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Protein ubiquitylation is an important regulator of protein
function, localization and half-life. It plays a key role in most
cellular processes including immune signaling. Deregulation of
this process is a major causative factor for many diseases. A
major advancement in the identification and characterization of
the enzymes that remove ubiquitin, deubiquitylases (DUBs)
was made by the development of activity-based probes
(ABPs). Recent advances in chemical protein synthesis and
ligation methodology has yielded novel reagents for use in
ubiquitylation research. We describe recent advances and
discuss future directions in reagent development for studying
DUBs.

Addresses

Division of Cell Biology Il, The Netherlands Cancer Institute,
Plesmanlaan 121, 1066CX Amsterdam, The Netherlands

Corresponding author: Ovaa, Huib (h.ovaa@nki.nl)

Current Opinion in Chemical Biology 2014, 23:63-70
This review comes from a themed issue on Molecular immunology
Edited by Marcus Groettrup and Huib Ovaa

For a complete overview see the Issue and the Editorial

Available online 3rd November 2014
http://dx.doi.org/10.1016/j.cbpa.2014.10.005
1367-5931/© 2014 Elsevier Ltd. All rights reserved.

Introduction

The modification of proteins with the small 76-amino
acid protein ubiquitin (Ub) plays a central role in many
key cellular processes. Ubiquitylation of a target protein
requires the concerted action of a cascade of three
enzymes (Figure 1). The ubiquitin-activating enzyme
(E1) catalyzes the formation of a reactive thioester bond
via its active site cysteine residue and the C-terminal
carboxylate of ubiquitin. Ubiquitin is then transferred to
a ubiquitin-conjugating enzyme (E2), which in conjunc-
tion with a ubiquitin ligase (E3) confers substrate speci-
ficity. In this step the C-terminus of ubiquitin is coupled
to the g-amine of a lysine residue in the target protein,
forming an isopeptide. Alternatively the C-terminus of
ubiquitin is coupled to the N-terminus of ubiquitin
resulting in a regular peptide bond, often refered to as
linear. The modification of a protein with a single ubi-
quitin molecule (monoubiquitylation) has been shown to
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be required for internalization of cell surface receptors,
such as the EGF receptor, as well as for DNA repair and
regulation of transcription through modification of
histones [1] Ubiquitin can also be coupled to itself via
any of its seven lysine residues or its N-terminus.
Multiple self-conjugations lead to the formation of poly-
ubiquitin chains. These chains can ecither be linked
homotypically through one specific residue in each
module or heterotypically through a selection of different
residues in each module, including multiple residues per
chain forming a branched chain. There are at least 37 E2
and >600 E3 enzymes encoded in the human genome.
Their specific pairing determines the type of chain
linkage that is formed as well as which protein substrate
is modified. Some homotypic chains have been well
studied. Lys48-linked chains target proteins to the pro-
teasome for degradation while Lys63-linked chains have
functions in DNA repair. Lys11, Lys29 and N-terminally
linked (linear) ubiquitin chains play roles in cell cycle
control and signaling. The function of other linkage types
is less clear, especially when it comes to heterotypic
chains [1]. Ubiquitin modification is reversed by the
action of deubiquitinating enzymes (DUBs), which
cleave the isopeptide bond between the C-terminus of
ubiquitin and the side chain of a lysine residue in a
substrate or another ubiquitin module. DUBs are divided
in five classes: USP, UCH, OTU, Josephin and JAMM/
MPN+ proteases. Except for the JAMM/MPN+ class,
which are Zn** metallo-proteases, all DUBs known so far
are cysteine proteases. The activity of DUBs is tightly
controlled. A large group of DUBs is regulated through
reversible oxidation of the catalytic residue [2,3], while
the activity of OTUDS is regulated by its phosphoryla-
tion status [4]. Approximately 100 DUBs are encoded in
the human genome and for many of them specific func-
tions remain to be determined [5,6]. The OTU class of
DUBs shows remarkable selectivity for specific ubiquitin
chains and is likely involved in chain editing or recycling
of specifically linked chains [7°°]. The largest class of
DUBs, the USP-class, does not exhibit significant link-
age specificity but possibly function in a substrate-
specific manner [8,9]. Polyubiquitylation plays an
important part in the regulation of both innate and
adaptive immunity signaling pathways. The pathways
that signal through tumor necrosis factor receptor, 1.1
receptor, Toll-like receptor and T cell receptor are
modulated by different modes of polyubiquitylation.
These pathways effectively regulate the transcription
factor NF-kB, which mediates the transcription of
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Protein ubiquitylation. (1) Activation of ubiquitin by an E1 enzyme to form a thioester at the expense of ATP. (2) Transfer of the activated thioester
onto an E2 enzyme, which ubiquitylates (3) the substrate protein together with the E3 enzyme. Either by transferring the ubiquitin to the E3
enzyme or using the E3 enzyme as a scaffold. (4) Multiple repetitions of this cascade results in polyubiquitylation of the target substrate. The
reverse process, deubiquitylation (5), is carried out by deubiquitylating enzymes, which cleave the polyubiquitin chain and recycle it to monomers.

