was also demonstrated to deubiquitinate the murine
double minute 2 homolog protein, the E3 ubiquitin ligase that targets
p53 for proteasomal degradation. The total absence of USP7 destabi-
lized murine double minute 2 homolog, causing an indirect stimulation
of p53 protein stability (4, 5). The balance in deubiquitination of these
two targets might determine the net outcome of both opposing actions.
If the flexibility in target recognition by USP7 is exemplary for the whole
USP protein family, unraveling USP-regulated ubiquitin signaling and
USP target specificity will prove a challenging task.

A first structural view on the action of USPs was provided by the
crystal structure of the USP7 catalytic domain in complex with a
covalently attached ubiquitin aldehyde that specifically inhibits USP
enzymes (3). The ubiquitin moiety is recognized by an extended protein
surface, and its carboxyl-terminal region contacts a narrow groove con-
taining the conserved catalytic triad His, Cys, and Asp. The ubiquitin
carboxyl terminus, normally covalently bound to a ubiquitinated target,
is positioned at the end of this catalytic channel, which permits binding
of the substrate protein by other USP subdomains or by the catalytic
core domain itself.

All USPs contain a conserved catalytic domain but vary in both the
number and type of subdomains surrounding it (6). In USP7, such sub-
domains were demonstrated to participate in target recognition. A
domain carboxyl-terminal to the USP7 catalytic domain interacted with
herpesvirus-infected cell protein 0 (7). Amino-terminal residues were
shown to bind p53 (3) and the Epstein-Barr virus nuclear antigen 1 (7).
The crystal structure of this amino-terminal domain in complex with an
Epstein-Barr virus nuclear antigen 1 peptide shows that the extended
target peptide binds to the edge of a B-sandwich (8). Because Epstein-
Barr virus nuclear antigen 1 and p53 compete for binding to similar
residues in the amino-terminal domain of USP7, Epstein-Barr virus
nuclear antigen 1 binding could indirectly destabilize p53 and prevent
apoptosis (8).

Subdomains present in multiple USPs include the DUSP domain, the
UBP Zinc-finger (ZnF-UBP), and the ubiquitin-interacting motif (9). In
at least seven human USPs, single or tandem DUSP domains are located
both amino- and carboxyl-terminal to the catalytic core domain (Fig.
1la). The DUSP containing the USP family was shown to deubiquitinate
or interact with proteins as diverse as the Von Hippel-Lindau tumor
suppressor protein (pVHL), the hypoxia-inducible transcription factor
HIF-1A, the breast cancer 2 gene product BRCA2, COP9-signalosome-
associated cullin E3 ligase complexes, and the thyroid hormone-activat-
ing enzyme D2. In a structural genomics effort within our group, we
have screened for conserved human protein domains that were suitable
for semi-automatic structure elucidation by NMR spectroscopy (10).
To identify domains with new folds, we have eliminated those showing
significant sequence homology to proteins with a structure deposited in
the Protein Data Bank. The amino-terminal DUSP domain of human
USP15, a protein recently implicated in COP9 signalosome regulation
(11), proved to be a target ideal in terms of spectral dispersion, protein
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expression, solubility, and stability under NMR conditions. We have
determined its solution structure, which displays a novel AB3 fold com-
prising a 3-fold a-helical bundle that supports a triple-stranded anti-
parallel B-sheet. We have discussed the implications of the DUSP
domain structure for its potential function in substrate recognition.

