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Abstract: Ubiquitylation is a reversible post-translational modification pathway that regulates a variety of cellular 

processes including protein degradation and trafficking, intracellular localization, DNA repair, immune response and cell-

cycle progression. Deubiquitylating enzymes (DUBs) can remove the ubiquitin from the modified proteins and reverse the 

ubiquitylation-induced biological processes; hence it isn’t hard to understand that viral pathogens take advantage of the 

host cell ubiquitin system through disturbing DUBs, for infection and replication. Although accumulated virus-related 

DUBs have been defined, but how viruses regulate their expression and activities is poor understand because of limitation 

of technologies. Recently, chemistry-based functional proteomics, which can not only monitor the alteration of abundance 

but also changes in activity of enzymes, was used to study the function of DUBs involved in virus infection and held 

much promise. Theses works suggest that chemistry-based functional proteomics is a potent strategy for high throughput 

screening of virus-related DUBs and exploring their roles in virus infection. 

Keywords: Activity-based protein profiling, chemistry-based functional proteomics, deubiquitylating enzymes, HAUb-derived 
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INTRODUCTION 

 Ubiquitin (Ub) is 76-amino-acid polypeptide (about 8.3 
kDa) that becomes covalently attached to other proteins 
through an isopeptide between its carboxy-terminal glycine 
and the lysine of the target proteins [1-8]. It is a highly 
conserved protein with only three amino-acid different from 
yeast to human [1, 2]. The types of ubiquitin modification on 
the target protein are diverse, leading to different function of 
ubiquitylation [1-8]. First, ubiquitylation can happen on 
single lysine residue (monoubiquitylation) or on several 
lysine residues (multiple monoubiquitylation) in a substrate, 
these modifications are involved in endocytosis, endosomal 
sorting, sub cellular localization, DNA repair and virus 
budding [2-5]. Further more, ubiquitin contains seven Lys 
residues itself (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 
and Lys63) and can function as an acceptor to form 
polyubiquitin chain, most of identified which forms through 
Lys48 (K48) or Lys63 (K63) [2]. Polyubiquitylation via 
Lys48 is implicated in proteasome-mediated degradation 
independent lysosome, and this discovery was awarded the 
Nobel Prize in Chemistry for 2004 [2, 6]. Chains linked via 
Lys63 (K63) could participate in DNA repair, activate 
protein kinases or provide a scaffold for the nucleation [1-3, 
6, 7] (Fig. 1). 

 Ubiquitylation is a reversible process. Free ubiquitin is 
first activated by E1 ubiquitin-activating enzyme in an ATP-  
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dependent manner, resulting in the formation of a high 
energy thiol-ester linkage between the glycine residue of 
ubiquitin and the cysteine residue of E1. The activated 
ubiquitin is then transferred to the active site Cys of the 
ubiquitin conjugating enzyme, E2. Finally, E2 catalyzes the 
transfer of ubiquitin onto the protein substrate in the 
presence of an ubiquitin ligase (E3), which specifically binds 
to a protein substrate and recruits ubiquitin–E2 complex [4-
8] (Fig. 1). 

 The ubiquitin and polyubiquitin chains can be removed 
from the substrates by deubiquitylating enzymes (DUBs) [9-
16]. Deubiquitylation process can not only reverse the 
function of ubiquitinated substrate proteins, but is also 
essential for the maintenance of a sufficient pool of free 
ubiquitin molecules in cell [9-12]. Besides, ubiquitin may be 
encoded as inactive precursors because of forming fusion 
protein either to itself or to a ribosomal subunit, and some 
DUBs can cleave them into the monomeric protein [9, 11]. 
Thus, DUBs are important in ubiquitylation pathway, and the 
deregulation of them has been linked with many diseases 
such as cancer, immunological disorders and viral infections 
[9-16]. 

 All viral pathogens have developed a series of means to 
exploit the host cell biochemical pathways for promoting 
their infection, proliferation and survival. Ubiquitylation is a 
ubiquitous mechanism for post-translational modification of 
proteins. Over a thousand proteins have been linked to this 
pathway, which have been associated with most of cell 
biochemical pathways such as protein degradation, cell-cycle 
progression, signaling and immune response [1-8]. The 
ability of viruses to utilize the ubiquitin pathway has been 
appreciated at many levels [5, 17, 18]. DUBs play an 
essential role in ubiquitylation pathway, thus it is not 
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surprising that viruses interfere with DUBs pool of host cells 
to benefit of their propagation [17-25]. Viruses disturb the 
deubiquitylation system of host cells in two ways: first, 
viruses can hijack the host’s DUBs machinery, for example, 
herpes simplex virus infected cell protein 0 (ICP0) can 
interact with USP7 to inactivate p53 [26]; second, many 
viruses such as coronaviruses and adenoviruses, can encode 
their own deubiquitylating enzymes to manipulate the host’s 
ubiquitylation system [17-25]. 

 Increasing evidences suggest involvement of 
deregulation of DUBs in viral pathogenesis, but there is only 

a limited body of information on the overall virus-related 
DUBs and DUBs-related activities that relate to host-virus 
interactions [17-25]. Because some DUBs are often 
synthesized as inactive form that requires further activation 
while some proteins have no deubiquitylating activity which 
are similar to identified DUBs in structure and sequence [9-
16], traditional global genomic and proteomic methods are 
limited in identifying virus-related DUBs, thus more 
efficacious technologies for global analysis of DUBs 
function are needed. Activity-based protein profiling which 
can directly monitor the state of enzymes has been 
successfully used to identify DUBs and explore their role in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Ubiquitylation is a reversible process. Free ubiquitin is activated by E1 ubiquitin- activating enzyme in an ATP-dependent manner, 

resulting in formation a high energy thiol-ester linkage between the glycine residue of ubiquitin and the cysteine residue of E1. The activated 

ubiquitin is then transferred to the active site Cys of the ubiquitin conjugating enzyme, E2. Finally, E2 catalyses the transfer of ubiquitin onto 

the protein substrate in the presence of an ubiquitin ligase (E3), which specifically binds a protein substrate and recruits ubiquitin–E2 

complex. The function of ubiqutiylation can roughly be classified two aspects: proteasome-mediated protein degradation and other functions. 