proteins involved in cell survival, proliferation, differen-
tiation, inflammatory response, or apoptosis. Some
examples of polyubiquitylation in these pathways are
Lys63-polyubiquitylation of the kinase RIP, Metl-
linked polyubiquitylation of NEMO, and Lys48-poly-
ubiquitylation of IkBa and the NF-kB precursor. All
these modifications have different outcomes, which
together with the rest of the pathway have been exten-
sively reviewed previously [10-12].

Besides ubiquitin, several ubiquitin-like proteins (Ubl) are
known that have an important function in immunity. Ubls
are conjugated and deconjugated through mechanisms
similar to the ubiquitylation cascade, sometimes sharing
components with the ubiquitin pathway. The Ubls SUMO
and Nedd8 are also involved in the NF-kB pathway.
Nedd8 modification of the E3 SCF ligase complex is
required for the recruitment of E2 and ubiquitylation of
IkBa. On the other hand, SUMO modification of IkBa
counteracts ubiquitylation at the same lysine residue,
adding another regulatory step in this complex pathway
[13]. ISG15, one of the first identified Ubls, is upregulated
by type linterferon stimulation during infection [14-16]. It
consists of two Ub-like domains connected by a small
linker and plays an important role in the defense against
viral and bacterial infections, possibly by modification of
viral and host proteins. However, the exact function of
[SGylation remains largely unclear [17]. FAT10 is another
Ubl implicated in immune defense and also consists of two
Ub-like modules. It is expressed in mature dendritic cells
and B cells, and expression can be induced by IFN-y and
IFN-a. Mono-FATylated proteins are targeted to the
proteasome for degradation [18]. Thus far, no deconjugat-
ing enzyme has been identified.

Interestingly, pathogens have evolved highly effective
mechanisms to modulate host immune signaling path-
ways through Ub/Ubl remodeling to secure replication,
infection and pathogenesis. For example, the Herpes
Simplex Virus-1 (HSV-1) tegument protein UL36 pos-
sesses deubiquitylating activity [19], which is conserved
in homologs found in murine cytomegalovirus and
Epstein Barr Virus [20]. The SARS coronavirus PLpro
processing protease acts on a broad range of ubiquitylated
and ISG15ylated host proteins and is required for viral
replication [21,22]. Crimean-Congo hemorrhagic fever
(CCHPF) virus harbors an O'T'U-like DUB which acts as
both a deubiquitylase and a delSGylase [23-25]. In
addition, Yersinia virulence factor Yop] has deubiquity-
lating activity that results in deubiquitylation of IkBa and
hence inhibition of NF-kB signaling [26,27]. Moreover,
Chlamydia trachomatis expresses two DUB-like pro-
teases that possess deubiquitylating and deneddylating
activity [28].

To date only few deconjugating enzymes have been
characterized at a molecular level. However, in recent
years the importance of DUBs has been recognized and
research has focused on characterizing DUBs and impli-
cating them in fundamental biological processes. In
addition, this class of enzymes has attracted attention
as a target for drug development.

Synthesis of ubiquitin and Ubl reagents

The development of the first ubiquitin-based assay
reagents relied on transpeptidation reactions. Often tryp-
sin is used in these reactions, which removes the last two
glycine residues of ubiquitin under native conditions [29].
During the cleavage reaction, an intermediate ester is
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(A) Schematic representation of an activity-based probe. (B) Schematic overview of a typical ABP-experiment. A probe is added to a cell lysate
where it labels its target enzymes. The recognition elements allow for visualization of the bound targets after SDS-PAGE by fluorescence
scanning or Western blot analysis. Proteomics can be used to identify and quantify proteins from a pull-down experiment. (C) A typical result of
an inhibitor competition assay. An EL4 cell lysate is treated with an inhibitor after which an ABP is used to label and visualize residual enzyme

activities [42].

formed with the active-site serine residue. This inter-
mediate ester can undergo a transpeptidation reaction
resulting in a new peptide bond with an amine nucleo-
phile of choice, if a large amount of nucleophile is present.
The fluorogenic substrate Ub-AMC has initially been
synthesized using this method [30]. Another method uses
intein chemistry for a more convenient preparation of
reactive ubiquitin thioester intermediates [31]. These
intermediates can be chemically converted to introduce
a reactive group in the synthesis of ubiquitin-based active
site-directed probes. Intein chemistry is generally pre-
ferred over transpeptidation methods as it is more gener-
ally applicable [32-34].

