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ABSTRACT Ubiquitin-specific protease 25 (Usp25) is a deubiquitinase that is involved in multiple biological processes. The
N-terminal ubiquitin-binding region (UBR) of Usp25 contains one ubiquitin-associated domain, one small ubiquitin-like modifier
(SUMO)-interacting motif and two ubiquitin-interacting motifs. Previous studies suggest that the covalent sumoylation in the
UBR of Usp25 impairs its enzymatic activity. Here, we raise the hypothesis that non-covalent binding of SUMO, a prerequisite
for efficient sumoylation,will impair Usp25’s catalytic activity aswell. To test our hypothesis andelucidate theunderlyingmolecular
mechanism, we investigated the structure and function of the Usp25 N-terminal UBR. The solution structure of Usp251–146 is ob-
tained, and the key residues responsible for recognition of ubiquitin and SUMO2 are identified. Our data suggest inhibition of
Usp25’s catalytic activity upon the non-covalent binding of SUMO2 to the Usp25 SUMO-interacting motif. We also find that
SUMO2 can competitively block the interaction between the Usp25 UBR and its ubiquitin substrates. Based on our findings,
we have proposed a working model to depict the regulatory role of the Usp25 UBR in the functional display of the enzyme.
INTRODUCTION
Ubiquitin contains seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63), which allows for the formation of seven
homotypic linkage types and various heterotypic polyubiqui-
tin chains (1). The structural diversity generated by protein
ubiquitination is intimately linked to the regulation of distinct
biological processes (2). For example, K48-linked polyubi-
quitin modification usually serves as a signal for protein
degradation, whereas K63-linked polyubiquitination plays a
role in DNA repair and signal transduction pathways. The
attachment of ubiquitin to a protein requires the consecutive
action of three enzymes: ubiquitin-activating enzyme, E1,
ubiquitin-conjugating enzyme, E2, and ubiquitin ligase, E3,
whereas the removal of ubiquitin is promoted by deubiquiti-
nases (DUBs) (3,4). DUBs are important enzymes that
regulate the functional outcomes of ubiquitination. Dysfun-
tions of DUBs are associated with severe human diseases
like cancers and neurodegenerative disorders (5–7). The hu-
man genome encodes �100 DUBs, which can be grouped
into six subfamilies according to their different structural
and functional features: ubiquitin-specific proteases (USPs),
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ubiquitin C-terminal hydrolases (UCHs), ovarian tumor-like
proteases, Machado-Joseph disease proteases, JAMM/MPN-
domain-associated metallopeptidases, and the monocyte
chemotactic protein-induced protein family (7). More than
50% of DUBs belong to the USP subfamily, and quite a few
of these are associated with the lifespan control of oncogenes
or the regulation of ubiquitin-mediated signaling (8–10).

Usp25, a member of the USP subfamily, is involved
in multiple biological processes, including the immune
response (11), endoplasmic-reticulum-associated protein
degradation (12), and cell migration and invasion (13).
There are three isoforms of Usp25 in humans: Usp25a,
Usp25b, and Usp25m. Usp25a and Usp25b are widely ex-
pressed in different human tissues, whereas Usp25m mainly
distributes in muscle (14). Apart from the catalytic USP
domain, all of the three isoforms of Usp25 contain a ubiqui-
tin-binding region (UBR) composed of one ubiquitin-asso-
ciated (UBA) domain and two ubiquitin-interacting motifs
(UIMs) at their N-terminus. Additionally, a small-ubiqui-
tin-like-modifier (SUMO)-interacting motif (SIM) locates
adjacent to the first UIM of Usp25 (Fig. 1 A). The non-cat-
alytic UBR of Usp25 is suggested to play an important role
in the substrate recognition of the enzyme. Deletions of one
or two UIM motifs impair the deubiquitination activity of
Usp25 (15). The enzymatic activity of Usp25 is also in-
hibited by sumoylation in the Usp25 UBR (15). Noticeably,
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FIGURE 1 Solution structure presentations of Usp25 UBR. (A) Sche-

matic view of the domain architecture of Usp25FL. (B) Representation

of the solution structure of the Usp25 UBR. (C) Ensembles of the folded

parts of 15 calculated Usp25 UBRs. (D) Structural alignments of UBAs

and UIM1/2s among human Usp25 and other proteins. Mouse Usp25

(mUsp25 (PDB: 1VDL)), human Usp28 (hUsp28 (PDB: 2LVA)), human

Hrs (hHrs (PDB: 2D3G)), yeast Vps27p (yVps27p (PDB: 1O06)), and hu-

man S5a (hS5a (PDB: 1P9C)) are used for structural comparisons. To see

this figure in color, go online.
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the non-covalent binding of SUMO is a prerequisite for effi-
cient sumoylation of Usp25 (15,16). Taking the spatial loca-
tion of structural motifs in the Usp25 UBR into account,
here we raise the hypothesis that not only the covalent
conjugation but also the non-covalent binding of SUMO
to Usp25 will impair the catalytic activity of the enzyme.
To test our hypothesis and elucidate the underlying molecu-
lar mechanism, we investigated the structure and function
of the N-terminal UBR of human Usp25.
MATERIALS AND METHODS

Plasmid construction and protein expression and
purification

Full-length cDNA of Usp25m (Usp25FL) was kindly provided by Dr.

