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Abstract
Deubiquitinase USP20/VDU2 has been demonstrated to play important roles in

multiple cellular processes by controlling the life span of substrate proteins includ-

ing hypoxia-inducible factor HIF1α, and so forth. USP20 contains four distinct

structural domains including the N-terminal zinc-finger ubiquitin binding domain

(ZnF-UBP), the catalytic domain (USP domain), and two tandem DUSP domains,

and none of the structures for these four domains has been solved. Meanwhile,

except for the ZnF-UBP domain, the biological functions for USP20's catalytic

domain and tandem DUSP domains have been at least partially clarified. Here

in this study, we determined the solution structure of USP20 ZnF-UBP domain

and investigated its binding properties with mono-ubiquitin and poly-ubiquitin

(K48-linked di-ubiquitin) by using NMR and molecular modeling techniques.

USP20's ZnF-UBP domain forms a spherically shaped fold consisting of a central

β-sheet with either one α-helix or two α-helices packed on each side of the sheet.

However, although having formed a canonical core structure essential for ubiquitin

recognition, USP20 ZnF-UBP presents weak ubiquitin binding capacity. The struc-

tural basis for understanding USP20 ZnF-UBP's ubiquitin binding capacity was

revealed by NMR data-driven docking. Although the electrostatic interactions

between D264 of USP5 (E87 in USP20 ZnF-UBP) and R74 of ubiquitin are kept,

the loss of the extensive interactions formed between ubiquitin's di-glycine motif

and the conserved and non-conserved residues of USP20 ZnF-UBP domain (W41,

E55, and Y84) causes a significant decrease in its binding affinity to ubiquitin. Our

findings indicate that USP20 ZnF-UBP domain might have a physiological role

unrelated to its ubiquitin binding capacity.
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1 | INTRODUCTION

Ubiquitination is a reversible protein posttranslational modifi-
cation, which has been revealed to play pivotal roles in multi-
ple cellular processes including protein degradation, protein
trafficking, DNA repair, signal transduction, and so forth.1–3

Ubiquitination is catalyzed by an enzymatic cascade composed

of ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzyme (E2), and ubiquitin ligase (E3). Meanwhile, the
reverse process of ubiquitination (deubiquitination) is pro-
moted by deubiquitinase (DUB). These enzymes are key
players of protein ubiquitination and deubiquitination system,
which display their activities by regulating the life span, the
subcellular localization, and the activation–deactivation of
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substrate proteins.4–7 There are a total number of 1–2 E1s, tens
of E2s, hundreds of E3s, and �100 DUBs in eukaryotes.8–10

The E3 ligases and the DUBs play fundamental roles in con-
ferring specificities toward substrate proteins and the
ubiquitin chain linkages built on them.11 According to the
functional and the structural similarities, DUBs are divided
into six subfamilies which include the ubiquitin-specific pro-
teases (USPs), the ubiquitin carboxy-terminal hydrolases
(UCHs), the ovarian-tumor proteases (OTUs), the Machado-
Joseph disease protein domain proteases (MJDs), the JAMM/
MPN domain-associated metallopeptidases (JAMMs), and the
motif-interacting with ubiquitin-containing novel DUBs
(MINDYs).12–14 More than 50% of the DUBs belong to USP
subfamily, all of which contain a conserved USP catalytic
domain surrounded by one or more additional domains.5,11,13

USP20 belongs to the USP subfamily of DUBs. It is
involved in multiple cellular processes by controlling the life-
span of hypoxia-inducible factor HIF1α, Type 2 iodothyronine
deiodinase (D2), β1/β2-adrenergic receptor, Tax, tumor necro-
sis factor receptor-associated factor 6, pyruvate kinase isoen-
zyme M2, and β-catenin.15–24 USP20 is a potential target for
antitumor drug development. Inhibition of USP20 might
downregulate the deubiquitination of HIF1α, and prevents its
proteasomal degradation and the following transcription of
hypoxic response genes. Currently, there is one inhibitor of
USP20 in preclinical stage developed by the GlaxoSmithKline
has been reported.7 Human USP20 consists of 914 amino
acids and contains four distinct structural domains including
the N-terminal ZnF-UBP domain, the USP catalytic domain,
and two tandem DUSP domains. The ZnF-UBP domain is a
small ubiquitin binding module characterized by coordinated
zinc ions and ubiquitin binding capacity. It has been found in
a few of USP DUB family members (USP5, USP13, USP16,
USP20, USP33, etc.), the ubiquitin ligase IMP/BRAP2, and
the deacetylase HDAC6.25–27 The structural and functional
properties of ZnF-UBP domain in USP5 (also named as IsoT)
have been well studied. The crystal structure of USP5 ZnF-
UBP/ubiquitin complex has revealed the structural basis for
the recognition and binding of free ubiquitin C-terminal di-
glycine motif by USP5 ZnF-UBP hydrophobic pocket.28 In
addition, the previously reported study of USP33 indicates that
the USP33 ZnF-UBP domain, as well as USP20 ZnF-UBP
domain, probably could not recognize ubiquitin.29 Here in this
article, by a combined use of NMR and molecular modeling
techniques, the solution structure of USP20 ZnF-UBP domain
was solved, and its ubiquitin binding capacity was character-
ized. The achieved data suggest that although USP20 ZnF-UBP
domain forms a canonical ubiquitin binding fold, its binding
affinities with mono-ubiquitin and ubiquitin chain (K48-linked
di-ubiquitin) are quite weak. The structural basis for understand-
ing USP20 ZnF-UBP's weak ubiquitin binding capacity was rev-
ealed by the model structures of USP20 ZnF-UBP/K48-linked
di-ubiquitin complexes determined by the NMR data-driven

docking. The substitutions of residue R221 in USP5 ZnF-
UBP to E55 in USP20 ZnF-UBP abolishes the extensive
interactions between this residue and the free C-terminus di-
glycine motif of ubiquitin, and cause a significant decrease in
the binding affinity of USP20 ZnF-UBP to ubiquitin. The
results obtained in this research suggest that USP20 ZnF-UBP
might have a different physiological role from those ZnF-
UBP domains with strong binding affinities to ubiquitin.