Advances in the total chemical synthesis of ubiquitin
have enabled the efficient synthesis of new and improved
ubiquitin-based reagents. Using an optimized linear syn-
thesis, ubiquitin can now be easily obtained in high yield
and purity [35]. Using this synthetic methodology, ubi-
quitin can be functionalized with any reactive group, dye
or label that is compatible with standard peptide synthesis
procedures at any specific position.

Active-site directed probes and their
applications

The discovery and study of DUBs and Ubl deconjugating
enzymes has been greatly accelerated by the develop-
ment of activity-based probes (ABPs). These ubiquitin-
based probes are suicide substrates that specifically react
with the active site cysteine nucleophile of DUBs in an
activity-based manner. Their covalent nature can be used

to visualize and purify an entire family of active proteins
simultaneously. ABPs contain three essential elements
(Figure 2A). The zargeting element confers specificity for
the desired enzyme targets. In the case of DUB probes,
the targeting element is ubiquitin. Secondly, the reactive
group or warhead, which reacts with the active site of the
target enzyme after the targeting element has bound.
Finally, a recognition or retrieval element is incorporated to
allow for the selective retrieval or visualization of the
enzyme-ABP complex [34]. The first of these ubiquitin
ABPs was ubiquitin-nitrile, which allowed the labeling of
a proteasome-bound cysteine dependent DUB [36].
Many improvements to probe design and synthesis have
been reported since [32-34,37°°]. For instance, these
developments led to the discovery that OTU class
enzymes act as deubiquitylases [38].

Last year, our lab reported the discovery of a novel
warhead for use in activity-based profiling and purifi-
cation of active deubiquitylating enzymes [37°°]. The
functionality of this warhead was nicely confirmed and
complemented in work reported by Sommer ¢z a/. [39°°].
The introduction of a chemically inert terminal alkyne
moiety at the C-terminus of ubiquitin (Ub-Prg) renders it
highly reactive toward deubiquitylating enzymes. It was
shown that this novel Ub-Prg probe reacts with all classes
of cysteine DUBs. An advantage of this alkyne-based
probe is that it is very reactive toward DUBs but does not
react with unrelated Cys-proteases under the same con-
ditions. Further reviews on general ABP chemistry can be
found elsewhere [40].
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DUB specificity profiling

Ubiquitin-based ABPs can be used to identify known and
putative deubiquitylating enzymes from cell lysates by
mass spectrometry. In addition, active DUBs in cell
lysates can be directly visualized after SDS-PAGE sep-
aration using western blotting or fluorescence scanning
(Figure 2B). This direct visualization can be used to assay
novel DUB inhibitors for putative enzyme specificity
(Figure 2C), recently described by Altun e /. [41°].
Using the same principle, De Jong er a/. [42] demon-
strated that the DUB inhibitor b-AP15 has little selectiv-
ity among DUBs (Figure 2C). While inhibitor selectivity
profiling is feasible, these experiments are not trivial to
perform due to the covalent nature of the ABPs and the
high affinity for targets. Careful timing and elevated
inhibitor concentrations in these experiments are crucial.

Native chemical ligation to synthesize
ubiquitin chain specific probes

A number of non-enzymatic ways to obtain ubiquitin
conjugates have been reported in recent years [43]. An
important technology enabling the synthesis of natively
isopeptide-linked assay reagents is the use of native
chemical ligation (NCL) as depicted in Figure 3A. In
an NCL a native peptide bond is formed between two
peptides, one containing a C-terminal thioester and
another containing an N-terminal cysteine residue [44].
To generate diubiquitin modules, which are normally
linked through an isopeptide bond between the C-term-
inal glycine residue of ubiquitin and the g-amine of lysine,
this technology needed to be adapted. By introducing a
thiolysine residue (Figure 3B) that harbors a thiol moiety
positioned either at the 8- or y-position of a lysine residue
(Figure 3C) in the sequence of ubiquitin, an acceptor
ubiquitin is created onto which a ubiquitin molecule can

be ligated [35,45-47]. With this technology, all isopep-
tide-linked ubiquitin chain topologies can be synthesized
chemically.

Chain specific ubiquitin probes

An important question in understanding the biological
outcome of ubiquitin signaling is the elucidation of the
mechanism by which DUBs confer substrate and ubiqui-
tin linkage specificity. There are at least two ways DUBs
can exert their deubiquitylating activity on polyubiqui-
tylated substrates. Firstly, they can cleave between the
most proximal ubiquitin in the chain and the substrate,
resulting in complete removal of the entire ubiquitin
chain. Secondly, cleavage can occur between any two
ubiquitin moieties, leaving part of the ubiquitin chain on
the substrate available for receptor recognition, chain
editing by ligases or further processing by other DUBs.