Frauke Melchior (Department of Biochemistry, Faculty of Medicine,

Georg-August-University of Göttingen). Usp251–146 cDNA was subcloned

into the pET28a vector via NdeI and BamHI restriction sites. The mutants
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for Usp251–146 and Usp25FL were created by polymerase chain reaction.

SUMO2 cDNA was subcloned into pET28a (NdeI/SalI) or pGBTNH

(BamHI/XholI) vectors. All constructs were validated by DNA sequencing.

Usp251–146 and Usp25FL were expressed in Escherichia coli BL21(DE3)

cells and purified as described previously (15,17). 15N- and 13C-labeled

Usp251–146 sampleswere produced inM9minimalmediumwith 15N-labeled

ammoniumchloride and 13C-labeled glucose as the only nitrogen and carbon

sources, respectively. Expression and purification for ubiquitin, Ub-K48R,

E1, E2-25K, SUMO2, and UCH-L3 was almost the same as that for

Usp251–146, withminormodifications. Protein puritywas checked by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (15% gel) and protein

concentration was determined using ultraviolet and Bradford methods.
Size-exclusion chromatography

Purified proteins were prepared at a final concentration of 1 mg/mL in

gel filtration buffer (20 mM Na2HPO4/NaH2PO4 (pH 6.5), 100 mM

NaCl, and 5 mM dithiothreitol (DTT)). At 4�C, 500 mL of protein samples

were loaded onto a Superdex 200 Increase 10/300 GL column (GE Health-

care, Chicago, IL). The flow rate was set to 0.5 mL/min and the elution pro-

cess was monitored by A280.
Dynamic light scattering

Dynamic light scattering (DLS) studieswere carried out at 25�ConaDynaPro

NanoStar instrument (Wyatt Technology, Goleta, CA). Protein samples were

prepared at a concentration of 1 mg/mL in DLS buffer (20 mM Na2HPO4/

NaH2PO4 (pH 6.5), 100 mM NaCl, and 5 mM DTT) and filtered by

0.22 mm filters before use. Proteins with a volume of 20 mL were added

into a 45 mL quartz cuvette. After a waiting time of 1 min, the signals were

recorded. Each measurement consisted of 10 acquisitions. To determine

whether the overall molecular shape of Usp251–146 deviates from spherical,

SrtA60–206, which is a well-known globule-like protein, was selected as the

referencing protein, and a globular model was then assumedwhen processing

theDLSdata ofSrtA60–206. For comparison purposes, the sameparameterwas

applied when processing the DLS data for Usp251–146.
Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were performed at

25�C using aMicroCal iTC200 isothermal titration calorimeter (GE Health-

care, Little Chalfont, United Kingdom). ITC buffer (20 mM Na2HPO4/

NaH2PO4, 100 mMNaCl, and 15 mM b-mercaptoethanol (pH 6.5)) was de-

gassed by sonication in advance of measurements. SUMO2- or K48-linked

diubiquitin samples were prepared at a concentration of 50 mM in ITC buffer

and added into the 200 mL sample cell. Usp251–146 at a concentration of

1 mM in ITC buffer was transferred into the 40 mL syringe. A total number

of 19 injections (2 mL for each) of Usp251–146 into the sample cell were car-

ried out, and the corresponding heat was recorded. Data were subsequently

analyzed using the Origin software package (Origin 7.0).
Solution structure determination of Usp251–146