2 | RESULTS

2.1 | Structure determination of USP20 ZnF-
UBP domain

The ZnF-UBP domain is a small conserved module found in
many proteins in the ubiquitin system (Figure 1a). To investi-
gate the structural basis for functional display of USP20 ZnF-
UBP domain, we initially purified the USP20 ZnF-UBP
domain and determined its solution structure by using NMR
techniques. The calculation results and structural statistics of
the 20 lowest-energy structures are summarized in Table 1.
As that shown in Figure 1b, USP20 ZnF-UBP domain forms
a well folded structure in spherical shape that composed of
three α-helices and five β-strands in a ααββαβββ sandwich
arrangement. The core structure of USP20 ZnF-UBP domain
is the five antiparallel β-strands, which locates at the center in
an order of β2-β1-β3-β4-β5, and surrounded by three
α-helices with α1 and α2 packing on one side while α3 on the
other side. The overall construction of USP20 ZnF-UBP
domain is stabilized by three tetrahedrally coordinated zinc
ions. Two of them adopt a C3H coordination pattern (Zn1:
C8, H10, C83, C86; Zn2: C30, C33, C53, H60; Figure 1c)
and the other one was coordinated in the form of C2H2 (Zn3:
C43, C48, H64, H70; Figure 1c).

According to the published structures of ZnF-UBP domains
in different USPs (USP5, USP13, USP33, USP16), the central
antiparallel β-sheet and the particular α-helix between β2 and
β3 (α3 in USP20 ZnF-UBP domain) are highly conserved.28–31

The unique structural features for each ZnF-UBP domain
from different USPs embody in the structural variations in the
non-conserved α-helices, loop regions, and zinc coordination
patterns. The particular residues locating at the central β-sheet
and the loop between β2 and α3 (named L2A in the USP5
ZnF-UBP domain structure) gather together spatially and
form a typical ubiquitin binding pocket.

The ZnF-UBP domain of USP33, which is the homologue
of USP20, forms an identical ααββαβββ global fold and also
the same zinc ion coordination pattern as USP20 ZnF-UBP
domain (Figure 2a). The structural differences of these two
ZnF-UBP domains are mainly from the flexible loops, espe-
cially the loop between β2 and α3 (loop L2A), which has
been reported to play a critical role in ubiquitin recognition.
In addition, the surface charge distribution of USP20
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ZnF-UBP domain is also different from that of USP33 ZnF-
UBP domain (Figure 2b), which might affect ubiquitin bind-
ing. We further compared the structure of USP20 ZnF-UBP
domain with those of ZnF-UBP domains from USP5, USP13,
and USP16, and the overlaid structures were shown in
Figure 2c. USP16 ZnF-UBP domain contains three chelated
zinc ions in a similar coordinated pattern to the zinc ions in
USP20 ZnF-UBP domain. Meanwhile, in comparison with

USP20 ZnF-UBP domain, the loop before β1 in USP16
ZnF-UBP is longer, and an extra α-helix in the C-terminal
of USP16 ZnF-UBP is accommodated. For the ZnF-UBP
domains of USP5 and its homologue USP13, a long flexi-
ble loop instead of two α-helices is formed in their N-
terminal regions right before the β-sheet structure. More-
over, USP5 ZnF-UBP domain contains only one coordi-
nated zinc ion spatially connecting the loop L2A and the

FIGURE 1 USP20 ZnF-UBP domain is well structured. (a) Sequence alignment of representative ZnF-UBP domains. Conserved residues are
marked in blue, green, and red. Residues involved in zinc binding are highlighted in yellow. (b) (Left) Structural ensemble of 20 best structures of
USP20 ZnF-UBP domain; (right) ribbon representation of the lowest-energy structure of USP20 ZnF-UBP domain. (c) Zoomed view of the local
structures for three chelated zinc ions in USP20 ZnF-UBP domain. Zinc ions are depicted as spheres, and their coordinated residues are shown as
sticks. ZnF-UBP, zinc-finger ubiquitin binding domain
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loop before β1, and this only zinc ion is equivalent to the
Zn2 in USP20 ZnF-UBP domain. It is worth noting that the
key residue for ubiquitin binding (R221) in USP5 ZnF-

UBP domain is substituted by an oppositely charged resi-
due E55 in USP20 ZnF-UBP domain (Figure 1a).