The conventional way of assessing linkage specificity is
by measuring turnover rates of different diubiquitin
molecules as substrates. Although this method has been
applied successfully in several studies [7°°,8] it is lim-
ited to isolated DUBs, whereas linkage specificities may
also arise from yet unknown interactions as part of larger
protein complexes [48]. ABPs on the other hand are not
limited to purified enzymes and can be used to study
DUBs in a complex biological setting. Recently, diubi-
quitin-based ABPs bearing a warhead between the
ubiquitin modules were developed to allow study of
linkage specificities in a relevant context, that is, cell
lysates.

One of the main factors that determine DUB linkage
specificity is the presence of one or multiple ubiquitin-
binding pockets in DUBs (Figure 4A, top panel). These
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(A) Schematic overview of native chemical ligation (NCL). (1) The first step is a transthioesterification reaction between the thioester of peptide A
and the thiol in peptide B. (2) This is followed by a S-to-N acyl transfer in which the amide bond is formed. (B) NCL between the C-terminal
thioester of peptide A and peptide B functionalized with a thiolysine residue functioning as the NCL acceptor. The thiol moiety is removed by a
radical desulphurization procedure after NCL (3) (C) y-thiolysine and 3-thiolysine residues used for native chemical ligation at the e-amine of lysine.
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(A) (1) Schematic representation of a DUB binding three ubiquitin modules in three different binding sites: The S1 and S2 sites bind the ubiquitin
modules N-terminal to the scissile bond and the C-terminal ubiquitin binds in the S1’ site. (2) A mono-ubiquitin probe is equipped with a C-
terminal warhead and only binds the S1 site (3) A diubiquitin probe with the warhead positioned between the proximal and distal ubiquitin, which
in this model bind in the S1’ and S1 sites respectively. (4) A diubiquitin probe equipped with a C-terminal warhead binding the S1 and S2 sites.
(B) Overview of all reported diubiquitin probes. The top structure shows a native diubiquitin isopeptide linkage.

allow for selective recognition of different ubiquitin chain
topologies and hence the correct positioning of a poly-
ubiquitylated substrate. The proposed S1 and S1’ sites
position a polyubiquitin chain across the active-site to
allow cleavage between ubiquitin molecules in a chain.
The S1’ site binds the ubiquitin moiety C-terminal to the
scissile bond and the distal ubiquitin moiety in the chain
will bind the S1 site. For cleavage of polyubiquitin chains

from a substrate, S1 and S2 binding pockets are likely
used. The most proximal ubiquitin in the chain binds to
the S1 site and the more distal ubiquitin binds to the S2
site. In this manner the chain is positioned such that the
bond between chain and substrate can be cleaved. The
previously described monoubiquitin-based probes only
bind the S1 site (Figure 4A, second panel) and therefore
provide no information on linkage specificity. The
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recently developed diubiquitin-based probes are all
designed to bind the S1 and S1’ sites (Figure 4A, third
panel), after which the DUB active site thiol reacts with
the internal warhead.

Initial steps toward diubiquitin probes were published by
Iphofer ez al. [49]. They developed the first chain-specific
ubiquitin isopeptide probes in which HA-tagged ubiqui-
tin is linked through its C-terminus to a lysine sidechain
in a 13-amino acid peptide derived from ubiquitin. The
C-terminal glycine residue of ubiquitin was replaced by a
vinyl amide warhead (Figure 4B-2). Both the Lys48 and
Lys63 diubiquitin mimics were synthesized and used to
label purified DUBs. In addition, they were able to
capture and identify 22 DUBs from a cell lysate and to
quantify their relative binding efficiencies for the Lys48-
and Lys63-derived probes.

The first full-length diubiquitin probes were reported by
McGouran et al. [50]. They developed probes that mimic
all eight natural occurring diubiquitin linkages. The
distal HA-tagged ubiquitin containing the vinyl amide
warhead and a terminal alkyne moiety was linked to the
proximal ubiquitin containing an azidohomoalanine resi-
due by means of a bio-orthogonal ‘click reaction’
(Figure 4B-3). In a quantitative proteomics analysis of
HEK293T cell lysate, they quantified the relative selec-
tivity of 28 DUBs for the various ubiquitin linkages.
While reported data from diubiquitin turnover assays
shows overlap with the apparent linkage preferences
observed, there are some major differences. These
differences likely arise from the difference between
isolated proteins versus DUBs in their cognate environ-
ment or simply the difference in detection methods (e.g.
kinetics in a cleavage assay versus end-point in probe
labeling). These differences are often observed and an
important point of further investigation.

Li et al. [51] reported the development of a diubiquitin
probe in which the native diubiquitin linkage is more
accurately resembled (Figure 4B-4). From a structural
point of view this probe has the correct linker length
(Figure 4B-1). The authors mutated Lys48 and Lys63
from the HA-tagged proximal ubiquitin module into a
cysteine residue, which they reacted to the distal ubiqui-
tin containing the vinyl amide warhead and a bromide.
Similar to the probes described above it was shown that
the probes could label isolated DUBs as well as DUBs in a
cell lysate with distinct profiles.