Uniformly 15N-, 13C-, and 15N/13C-labeled Usp251–146 samples at a final

concentration of 0.6 mM in NMR buffer (20 mM Na2HPO4/NaH2PO4 (pH

6.5), 100 mM NaCl, 2 mM DTT, and 10% or 100% D2O) were used for

NMR data acquisition at 25�C on a Bruker 600 or 800 MHz spectrometer

equipped with cryoprobes. The programs NMRPipe (18) and CARA (19)

were used for the processing and analysis ofNMRdata, respectively. Assign-

ments of 1H, 15N, and 13C resonances of Usp251–146 were obtained using

the following experiments: HNCA/HN(CO)CA pair, HNCO/HN(CA)CO

pair, HNCACB, HBHA(CO)NH, HCCH total correlated spectroscopy,

HCCH correlation spectroscopy, 15N-dispersed nuclear Overhauser effect



TABLE 1 Structural Statistics for NMR Structures of

Usp251–146

NMR Distance and Dihedral Constraints

Distance Restraints

Total NOE 1251

Intra-residual 363

Sequential (ji � jj ¼ 1) 465

Medium range (2 % ji � jj % 4) 334

Long range (ji � j j > 4) 89

Hydrogen bonds 82

Dihedral-angle Restraints

F 63
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spectroscopy (NOESY), and 13C-dispersed NOESY. Full assignments for

Usp251–146 had been deposited into BioMagResBank : 19111 (17). Distance

constraints for structure calculationswere obtained using a 3D 15N-dispersed

NOESY spectrum on a 15N-labeled sample, a 13C-dispersed NOESY spec-

trum on a 13C-labeled sample, and a two-dimensional NOESY spectrum

on an unlabeled sample. Backbone F and J torsion angle restraints were

generated from chemical shifts using the program TALOSþ (20). The

NOE-derived distance constraints, hydrogen bonds, and dihedral angle con-

straints (Table 1) were applied in the program Xplor-NIH (21,22) to deter-

mine the solution structure of Usp251–146. Fifteen structures of Usp251–146
were obtained that had no NOE >0.3 Å or dihedral-angle violation >5�,
and these structures were further evaluated by PROCHECK-NMR (23).

The final refined ensemble of 15 structures was deposited into the Protein

Data Bank with an accession code of PDB: 2MUX.
J 63

Violations

NOE violations (>0.3 Å) 0

Torsion angle violations (>5�) 0

RMSD from Mean Structure (Å)

Backbone for UBA domain (residues 16–56) 0.59 5 0.13

Heavy atoms for UBA domain 1.39 5 0.19

Backbone for UIM1 (residues 100–116) 0.62 5 0.22

Heavy atoms for UIM1 1.68 5 0.28

Backbone for UIM2 (residues 125–137) 0.71 5 0.23

Heavy atoms for UIM2 1.85 5 0.31

Ramachandran Statistics

Most favored region (%) 58.8

Allowed (%) 29.4

Generous (%) 11

Disallowed (%) 0.7
15N relaxation measurements

Backbone 15N relaxation parameters, including longitudinal relaxation rate

R1, transverse relaxation rate R2, and the 1H-15N heteronuclear steady-state

NOE, were measured at 25�C on a Bruker 600 MHz NMR spectrometer

equipped with a cryoprobe using uniformly 15N-labeled Usp251–146 sam-

ples at a concentration of 0.6 mM. A recycle delay of 3 s was used for

both R1 and R2 measurements. Relaxation delays were set to 10, 20, 50,

100, 200, 500, 1000, 1500, and 2000 ms for the R1 experiments and to

17, 34, 51, 68, 85, 102, 136, 170, and 204 ms for the R2 experiments.

The relaxation rates and the errors were extracted by a single-exponential

curve fitting of the crosspeak intensities using the program Sparky (God-

dard and Kneller, Sparky 3, University of California, San Francisco). The
1H-15N steady-state NOE enhancements were recorded in an interleaved

manner with or without 1H saturation. A delay of 7.5 s between scans

was set to guarantee the longitudinal magnetization recovery. The NOE

values were calculated as the ratio of the peak intensities with and without

proton saturation. The NOE errors were estimated by repeated experiments.
NMR titrations and chemical-shift perturbation
analysis

15N-labeled proteins at a concentration of 0.1–0.2 mMwere mixed with un-

labeled binding partners with increasing molar ratios. The interactions of

Usp251–146 or its variants with monoubiquitin, K48-linked diubiquitin, or

SUMO2 were monitored using 1H-15N heteronuclear single-quantum corre-

lation (HSQC) spectra acquired at 25�C on a Bruker 600 MHz NMR spec-

trometer equipped with a cryoprobe. Backbone resonance assignments of

Usp251–146 (BMRB ID: 19111), SUMO2 (BMRB ID: 6801), and ubiquitin

(generously provided by Dr. Kylie Walters at the National Cancer Institute)

were used in the chemical-shift perturbation (CSP) analysis, and CSP

values (Dd) for 15N and 1H nuclei were calculated using Eq. 1:

Dd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDdN=5Þ2 þ Dd2H

q
; (1)

where DdN and DdH represent the CSP values of the amide nitrogen and

proton, respectively. Dissociation constants for the binding of monoubiqui-

tin to each domain/motif of Usp251–146 or its variants were evaluated by

global fit according to Eq. 2:
Dd ¼
dTOT

�
nLT þ nPT þ Kd �

ffiffi
ð

q

2

in which Dd is the CSP value, dTOT is the total chemical-shift change be-

tween the complexed protein and the free protein, n is the binding stoichi-

ometry, LT is the total ligand concentration, PT is the total protein

concentration, and Kd is the dissociation constant.