Proteasome-mediated protein degradation can only be induced by polyubiquitylation via Lys48 (K48). Other types of ubiquitylation, such as 

monoubiquitylation, multiple monoubiquitylation and polyubiquitylation via Lys63 (K63), have been implicated in diverse biochemical 

pathways, including endocytosis, endosomal sorting, sub cellular localization, DNA repair and virus budding. Deubiquitylating enzymes 

(DUBs) can either reverse the function of ubiquitinated substrate proteins, and is also essential for maintaining a sufficient pool of free 

ubiquitin molecules in the cell. 
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pathological process [13, 27-31]. Activity-based probes 
(ABPs) for screening DUBs containing an epitope-tagged 
Ub (HAUb) with a C-terminal thiol-reactive group, which 
acts as suicide substrate, can be used to analyze complex 
examples such as cell lysates, intact cells and so on. The 
probes covalently attach the active enzymes, retrieved by 
immunoprecipitation, followed by their isolation and 
identification by tandem mass spectrometry (MS/MS) [27, 
28]. Using this approach, some new deubiquitylating 
enzymes have been identified and the activity of many 
DUBs, such as USP7, is characterized [27]. In this review, 
we will focus on the interaction between DUBs and viral 
infections and the identification of virus-related DUBs 
through activity-based protein profiling. 

THE DUBS FAMILY 

 Corresponding with their divers and special functions, 
the member of DUBs families is huge. Nearly 100 putative 
human DUBs are found through bioinformatics analysis and 
activity-based profiling [9-16]. Based on similarity of 
sequence and structure and likely mechanisms of action, 
DUBs can be divided into five classic subclasses. Four of the 
subclasses belong to papain-like cysteine proteases: the 
ubiquitin C-terminal hydrolase (UCH), the ubiquitin- 
specific protease (USP/UBP), the ovarian tumor domain 
(OTU) and the Modified Josephin domain (MJD) DUBs; 
while the fifth subclass is the JAB1/PAB1/MPN-domain 
containing zinc-dependent metallo-enzymes (JAMMs) [9-
16]. In addition, some large tegument protein-like and 
adenain-like proteases encoded by some bacteria and viruses 
are recently found capable of deubiquitylation, with no 
sequence homology to any known DUBs [10, 32]. 

 Despite the sequential and structural similarity in the 
cysteine protease DUBs families is low, they share a 
conserved catalytic core domain which contain a classical 
papain active-site structure consisting of the catalytic triad of 
cysteine, histidine and aspartate (asparagine or rarely serine 
in sometimes) residue. The cysteine is the active site which 
performs a nucleophilic attack to the carbonyl of substrates; 
the histidine plays a role in the process of deprotonation of 
cysteine, and the aspartate residue can polarize the histidine 
[15, 16]. In contrast to cysteine proteases, the catalytic core 
of metalloproteases family consists of a Zn

2+
 atom, which 

can noncovalently attach to the substrates, an aspartate and 
two histidine residues serving as stabilizers for the Zn

2+ 
atom 

[15, 16] (Fig. 2A). 

 Apart for the catalytic domains, DUBs have additional 
ubiquitin-binding domains or various protein-protein 
interaction domains that make DUBs have a certain degree 
of substrate specificity [9, 11, 14, 16]. In addition, some 
DUBs may undergo a post protein modification such as 
phosphorylation, ubiquitylation and sumoylation, which can 
affect their physiological function through modulating 
activity, localization or half-life [9]. In the following section 
we will briefly summarize the structural and functional 
features of each DUBs subclass. 

UCHS SUBCLASS 

 UCHs and USP/UBP are the best characterized DUBs. 
UCHs are the first identified DUBs and have few members; 

four UCH domain-containing DUBs were found in human 
and only one in Saccharomyces [9-16]. UCHs preferentially 
cleave small leaving groups or substrates (about 20–30 
amino acids), hence they act predominantly in maintaining a 
sufficient pool of free ubiquitin molecules through following 
ways: first, UCHs can cleave ubiquitin precursor fused to 
itself or one of two ribosome subunit into mature ubiquitin 
monomer; second, UCHs can remove the additional residue 
of uniquitin to activate it; third, activated free ubiquitin is 
susceptible to attack by small cellular nucleophiles such as 
glutathione and polyamines, and UCHs are essential for 
preventing the inappropriately conjugation [9, 15, 16]. 

 Of course, the process of mature and stabilization of 
ubiquitin is performed by multiple DUBs, and this is not the 
only role of UCHs [9, 15, 16]. Some recent studies showed 
that UCHs could accommodate certain large substrates and 
were also actively involved in the regulation of 
ubiquitylation. For example, Drosophila UCH can remove 
the polyubiquitin from poly-ubiquitinated proteins [33]; 
when bound to proteasome, UCH37 releases the 
polyubiquitin chain for recycling ubiquitin [34]; and UCH-
L3 is associated with deubiquitylation of the epithelial 
sodium channel [35]. 

USP/UBP SUBCLASS 

 The USP (UBP in yeast) subclass own the most members 
in DUBs family and there are over 50 USP family DUBs 
encoded by the human or mouse genome and 16 USP family 
DUBs in yeast [9, 13-15]. In contrast to the UCH family, 
USPs usually process larger leaving groups from the C-
terminus of ubiquitin, forasmuch, USPs play a key role in 
reversing the ubiquitylation and maintaining ubiquitin 
recycling, and is the most diverse DUBs [9, 15, 16, 36]. USP 
family DUBs disassemble polyubiquitin- and ubiquitin-
protein conjugates in three-step: USP firstly binds to the 
substrate; then the cysteine in the core domain performs a 
nucleophilic attack on the scissile bond of ubiquitin, which 
leads to the generation an acyl-enzyme intermediate; finally 
the intermediate is hydrolyzed to release the ubiquitin or 
polyubiquitin [36] (Fig. 2B). 