2.2 | USP20 ZnF-UBP domain presents weak
binding capacity to mono-ubiquitin

According to the previously published literatures for the
structure and function studies of ZnF-UBP domains, there is
a high possibility that the ZnF-UBP domain of USP20 could
not recognize ubiquitin.29 To test this hypothesis, NMR
titration experiments were performed by using 15N-labeled
USP20 ZnF-UBP domain and unlabeled mono-ubiquitin in
varying molar ratios from 1:0 to 1:40 of USP20 ZnF-UBP
to mono-ubiquitin. The 1H-15N heteronuclear single quan-
tum coherence spectroscopy (HSQC) spectra of USP20
ZnF-UBP domain in the presence of increasing amounts of
mono-ubiquitin were recorded (Figure 3a). With the addition of
mono-ubiquitin, a few of NMR resonances corresponding to
specific amino acid residues in USP20 ZnF-UBP domain
present dose-dependent changes, which provide evidence
for the binding of mono-ubiquitin to USP20 ZnF-UBP
domain. The modest and unsaturated binding-induced
chemical shift perturbations (CSPs) suggest that the binding
affinity between USP20 ZnF-UBP domain and mono-
ubiquitin is weak. It is worth noting that high concentrations
of mono-ubiquitin are used in the NMR titration experi-
ments. To check if this will cause any aggregation that may
induce nonspecific interactions, NMR line width analysis
for ubiquitin at different concentrations including 1.4, 2.8,

TABLE 1 Structural statistics of the USP20 ZnF domain

Structural constraints

Total NOE 1,731

Intra-residual 364

Sequential (|i − j| = 1) 475

Medium range (2 ≤ |i − j| ≤ 4) 326

Long range (|i − j| > 4) 386

Hydrogen bonds 42

Dihedral angle restraints

Φ 69

Ψ 69

Ramachandran statistics

Most favored region (%) 60.3

Allowed (%) 35.9

Generous (%) 3.3

Disallowed (%) 0.5

RMSD from mean structure (Å)

Residues 5–95 (Backbone atoms) 0.22 ± 0.07

Residues 5–95 (all heavy atoms) 0.87 ± 0.10

Abbreviation: NOE, nuclear overhauser effect; ZnF, zinc-finger.

FIGURE 2 USP20 ZnF-UBP domain forms
a canonical core structure essential for ubiquitin
recognition. (a) Superposition of the structures for
USP20 ZnF-UBP domain (blue) and USP33
ZnF-UBP domain (yellow). (b) Comparison of the
electrostatic potential surfaces of USP20 ZnF-UBP
domain and USP33 ZnF-UBP domain. The
positive potential is shown in blue and the negative
potential is highlighted in red. The canonical
ubiquitin binding pocket is highlighted by black
circle. (c) Structural comparison of USP20 ZnF-
UBP domain (blue) with USP5 ZnF-UBP domain
(pink) and USP16 ZnF-UBP domain (green). ZnF-
UBP, zinc-finger ubiquitin binding domain
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FIGURE 3 Characterization of the interactions between USP20 ZnF-UBP domain and mono-ubiquitin. (a) Superposition of the 1H-15N HSQC
spectra of USP20 ZnF-UBP domain upon the titration of ubiquitin. The spectra are colored according to the molar ratio of USP20 ZnF-UBP domain
to ubiquitin applied in spectrum acquisition: 1:0 (black), 1:1 (blue), 1:5 (sky blue), 1:10 (green), 1:20 (yellow), 1:30 (orange), and 1:40 (red).
(b) Amide chemical shift perturbation analysis reveals the residues of USP20 ZnF-UBP domain involved in binding ubiquitin. The solid line and the
dashed line indicate CSP average and CSP average plus standard deviation, respectively. (c) The chemical shift perturbation data of (b) is mapped
onto a surface representation of USP20 ZnF-UBP. The significantly perturbed residues in USP20 ZnF-UBP are colored in red. (d) Superposition of
the 1H-15N HSQC spectra of ubiquitin upon the titration of USP20 ZnF-UBP domain. The spectra are colored according to the molar ratio of
ubiquitin to USP20 ZnF-UBP domain applied in spectrum acquisition: 1:0 (black), 1:1 (sky blue), 1:5 (green), 1:10 (yellow), and 1:20 (red).
(e) Amide chemical shift perturbation analysis reveals the residues of ubiquitin involved in binding USP20 ZnF-UBP. The solid line and the dashed
line indicate CSP average and CSP average plus standard deviation, respectively. (f) The chemical shift perturbation data of (e) is mapped onto a
surface representation of ubiquitin. The significantly perturbed residues with their CSP values greater than CSP average plus standard deviation are
colored in red. CSP, chemical shift perturbation; ZnF-UBP, zinc-finger ubiquitin binding domain
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and 5.6 mM was carried out. Four representative residues of
ubiquitin (V70, H68, I44, and A46) were selected according to
the published literature,32 and submitted to a further NMR line
width analysis (Figure S1). No significant line width broadening
and chemical shift changes were observed for all of these four
residues upon the increasing of the concentration for ubiquitin,

which indicates that the dominant species of ubiquitin at the
highest concentration as 5.6 mM is still monomer, and therefore
would not induce nonspecific interactions in the binding of
ubiquitin to USP20 ZnF-UBP.

We then characterized the protein–protein interactions by
calculating the CSP values and mapping the CSP data to the

FIGURE 4 Legend on next page
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solution structure of USP20 ZnF-UBP domain (Figure 3b).
The CSP values for USP20 ZnF-UBP domain upon the bind-
ing of mono-ubiquitin were measured and calculated as
described in Section 4. Those residues exhibiting CSP values
greater than the sum of mean and standard deviation were
considered as binding related residues and mapped onto the
structure of USP20 ZnF-UBP domain (Figure 3c). These sig-
nificantly perturbed residues are spatially clustered around the
canonical hydrophobic pocket of ZnF-UBP domain, which
mainly locating in the β-strands and loop L2A.