Haj-Yahya ez a/. [52] applied native chemical ligation for
the construction of diubiquitin probes. They attached a
cysteine residue to the lysine side chain of the proximal
ubiquitin and ligated the distal module using the C-
terminal thioester of ubiquitin. Elimination of the sulfur
atom resulted in the formation of a dehydroalanine war-
head (Figure 4B-5). Lys48, Lys63-linked and linear

diubiquitin probes were constructed and used for labeling
of six purified DUBs. Notably, this probe is cleaved by
DUBs, which can be expected on the basis of the posi-
tioning of the vinyl amide moiety.

Mulder e al. recently developed a dedicated ligation
handle designed to construct diubiquitin probes via
native chemical ligation. Subsequent thiol elimination
yields the warhead in the final step of synthesis
(Figure 4B-6) [53°]. These diubiquitin probes have the
appropriate linker length and warhead correctly posi-
tioned with respect to the native diubiquitin isopeptide
linkage. All seven diubiquitin isopeptide linkages were
created and shown to label USP7. The Lys11 and Lys48
probes were fluorescently tagged and used to label DUBs
in EL-4 cell lysate, which revealed distinct labeling
patterns between these two linkages and monoubiquitin
probe.

Notably, five papers concerning diubiquitin(-mimic)
probes have been published in the last two years, which
underscores the importance of this topic in DUB research.
Significant advances have been made in terms of probe
design and preparation. These probes will ultimately
shed some light on the function and relevance of the
8 different ubiquitin signals.

Directions in ubiquitin probe research
Ubiquitin-based probes have proven to be valuable tools
for structural studies that aim to understand substrate
recognition by DUBs on a molecular level using X-ray
crystallography. This was predominantly achieved using
pan-DUB probes but it will now become key to design
probes that target one DUB or a family of DUBs selec-
tively. Recent developments in this direction involve
tuning of the affinity for ubiquitin by creating ubiquitin
mutants that act as rather selective DUB inhibitors
[54°°,55°°]. The ubiquitin linkage specificity of DUBs
remains an intriguing field of research and many studies
have focused on the involvement of the S1 and S
ubiquitin binding pockets. However, for certain DUBs
it has been shown that there is a significant contribution of
the S1 and S2 pockets [7°°]. A specific probe that targets
these sites remains to be reported (Figure 4A bottom
panel).

Finally, the class of metallo-DUBs remains difficult to
target by using ubiquitin probes. Their catalytic mech-
anism does not involve a covalent DUB-substrate inter-
mediate, which makes it impossible to capture this DUB
family using any currently known warhead. Studying
these DUBs using ABPs will require a new probe design.

Conflict of interests
R.E., P.G., and H.O. are inventors on patent applications
on active-site reactive molecules and entitled to royalties

Current Opinion in Chemical Biology 2014, 23:63-70

www.sciencedirect.com



resulting from technology licensing. H.O. owns shares in

the company UbiQ.

Acknowledgements

This work was supported by grants from the Netherlands Foundation for

Scientific Research and the European Research Council to H.O.

References and recommended reading
Papers of particular interest, published within the period of review,

have been highlighted as:

e of special interest
ee Of outstanding interest

Landmark paper describing the structural basis for linkage specificity of

Komander D, Rape M: The ubiquitin code. Annu Rev Biochem
2012, 81:203-229.

Kulathu Y, Garcia FJ, Mevissen TET, Busch M, Arnaudo N,
Carroll KS, Barford D, Komander D: Regulation of A20 and other
OTU deubiquitinases by reversible oxidation. Nat Commun
2013, 4:1569.

Cotto-Rios XM, Békés M, Chapman J, Ueberheide B, Huang TT:
Deubiquitinases as a signaling target of oxidative stress. Cell
Rep 2012, 2:1475-1484.

Huang OW, Ma X, Yin J, Flinders J, Maurer T, Kayagaki N,
Phung Q, Bosanac |, Arnott D, Dixit VM et al.: Phosphorylation-
dependent activity of the deubiquitinase DUBA. Nat Struct Mol
Biol 2012, 19:171-175.

Clague MJ, Barsukov |, Coulson JM, Liu H, Rigden DJ, Urbé S:
Deubiquitylases from genes to organism. Physiol Rev 2013,
93:1289-1315.

Komander D, Clague MJ, Urbé S: Breaking the chains: structure
and function of the deubiquitinases. Nat Rev Mol Cell Biol 2009,
10:550-563.

Mevissen TET, Hospenthal MK, Geurink PP, Elliott PR, Akutsu M,
Arnaudo N, Ekkebus R, Kulathu Y, Wauer T, Oualid EI F et al.: OTU
deubiquitinases reveal mechanisms of linkage specificity and
enable ubiquitin chain restriction analysis. Cell 2013, 154:169-
184.

OTU proteases.