 Despite the low sequence similarity, all USPs contain 
two well-conserved sequences — the cysteine and histidine 
boxes. The two boxes contain the active site residues of 
catalytic triad, and are not adjacent to each other but with 
about 300 to 800 amino acids insertion, which may act as a 
regulatory element [9, 15, 16, 36]. Besides, some USPs 
contain extensions on one or both sides, which may play a 
role in recognition of substrate, binding to adapters and 
scaffolds or the subcellular localization [11, 36], For 
instance, the N-terminal extension of UBP6 binding to the 
RPN11 subunit is necessary for the localization of UBP6 to 
the regulatory particle of the proteasome [37]; and USP7 
also contains a N-terminal TRAF-like MATH domain 
functions in the localization of USP7 to a subset of PML 
bodies [36]. 

THE OVARIAN TUMOR (OTU) SUBCLASS 

 OTU is the second largest DUB family in mammalian, 
and over 24 OTU family DUBs encoded by the human have 
been identified [14]. The first OTU gene is discovered in 
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Drosophila melanogaster, which is involved in the 
development of ovary via regulating the localization and 
translation of certain RNA transcripts [15, 16]. On the basis 
of their homology to the OTU-domain, subsequent studies 
have identified a series of genes encoding OTU family 
DUBs in virus, eukaryote and pathogenic bacteria through 
bioinformatics analysis [10, 15, 16]. Through resolving the 
structure of DUBs containing OTU domains, Nanao et al. 
found that the catalytic triad of OTU domain was incomplete 
and stabilized by a new method involving a hydrogen 
bonding network [38]. 

 Although the physiological role and deubiquitylating 
activity of most OTU proteases remain unclear, the DUB 
activity of some OTU family DUBs has been validated [9, 
10, 14-16]. A20 (also known as TNFAIP3) acts as an OTU 
family DUB and an ubiquitin ligase, which can negatively 
regulate the NF- B by removing the K63-linked chains from 
the TRAF2 [tumor necrosis factor receptor (TNFR)-
associated factor 2], TRAF6, and NEMO (NF- B essential 
modulator), or mediate K48-linked ubiquitylation and 
degradation to RIP1 [9, 10, 14]. And more interestingly, the 

activity of A20 can be further reinforced via phosphorylation 
by I B kinase  [39]. Cezanne, another OTU-family 
member, can also suppress NF- B signaling through 
deubiquitylating RIP1 [40]. Also, Otubain-1 and Otubain-2 
are the first manifested OTU proteins which can cleave 
ubiquitin from either an ubiquitin–GFP fusion protein or a 
tetraubiquitin fusion in vitro [10, 41]. 

JOSEPHIN DOMAIN (MJD) SUBCLASS 

 The fourth DUB family, the Josephin domain family, is 
also identified using a bioinformatics approach [15]. At least 
30 proteins are characterized by a domain called the Josephin 
domain which may act as a deubiquitylating enzyme, but 
only the ataxin-3 has been confirmed with DUB activity to 
date [10, 15]. Ataxin-3 is implicated in the 
neurodegenerative disorder spinocerebellar ataxia type 3 
(also known as Machado-Joseph disease) due to the 
expansion of the CAG repeat in it which leads to protein 
misfolding, aggregation and cellular toxicity [15, 16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). (A) The domain structures of DUBs. DUBs can be divided into five classic subclasses. Four subclasses belong to cysteine proteases: 

the ubiquitin C-terminal hydrolase (UCH), the ubiquitin-specific proteaseficarin (USP/UBP), the ovarian tumor domain (OTU), and the 

Modified Josephin domain (MJD) DUBs; while the fifth subclass is the JAB1/PAB1/MPN-domain containing zinc-dependent metallo-

enzymes (JAMMs). These cysteine proteases contain a well-conserved catalytic triad which is made up by a cysteine, a histidine and an 

aspartate residue. The OTU domain of OTU2 lacks of the conserved Asp in the catalytic center, while the Asp is replaced by asparagines 

residue in MJDs. In addition to the catalytic domains, DUBs may have N- and C-terminal extensions that make DUBs have a certain degree 

of substrate specificity. Further more, between the catalytic triad in USP/UBPs, there are about 300 to 800 amino acids insertion which may 

act as a regulatory function. C: cysteine; H: histidine; D: arginine; N: asparagines. (B) USP family DUBs disassemble polyubiquitin- and 

ubiquitin-protein conjugates in three-step: USP firstly binds to the substrate; then the cysteine in the core domain performs a nucleophilic 

attack on the scissile bond of ubiquitin leading to generation of an acyl-enzyme intermediate; finally the intermediate is hydrolyzed to release 

the ubiquitin or polyubiquitin [36]. 
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 Although Josephin family proteins show low sequence 
similarity with the catalytic domain of other DUBs, the 
structure of the Josephin domain of ataxin-3 resembles that 
of the UCHs [10, 15, 16]. Besides, accompanying a mutation 
in the active site cysteine, Ataxin-3 is deprived the DUBs 
activity [42]. Ataxin-3 binds both K48- and K63-linked 
chains mediated by the N-terminal UIM domains, but can 
only cleave the K63-linked chains [9, 16]. 