For NMR competition experiments, 15N-Usp251–146 was first mixed with

ubiquitin or K48-linked diubiquitin and then titrated with SUMO2. NMR

spectra were analyzed with the program Sparky (Goddard and Kneller,

Sparky 3, University of California, San Francisco, San Francisco, CA).
Ub-AMC assay

Ubiquitin with 7-amino-4-methylcoumarin (Ub-AMC) assays were imple-

mented by incubating 50 nM Usp25FL or its mutants with 0.625 mM Ub-

AMC in reaction buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, and

5 mM DTT) at 37�C in the absence or presence of SUMO2 with gradient

concentrations. Enzymatic activity analysis was performed by measuring

the increase of fluorescence intensity at 460 nm (excitation at 380 nm) in

a continuous time mode lasting for 5 min with a total number of 300

time points. Final reported data were derived from three repeated

experiments.
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nLT þ nPT þ KdÞ2 � 4n2LTPT

�

nPT

(2)
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K48-linked diubiquitin synthesis and hydrolysis

The synthesis of K48-linked diubiquitin was carried out using ubiquitin,

Ub-K48R, E1, E2-25K, and UCH-L3 according to the protocol reported

previously (24,25). Synthesized proteins were further purified by Ni-NTA

column and size-exclusion chromatography. Final products were dialyzed

into water and lyophilized for further use. The hydrolysis experiments

were executed by mixing 2 mM full-length Usp25 (Usp25FL) or its mutants

with 20 mM K48-linked diubiquitin substrates in reaction buffer (50 mM

Tris-HCl (pH 8.0), 150 mM NaCl, and 5 mM DTT) at 37�C in the absence

or presence of 10 mM SUMO2. The hydrolysis efficiencies at different time

points were evaluated by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (15% gel) and Coomassie blue staining.
RESULTS AND DISCUSSION

Solution structure of Usp251–146

To unravel the structural basis for substrate recognition, we
characterized the solution structure of the Usp25 N-terminal
UBR (the fragment spanning residues 1–146). Compared to
the C-terminal domain of Staphylococcus aureus sortase A
(SrtA60–206), awell-knownglobule-like protein of comparable
size, Usp251–146 exhibits larger apparent molecular weight
(Fig. S1) and hydrated radius (Fig. S2), indicating that its over-
all molecular shape deviates from sphericity. TheNMR-deter-
mined structure of Usp251–146 presents as three ordered
domains/motifs connected by unfolded linkers (Fig. 1 B).
The UBA domain comprises a compact bundle of three a-he-
lices (a1, H16–E26; a2, T33–D42; and a3, L47–A56). Both
of the UIMs form a single a-helical structure (a4, D100–
A116, and a5, E125–I137). The ensembles of 15 UBA
domains or UIM1/2s and the calculated root mean-square de-
viations (RMSDs) suggest that the folded parts of Usp251–146
are highly ordered (Fig. 1 C; Table 1). We compared UBA/
UIM1/UIM2 structures from different proteins and different
species (Fig. 1 D). The structures for either UBAs or UIM1/
2s overlap very well among proteins, indicating conserved
fold patterns in structural evolution. Unlike UIMs, the SIM
(the fragment spanning residues N90–D98) of Usp251–146 is
totally unstructured (Fig. 1 B). However, Sekiyama et al.
(26) have reported that the SIM of MBD1-containing chro-
matin-associated factor 1 forms a parallel b-sheet pairing
with strand b2 of SUMO3. Song et al. (27) have also revealed
that the SIM in the protein inhibitor of activated STAT2
(PIAS2) complexed with SUMO1 adopts a short b-sheet
structure. Thus, we cannot exclude the possibility that the
Usp251–146 SIMmay havemultiple conformations inmolecu-
lar recognition. It is worth noting that �50% of residues in
Usp251–146 are unfolded (Fig. 1 B), which is in agreement
with the chemical-shift index data reported previously (17).
Due to the lack of NOEs among UBA and UIM domains/mo-
tifs, when anchored with the UBA domain, the left regions of
Usp251–146 occupy a large space (Fig. S3). Moreover, back-
bone dynamics data show that most secondary-structure ele-
ments of Usp251–146 have typically higher R2/R1 and NOE
values compared with unfolded linkers (Fig. S4). Unexpect-
2102 Biophysical Journal 112, 2099–2108, May 23, 2017
edly, the R2/R1 or NOE values for the UIM2 motif are
comparable to those for the unstructured regions (Fig. S4). It
could be inferred that the UIM2 helix is not stable. As well,
the unstructured linkers, such as residues 60–80, may form
transient secondary structures. Overall, the beads-on-a-string
structure of Usp251–146, with high flexibility, is expected to
be a key structural feature, in support of recruitment by
Usp25 of polyubiquitin chains with various linkage types.
Both UBA domains and UIMs of the Usp25 UBR
are involved in ubiquitin recognition