The typical binding mode of ubiquitin to ZnF-UBP domain
involves its unanchored C-terminal di-glycine motif.26 To test
if this is the case in the binding of ubiquitin to USP20
ZnF-UBP domain, we performed the NMR titration experi-
ments by recording a series of 1H-15N HSQC spectra of 15N-
labeled mono-ubiquitin in the presence of increasing amounts
of unlabeled USP20 ZnF-UBP domain. In consistent with the
CSP analysis data by detecting the NMR signals of 15N-
labeled USP20 ZnF-UBP domain, upon the addition of
unlabeled USP20 ZnF-UBP protein, the NMR resonances of
15N-labeled ubiquitin exhibited quite limited dose-dependent
changes and were far from saturation (Figure 3d), which
suggested a weak interaction between USP20 ZnF-UBP domain
and mono-ubiquitin. Meanwhile, since the most perturbed resi-
dues were the C-terminal residues of ubiquitin including L71,
R72, L73, and R74 (Figure 3e,f), a binding mode different from
the typical C-terminal di-glycine penetration pattern for
ubiquitin/ZnF-UBP domain interaction was proposed.

2.3 | Characterization of the interactions
between USP20 ZnF-UBP domain and
K48-linked di-ubiquitin

Mono-ubiquitination and poly-ubiquitination are associated
with a variety of cellular processes. Normally, the binding
affinities between ubiquitin binding domains (UBA, UIM,
ZnF-UBP, etc.) and ubiquitin/poly-ubiquitin will increase
upon the elongation of ubiquitin chains. Here in this article,

we have demonstrated that USP20 ZnF-UBP domain
exhibits a weak binding affinity to mono-ubiquitin. In addition,
we then further investigated the interacting properties between
USP20 ZnF-UBP domain and poly-ubiquitin (K48-linked
di-ubiquitin) by synthesizing K48-linked di-ubiquitin in vitro
and performing NMR titration experiments. 15N-labeled
USP20 ZnF-UBP domain was titrated with gradually increased
K48-linked di-ubiquitin until the molar ratio of USP20
ZnF-UBP to di-ubiquitin reaching 1:20. The HSQC cross-
peak changes and the calculated CSP values are shown in
Figure 4a,b. The measured CSP values for five most perturbed
residues (E55, V74, W82, K88, and V90) in USP20 ZnF-UBP
domain with the presence of different concentrations of
K48-linked di-ubiquitin were used to fit the dissociation con-
stant (Kd) through global fitting method (Figure 4c). The obvi-
ously perturbed residues of USP20 ZnF-UBP domain by the
addition of di-ubiquitin are mainly distributed in loop L2A,
α3, and β-strands, which are almost identical to the results rev-
ealed by NMR titration experiments for USP20 ZnF-UBP
and mono-ubiquitin system, indicating that USP20 ZnF-UBP
binds to di-ubiquitin with the same interface as that used in its
mono-ubiquitin recognition. Besides, comparable chemical
shift changes were observed by using the mixed samples with
molar ratios of 1:20 for USP20 ZnF-UBP to di-ubiquitin and
1:30 for USP20 ZnF-UBP to mono-ubiquitin, which indicating
a modest increase in the binding affinity of USP20 ZnF-UBP
domain to ubiquitin upon the available of additional ubiquitin
subunit. To map the binding surfaces of two ubiquitin subunits
in di-ubiquitin (the proximal ubiquitin and the distal ubiquitin in
K48-linked di-ubiquitin) to USP20 ZnF-UBP domain, selec-
tively 15N-labeled K48-linked di-ubiquitin samples in which
either di-ubiquitin's proximal or distal subunit is 15N labeled
were synthesized and applied to NMR titration experiments
(Figure 4d–g). Upon the addition of unlabeled USP20 ZnF-UBP
domain, both the proximal and the distal ubiquitin subunits of
di-ubiquitin showed chemical shift changes, and the most
perturbed residues clustered to the C-terminal region of ubiquitin
(V70-R74). The NMR titration results demonstrate that the weak