THE JAMMs SUBCLASS 

 The JAMM domain has been found in bacteria, archaea 
and eukaryote, but those found in bacteria do not contain Ub 
protease activity, and archaea lack ubiquitin or ubiquitin-like 
conjugation system [9-16]. The JAMMs subclass of 
eukaryote contains at least 14 members which can be further 
divided into three families: POH1, CSN5, and AMSH [9-10, 
15, 16]. The JAMM protease POH1 (Rpn11 in yeast) is a 
non-ATPase subunit of the 19S regulatory particle of the 
proteasome [43]. As part of proteasome, POH1 has a high 
degree of specificity to substrates and only cleave the 
ubiquitin from mistakenly ubiquitinated proteins [9-10, 15, 
16]. CSN5, a subunit of the COP9 signalosome complex 
which mainly cleaves Nedd8 (Neural Precursor Cell 
Expressed, Developmentally Down-regulated 8, an 
ubiquitin-like protein) from the NEDDylated substrate [44], 
may contain Ub protease activity in some condition [9, 10, 
15, 16]. AMSH (Associated molecule with the SH3 domain 
of STAM) has also been demonstrated to have 
deubiquitylating activity and is involved in endocytosis [45]. 
More importantly, the structure of K63-linked polyubiquitin 
bounding to AMSH-LP (AMSH-like protein), which 
modulates vesicle trafficking and specifically disassembles 
K63-linked polyubiquitin, has been solved and this structure 
represents the first time a molecular description of a DUB 
bound to polyubiquitin [9, 16]. 

DUBs IN VIRAL PATHOGENESIS 

 Like ubiquitin, DUBs have been implicated in various 
cell physiological processes such as signal transduction, 
immune response, gene transcription, DNA damage repair, 
apoptosis, cell cycle progression, kinase activation and 
chromosome segregation [9-15]. Deregulation of DUBs has 
been linked to many diseases such as cancer, neurological 
disorders and microbial infection [36]. For example, the 
promoter of the osteoblast cadherin 11 (CDH11) is fused 
with the full-length USP6 gene by clonal chromosomal 
translocations, which results in the upregulation of USP6 
transcription and the development of most aneurysmal bone 
cysts (ABCs) [46]. Moreover, deregulation of A20, which 
negatively regulates the NF- B pathway, is observed in 
diffuse large B-cell lymphoma (DLBCL), Burkitt’s 
lymphoma and T-cell lymphomas [47]. In neurological 
disorders, in addition to the mutation of ataxin-3 could 
induce the development of Machado-Joseph disease (which 
has been exhaustively described in the section of Joseph 
Domain (MJD) subclass), a point mutation in UCH-L1 (a 
UCH specifically expressed in neurons), I93M, has been 
found in two siblings with family history Parkinson’s 
Disease (PD) [48], and a polymorphism in this gene has also 
been linked to reduce PD risk [15]. 

 In microbial infection diseases, three major infectious 
pathogens (virus, bacteria and protozoa) have been reported 
to manipulate deubiquitylating enzymes encoded by host or 
derive DUBs themselves for promoting infection, 
proliferation and survival [19, 20]. For example, Yersinia 
T3S effector YopJ/P, the first identified bacterial DUB, 
could interfere with the NF- B pathway through removing 
the ubiquitin from the ubiquitinated I B  [21], resulting in 
the inhibition of the inflammatory response and the induction 
of apoptosis of macrophages [19, 20]. Some protozoa, 
including Plasmodium falciparum, P. falciparum and 
toxoplasma gondii, could also express DUBs [19, 20]. For 
instance, Plasmodium falciparum can encode two 
deubiquitylating enzymes, PfUCH54 and PfUCHL3, which 
function remain unclear [22]. 

 Viruses can evolve a series of molecular strategies to 
subvert the ubiquitylation and deubiquitylation system of 
host cells [17-25]. Studying and researching the interactions 
between viruses and DUBs, not only deepens our knowledge 
of how various viruses manipulate DUBs to their advantage, 
but also makes us a further understanding of the underlying 
molecular mechanisms of ubiquitylation and deubiquitylat-
ion system [17, 25]. An abundance of virus-related DUBs 
have been characterized and the functions of some of them 
have also been illuminated [17-25]. The goal of viruses is 
obvious: first, to utilize the DUB system to overcome host 
cell defense mechanisms, including apoptosis and the type 1 
interferon (IFN) response; second, to promote virus life 
cycle progression, including viral replication and maturation, 
and viral progeny release [18]. Next, we will summarize the 
role of virus-related DUBs in these aspects (Table 1). 

THE VIRUS-RELATED DUBs INTERFERENCE 
WITH HOST CELL DEFENSE MECHANISMS 

 The list of virus-related DUBs continues to grow, 
especially those encoded by viruses themselves. Given the 
parsimonious use of genetic capacity available to viruses, it 
suggests that DUBs should play an indispensable role in 
viral infection [5]. Although the function of most of virus-
related DUBs remains elusive, more and more evidences 
reveal that DUBs are responsible for the interference with 
host cell defense mechanisms, including apoptosis and IFN 
response [14, 17-25]. 

 Since premature apoptosis of host cell will terminate the 
life cycle of virus, viruses have evolved pleiotropic strategies 
to suppress or delay apoptosis of host cells [18]. Several 
virus-related DUBs such as DUB2, USP18 and USP7, have 
been reported to be associated with apoptosis of host cells. 
For example, in human T-lymphotropic virus 1 (HTLV-1)-
transformed cells, constitutively expressed DUB2 induced 
by interleukin-2 could suppress apoptosis [49]. USP18 can 
negatively regulate the JAK-STAT pathway which plays an 
important role in IFN-triggered apoptosis [50, 51]. 

 Besides USP18, the papain-like protease (PLpro) 
encoded by Severe Acute Respiratory Syndrome 
Coronavirus (SARS-CoV) and papain-like protease domain 
2 (PLP2) (a catalytic domain of the nonstructural protein 3 
(nsp3) of MHV-A59) encoded by mouse hepatitis virus A59  
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(MHV-A59), could also disturb the activation of IFN 
responses in host cells [17, 52, 53]. The papain-like protease 
has been characterized by its activity of DUBs, which has 
been shown to block IRF3-dependent antiviral responses 
through deubiquitylating IRF3 to prevent its nuclear 
translocation [53]. 

THE FUNCTION OF DUBs IN THE VIRAL CYCLE 
LIFE 

 Virus can recruit the host’s DUBs or encode DUBs itself 
to promote virus life cycle progression for their own needs, 
including viral replication and maturation as well as viral 
progeny release. 