To reveal the binding sites between Usp251–146 and ubiquitin
substrates, we performed NMR titration experiments. With
the addition of monoubiquitin, a few localized residues of
Usp251–146 show dose-dependent CSPs in the 1H-15N HSQC
spectra (Fig. 2 A), indicative of a specific interaction between
Usp251–146 andmonoubiquitin in the fast-exchange regime on
the NMR timescale. The calculated CSP values unambigu-
ously disclose that the most disturbed residues are mainly
restricted in the UBA domain and UIM1/2 motifs (Fig. 2 B),
which indicates that both UBA and UIMs of Usp251–146
are involved inmonoubiquitin recognition. In the reverse titra-
tion, it can be seen by observing the NMR resonances of
monoubiquitin that a few localized residues of monoubiquitin
exhibit significant CSPs with the accession of Usp251–146
(Fig. 2C). TheCSPanalysis suggests that the canonical hydro-
phobic patch of monoubiquitin with residue I44 at its center
plays a dominant role in its binding to Usp251–146 (Fig. 2 D).

Based on the titration data, we evaluated the binding
affinities between monoubiquitin and each domain/motif of
Usp251–146. The binding of monoubiquitin to UBA, UIM1,
or UIM2 of Usp251–146 satisfies a 1:1 binding model. Thus,
we fixed n¼ 1 in Eq. 2 and selected a few representative res-
idues for a global fit (Fig S5, A–C). We determined the disso-
ciation constant (Kd) values for binding of ubiquitin to the
UBA domain, UIM1, and UIM2 as 4.01 5 0.45, 0.26 5
0.03, and >10 mM, respectively (Table 2). To exclude the
effects from other domains/motifs, and to make it clear
whether these three domains/motifs recruit monoubiquitin
individually or cooperatively,we constructed several variants
of Usp251–146. The residues mutated with the purpose of
abolishing the binding of the UBA domain and the UIMs
to ubiquitin were selected by following the structural
hints and the reported references (28–31). These variants
are denoted as UBAm (I27A/I30A/F53A/L54A), UIM1m
(I106A/L108A/L110A), UIM2m (I129A/L133A), UBA-
UIM1m (I27A/I30A/F53A/L54A/I106A/L108A/L110A),
UBA-UIM2m (I27A/I30A/F53A/L54A/I129A/L133A), and
UIM1-UIM2m (I106A/L108A/L110A/I129A/L133A). We
titrated all the Usp251–146 variants with monoubiquitin and
measured the correspondingKd values (FigS5,D–L; Table 2).
It is clear that a certain domain/motif from the wild-type or
the variants of Usp251–146 has comparable affinities for
monoubiquitin binding (Table 2), which indicates that the



FIGURE 2 Characterization of the interaction

between the Usp25 UBR and monoubiquitin. (A)

Zoomed view of the superimposed 1H-15N HSQC

spectra for the 15N-labeled Usp25 UBR titrated

with monoubiquitin at Usp25 UBR/monoubiquitin

molar ratios of 1:0 (black), 1:5 (red), 1:10 (green),

1:20 (yellow), and 1:30 (blue). (B) CSP analysis for

the Usp25 UBR upon its binding to monoubiquitin.

(C) Zoomed view of the superimposed 1H-15N

HSQC spectra for 15N-labeled monoubiquitin

titrated with Usp25 UBR at monoubiquitin/

Usp25 UBR molar ratios of 1:0 (black), 1:1 (red),

1:2 (green), 1:5 (yellow) and 1:10 (blue). (D) CSP

analysis for monoubiquitin upon its binding to

Usp25 UBR. Green dots indicate residues that

were undetectable and black dots represent proline

residues. Solid and dashed lines in (B) and (D) are

indicators for the mean and mean þ SD values,

respectively. Residues with CSP values greater

than the mean þ SD value are labeled. To see this

figure in color, go online.
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UBA domain, UIM1, and UIM2 act independently in mono-
ubiquitin recognition. Thereby, the rank for affinities be-
tween monoubiquitin and each domain/motif of Usp251–146
is UIM1 > UBA >UIM2 (Table 2).