FIGURE 4 Characterization of the interactions between USP20 ZnF-UBP domain and K48-linked di-ubiquitin. (a) Superposition of the
1H-15N HSQC spectra of USP20 ZnF-UBP domain upon the titration of K48-linked di-ubiquitin. The spectra are colored according to the molar
ratio of USP20 ZnF-UBP domain to di-ubiquitin applied in spectrum acquisition: 1:0 (black), 1:1 (blue), 1:5 (cyan), 1:8 (green), 1:10 (purple), 1:15
(orange), and 1:20 (red). (b) Amide chemical shift perturbation analysis reveals the residues of USP20 ZnF-UBP domain involved in binding di-
ubiquitin. The solid line and the dashed line indicate CSP average and CSP average plus standard deviation, respectively. (c) The dissociation
constant for the binding of USP20 ZnF-UBP domain to K48-linked di-ubiquitin was determined by the global fitting analysis of CSP data.
(d) 1H-15N HSQC spectra expanded to view representative residues in the proximal subunit of K48-linked di-ubiquitin upon the titration of USP20
ZnF-UBP domain. The spectra are colored according to the molar ratio of di-ubiquitin with its proximal subunit 15N-labeled to USP20 ZnF-UBP
domain applied in spectrum acquisition: 1:0 (red), 1:5 (yellow), and 1:10 (blue). (e) Amide chemical shift perturbation analysis reveals the residues
of di-ubiquitin's proximal subunit involved in binding USP20 ZnF-UBP domain. (f) 1H-15N HSQC spectra expanded to view representative residues
in the distal subunit of K48-linked di-ubiquitin upon the titration of USP20 ZnF-UBP domain. The spectra are colored according to the molar ratio
of di-ubiquitin with its distal subunit 15N-labeled to USP20 ZnF-UBP domain applied in spectrum acquisition: 1:0 (purple), 1:5 (cyan), and 1:10
(pink). (g) Amide chemical shift perturbation analysis reveals the residues of di-ubiquitin's distal subunit involved in binding USP20 ZnF-UBP
domain. CSP, chemical shift perturbation; ZnF-UBP, zinc-finger ubiquitin binding domain
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FIGURE 5 Model structures demonstrate how USP20 ZnF-UBP domain binds K48-linked di-ubiquitin. (a) Ribbon representation of the model
structures for USP20 ZnF-UBP:K48-linked di-ubiquitin complex with USP20 ZnF-UBP domain (colored in blue) binding to K48-linked di-ubiquitin's
proximal subunit (colored in yellow). (b) Expanded view of the USP20 ZnF-UBP:proximal ubiquitin complex reveals critical interactions. USP20 ZnF-
UBP and proximal ubiquitin are highlighted in blue and yellow, respectively. (c) Ribbon representation of the model structures for USP20 ZnF-UBP:
K48-linked di-ubiquitin complex with USP20 ZnF-UBP domain (colored in blue) binding to K48-linked di-ubiquitin's distal subunit (colored in
yellow). (d) Expanded view of the USP20 ZnF-UBP:distal ubiquitin complex reveals critical interactions. USP20 ZnF-UBP and distal ubiquitin are
highlighted in blue and yellow, respectively. (e) Expanded view of the USP5 ZnF-UBP:mono-ubiquitin complex reveals critical interactions. USP5
ZnF-UBP and mono-ubiquitin are highlighted in pink and yellow, respectively. ZnF-UBP, zinc-finger ubiquitin binding domain
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interactions between USP20 ZnF-UBP domain and ubiquitin are
mainly driven by the C-terminal residues (V70-R74) of ubiquitin,
thereby enabling each ubiquitin subunit of di-ubiquitin to inter-
act with USP20 ZnF-UBP domain. However, since the iso-
peptide bond formed between the C-terminal carboxyl group of
distal ubiquitin and the K48's ɛ-NH2 motif of proximal ubiquitin
might hinder the binding of distal subunit in di-ubiquitin to
USP20 ZnF-UBP domain due to the possible existence of steric
clash, in comparison with the di-ubiquitin's proximal subunit,
smaller CSPs were observed for the distal ubiquitin upon the
addition of USP20 ZnF-UBP domain (Figure 4e,g).

2.4 | Models demonstrate how USP20
ZnF-UBP domain binds K48-linked di-ubiquitin

To gain more details for the interactions between K48-linked
di-ubiquitin and USP20 ZnF-UBP domain, the model struc-
tures of USP20 ZnF-UBP domain complexed with K48-linked
di-ubiquitin were generated by using the CSP analysis data
described above and the program HADDOCK.33 The obtained

model structures for two binding modes of USP20 ZnF-UBP
domain complexed with K48-linked di-ubiquitin are shown in
Figure 5a–d. Both of the two cluster model structures for
USP20 ZnF-UBP domain binding with either di-ubiquitin's
proximal subunit or its distal ubiquitin demonstrate that the
C-terminal regions of two ubiquitin subunits play crucial roles
in their interactions with USP20 ZnF-UBP domain. In addi-
tion, this finding is consistent with the achieved CSP analysis
results (Figure 4d–g). Although the involved key residues
for two binding modes of USP20 ZnF-UBP domain to di-
ubiquitin are almost identical to each other, there are distin-
guishable differences in the interacting patterns for the two
modes. When USP20 ZnF-UBP domain interacts with di-
ubiquitin's proximal subunit, multiple hydrogen bonds are
formed between the paired residues from two proteins. The
backbone amide group of L73 in the proximal ubiquitin forms
a direct hydrogen bond with the side-chain carboxyl group of
E55 in USP20 ZnF-UBP domain. The backbone carboxyl
motif and side-chain guanidino group of R74 in the proximal
ubiquitin form a hydrogen bond with the indole ring of USP20
ZnF-UBP's W82 and two hydrogen bonds with the side-chain
carboxyl group of USP20 ZnF-UBP's E87, respectively.
Besides the hydrogen bonds, R74 of proximal ubiquitin is also
involved in hydrophobic contacts with USP20 ZnF-UBP's
S61/T62 (Figure 5b). When USP20 ZnF-UBP domain interacts
with di-ubiquitin's distal ubiquitin, the major driving force for
the interactions between two proteins is from the extensive
hydrophobic contacts formed between the C-terminal residues
of di-ubiquitin's distal subunit and USP20 ZnF-UBP's loop
L2A and α3. Moreover, R72 and L73 of distal ubiquitin are
also involved in the formation of hydrogen bonds with USP20
ZnF-UBP domain (Figure 5d).