 Virus can utilize the ubiquitin system for its replication 
on many levels. For example, the immediate–early HSV-1 
gene product ICP0, which function as an E3 ligases, could 
regulate the replication of DNA viral genomes [54, 55]. 
Also, other virus-related DUBs have also been involved in 
viral replication. Roger et al. found that herpes simplex virus 
type 1 immediate-early protein Vmw110 could activate gene 
expression and stimulate virus replication, depending on its 
strong and specific affinity to an ubiquitin-specific protease 
known as herpesvirus associated ubiquitin specific protease 
(HAUSP/USP7) [56]. Furthermore, UL36 and pUL48 USP 

are important for human cytomegalovirus replication in cell 
or tissue culture [57]. In human coronavirus NL63, the 
papain-like proteases (PLPs), PLP2, which belongs to the 
USP family of DUBs, is indispensable for RNA synthesis 
and viral replication by processing viral RNA replication 
complex [58]. A recent study showed that Epstein-Barr virus 
(EBV) BPLF1, a newly discovered virally encoded 
deubiquitinating enzyme, could bind to the small subunit of 
viral ribonucleotide reductase (RR) resulting in the 
abolishment ubiquitylation of the large subunit (RR1) of the 
RR. This is the first verified protein target of the EBV 
deubiquitylating enzyme which plays an important role in 
viral maturation [59]. 

 Viral progeny release (budding) is a critical step in the 
virus lifecycle, which ultimately liberates virion from host 
cell, and several virus-related DUBs have been evidenced to 
be engaged in this process. Adenain-like proteases are a 
novel type of DUBs, which are encoded by certain bacteria 
and viruses such as adenovirus. Adenain-like proteases are 
found both in the nucleus and the cytosol, and the 
cytoplasmic adenain can cleave cytoskeletal proteins such as 
cytokeratin 18 and actin, which contribute to cell lysis and 
release of the virions [60]. The herpesvirus UL36

USP
 can 

directly bind to UL37, which may participate in the 
interactions between virus particles and membrane 

Table 1. The Role of Virus-Related DUBs in Virus Infection 

 

DUBs Origin Roles References  

USP7 Host  
Interact with EBNA1 of EBV to inhibit the deubiquitylation of P53 and reduce the 

level of intracellular P53 for promoting the survival of host cells 
[5, 23, 73] 

  
Interact with ICP0 of HSV-1 to induce initiation of lytic infection by stimulating the 

reactivation of quiescent viral genomes 
[5, 23, 26] 

DUB-2 Host Suppress apoptosis of human T-lymphotropic virus 1 (HTLV-1)-trans-formed cells [49] 

USP18 Host 
Negatively regulate the JAK-STAT pathway, which play an important role in the 

apoptosis stimulated by IFN 
[50,51] 

USP9X 

UCH-L1 
Host 

Bind to and stabilize beta-catenin, which is the central effector of the Wnt pathway 
and further known to be stabilized in latency type III EBV-transformed B cells 

[73-75] 

SARS-CoV PLpro 
Severe acute respiratory 
syndrome coronavirus 

Block IRF3-dependent antiviral responses through deubquitylating IRF3 and 
preventing its nuclear translocation 

[17,53] 

PLP2 
Mouse hepatitis virus 

A59 
Disturb activation of the type I interferon (IFN) responses in host cells [52] 

pUL48 Human cytomegalovirus 
Mutation of either the putative catalytic cysteine or histidine residue in pUL48 lead 

to a lower virus yields and delay the development of cytopathic effects 
[57] 

PLP2 
Human coronavirus 

NL63 
Process viral RNA replication complex [58] 

BPLF1 Epstein-Barr virus 
Bind to the small subunit of the viral ribonucleotide reductase (RR) resulting in 

abolishing ubiquitylation of the large subunit (RR1) of the RR 
[59] 

Adenain (Avp, 
L323K proteinase) 3  

Adenovirus 
Cytoplasmic adenain can cleave cytoskeletal proteins such as cytokeratin 18 and 

actin, which contribute to cell lysis and release of the virions 
[60, 85] 

UL36USP Herpes simplex virus 1 
May play a role in the interactions between virus particles and membrane trafficking 

through the trans-Golgi network 
[23, 77-78] 

M48 Murine cytomegalovirus Unknown  [78,79] 

ORF64 
Murine 

gammaherpesvirus 68 
Be beneficial to the virus during acute infection, particularly in vivo [80] 

MDVUSP Marek's disease virus Be involved in lymphoma formation and metastasis in chicken [81] 

pUL36 Pseudorabies virus Decrease the viral neuroinvasion [82] 
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trafficking through the trans-Golgi network [23]. In 
retrovirus-infected cells, proteasome inhibition could 
interfere with viral progeny release through preventing 
monoubiquitylation of p6

Gag
. These results suggest that 

DUBs may play an important role in viral budding [18]. 

CHEMISTRY-BASED FUNCTIONAL PROTEOMICS 

 As mentioned above, most DUBs are identified by 
bioinformatics analysis according to the similarity of 
sequences and structure of core catalytic domain. But some 
proteins, which are similar with DUBs in structure or 
sequence, lack deubiquitylating activity. Moreover, 
deubiquitylating activity of most human DUBs is far from 
completely proved [9-16]. In addition, some proteins, 
different from the classic DUBs, have been reported to own 
the activity of deubiquitylation such as adenain-like 
proteases [10], therefore the activity and function of DUBs 
need be confirmed by other experimental methods. Most 
DUB activity is cryptic for preventing adventitious cleavage 
of inappropriate substrates, and they can be activated with 
the help of the energy of associating with the substrate or a 
scaffolding protein. More interestingly, the activity of DUBs 
is also regulated by some post-translocational modification 
mechanisms such as phosphorylation, ubiquitylation and 
sumoylation. In identifying the activity and function of 
DUBs [9], traditional global genomic and proteomic 
methods are limited, which mainly monitor the change of 
abundance. The activity and function of DUBs is not only 
depending on protein abundance, but is also necessarily 
correlated with the state of DUBs, thus more efficacious 
technologies for global analysis of DUBs function will be 
needed. 