8.

10.

11.

12.

13.

14.

15.

16.

Faesen AC, Luna-Vargas MPA, Geurink PP, Clerici M, Merkx R,
van Dijk WJ, Hameed DS, Oualid El F, Ovaa H, Sixma TK: The

differential modulation of USP activity by internal regulatory
domains, interactors and eight ubiquitin chain types. Chem

Biol 2011, 18:1550-1561.

Ritorto MS, Ewan R, Perez-Oliva AB, Knebel A, Buhrlage SJ,
Wightman M, Kelly SM, Wood NT, Virdee S, Gray NS et al.:
Screening of DUB activity and specificity by MALDI-TOF mass
spectrometry. Nat Commun 2014, 5:4763.

Hacker H, Karin M: Regulation and function of IKK and IKK-
related kinases. Sci Signal 2006, 2006:re13-re13.

van Oers NSC, Chen ZJ: Cell biology. Kinasing and clipping
down the NF-kB trail. Science 2005, 308:65-66.

Schmukle AC, Walczak H: No one can whistle a symphony alone
— how different ubiquitin linkages cooperate to orchestrate
NF-kB activity. J Cell Sci 2012, 125:549-559.

Desterro JM, Rodriguez MS, Hay RT: SUMO-1 modification of
IkBa Inhibits NF-kB activation. Mol Cell 1998, 2:233-239.

Zhang D, Zhang D-E: Interferon-stimulated gene 15 and the
protein ISGylation system. J Interferon Cytokine Res 2011,
31:119-130.

Sadler AJ, Williams BRG: Interferon-inducible antiviral
effectors. Nat Rev Immunol 2008, 8:559-568.

van der Veen AG, Ploegh HL: Ubiquitin-like proteins. Annu Rev
Biochem 2012, 81:323-357.

Developments in deubiquitylating enzyme probes Ekkebus et al.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

17.

28.

69

Isaacson MK, Ploegh HL: Ubiquitination, ubiquitin-like
modifiers, and deubiquitination in viral infection. Cell Host
Microbe 2009, 5:559-570.

Schmidtke G, Aichem A, Groettrup M: FAT10ylation as a signal
for proteasomal degradation. Biochim Biophys Acta 2014,
1843:97-102.

Kattenhorn LM, Korbel GA, Kessler BM, Spooner E, Ploegh HL: A
deubiquitinating enzyme encoded by HSV-1 belongs to a
family of cysteine proteases that is conserved across the
family Herpesviridae. Mol Cell 2005, 19:547-557.

Schlieker C, Korbel GA, Kattenhorn LM, Ploegh HL: A
deubiquitinating activity is conserved in the large tegument
protein of the herpesviridae. J Viro/ 2005, 79:15582-15585.

Lindner HA, Fotouhi-Ardakani N, Lytvyn V, Lachance P, Sulea T,
Ménard R: The papain-like protease from the severe acute
respiratory syndrome coronavirus is a deubiquitinating
enzyme. J Virol 2005, 79:15199-15208.

Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, Baker SC:
The papain-like protease of severe acute respiratory
syndrome coronavirus has deubiquitinating activity. J Viro/
2005, 79:15189-15198.

Clementz MA, Chen Z, Banach BS, Wang Y, Sun L, Ratia K, Baez-
Santos YM, Wang J, Takayama J, Ghosh AK et al.:
Deubiquitinating and interferon antagonism activities of
coronavirus papain-like proteases. J Viro/ 2010, 84:4619-4629.

James TW, Frias-Staheli N, Bacik J-P, Levingston Macleod JM,
Khajehpour M, Garcia-Sastre A, Mark BL: Structural basis for the
removal of ubiquitin and interferon-stimulated gene 15 by a
viral ovarian tumor domain-containing protease. Proc. Natl.
Acad. Sci. U.S.A. 2011, 108:2222-2227.

Akutsu M, Ye Y, Virdee S, Chin JW, Komander D: Molecular basis
for ubiquitin and ISG15 cross-reactivity in viral ovarian tumor
domains. Proc. Natl. Acad. Sci. U.S.A. 2011, 108:2228-2233.

Orth K, Xu Z, Mudgett MB, Bao ZQ, Palmer LE, Bliska JB,
Mangel WF, Staskawicz B, Dixon JE: Disruption of signaling by
Yersinia effector YopdJ, a ubiquitin-like protein protease.
Science 2000, 290:1594-1597.

Zhou H, Monack DM, Kayagaki N, Wertz |, Yin J, Wolf B, Dixit VM:
Yersinia virulence factor YopdJ acts as a deubiquitinase to
inhibit NF-kB activation. J Exp Med 2005, 202:1327-1332.

Misaghi S, Balsara ZR, Catic A, Spooner E, Ploegh HL,
Starnbach MN: Chlamydia trachomatis-derived
deubiquitinating enzymes in mammalian cells during
infection. Mol Microbiol 2006, 61:142-150.