In addition to the monoubiquitinated substrate Ub-AMC,
it is reported that Usp25 can catalyze the hydrolysis of poly-
ubiquitin chains efficiently (15). Diubiquitin is the shortest
polyubiquitin chain, and Usp25 has robust activities toward
all lysine-linked diubiquitin topoisomers (32). Thereby, we
further characterized the interaction between Usp251–146
and K48-linked diubiquitin. In the NMR titration using
15N-labeled Usp251–146 and unlabeled K48-diubiquitin,
peak intensity attenuations can be clearly observed for repre-
sentative residues V51 in the UBA domain, S113 in UIM1,
and S136 in UIM2 of Usp251–146 (Fig. 3, A and B), which
demonstrates that both the UBA domain and the UIMs of
Usp251–146 are involved in diubiquitin recognition. In agree-
ment with the NMR observation, the ITC measurement
determines the dissociation constant (Kd) as 32.7 5 4.3 mM
(Fig. 3C) for theUsp25 UBR/K48-linked diubiquitin system.

Usp28 is the closest homolog to Usp25, with a sequence
identity of up to51%(33).TheN-terminalUBRofUsp28 con-
tains a UBA domain and a UIM. Our recent study disclosed
that the Usp28 UBA domain and UIMs recruit monoubiquitin
independently to each other, and the binding stoichiometry of
the Usp28 UBR to monoubiquitin is 1:2 (34). In comparison
with Usp28, Usp25 UBR has one more UIM that is endowed
with the ability to recognize monoubiquitin (Fig. 2 B). Since
TABLE 2 Dissociation Constants for Binding of Each Domain/Moti

WT UBAm UIM1m U

UBA 4.01 5 0.45 ND 3.36 5 0.14 4.5

UIM1 0.26 5 0.03 0.50 5 0.02 ND 0.4

UIM2 >10 >10 >10

All values are represented as the mean 5 SD (mM). Kd, dissociation constant;
the UBA domain, UIM1, and UIM2 bind to monoubiquitin
independently of each other (Fig S5; Table 2), it could be in-
ferred that the Usp25 UBR interacts with monoubiquitin in
a 1:3 binding stoichiometry. On the other hand, different
from the monoubiquitin recognition, Usp28 UBR binds to
K48-linked diubiquitin at a ratio of 1:1, suggesting a cooper-
ative interaction (34). Our ITC data indicate that the binding
stoichiometry for theUsp25UBR/K48-linked diubiquitin sys-
tem is 1:1 (Fig. 3C),which also supports amultivalent binding
mode. It is generally believed that the multivalency is an effi-
cientway to achieve physiologically relevant affinities invivo.
In addition, since the UIM1 motif of Usp25 UBR binds to
monoubiquitin with the highest affinity (Fig S5; Table 2),
we expect that one ubiquitin unit in K48-linked diubiquitin
would preferentially interact with the UIM1 motif. The other
ubiquitin unit in K48-linked diubiquitin might bind to either
the UBA domain or UIM2 motif, and it is likely that a larger
population is involved in UBA-domain binding.
SUMO2 non-covalently binds to the Usp25 SIM
and impairs the enzymatic activity of the protein

SUMO proteins play an important role in various bio-
logical processes, including DNA-damage repair, signal
transduction, and cell cycle control (35,36). Meulmeester
et al. (15) have reported that the enzymatic activity of
Usp25 is down-regulated by sumoylation. In fact, the
non-covalent binding of SUMO is a prerequisite for
f of Usp251–146 or Its Variants to Monoubiquitin

IM2m UBA-UIM1m UBA-UIM2m UIM1-UIM2m

6 5 0.31 ND ND 3.04 5 0.12

8 5 0.03 ND 0.47 5 0.01 ND

ND >10 ND ND

WT, wild-type; ND, not detectable.
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FIGURE 3 Characterization of the interaction

between the Usp25 UBR and K48-linked diubi-

quitin. (A and B) Zoomed view of the superim-

posed 1H-15N HSQC spectra of the 15N-labeled

Usp25 UBR without K48-linked diubiquitin (black)

and with equal molar amounts of K48-linked diubi-

quitin (red). (C) ITC characterization of the interac-

tion between the Usp25 UBR and K48-linked

diubiquitin. To see this figure in color, go online.