 Activity-based protein profiling is an ideally suited 
technology for the global analysis of protein function, which 
can directly monitor functional regulation in complex 
proteomes [61]. In general, activity-based protein profiling 
can adopt two strategies in monitoring the activity of 
proteins. The first strategy is to identify a class of specific 
enzymes through designing probes based on the knowledge 
of catalytic mechanism. The second strategy is to explore 
regulatory patterns of some proteins through design of 
generally reactive probes [62]. The activity-based probe 
(ABP) is the most important tool in activity-based protein 
profiling. Structurally, all activity-based probes are designed 
in a similar construction: a reactive group links a tag by a 
linker. The reactive group is the most crucial component of 
an ABP, which can covalently attach to the active catalytic 
residues of the target proteins. The tag is for direct detection 
and purification of the covalently bound target, and the most 
common tags are biotin and various types of fluorophores. 
The main function of linker includes preventing steric 
hindrance, improving the probe accessibility and ensuring 
specificity [31,61-64]. In some cases, ABP contains a 
binding group, which can act as recognition site to enhance 
specificity for a certain enzyme class [61]. Based on an 
irreversible inhibition of the target protein by ABP, one or 
two-dimensional polyacrylamide gel electrophoresis coupled 
with ESI (or MALDI) MS/MS analysis could be used to 
isolate and identify the labeled target proteins [31, 61-64]. 
Using this approach, activity based probes (ABPs) have been 
designed to target different types of protease classes, such as 

threonine proteases; metalloproteases; serine hydrolases 
including serine proteases, lipases and PAF-
acetylhydrolases; and cysteine proteases including caspases, 
papains and ubiquitin- and ubiquitin-like specific proteases 
[61-64]. 

 Activity-based protein profiling has been successfully 
applied to identify DUBs and associated components, first 
by Borodovsky and coworkers [27]. In the process of 
deubiquitylation, the cysteine, which is the active site of 
DUBs, can perform a nucleophilic attack on the carbonyl of 
the scissile peptide bond between the target and ubiquitin to 
form a transition-state intermediate [36]. Further more, with 
utilization of the reversible inhibitors and substrates of 
USPs, Hu et al. found that a significant portion of the 
ubiquitin sequence could interact with DUBs in addition to 
recognizing the cleavage site [28, 65]. Based on this 
information, Borodovsky et al. designed a panel of site-
directed probes that contained an epitope-tagged ubiquitin 
(HAUb) with a C-terminal thiol-reactive group that could act 
as suicide substrate. These HAUb–derived probes are also 
composed of three parts: the Ub moiety which confers 
specificity for DUBs, a thiol-reactive group that allows 
covalent mechanism-based trapping of the active site 
cysteine, and an N-terminal epitope tag that allows 
nonradioactive detection of modified DUBs as well as their 
isolation and subsequent identification [27]. For the 
synthesis of the HAUb–derived probes, the intein-based 
chemical ligation method was used to introduce N-terminal 
epitope tags and generate C-terminal electrophilic 
derivatives of Ub molecule. A fusion protein consisting of an 
N-terminal influenza hemagglutinin (HA)-tagged Ub 
(HAUb) lacking Gly76 fused with an intein domain and a 
chitin-binding domain (CBD) was firstly expressed in E. 
coli. Because a thioester could be formed between the Ub C-
terminus and the intein which needed undergo a reversibly 
intramolecular trans-thioesterification (N-S acyl shift), the 
desired intermediate ((HAUb75-MESNa) could be isolated 
through incubation of fusion proteins immobilized onto the 
chitin column with excessive -mercapto ethane sulfonic 
acid sodium salt (MESNa). Subsequently, HAUb–derived 
probes would be generated; when MESNa was replaced by a 
desired C-terminal thiol-reactive group (Fig. 3A). According 
to the difference in C-terminal thiol-reactive group, seven 
HAUb-derived probes were synthesized, including four 
Michael acceptor-derived probes, vinyl methyl sulfone 
(HAUbVS), vinyl methyl ester (HAUb-VME), vinyl phenyl 
sulfone (HAUbVSPh) and vinyl cyanide (HAUbVCN); and 
three alkylhalide-containing inhibitors, chloroethyl 
(HAUbCl), bromoethyl (HAUbBr2) and bromopropyl 
(HAUbBr3) [27, 28] (Fig. 3B). The HAUb–derived probes 
could be directly incubated with cell lysates, followed by 
labeling protein complexes containing modified enzymes are 
retrieved via anti-HA immunoprecipitation and separated by 
SDS-PAGE, then the retrieved proteins are identified by 
MS/MS [27-31] (Fig. 3C). 

 Using this approach and an EL4 mouse thymoma cell 
line, Borodovsky et al. identified 23 active DUBs which 
belonged to the UCH and UBP DUBs subclasses and some 
polypeptides which could be modified by HAUb-derived 
probes with no sequence homology to any known UBP or 
UCH enzymes [27]. Among the 23 identified UCH and UBP 
DUBs: UCH37 and USP14 appear to interact with the 
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proteasome 19S regulatory complex [66, 67]; CYLD, a 
tumor suppressor gene mutated in hereditary 
cylindromatosis, was the first demonstration of USP-like 
activity in this research. CYLD is recently verified to 
negatively regulate NF- B pathway via deubiquitylating I B 
kinase gamma, K63-polyubiquitinated TRAF2 and TRAF6 
[14]. It is equally noteworthy that transcription of CYLD is 
induced by activation of the NF- B and MKK3/6-p38 
pathways [68]. Among the HAUb-derived probe modified 
polypeptides with no sequence homology to any known UBP 
or UCH enzymes, HSCP263 (otubain 1) which contained an 
OTU domain, was the first identified member of OTU DUBs 
subclass. Followed this work, a series of OTU DUBs have 
been identified such as A20, DUBA, otubain-2 and cezanne. 
Currently, OTU owns the second most members in 
mammalian DUB family [9-16]. 