As aforementioned, the negatively charged residues (E55
and E87) in USP20 ZnF-UBP play important roles upon its
interactions with ubiquitin. In addition, this is consistent
with the finding that the identified binding site residues of
ubiquitin are mainly positively charged (Figure 3f). How-
ever, it should be mentioned that the positively charged resi-
dues including R80 and K88 of USP20 ZnF-UBP also show
significant CSPs upon the addition of ubiquitin, but they pre-
sent no direct contacts with ubiquitin in the complex models.
In addition, we then conclude that the chemical shift changes
of these two residues (R80 and K88) are mainly induced by
the consequential conformational changes instead of the
direct contacts with the ubiquitin.

To confirm the generated complex models, a further muta-
genesis study was conducted. USP20 ZnF-UBP E55A/E87A
double mutant was created according to the CSP analysis data
and the determined complex models. 1H-15N HSQC spectra of
15N-labeled USP20 ZnF-UBP E55A/E87A double mutant
without or with the presence of 10 molar excess of unlabeled
di-ubiquitin were then recorded. In comparison with the wild
type USP20 ZnF-UBP:di-ubiquitin system, the mutated USP20

FIGURE 6 Confirmation of the binding mode between USP20
ZnF-UBP domain and K48-linked di-ubiquitin. (a) Amide chemical
shift perturbation analysis data for wild-type USP20 ZnF-UBP:
K48-linked di-ubiquitin system. (b) Amide chemical shift perturbation
analysis data for USP20 ZnF-UBP double mutant (E55A/E87A):
K48-linked di-ubiquitin system. ZnF-UBP, zinc-finger ubiquitin
binding domain
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ZnF-UBP protein presents a flattened CSP profile upon the
addition of di-ubiquitin (Figure 6 and Figure S2), which indi-
cating that the mutation of E55 and E87 abolishes the specific
interactions between USP20 ZnF-UBP and K48-linked di-
ubiquitin. This data confirm that the CSP analysis data and the
docking models work well for identifying the key residues in
USP20 ZnF-UBP responsible for ubiquitin binding.

3 | DISCUSSION

By a combination use of NMR and molecular modeling
approaches, we determined the solution structure of USP20
ZnF-UBP domain, and revealed the molecular basis for the
weak binding of USP20 ZnF-UBP domain to mono-ubiquitin
and poly-ubiquitin. The solution structure of USP20 ZnF-
UBP domain consists of a central β-sheet with either one
α-helix or two α-helices packed on each side of the sheet
(Figure 1b). The overall structure of USP20 ZnF-UBP domain
is stabilized by three coordinated zinc ions (Figure 1c). It is
worth of noting that USP20 ZnF-UBP domain does form a
core structure composed of β-sheet, α3, and loop L2A, which
is conserved through the diverse ZnF-UBP domains including
USP5 ZnF-UBP and USP16 ZnF-UBP, and so forth
(Figure 2). However, although sharing a similar global folding
with other ZnF-UBP domains, extremely low binding affini-
ties to mono-ubiquitin and poly-ubiquitin (K48-linked di-
ubiquitin) were observed for USP20 ZnF-UBP domain.

The structural and functional study of USP5 ZnF-UBP
domain has revealed the molecular details for its interactions
with ubiquitin.28 The C-terminal residues of ubiquitin interact
with residues (R221, Y261, W209, D264, etc.) locating in the
hydrophobic pocket of USP5 ZnF-UBP domain by forming
direct hydrogen bonds or water-mediated hydrogen bonds and
van der Waals contacts (Figure 5e). Besides, F224, situating at
the top of loop L2A of USP5 ZnF-UBP domain contacts with
L8 and I36 of ubiquitin through hydrophobic interactions.
Consequently, the comprehensive interaction forces stabilize
the ubiquitin binding orientation and strengthen the binding
affinity between USP5 ZnF-UBP and ubiquitin. The
corresponding residues to W209, R221, Y261, and D264 of
USP5 ZnF-UBP domain, which play important roles in its
ubiquitin binding, are either conserved (W41 for W209, Y84
for Y261, and E87 for D264) or substituted (E55 for R221) in
USP20 ZnF-UBP domain (Figures 1 and 5). It indicates that
the replacement of R221 to E55 in USP20 ZnF-UBP domain
significantly demotes its interactions with the free C-terminal
di-glycine motif of ubiquitin. The one residue substitution
blocks the penetration of the ubiquitin's C-terminal di-glycine
motif into the free C-tail recognition pocket in ZnF-UBP
domain, which consequently abolishes the interactions between
the other conserved paired residues in ZnF-UBP domain and
ubiquitin (Figure 5). Although the electrostatic interactions

between D264 (E87 in USP20 ZnF-UBP) and R74 of ubiquitin
are kept (Figure 5), a significant decrease in the binding affin-
ity of ubiquitin to USP20 ZnF-UBP domain was still
observed due to the loss of the extensive interactions between
ubiquitin's di-glycine motif and USP20 ZnF-UBP domain.
Meanwhile, since the L2A loop in USP20 ZnF-UBP domain
is shorter than that of USP5 ZnF-UBP domain, the hydropho-
bic interactions between the L2A loop and the residues of L8
and I36 in ubiquitin are also weakened. The sequential and
structural distinctions between USP20 ZnF-UBP domain and
USP5 ZnF-UBP domain greatly decrease the USP20 ZnF-
UBP/ubiquitin binding affinity. Consistent with the findings
mentioned above, those ZnF-UBP domains (HDAC6,
USP16, etc.), which contain the conserved Arginine residue,
show high binding affinities to ubiquitin with the Kds ranging
from 60 nM to 6 μM.28,34,35 While, the ZnF-UBP domains
that accommodate substitution at the conserved Arginine posi-
tion would show no binding to ubiquitin (Ubp8, USP33,
etc.).29,36,37 The dramatic binding affinity change caused by
the replacement of a single residue suggests that the inter-
molecular interactions between the particular Arginine in
ZnF-UBP's loop L2A and ubiquitin's C-terminal G75/G76
play a central role in the specific recognition of ubiquitin by
ZnF-UBP domains.