MATERIALS AND METHODS

Protein Expression and Purification—A DNA fragment encoding the
amino-terminal 120 amino acid residues of human USP15 was ampli-
fied by PCR and cloned into the His tag expression vector pET15B
(Novagen) from a self-made cDNA library based on a variety of human
tumor cell lines essentially as described previously (10). Recombinant
protein expression and isotopic labeling was performed in the Esche-
richia coli strain BL21 DE3 RIL (Stratagene) as described previously
(10). The harvested bacteria from 0.5 liters of bacterial culture were
lysed in 10 ml of lysis buffer (50 mm Na,HPO,/NaH,PO,, pH 8.0, 300
mM NaCl, 0.1% Triton X-100, 1 mm phenylmethylsulfonyl fluoride, 1
mM B-mercaptoethanol, and 1% protease inhibitor mixture for His-
tagged proteins (Sigma)), frozen/thawed, sonicated on ice (20 bursts of
10 s), and centrifuged (30 min, 30,000 X g, 4°C). The His-tagged
hUSP15 was purified on a nickel-MC POROS column (PerSeptive Bio-
systems) as described previously (10), buffer-exchanged into 10 mm
Tris/BisTris, pH 7.0, and 150 mm NaCl diluted to 30 mm NaCl, loaded
on an HS-POROS column (PerSeptive Biosystems), purified in 10 mm
Tris/BisTris, pH 7.0, with a 30—-300 mm NaCl gradient with elution at
~120 mm NaCl, and buffer-exchanged into 50 mm Na,HPO,/NaH,PO,
at pH 7.0, 150 mm NaCl. The purified His-hUSP15-(1-120) was con-
centrated to ~1.5 mm using 3-kDa cutoff Centricon (Amicon) spin
concentrators. For NMR samples, 10% D,O and 0.02% NaN, were
added. Samples were stable for more than a year.

NMR Spectroscopy—All NMR measurements on U-'°N- and
U-"2C,"®N-labeled hUSP15 were performed at 298 K on Bruker Avance
spectrometers operating at 700 and 900 MHz. The mostly three-dimen-
sional spectra required for resonance assignment and structure deter-
mination were recorded using a standard set of NMR experiments rec-
ommended for this purpose (see Ref. 12 and references therein). For
backbone assignment using CO, CA, and CB resonances, we recorded
sequential (i-1) HNCO and CBCA(CO)NH in combination with bifur-
cate (i,i-1) HN(CA)CO, HNCA, and HNCACB experiments. All spectra
were processed with XWinNMR version 3.5 (Bruker Biospin, Rheinstet-
ten, Germany) and assigned using PASTA (13) and SPARKY® software.
Side chain assignment was obtained from HBHA(CO)NH, HN(CA)HA,
(H)CCH-COSY, and H(C)CH-TOCSY spectra, complemented by a
two-dimensional H;H-TOCSY with H(*°N) suppression in the direct
dimension (15) for aromatic moieties. NOE distance restraints were
derived from three-dimensional H,NH-NOESY, H,CH-NOESY, and
(H)C,NH-NOESY spectra (16) complemented by a two-dimensional
H,H-NOESY.

NOE Analysis and Structure Calculations—Automatic NOE assign-
ment and structure calculations were performed using the CANDID
module of the program CYANA (17). The first CANDID run was per-
formed when the completeness of proton resonance assignments
reached 92%, excluding the first 21 residues in the His tag. The quality of
the structures was improved in an iterative procedure, where CANDID
runs were followed by manual analysis using the NOE spectra and the
preliminary structures to assign missing resonances and improve the
quality of the peak lists. Hydrogen bond restraints were defined when
consistent with the secondary chemical shifts, expected NOE contacts,
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and the structures. Manual NOE peak assignments were generally not
fixed in the CANDID runs but used to create accurate spectrum-spe-
cific chemical shift lists to check the consistency of subsequent CAN-
DID runs and to check the manual assignments. The assignment com-
pleteness for the final run was 99% for non-labile protons. The set of 20
structures calculated by CANDID was subjected to water refinement in
crystallography NMR software (18) following the standard RECOORD
protocol (19). NOE restraints for the water refinement were taken from
the sixth cycle of the final CANDID run, because CANDID retains only
unambiguous restraints in the final seventh cycle. Dihedral restraints for
47 residues, generated by TALOS on the basis of backbone atom chem-
ical shifts, were included. The structure was validated using WHAT-
CHECK (20) and PROCHECK (21). Structural coordinates were depos-
ited in the Protein Data Bank under accession code 1W6V. NMR
assignments were deposited under BioMagResBank entry 6901.