 An abundance of researches have demonstrated that virus 
can take advantage of ubiquitylation and deubiquitylation 
system for their own needs [17-25]. Virus can recruit the 
host cell’s DUBs or encode DUBs itself to promote virus life 
cycle progression and interfere with host cell defense 
mechanisms. It makes us easier to understand the function 
and mechanism of DUBs through studying and researching 
the interactions between viruses and DUBs. Activity-based 
proteins profiling provides a more convenient method to 
dynamically monitor the state of cell’s enzymes and HAUb-
derived probes have been widely used as a smart tool to 

profile different kinds of USPs in virus-infected cells. In 
what follows we will review the recent advances in the 
applications of HAUb-derived probes in virus-infected cells 
in detail. 

PROFILE THE ACTIVITIES OF DUBs OF VIRUS 
INFECTION CELLS VIA HAUB-DERIVED PROBES 

 HAUb-derived probes are firstly applied to study virus-
related DUBs in Epstein–Barr virus (EBV)-immortalized 
lymphoblastoid cell lines [69]. Ovva et al. synthesized 
HAUbBr2 (bromoethylamine functionalized probe) and 
HAUbVME (vinylmethyl ester functionalized probe) to 
identify active USPs in normal, virus-infected and tumor-
derived human cells. They identified 11 active USPs in 
Burkitt’s lymphoma (BL) and EBV-transformed 
lymphoblastoid cell line, including USP5, 7, 9, 13 and 15, 
and UCH-L1 [69]. EBV, a cancer-causing virus, plays a 
primary role in the pathogenesis of human malignancies 
including BL, Hodgkin’s lymphoma and nasopharyngeal 
carcinoma [70]. To investigate the effect of EBV on USP 
activity, HAUbVME probe was used to monitor the process 
of lymphoblastoid transformation of freshly isolated B cells 
by in vitro EBV infection [69]. The activity of six cellular 
DUBs, including UCH37, UCH-L3, UCH-L1, USP7, 
USP9X and USP15, was up-regulated in the process of 
lymphoblastoid transformation at different time points post 
infection [69]. Interestingly, USP7 has been confirmed to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). (A) Synthesis of the HAUb–derived probes with the intein-based chemical ligation method. A fusion protein consisting of an N-

terminal influenza hemagglutinin (HA)-tagged Ub (HAUb) lacking of Gly76 fused with an intein domain and a chitin-binding domain is 

firstly expressed in E. coli. Because a thioester could be formed between the Ub C-terminus and the intein which needed undergo a 

reversibly intramolecular trans-thioesterification (N-S acyl shift), the desired intermediate (HAUb75-MESNa) could be isolated through 

incubation of fusion proteins immobilized onto the chitin column with excessive -mercapto ethane sulfonic acid sodium salt (MESNa). 

Subsequently, HAUb–derived probes are generated, based on that MESNa is replaced by a desired C-terminal thiol-reactive group. CBD, 

chitin-binding domain; CA, chitin agarose [13, 27, 28]. (B) The table of C-terminal thiol-reactive group [13, 27, 28]. (C) The HAUb–derived 

probes could be directly incubated with cell lysates, followed by labeling protein complexes containing modified enzymes are retrieved via 

anti-HA immunoprecipitation and separated by SDS-PAGE, subsequently the retrieved proteins are identified by MS/MS. Therefore, it can 

directly compare the overall level of DUBs pre- and post- virus infection. 
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interact with EBNA1 (Epstein-Barr Nuclear Antigen-1) of 
EBV [71]. EBNA1 is essential for the transcription and 
replication of the EBV genome and the segregation of EBV 
genomes with chromosomes during mitosis [23]. EBNA1 is 
responsible for viral persistence, the immortalization and 
transformation of host cells stimulated by EBV [23]. 
EBNA1, with a higher affinity to USP7 than P53, can inhibit 
the deubiquitylation of P53 and reduce the level of 
intracellular P53 for promoting the survival of host cells 
[72]. Additionally, USP7 can also prevent the auto-
ubiquitylation induced proteasomal degradation to herpes 
simplex virus type 1 (HSV-1) regulatory protein ICP0, 
which is required for the efficient initiation of lytic infection 
by stimulating the reactivation of quiescent viral genomes 
[26]. Another two up-regulated DUBs, USP9X and UCH-L1, 
are able to bind to and stabilize beta-catenin, which is the 
central effector of the Wnt pathway and further known to be 
stabilized in latency type III EBV-transformed B cells [73-
75]. 

 Utilizing a similar strategy, Hemagglutinin-tagged Ub-
vinyl methyl ester (HAUb-VME) probe was used to profile 
the activities of dividual USPs in biopsies of human 
papillomavirus (HPV) carrying cervical carcinoma and 
adjacent normal tissue [76]. Rolen et al. compared the 
activity of DUB in HPV positive and negative cervical 
carcinoma cell lines and HPV E6/E7 immortalized human 
keratinocytes to assess the contribution of HPV proteins in 
the regulation of DUBs [76]. A complex pattern of USP 
activity was observed in the tumor as well as normal tissues, 
including UCH-1, UCH-L3, UCH37, USP15, USP9X/Fam 
and USP7/HAUSP. The activity of both UCH-L3 and 
UCH37 was significantly increased in 76% of the tumors 
while UCH-L1 was decreased in 48% of the tumors 
examined compared to their normal counterparts [76]. 
Further more, the activities of UCH-L3, UCH37 and 
USP9X/Fam were consistently increased, while 
USP7/HAUSP activity was absent in the HPV18 positive 
biopsies [76]. In order to test whether the activity of specific 
USPs can be directly correlated to expression of the HPV, 
Rolen et al. immortalized the primary human keratinocytes 
through infection with murine retroviral expression vectors 
carrying the HPV 18 E6 and E7 genes under the control of 
the CMV immediate early promoter. The activity of all USPs 
was up-regulated following E6/E7 transduction, which 
suggested that these enzymes were important for virus-
induced growth transformation [76]. 