Yang et al.
efficient sumoylation of Usp25 (15,16). To understand
how Usp25 recognizes SUMO molecules, we investigated
the non-covalent interaction between Usp251–146 and
SUMO2. The NMR titration data show that the resonances
for residues V91, I92, D93, L94, and T95 of 15N-labeled
Usp251–146 disappear completely in the 1H-15N HSQC
spectra with the addition of an equivalent amount of
SUMO2 (Fig. 4, A and B). These residues constitute the
hydrophobic core of the SIM region (90NVIDLTGDD98),
implying that the SIM is responsible for SUMO recogni-
2104 Biophysical Journal 112, 2099–2108, May 23, 2017
tion of the Usp25 UBR. In the reverse titration, using
15N-labeled SUMO2 and unlabeled Usp251–146, plenty of
resonances exhibit intensity attenuations (Fig S6), suggest-
ing that the interaction is in the intermediate exchange
regime of the NMR timescale. The ITC experiment deter-
mines the binding stoichiometry as 1:1 for the Usp25 UBR/
SUMO2 system (Fig. 4 C). There is only one SIM in
the Usp25 UBR, and hence, the fitted stoichiometry is
reasonable and acceptable. The measured Kd value for
the interaction between the Usp25 UBR and SUMO2 is
FIGURE 4 Characterization of the interaction

between the Usp25 UBR and SUMO2. (A and B)

Zoomed view of the superimposed 1H-15N HSQC

spectra for 15N-labeled Usp25 UBR without

SUMO2 (black) and with equal molar of SUMO2

(red). (C) ITC characterization of the interaction

between Usp25 UBR and SUMO2. To see this

figure in color, go online.



FIGURE 5 SUMO2 binding impairs the catalytic activity of Usp25. (A) The catalytic activities of Usp25FL and its variants with and without SUMO2 were

characterized by Ub-AMC assay. (B–D) The catalysis efficiencies of (B) Usp25FL, (C) the I92A/L94Avariant of Usp25FL, and (D) the Usp25FLDSIM variant

with or without SUMO2 were characterized by K48-diubiquitin hydrolysis assay. To see this figure in color, go online.

Structure and Function of Usp25 UBR
9.40 5 0.72 mM (Fig. 4 C), which is consistent with our
NMR spectral observations.

To investigate the effect of SUMO2 binding on the cata-
lytic activity of Usp25, we performed the classic Ub-AMC
assay. With the addition of SUMO2, Usp25FL shows signifi-
cantly reduced enzymatic activity in catalyzing the hydroly-
sis of Ub-AMC (Fig. 5 A). Based on our structural hints, we
then substituted residue I92, residue L94, or both of them
FIGURE 6 Competitive binding of monoubiquitin and SUMO2 to Usp251–146
representative residues (A) G29 and T55 in UBA, (B) A111 in UIM1, and (C) S1

monoubiquitin and SUMO2. To see this figure in color, go online.
with alanine in the SIM of Usp25FL to block SUMO2 bind-
ing. In the presence of SUMO2, all of the three variants
display much higher catalytic activity in hydrolyzing Ub-
AMC compared to the wild-type Usp25FL (Fig. 5 A). We
next carried out K48-linked diubiquitin hydrolysis experi-
ments. Consistently, Usp25FL exhibits a lower catalytic effi-
ciency in breaking down the K48-diubiquitin chain when
SUMO2 is added (Fig. 5 B). However, for the I92A/L94A
detected by 1H-15N HSQC titration experiments. CSPs are presented for the

36 in UIM2 of the 15N-labeled Usp25 UBR with the sequential addition of
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FIGURE 7 SUMO2 competitively prevents interaction between the Usp25 UBR and K48-linked diubiquitin. Representative residues including (A) A52 in

UBA, (B) F117 in UIM1, and (C) D124 in UIM2 of the 15N-labeled Usp25 UBR show intensity attenuation and recovery in 1H-15N HSQC spectra when K48-

linked diubiquitin and SUMO2 are added sequentially. To see this figure in color, go online.
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variant of Usp25FL, the presence or absence of SUMO2
makes no significant difference in the hydrolysis of K48-
linked diubiquitin (Fig. 5 C). A similar result is observed us-
ing the other variant of Usp25FL, in which residues 90–98 are
deleted (hereby denoted as Usp25FLDSIM) (Fig. 5 D). All
these data suggest that SUMO2 negatively regulates the pro-
teolytic activity of Usp25FL. Taken together, our results
demonstrate that the non-covalent binding of SUMO2 to
the Usp25 SIM impairs the catalytic activity of the enzyme.
SUMO2 prevents the interaction between the
Usp25 UBR and ubiquitin substrates in a
competitive way