Wilkinson KD, Cox MJ, Mayer AN, Frey T: Synthesis and
characterization of ubiquitin ethyl ester, a new substrate for
ubiquitin carboxyl-terminal hydrolase. Biochemistry 1986,
25:6644-6649.

Dang LC, Melandri FD, Stein RL: Kinetic and mechanistic
studies on the hydrolysis of ubiquitin C-terminal 7-amido-4-
methylcoumarin by deubiquitinating enzymes. Biochemistry
1998, 37:1868-1879.

Muir TW, Sondhi D, Cole PA: Expressed protein ligation: a
general method for protein engineering. Proc Natl Acad Sci
USA 1998, 95:6705-6710.

Borodovsky A, Kessler BM, Casagrande R, Overkleeft HS,
Wilkinson KD, Ploegh HL: A novel active site-directed probe
specific for deubiquitylating enzymes reveals proteasome
association of USP14. EMBO J 2001, 20:5187-5196.

Hemelaar J, Borodovsky A, Kessler BM, Reverter D, Cook J,
Kolli N, Gan-Erdene T, Wilkinson KD, Gill G, Lima CD et al.:
Specific and covalent targeting of conjugating and
deconjugating enzymes of ubiquitin-like proteins. Mol Cell Biol
2004, 24:84-95.

Ovaa H: Active-site directed probes to report enzymatic action
in the ubiquitin proteasome system. Nat Rev Cancer 2007,
7:613-620.

Oualid EI F, Merkx R, Ekkebus R, Hameed DS, Smit JJ, de Jong A,
Hilkmann H, Sixma TK, Ovaa H: Chemical synthesis of ubiquitin,

www.sciencedirect.com

Current Opinion in Chemical Biology 2014, 23:63-70


http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0005
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0005
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0010
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0010
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0010
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0010
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0015
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0015
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0015
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0020
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0020
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0020
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0020
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0025
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0025
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0025
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0030
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0030
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0030
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0035
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0035
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0035
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0035
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0035
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0040
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0040
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0040
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0040
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0040
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0045
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0045
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0045
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0045
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0050
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0050
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0055
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0055
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0060
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0060
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0060
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0065
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0065
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0070
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0070
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0070
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0075
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0075
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0080
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0080
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0085
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0085
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0085
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0090
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0090
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0090
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0095
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0095
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0095
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0095
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0100
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0100
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0100
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0105
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0105
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0105
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0105
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0110
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0110
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0110
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0110
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0115
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0115
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0115
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0115
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0120
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0120
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0120
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0120
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0120
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0125
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0125
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0125
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0130
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0130
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0130
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0130
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0135
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0135
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0135
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0140
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0140
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0140
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0140
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0145
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0145
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0145
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0145
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0150
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0150
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0150
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0150
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0155
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0155
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0155
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0160
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0160
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0160
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0160
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0165
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0165
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0165
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0165
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0165
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0170
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0170
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0170
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0175
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0175

70 Molecular immunology

ubiquitin-based probes, and diubiquitin. Angew Chem Int Ed
Engl 2010, 49:10149-10153.

36. Lam YA, Xu W, DeMartino GN, Cohen RE: Editing of ubiquitin
conjugates by an isopeptidase in the 26S proteasome. Nature
1997, 385:737-740.

37. Ekkebus R, van Kasteren Sl, Kulathu Y, Scholten A, Berlin I,

ee  Geurink PP, de Jong A, Goerdayal S, Neefjes J, Heck AJR et al.: On
terminal alkynes that can react with active-site cysteine
nucleophiles in proteases. J Am Chem Soc 2013, 135:2867-
2870.

The discovery of alkynes being reactive towards active-site cysteine

residues.

38. Borodovsky A, Ovaa H, Kolli N, Gan-Erdene T, Wilkinson KD,
Ploegh HL, Kessler BM: Chemistry-based functional
proteomics reveals novel members of the deubiquitinating
enzyme family. Chem Biol 2002, 9:1149-1159.

39. Sommer S, Weikart ND, Linne U, Mootz HD: Covalent inhibition

ee of SUMO and ubiquitin-specific cysteine proteases by an in
situ thiol-alkyne addition. Bioorg Med Chem 2013, 21:2511-
2517.

An independent report on the discovery of alkynes being reactive towards

active-site cysteine residues.

40. Willems LI, Overkleeft HS, van Kasteren Sl: Current
developments in activity-based protein profiling. Bioconjug
Chem 2014, 25:1181-1191.

41. Altun M, Kramer HB, Willems LI, McDermott JL, Leach CA,
. Goldenberg SJ, Kumar KGS, Konietzny R, Fischer R, Kogan E
et al.: Activity-based chemical proteomics accelerates
inhibitor development for deubiquitylating enzymes. Chem Biol
2011, 18:1401-1412.
Altun et al. showcase the potential power of DUB inhibitor profiling
experiments using ABPs to label DUBs after inhibitor treatment of cells
and cell lysates.