RESULTS

The DUSP Domain Forms an AB3 Tripod—The DUSP domain pres-
ent in the human USP4, USP11, USP15, USP20, USP32, USP33, and
USP48 (Fig. 1a) was originally derived from sequence homology (9). The
amino acid sequences of several representative DUSP family members,
including all reported human DUSP domains, are aligned in Fig. 1d. The
solution structure of the amino-terminal 120 amino acids of hUSP15
(hereafter referred to as the DUSP domain) was solved by high resolu-
tion NMR spectroscopy. Three a-helices formed a bundle supporting a
short three-stranded anti-parallel B-sheet in a novel tripod-like AB3
fold (Fig. 1).

Helices al—a3 are interleaved with strands 8133 defining an «/f/
a/B/a/B topology (Fig. 1b). Helix 2 and B-strand 2 are connected by a
long linker that consists of three sub-elements. The highly conserved
PGPI motif (Fig. 1d, gold) is surrounded by loop L1 (green) and loop L2
(magenta), which vary considerably both in length and sequence (Fig.
1d). The PGPI motif packs against the three-helix bundle and is highly
ordered (Fig. 1c). The backbone root mean square deviation calculated
for residues 6-116 is 0.59 = 0.11 A (Table 1). Structural homology
searches using DALI, VAST, and MSDfold failed to produce structures
with significant homology to the /B tripod fold of the DUSP domain,
indicating it represents a novel fold.

Conserved Residues Participate in Hydrophobic Interactions—The
most conserved residues of the DUSP domain, Trp37 in a1 and the PGPI
motif (P62-165), interact closely. The PGPI motif wraps around the
aromatic side chain of Trp*” (Fig. 2a) with the hydrophobic side chains
of Pro®” and Ile®® packing against the aromatic ring, which explains the
exceptional Ile®>-HA chemical shift of 1.33 ppm. The tryptophan HE1
iminoproton is perfectly placed to form a hydrogen bond with the main
chain Gly®® carbonyl. The Pro®® side chain is pointing away from the
Trp®” aromatic ring, whereas its backbone atoms curve around it in a
sharp turn. Although the PGPI motif does not adopt a canonical sec-
ondary structure, it is structurally well defined with a low backbone root
mean square deviation of 0.53 = 0.14 A.

Isoleucine 65 not only interacts with Trp*” but also participates in a
second hydrophobic cluster around the conserved Trp” with its
v2-methyl group (Fig. 2b). Conserved residues from four structure ele-
ments (the PGPI motif, helix a2, strand 2, and the loop preceding
strand B3) interact to tie these elements together. The side chains of
Tyr*! and Pro''? pack on one side, and the Ile®® methyl y2 and the Val'®'
side chain pack on the other side of the Trp®” indole ring.

Also, the core of the three-helix bundle is stabilized by hydrophobic
side chain interactions between conserved residues (Fig. 2¢). Leucine
100 in helix a3 interacts with a2 residues Phe®® and Trp“, of which the

JOURNAL OF BIOLOGICAL CHEMISTRY 5027

1002 ‘vz Arenuer uo 1HD3YLN LIFLISYIAINN Ye B10-oglmmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

e

The Structure of the hUSP15 DUSP Domain

d

huspis @SB LCH |
husp4  (EUSB— ucH -
husp11  —(OUSD—] UCH
husP20  =XZ} UCH (GUSPCUSH)
hUSP32 Ten
husP33 =Xz} UCH (GUSPGUSH)
hUSP48 UCH EEED— N