The dramatic difference in the ubiquitin binding capacity
of USP20 ZnF-UBP domain to those of other ZnF-UBP
domains suggests that USP20 ZnF-UBP might have a differ-
ent physiological role. In the case of USP5, its N-terminal
ZnF-UBP domain binds to the C-terminus of unmodified
ubiquitin, which leads to an activation of the hydrolysis activ-
ity of the enzyme. The activation effect takes place on the pre-
mise of the USP5 ZnF-UBP's high ubiquitin binding affinity,
suggesting that USP20 might fail to be activated by free
ubiquitin. Therefore, it is unclear whether the USP20 ZnF-
UBP's ubiquitin binding capacity is too weak to be physiologi-
cal significant in the ubiquitin associated system. The function
of USP20 ZnF domain remains unclear and needs to be
further explored. In an attempt to identify the potential sub-
strates of USP20 ZnF-UBP domain, we carried out NMR
titration experiments to detect the interactions between
USP20 ZnF-UBP domain and different ubiquitin chain link-
age or ubiquitin-like folds. According to the data shown in
Figures 3–5, USP20 ZnF-UBP domain recognizes and inter-
acts with the ubiquitin C-tail residues. Therefore, there is a
very small possibility that USP20 ZnF-UBP domain would
present binding selectivity to ubiquitin chains in different
linkage. However, to test the selectivity of USP20 ZnF-UBP
over ubiquitin linkages anyway, we titrated USP20 ZnF-UBP
domain with M1-linked di-ubiquitin. The CSP analysis data
show that compared with the binding of K48-linked di-
ubiquitin to USP20 ZnF-UBP, M1-diUb interacts with
USP20 ZnF-UBP domain in a similar pattern and a
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comparable binding affinity (Figure S3). In the following
study, we further tested the binding capacities of USP20
ZnF-UBP domain to the other two ubiquitin-like fold pro-
teins: NEDD8 and UBL domain from hHR23A. It is revealed
by the CSP analysis data that USP20 ZnF-UBP could also
interact with these two ubiquitin-like proteins with comparable
binding affinities to USP20 ZnF-UBP:mono-ubiquitin system
(Figure S4). Overall, the obtained NMR data suggest that none
of the tested proteins is the substrate of USP20 ZnF-UBP
domain. Additionally, since no SUMO interacting motif exists
in USP20 ZnF-UBP domain, and also the C-tail region of
SUMO molecules are mainly negatively charged, the inter-
acting capabilities between USP20 ZnF-UBP and SUMO
molecules are extremely small and were not tested.

Moreover, the results of Ub-AMC hydrolysis and
K48-linked di-ubiquitin hydrolysis experiments (data not
shown) indicate that USP20 presents a much weaker enzy-
matic (deubiquitination) activity than other USPs in vitro.
There is a substantial chance that the full display of the
enzymatic activity of USP20 could only be induced in cel-
lular context. In addition, it is also possible that the USP20
ZnF-UBP domain is involved in the constitution of func-
tional protein complex, and regulate the enzymatic activity
related biological processes as the ZnF-UBP domain in
Ubp8 does.36

4 | METHODS AND MATERIALS

4.1 | Protein expression and purification

The sequence corresponding to the N-terminal ZnF-UBP
domain (residues spanning 1–99) from human USP20 was
amplified by PCR polymerase chain reaction (PCR) and sub-
cloned into pET28a expression vector. The genes for UB/UB-
K48R (ubiquitin/ubiquitin-K48R), E1, E2-25K, and UCH-L3
were cloned into pET-3a, pET-28a, pET-MG, and pET-22b
expression vectors, respectively. The genes for M1-linked di-
ubiquitin, NEDD8, UBL domain (1–82) from hHR23A, were
cloned into pET-28a expression vector. The mutant for
USP20 ZnF-UBP domain (E55A/E87A) was created by PCR.
The expression and purification of 15N and/or 13C labeled
USP20 ZnF-UBP domain were carried out by following the
previously reported protocols.38 Unlabeled proteins were pro-
duced by transforming the corresponding plasmids into
Escherichia coli BL21 cells and expressed in Luria-Bertani
medium. Histidine-tagged proteins were purified by a combi-
nation use of immobilized metal-ion affinity chromatography
(Ni-NTA column) and size-exclusion chromatography
(Superdex 75 or Superdex 200 column). The N-terminal His-
tag of USP20 ZnF-UBP domain, M1-linked di-ubiquitin,
UBL domain from hHR23A and NEDD8 were removed by

thrombin and the C-terminal His-tags of UB/diUb
(ubiquitin/di-ubiquitin) were cleaved by UCH-L3.