SUMO has a global fold similar to that of ubiquitin. Both
ubiquitin substrates and SUMO2 can specifically bind to
2106 Biophysical Journal 112, 2099–2108, May 23, 2017
the N-terminal UBR of Usp25 (Figs. 2, 3, and 4). As the
SIM is adjacent to the UIM1, which presents a much higher
binding affinity to ubiquitin than do the UBA domain and
the UIM2 of Usp25 (Table 2), ubiquitin substrates and
SUMO2 may not be able to interact with Usp251–146 simul-
taneously. In addition, the comparable binding affinities for
Usp251–146/K48-linked diubiquitin and Usp251–146/SUMO2
systems (Figs. 3 C and 4 C) suggest a possible competition
between K48-linked diubiquitin and SUMO2 when binding
to Usp251–146. To clarify whether SUMO2 can competi-
tively block interaction of the Usp25 UBR with ubiquitin
substrates, we carried out NMR competition experiments.
We first investigated binding of monoubiquitin and
SUMO2 to the Usp25 UBR. The representative residues
G29 and T55 in the UBA domain, A111 in UIM1, and
S136 in UIM2 of 15N-labeled Usp251–146 all exhibit CSPs
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with the addition of monoubiquitin (Fig. 6). Different from
the residues in the UBA domain and UIM2, residue A111 in
UIM1 shows a tendency to move back to its initial position
in the presence of SUMO2 (Fig. 6). This observation indi-
cates that SUMO2 can block the binding of monoubiquitin
to the UIM1 proximal to the SIM, but not the binding to
the distal UBA domain and UIM2. We next investigated
the binding of K48-linked diubiquitin and SUMO2 to the
Usp25 UBR. With the addition of K48-linked diubiquitin,
the resonances of representative residues A52 in UBA,
F117 in UIM1, and D124 in UIM2 for 15N-labeled
Usp251–146 attenuate significantly in the 1H-15N HSQC
spectra (Fig. 7). When SUMO2 is sequentially added, these
previously attenuated signals display obvious intensity re-
covery (Fig. 7). Our data strongly suggest that the non-cova-
lent binding of SUMO2 to the Usp25 UBR prevents its
interaction with ubiquitin substrates. Such observations
well explain why the deubiquitinating activity of Usp25 is
inhibited by SUMO2 binding.

The functions of DUBs are tightly controlled in vivo,
which can be achieved in several ways, including sub-
strate-induced conformational changes, binding to adaptor
proteins, proteolytic cleavage, and post-translational modifi-
cations (32,37). DUB members in the USP subfamily gener-
ally share a conserved papain-like protease domain but
contain variable external modulators (38), which indicate
that their functions are regulated in different ways. Based
on our findings, we proposed a working model to depict
the regulatory role of the Usp25 UBR in the functional
display of the enzyme (Fig. 8). On one hand, the N-terminal
UBR helps Usp25 recruit ubiquitin substrates to its catalytic
USP domain, promoting the deubiquitinating reaction of the
enzyme. On the other hand, SUMO2 non-covalently binds
to the Usp25 UBR and impairs the enzymatic activity of
Usp25 by competitively blocking its interaction with ubiqui-
tin substrates. Usp25 adopts such a competitive mechanism
to balance its deubiquitinating activity.

Interestingly, similar to Usp25, receptor-associated pro-
tein 80 (Rap80), which has a critical role in the DNA-damage
response, possesses a tandem SIM-UIM-UIM in its N-termi-
nus (39). It is reported that the Rap80 SIM-UIM-UIM region
can bind to both K63-linked polyubiquitin and SUMO2 con-
jugates simultaneously, and that a coordinated ubiquitin and
FIGURE 8 Aworkingmodel todepict the regulatory roleof theUsp25UBR

in the functional display of the enzyme. To see this figure in color, go online.
SUMOmodification is required for the recruitment of Rap80
to DNA double-strand breaks (39). Noticeably, the SIM and
UIM1 motifs in Rap80 are composed of residues 40–47 and
79–96, respectively. The 32-amino-acid-long linker between
the two motifs ensures enough space to accommodate ubiq-
uitin substrates and SUMO at the same time. In the case of
Usp25, however, there is almost no extra residue between
SIM and UIM1. The compact arrangement of motifs in
Usp25 determines the incompatibility in the binding of ubiq-
uitin substrates and SUMO. Thus, the SIM acts as a negative
modulator rather than a positive stimulator to control the
DUB function of Usp25. In cells, the level of SUMO un-
dergoes significant changes under certain circumstances
(36,40,41). The accompanying activity variation of Usp25
is thought to contribute to subsequent biological responses
or pathological changes.
CONCLUSION

In summary, we have investigated the structure and function
of the N-terminal UBR of Usp25 in this study. Our results
shed light on the underlying mechanism in the regulation
of the DUB function of Usp25 and will be helpful for inhib-
itor discoveries in the future.
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