d 1 7 17

hUSP15 1 [JGG-~---A ADLDTQRSDI ATELK---TS mrmmr 58
hUSP4 1 MR PDAETQKSEL GPLMR---TT LQRGAQWYLI DSR 62
hUSP11 31 EELPG----- LDSQWRQIEN GESGRE--RP LRAGESWELV EKH 82
hUSP20NT €85 SETAM----- RERQ--QVVS LAAMR----- -EPSLLREYV ERE 154
hUSP33NT 685 -EJAQ----- KERR--RISN LLNIM----- -EPSLLQEYE RO 724
hUSP20CT 785 EIZAL----- AKRRRIEIDT FIKLNKAFQA EESPGVIYCI £l 838
hUSP33CT 785 SKI-———— EKRRKTELEI FIRLNRAFQK EDSPATFYCI 838
AtQ9TOBE 9 GVCDLP FTPEEEKRIV SEETSESEDN ERQBNLYEVI TG----ESSE 74
hUSP32 364 LGLRP----A TPEEEGQIIR GWLERESRYG LOAGHNWEII E} E ¥VKYD IE (93) LHLN 517
hUSP48 454 MADMR----K QSVDKGKAKH EEVKELYQRL PAGAEPYEFV CLEJLOKILD ESTP------ -- 503
SpUBP12 41 GDASEISENL PSIAEQKQLI GEEVNNQPEL ELGQVDNYIL [ ER jo---- -~ 96
CeCyk3 296 =-===-===- ESRKMELQIV NEFEKR--AS ELPLSERNIV 340
SpPUEP1 10 STRYSQIWID QPASLPFQDS INLIKEDKEK WKKEKTAFLI D ¥YVD FIYGEGDN-- 67
ScUBEC 93 -QDGR----- NVLEQORDVV ARLIEENKET QKEBDKVCIV P KFFD PDVTBPED-- ----—----- 144
al Bl a2
69 77 87
hUSF15 59 S GLLKDG---- ---—===- DA QSEKEREIDE L3JiT EG 120
husP4 63 GLFSDP---- --- --ES QTLEEHLIDE Ly ' 124
hUsP11 83 NJA TLFQDE---- --- --IN WRLEKEGLVEE Ej P 143
hUSP20ONT 725 TFLCSH---= === --BG IPPHKYHYID DLVVILZONW 779
hUSP33NT 725 DFLCIH---- --- --BG VPPRKAGYIE DL’ ZONI 780
hUSP20CT 839 Rgaqm —————— -SGH VOEKQGADYE Q----ISEET 893
hUSP33CT 839 I KEAVTK---- --- --C@N VMLRQGADSG Q----ISEET 892
AtQOTOBE 75 H DIIESDSD-- =-====== IND EVEG ENIVLVEKOV 134
husP32 518 PLVTQEPVKA T-SLTLEGER LKRTPQLIHG R 587
husp48 504 H ACLCSH---- --- --DK LHPDEISIMK 556
SpUBP12 97 "PhI—‘uD- DEADLETG-~ ========== -TEKPDEQEE 152
CeCyk3 341 ---GNERMTS GIKGTREDSW TSKVACISAE SARLKPDLIP - 398
SpUBP1 68 ---EBTON RLLDEK-—-— -——--—-——- NEERHSEEES I3}SIVSASL HMIVER —msuﬁszx - 120
SCUBPC 145 ---IZNTR MECRDF---=- ========== FSEIf{eM TSESYBVVTN L¥-- 199

120

FIGURE 1. Solution structure of the human USP15 DUSP domain. g, schematic domain organization of human USPs containing DUSP domains: hUSP15 (Swiss Protein Data Base
entry Q9Y4E8), hUSP4/Unp (Q13107), hUSP11 (P51784), hUSP20/VDU2 (Q9Y2K6), hUSP32 (Q8NFAO0), hUSP33/VDU1 (Q8TEY7), and hUSP48/hUSP31 (TrEMBL entry Q86UV5). Zf, zinc
finger in USPs; E, calcium binding EF-hand; U, ubiquitin-like domain. b, topology diagram of the hUSP15 DUSP domain, summarizing exact boundaries between secondary structure
elements. ¢, ensemble of the 13 lowest energy NMR structures deposited in the Protein Data Bank (1W6V). The backbone traces of the deposited ensemble of NMR structures without
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TABLE 1
Structural statistics of the hUSP15 DUSP domain

Unambiguous/ambiguous restraints are listed by range: intraresidual (within the
same residue), sequential (between neighboring residues), medium range (between
residues 2—4 positions apart), or long range (5 or more amino acids apart). The
average root mean square deviation of superimposed backbone and heavy atoms
was calculated for the indicated amino acids. Structure Z scores were obtained by
WHATCHECK analysis of the deposited ensemble over the whole protein (residues
1-120). The first deposited structure in the ensemble is the structure closest to the
ensemble average. The Ramachandran plot was obtained by PROCHECK analysis of
backbone torsion angle statistics of the deposited ensemble of the 13 lowest energy
structures without nuclear Overhauser effect violations >1.0 A over the whole
protein.