IDENTIFICATION OF VIRAL DUBs BY HAUB-

DERIVED PROBES 

 Kattenhorn et al. designed a HA-tagged Ub-vinylmethyl 
ester (HAUbVME) probe to profile DUB activity in lysates 
of primary fibroblasts infected with herpes simplex virus-1 
(HSV-1), and identified a virus-encoded DUB, UL36

USP
. 

UL36
USP

 is the first identified DUBs expressed by virus via 
the strategy of activity-based proteins profiling [77]. 
UL36

USP
 (about 500 amino acid residues) is the N-terminal 

fragment of UL36 (also called VP1/2 or ICP1/2), the large 
tegument protein (3164 amino acid residues) which is a 
constituent of the amorphous proteinaceous layer located 
between the nucleocapsid and the envelope of the 
herpesvirus particle [23, 78]. UL36

USP
 can specifically 

disassemble lysine-48 but not lysine-63 polyubiquitin chains. 
The activity of UL36

USP
 can be induced only when it is 

cleaved from full-length UL36, which often occurs late 
during viral replication [29, 77]. Although UL36 lacks 
obvious similarity to any known DUBs, the conservation of 
cysteine box and histidine box which exhibits in UL36 
homolog from -, -, and - herpesvirus genomes, suggests 
that UL36 should belong to cysteine protease DUB families 
[23, 78]. 

 Using activity-based proteins profiling or analogous labeling 
experiments, the DUB activity of UL36

USP
 homologues is 

confirmed in other members of the Herpesviridae family, for 
example: pUL48 in human cytomegalovirus (HCMV), M48 in 
murine cytomegalovirus (MCMV), ORF64 in murine 
gammaherpesvirus 68 (MHV), MDV

USP
 in Marek's disease 

virus (MDV), pUL36 in pseudorabies virus (PrV) and BPLF1 in 
Epstein-Barr virus (EBV) [57, 59, 77-82]. Although the DUB 
activity of UL36 is implicated in virus pathogenesis, the 
function of UL36 remains poorly defined [23]. For example, 
a lower virus yields and delayed development of cytopathic 
effects were observed when mutation of either the putative 
catalytic cysteine or histidine residue in pUL48 of HCMV 
[57]. Besides, mutation of the MDV DUB active site 
cysteine can inhibit lymphoma formation and metastasis in 
chicken [81], while similar mutants in pUL36 can decrease 
the viral neuroinvasion [82]. Because the large tegument 
protein tightly bounded to the nucleocapsid after infection by 
fusion of the viral envelope with the cell membrane, some 
scientists speculated that UL36 may play a role in either or 
both of entry of the virus, as well as for viron assembly and 
release [5, 17, 23]. 

APPLICATION OF OTHER CHEMISTRY-BASED 
FUNCTIONAL PROTEOMICS IN THE IDENTIFI-

CATION OF VIRUS-RELATED DUBs 

 Ub-aldehyde is generated after borohydrate reduction of an 
Ub-UCH thioester, wherefore structure of Ub-aldehyde is 
similar to the acyl-enzyme intermediate generated when the 
cysteine of the core domain of DUBs performs a nucleophilic 
attack on the scissile bond of ubiquitin [28]. Ub-aldehyde is a 
potent and specific inhibitor of DUBs, and is often used to solve 
the crystal structure of DUBs [36, 83, 84]. Based on these, Ub-
aldehyde can act as a specific probe for DUBs. The probe has 
been applied to identify the DUBs in adenovirus-infected HeLa 
cells by Balakirev et al. They first found that the activity of 
DUBs was increased in infected HeLa cells compared with the 
noninfected by in vitro DUB assay. Subsequently, the biot-Ubal 
was synthesized to label and purify the deubiquitylating 
proteases. Using this method, Balakirev et al. firstly demons-
trated the DUB activity of an adenain DUB—adenovirus L3 
23K proteinase (Avp), which played an important role in the 
processing of viral precursor proteins during virion maturation 
[85]. Another DUB which was identified by affinity purification 
using biotin-conjugated ubiquitin aldehyde is otubain1 [86], 
which is the first DUB to be implicated in the regulation of T-
cell anergy [87]. 

CONCLUSIONS 

 It is currently clear that virus can recruit the host’s DUBs 
or encode DUBs itself to hijack the ubiquitylation system of 
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host cells to bypass host cell defense mechanisms and 
promote virus life cycle progression according to their own 
needs. Deregulation of DUBs also has been involved in other 
diseases such as cancer, neurological disorders and bacterial 
infection. Systematically investigating the interactions 
between viruses and DUBs results in our integrated 
understanding of the way of various viruses in manipulating 
DUBs to their advantage and a more clear-cut delineation of 
the underlying molecular mechanisms of deubiquitylation 
system of host cells. This information will make it easier to 
explore the role of DUBs in other disease’s pathogenesis and 
design drugs for treatment. Activity-based protein profiling, 
which can directly monitor functional regulation in complex 
proteomes, is a potent tool in identification of novel DUBs 
and DUB-associated components. It can detect multiple 
DUBs in parallel, which can facilitate direct comparison of 
the overall level of DUBs pre- and post- virus infection. 
Although accumulated virus-related DUBs have been 
defined, the substrates and physiological roles of most of 
them are still elusive. More effectual and specific probes or 
inhibitors to single DUB are needed for exploring the precise 
mechanisms of virus-related DUBs. 
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Ub = Ubiquitin 

DUBs = Deubiquitylating enzymes 
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UCH = The ubiquitin C-terminal hydrolase 

USP = The ubiquitin- specific protease 

IFN = The type 1 interferon 

ABP = The activity-based probe 

EBV = Epstein–Barr virus 
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