42. de Jong A, Merkx R, Berlin I, Rodenko B, Wijdeven RHM, Atmioui
ElI D, Yalgin Z, Robson CN, Neefjes JJ, Ovaa H: Ubiquitin-based
probes prepared by total synthesis to profile the activity of
deubiquitinating enzymes. ChemBioChem 2012, 13:2251-2258.

43. Abeywardana T, Pratt MR: Using chemistry to investigate the
molecular consequences of protein ubiquitylation.
ChemBioChem 2014, 15:1547-1554.

44. Dawson PE, Muir TW, Clark-Lewis |, Kent SB: Synthesis of
proteins by native chemical ligation. Science 1994, 266:776-
779.

45. Pasunooti KK, Yang R, Vedachalam S, Gorityala BK, Liu C-F, Liu X-
W: Synthesis of 4-mercapto-L-lysine derivatives: potential

building blocks for sequential native chemical ligation. Bioorg
Med Chem Lett 2009, 19:6268-6271.

46. Kumar KSA, Spasser L, Erlich LA, Bavikar SN, Brik A: Total
chemical synthesis of di-ubiquitin chains. Angew Chem Int Ed
Engl 2010, 49:9126-9131.

47. Ovaa H, Oualid El F, Merkx R: Total chemical synthesis of
ubiquitin, ubiquitin mutants and derivatives thereof. US Patent
Application US 13/823,728, 2010-09-15.

48. Reyes-Turcu FE, Ventii KH, Wilkinson KD: Regulation and cellular
roles of ubiquitin-specific deubiquitinating enzymes. Annu Rev
Biochem 2009, 78:363-397.

49. Iphofer A, Kummer A, Nimtz M, Ritter A, Arnold T, Frank R, van den
Heuvel J, Kessler BM, Jansch L, Franke R: Profiling ubiquitin
linkage specificities of deubiquitinating enzymes with
branched ubiquitin isopeptide probes. ChemBioChem 2012,
13:1416-1420.

50. McGouran JF, Gaertner SR, Altun M, Kramer HB, Kessler BM:
Deubiquitinating enzyme specificity for ubiquitin chain
topology profiled by di-ubiquitin activity probes. Chem Biol
2013, 20:1447-1455.

51. Li G, Liang Q, Gong P, Tencer AH, Zhuang Z: Activity-based
diubiquitin probes for elucidating the linkage specificity of
deubiquitinating enzymes. Chem Commun (Camb) 2014,
50:216-218.

52. Haj-Yahya N, Hemantha HP, Meledin R, Bondalapati S,
Seenaiah M, Brik A: Dehydroalanine-based diubiquitin activity
probes. Org Lett 2014, 16:540-543.

53. Mulder MPC, Oualid EI F, Beek Ter J, Ovaa H: A native chemical

e ligation handle that enables the synthesis of advanced
activity-based probes: diubiquitin as a case study.
ChemBioChem 2014, 15:946-949.

Efficient and straightforward synthesis of internal diUb probes.

54. ZhangY, Zhou L, Rouge L, Phillips AH, Lam C, Liu P, Sandoval W,

ee Helgason E, Murray JM, Wertz IE et al.: Conformational
stabilization of ubiquitin yields potent and selective inhibitors
of USP7. Nat Chem Biol 2013, 9:51-58.

Development of high affinity ubiquitin mutants that act as selective DUB

inhibitors.

55. Ernst A, Avvakumov G, Tong J, Fan Y, Zhao Y, Alberts P,

ee Persaud A, Walker JR, Neculai A-M, Neculai D et al.: A strategy for
modulation of enzymes in the ubiquitin system. Science 2013,
339:590-595.

Development of high affinity ubiquitin mutants that act as selective DUB

inhibitors.

Current Opinion in Chemical Biology 2014, 23:63-70

www.sciencedirect.com


http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0175
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0175
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0180
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0180
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0180
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0185
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0185
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0185
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0185
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0185
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0190
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0190
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0190
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0190
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0195
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0195
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0195
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0195
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0200
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0200
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0200
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0205
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0205
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0205
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0205
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0205
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0210
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0210
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0210
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0210
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0210
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0215
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0215
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0215
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0220
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0220
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0220
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0225
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0225
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0225
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0225
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0230
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0230
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0230
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0240
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0240
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0240
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0245
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0245
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0245
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0245
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0245
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0250
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0250
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0250
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0250
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0255
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0255
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0255
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0255
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0260
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0260
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0260
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0265
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0265
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0265
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0265
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0270
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0270
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0270
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0270
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0275
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0275
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0275
http://refhub.elsevier.com/S1367-5931(14)00143-4/sbref0275