NOE-based distance restraints (unambiguous/ambiguous)

Intraresidual 577/178
Sequential 623/228
Medium range (2—4) 402/231
Long range (5 or more) 570/359
Total 2172/996
Dihedral restraints
bl 47/47
Average root mean square deviation to mean (backbone atoms;

heavy atoms (A))
Overall, amino acids 6-116
Structured, amino acids 6-46; 62—68; 88—116
Loop L1, amino acids 47-61
Loop L2, amino acids 69-87

Structure Z scores (WHATCHECK software)

0.59 = 0.11; 1.04 * 0.09
0.49 * 0.10; 0.95 * 0.12
0.64 £ 0.22;1.18 = 0.34
0.82 = 0.26; 1.21 * 0.24

1st generation packing quality —1.51 +0.14
2nd generation packing quality —2.22*+0.30
Ramachandran plot appearance —2.62 = 0.34
X-1/x-2 rotamer normality —1.78 = 0.35
Backbone conformation —2.47 + 0.68
Number of bumps per 100 residues 16.03 = 3.34
Ramachandran plot (%) (PROCHECK software)
Most favored regions 86.09 + 2.64
Allowed regions 11.32 + 2.87
Generously allowed regions 2.22 +0.99
Disallowed regions 0.38 = 0.63

hydrophobic character is conserved. Helix al contributes a non-con-
served Ile'® side chain in USP15 that may be replaced by different resi-
dues in other DUSP-containing USP family members.

The DUSP Domain Boundary Definition Should Include an Amino-
terminal Helix—\When we tried to express soluble protein fragments
based on the human USP15 DUSP domain (9), soluble protein was only
obtained in high yield after extending the domain amino-terminally to
the original DUSP domain boundary definition (amino acids 23-120).
Residues 8 —21 in this amino-terminal extension form an a-helix (1)
that, despite its low sequence conservation, interacts intimately with the
other helices to form the three-helix bundle. The aliphatic side chains of
its residues Ile'® and Leu'® pack against Lys® in helix 3 (Fig. 2). Apart
from these hydrophobic interactions, Lys® forms a salt bridge with
Asp"® in helix a1 via its protonated amino group. The interface between
helices al and «3 is further stabilized by hydrophobic interactions
between Trp1°3, Ala® and Ala’. These extensive interactions of helix a1
with the other helices underline its vital role in forming the DUSP
domain.

DUSP domains have been identified in USPs both at the amino and
carboxyl termini and between other subdomains. All amino-terminally
located DUSP domains have an extension amino-terminal to the con-
served residues in strand 1, previously thought to define the domain
boundary. Secondary structure predictions suggest that this extension
most likely forms an a-helix, as we observed for the hUSP15 DUSP

The Structure of the hUSP15 DUSP Domain

FIGURE 2. Conserved residues in the DUSP domain participate in hydrophobicinter-
actions. g, the highly conserved PGPI motif wraps around the fully conserved Trp>” side
chain. The backbone trace of amino acids 59-67 and the side chains of Trp>” and amino
acids 62-66 are indicated. b, lle®® also participates in a hydrophobic cluster around Trp®”
at the interface of the three-helix bundle and the B-sheet. The indicated side chains of
Tyr®' (82), Val'®' (a3), and Pro"'? (preceding 83) also interact with Trp®’. , the hydro-
phobic core of the helical bundle is composed of the highly conserved residue Leu'®
(@3) and side chains from Phe3® (a2), Trp*' («2), and lle’® (a1). d, the amino-terminal helix
(a1) is an integral part of the DUSP domain structure and participates in a network of
hydrophobic interactions as indicated.

domain. DUSP domains located carboxyl-terminal to the catalytic core
domain also contain such a amino-terminal spacer between the con-
served residues of the catalytic and DUSP domains. We therefore expect
that all DUSP domains contain the three-helix bundle we observed for
hUSP15, despite the low sequence conservation of the amino-terminal
helix al.