4.2 | NMR spectroscopy

All NMR experiments were performed at 25�C on a Bruker
600 MHz NMR spectrometer equipped with a TCI cryoprobe.
15N-, 13C-, and 15N/13C-labeled USP20 ZnF-UBP protein
samples prepared for solution structure determination were
concentrated to 0.6–0.8 mM in sodium phosphate buffer con-
taining 20 mM NaH2PO4/Na2HPO4, 100 mM NaCl, 50 μM
ZnSO4, 2 mM DTT, 10 or 100% D2O (pH 6.5). Backbone
and side-chain resonance assignments were completed using
1H-15N HSQC, HNCA, HN(CO)CA, HNCO, HN(CA)CO,
HNCACB, CBCA(CO)NH, HBHA(CO)NH, H(CC)(CO)NH,
(H)CC(CO)NH, and HCCH-TOCSY spectra. The backbone
resonance assignments were fully achieved except for proline
residues and 95% of the side-chain atoms were assigned
excluding those aromatic side-chain atoms. The nuclear over-
hauser effect (NOE) distance restraints were derived from 3D
15N-NOESY-HSQC and 13C-NOESY-HSQC spectra. NMR
data were processed through NMRPipe program39 and ana-
lyzed with CARA.40

4.3 | Structure calculation

NOE distance restraints were derived from integral values of
NOE cross-peaks, and divided into four categories (1.8–3.0,
1.8–3.6, 1.8–5, and 1.8–6 Å). Hydrogen bonding restraints
were obtained from chemical shift index data and inter-strand
NOEs. Backbone dihedral angle restraints (ϕ/ψ ) were gener-
ated by TALOS+, using the chemical shifts of C, CA, CB, N,
and HN of the corresponding residues.41 The NOE distance
restraints, torsion angle restraints, and hydrogen bond restraints
were then input to calculate an ensemble of structures for
USP20 ZnF-UBP domain through simulated annealing algo-
rithm. The 20 lowest-energy structures were selected to rep-
resent the structure of USP20 ZnF-UBP domain, and the
structure statistics were evaluated by the PROCHECK
program.42–44 The atomic coordinates of the determined
solution structure of USP20 ZnF-UBP domain have been
deposited in Protein Data Bank, and the ID code is 6KCZ.

4.4 | NMR titration experiments, CSP
analysis, and NMR line width analysis

NMR titration experiments were conducted at 25�C on Bruker
600 MHz NMR spectrometers. The titration concentration of
15N-labeled USP20 ZnF-UBP domain was 0.1/0.14 mM, and
the concentrations of 15N-UB/15N-diUb were 0.1 mM. The
concentrations of 15N-labeled ubiquitin used in the data acqui-
sitions of the NMR line width analysis are 1.4, 2.8, and
5.6 mM, respectively. A series of 1H-15N HSQC spectra were
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collected after the addition of increasing amounts of unlabeled
binding proteins. The spectra were processed by using
NMRPipe and analyzed with Sparky.45 CSP values (Δδ) were
derived from the geometrical distance coupled to the move-
ment of the cross-peak and calculated using the following
equation:

Δδ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδN=5ð Þ2 +Δδ2H

q
,

where ΔδN and ΔδH represent the observed chemical shift
changes in 1H dimension and 15N dimension, respectively.46

Based on the protein concentrations and the CSP values pro-
vided by the NMR titration experiments of 15N-labeled
USP20 ZnF and unlabeled di-ubiquitin, dissociation constant
(Kd) was determined by global fitting according to the equa-
tion below:

Δδ=
δTOT nLT + nPT +Kd−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nLT + nPT +Kdð Þ2−4n2LTPT

q� �

2nPT
,

where Δδ donates the observed chemical shift change, dTOT
is the chemical shift difference between free and complexed
protein, n is the binding stoichiometry, LT is the concentra-
tion of titrant protein, and PT is the total concentration of
analyte protein.47

4.5 | Synthesis of K48-linked di-ubiquitin

K48-linked di-ubiquitin was synthesized by linking
ubiquitin and ubiquitin-K48R in the presence of human
ubiquitin-activating enzyme E1 and ubiquitin-conjugating
enzyme E2-25K. These reaction materials were expressed
and purified as described above. The cascade reactions were
conducted in reaction buffer at 37�C for 6 hr. The product
was purified by nickel affinity chromatography and size-
exclusion chromatography. The purity of synthesized
K48-linked di-ubiquitin was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and protein con-
centration was determined by UV spectrophotometry.

4.6 | NMR data-driven molecular docking

The structures of USP20 ZnF-UBP domain and K48-linked
di-ubiquitin were used for complex structure calculation
through the HADDOCK2.2 webserver.33 The ambiguous
interaction restraints (AIRs) were generated for the active
and the passive residues defined by the CSP analysis results
and the solvent accessibility data. The residues presenting
significant CSP values (greater than the sum of mean and
standard deviation) and being solvent accessible (with a

calculated solvent accessible surface greater than 50% of the
overall surface of corresponding residue) were defined as
“active” and assigned AIRs. The neighbor residues of defined
active residues, which might contribute to the protein–protein
interactions, were recognized as passive residues. Finally, the
active residues were defined as E55, T62, E87, K88 in
USP20 ZnF-UBP domain, L8, R72, L73, R74 in proximal
ubiquitin subunit of di-ubiquitin, and L8, A46, Q49, R72,
L73, R74, G75 in distal ubiquitin subunit of di-ubiquitin. The
semi-flexible residues were defined as all active and passive
residues ±2 sequential residues. Thousand complex structures
were calculated in the rigid-body minimization stage, and the
200 with the lowest intermolecular energy were then sub-
jected to molecular dynamics-based refinement followed by
the final refinement in explicit water. The refined structures
were clustered, and the structure cluster with lowest HAD-
DOCK score and energy was selected to represent the com-
plex structures and analyzed by the LigPlot software.48
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