Two Variable Loops Flank the PGPI Motif—Interestingly, the most
conserved DUSP residues, forming the PGPI motif, are flanked by two
long loops that vary both in length and sequence. The length of loop L1,
preceding the PGPI motif, ranges from 2 to 110 residues in human
DUSP domains, whereas loop L2 ranges from 17 to 32 residues (Fig. 1d).
The assigned NOEs in these loop regions indicate an inherent absence
of canonical secondary structure, yet the root mean square deviation of
loops L1 (0.64 * 0.22 A) and L2 (0.82 = 0.26 A) is only slightly higher
than the overall average of 0.59 = 0.11 A (Table 1).

The relatively low root mean square deviation in loop L2 is explained
by the presence of a hydrophobic cluster formed by leucines 70, 79, and
83 and Tyr® in strand B2. Interestingly, although the sequence conser-
vation in loop L2 is very poor, the hydrophobic character of these resi-
dues is largely conserved, even in loops of larger and smaller size. Such
conservation is not observed in the loop L1 that is missing in hUSP20
and hUSP32, which contain two consecutive DUSP domains (Fig. 1d).
In these proteins, Pro®? from the PGPI motif is connected to helix a2 via
asmalllinker of only two residues, which is compatible with the hUSP15
structure.

A Conserved Surface Cluster Is Present at the Loop L2/B-Sheet
Interface—A projection of sequence conservation onto the protein sur-
face, shown in Fig. 3, reveals two conserved surface areas that could

NOE violations > 1.0 A are displayed. Secondary structure elements are indicated by color coding: a-helices (red), B-strands (blue), loop L1 (green), loop L2 (magenta), and PGPl motif
(residues 62-67, gold). d, multiple sequence alignment of a representative set of DUSP domains (hUSP15 on top). Increasing amino acid identity is indicated by darker shading. Gene
name abbreviations use h (Homo sapiens), At (Arabidopsis thaliana), Sp (S. pombe), Sc (Saccharomyces cerevisiae), and Ce (Caenorhabditis elegans). Secondary structure elements are
indicated below the sequence and color-coded as in c. e, solution structure of the hUSP15 DUSP domain in two orthogonal views as ribbon plot. Secondary structure elements are
color-coded as in b. All pictures were created using PyMol (pymol.sourceforge.net). (46). f, stereo representation of backbone trace, color-coded as in b.
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FIGURE 3. Surface analysis of the hUSP15 DUSP domain. Left, reference ribbon dia-
gram color-coded as in Fig. 1c. Middle, surface representation indicating hydrophobic
side chains (green) and all other atoms in Corey/Pauling/Kultin coloring (carbon, gray;
hydrogen, white; nitrogen, blue; oxygen, red). Right, sequence conservation between the
DUSP family members in Fig. 1a was calculated using the program ConSurf (47) and
displayed on the surface of hUSP15 colored from white (not conserved) to red (highly
conserved). g, surface representations of the highly conserved PGPI motif. b, the top of
the tripod-like fold shows a deep cleft composed of the B-sheet and the loop L2 surface,
indicated as cluster A. ¢, a shallow, non-conserved hydrophobic cleft between a-helices
aland a2 is indicated as cluster B.

indicate functionally important residues in the DUSP domain. One area
contains the PGPI motif, but because the side chains in this motif are
mainly buried and wrap around the Trp®” aromatic ring, we interpret its
role mainly in terms of structural stabilization (Figs. 24 and 3a). The
second conserved area of conservation, cluster A in Fig. 3, contains
residues Leu® in B1, Tyr® in B2, B3 residues Ile''?, Arg"'® and Val''®
and loop L2 residues Leu”®, Leu®?, and Ile®*, Although only Tyr®® (82)
and Arg''® (83) are highly conserved residues, the hydrophobicity of the
other side chains is conserved as well, producing a largely hydrophobic
surface area in a deep cleft at the boundary of the 3-sheet and loop L2
(Fig. 3b). Conserved hydrophobic surface patches have repeatedly been
shown to participate in protein/protein interactions, suggesting that
this cluster could play a similar role.

Interestingly, an analysis of surface-exposed hydrophobic side chains
reveals another area adjacent to cluster A. This cluster B (Fig. 3c¢),
defined by the poorly conserved amino acids Leu® (al), Leu, Trp3°
(B1), Phe® (a2), Phe” (L1), Ile*®, and Leu®* (B2) forms a second, more
shallow cleft of which the hydrophobicity is only conserved in the clos-
est hUSP15 homologs hUSP4 and hUSP11 and to a lesser extent in
hUSP32. Clusters A and B together form the most striking surface fea-
tures of the DUSP domain; both are hydrophobic clefts, one of which is
broadly conserved, whereas the other is specific for close hUSP15
relatives.

DISCUSSION

The presented solution structure of the DUSP domain of human
USP15 does not show significant homology to any structure so far
deposited in the Protein Data Bank, as verified using DALI, VAST, and
MSDfold searches. Three interleaved a/fB structure repeats form a
novel tripod-like AB3 fold with a three-helix bundle and a three-
stranded 3-sheet resembling the legs and seat of the tripod. Conserved
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residues are predominantly involved in hydrophobic packing interac-
tions within the three a-helices (Fig. 2). The highly conserved PGPI
motif wraps around the fully conserved Trp®” side chain in a2 and is
flanked by two loops of variable length and sequence composition. The
most striking surface feature is a conserved, mainly hydrophobic area in
a deep cleft at the interface of loop L2 and the 3-sheet.

Although the lack of structural homologs hampers the functional
interpretation of the structure, there is experimental data on USPs con-
taining DUSP domains. The best characterized human DUSP contain-
ing USPs are the two strongly related USP20 (VDU2) and USP33
(VDUL) that were originally identified as interactors of pVHL (22, 23).
pVHL forms an E3 ligase complex with elongins B and C, cullin 2, and
the RING finger protein Rbx1 (24). Under normal oxygen conditions, a
cage in the pVHL B-domain binds a specific, hydroxylated proline in the
hypoxia-inducible transcription factor HIF-1e (25, 26), which results in
HIF-1a ubiquitination and degradation. Under low oxygen pressure,
the hydroxylation is reversed, causing transcriptional activation of HIF-
la-responsive genes that provide a cellular response to hypoxia.
Although both USP20 and USP33 are bound by pVHL and ubiquiti-
nated in a pVHL-dependent fashion, only USP20 can bind HIF-1a and
protect it from pVHL-dependent ubiquitination (27). USP20 residues
269 -390 are necessary and sufficient for this interaction with HIF-1¢,
excluding any contribution from the DUSP domains. In contrast, the
interaction with pVHL is located within hUSP20 and hUSP33 residues
510-911, including both DUSP domains and part of the catalytic ubiq-
uitin carboxyl-terminal hydrolase catalytic domain (22).

Both hUSP20 and hUSP33 were also demonstrated to bind the iodo-
thyronine deiodinase D2 enzyme that plays a role in thyroid hormone
activation. Ubiquitination of D2 can be reversed by both hUSP20 and
hUSP33, rescuing the enzyme from proteasomal degradation (28). The
interaction with D2 was mapped to the hUSP33 residues 585-786 that
comprise a small fragment of the catalytic palm subdomain and the
complete first DUSP domain (28). Because the palm fragment is likely
unfolded in the absence of the rest of the catalytic domain, the DUSP
domain remains the more probable candidate for D2 recognition. Con-
sistent with their participation in the recognition of pVHL and D2 by
both hUSP20 and hUSP33, the DUSP domains of both proteins are
highly conserved.

In hUSP33 and hUSP20, the amino terminus of the first DUSP
domain immediately follows residues homologous to B-strand 14 in the
USP7 catalytic domain. The USP7 strand 814 and the carboxyl terminus
of the ubiquitin moiety linked to appropriate substrates lie on opposite
sides of the catalytic domain, making a contribution to D2 recognition
from amino-terminal DUSP residues at the base of the helical bundle
seem structurally highly unlikely. The neighboring loop L1 is virtually
absent in hUSP20/33, arguing against its participation in D2 recogni-
tion. In contrast, the conserved, surface-exposed, and predominantly
hydrophobic cleft formed by B-sheet and loop L2 residues (Fig. 3b) at
over 30 A of distance from the amino terminus is a more likely candidate
for D2 recognition by the hUSP20/33 DUSP domain and for target
recognition by DUSP domains in general. Loop L2 forms a clamp-like
structure, and the observed sequence variability around residues Leu””,
Leu®, and Tle®* could contribute to the specificity of such a putative
interaction.

hUSP15 itself is catalytically active in vitro on a variety of ubiquitin-
glutathione S-transferase fusions, ubiquitously expressed and highly
active in a wide range of cell types (29-32). hUSP15 was observed both
in the cytoplasm of NIH3T3 and HeLa cells as well as in HeLa nucleoli
(33). Only recently, hUSP15 has been found to co-purify with the
human COP9 signalosome (CSN) complex (11) and suggested to be the
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human homolog of the Saccharomyces pombe Ubp12 protein that reg-
ulates the activity of CSN-associated cullin-RING ubiquitin ligases (34,
35). The CSN is a protein complex with many similarities to the protea-
some lid that regulates processes as diverse as the cell cycle, transcrip-
tion, and signal transduction (36 —38). The cullin-RING ubiquitin ligase
complexes regulated by the CSN recognize substrates for ubiquitination
using specific adaptor proteins that are often unstable because of their
own cullin-dependent ubiquitination. Ubp12 can inhibit adaptor ubiq-
uitination, which in turn stimulates the ubiquitination and degradation
of substrates (34, 35). Similarly, the RING E3 ligase Rbx1 was stabilized
by overexpression of human USP15 (11). How hUSP15 and Ubp12 asso-
ciate with the CSN or recognize their targets remains to be established,
but it is intriguing that pVHL and HIF-1q, the binding partners of
hUSP20/33, were also shown to interact with the CSN complex and
CSNB5, respectively (39).

The close hUSP15 homolog hUSP11 was implicated in the regulation
of BRCA2 (40). hUSP11 could interact with and deubiquitinate the
DNA repair protein BRCA2 and inhibition of hUSP11 expression or
inactivation of hUSP11 increased cellular sensitivity to the DNA-dam-
aging agent mitomycin C depending on the presence of BRCA2. Ubiq-
uitination and proteasomal degradation of BRCA2 in vivo were never-
theless not affected by hUSP11 mutation or inhibition, suggesting that
USP11 might exert its BRCA2-dependent pro-survival function indi-
rectly (40).

Other USP subdomains were previously shown to participate in pro-
tein/protein interactions or direct substrate recognition, such as the
amino-terminal tumor necrosis factor receptor-associated factor
homology domain and a carboxyl-terminal domain of hUSP7 (3, 7, 8),
the amino-terminal ZnF-UBP domain of Ubp8 (41), and a Cap-Gly
domain in the USP cylindromatosis gene product (42, 43). The cylin-
dromatosis gene product CYLD binds the NFkB essential modulator
(43—-45) with a contribution by a conserved, surface-exposed hydro-
phobic cleft (42), similar to the identified DUSP domain cluster A at the
loop L2/B-sheet boundary (Fig. 3b). Although the catalytic domain in
USPs is responsible for the deubiquitination of their targets, the sur-
rounding subdomains confer target specificity in all these examples.
Consistent with this general model, the experimental data on pVHL and
D2 and the surface properties of the hUSP15 DUSP domain suggest that
the DUSP domain in USP enzymes plays a role in protein/protein inter-
action or direct substrate recognition.
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