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The deubiquitinating enzymes (DUBs) are a family of isopeptidases responsible for removing the ubiqui-
tin from the ubiquitinated proteins. Identification of inhibitors for DUBs is emerging as an efficient way
for discovering potential medicines for disease treatment. However, the high throughput screening (HTS)
assay is still not available for all USPs, especially OTULIN. Here, we described a novel steadily quantifiable
DUBs assay platform using Nanoluc (Nluc) as reporter. We further demonstrated that the Ub-Nluc assay
could be used for HTS of DUBs inhibitors. Moreover, we generated a sensitive system for OTULIN inhib-
itors screening using Nluc as a reporter. In summary, our data indicate that Ub-Nluc and the improved
Ub-Ub-GS-Nluc assay are efficient systems for measuring activities and screening inhibitors of USPs
and OTULIN.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Ubiquitination, a process of covalent conjugation of ubiquitin to
proteins, is one of the most important post-translational modifica-
tions. Ubiquitination plays pivotal roles in protein degradation,
protein trafficking, transcriptional regulation, immune signaling
and oncogenesis [1–4]. Ubiquitination includes monoubiquitina-
tion and polyubiquitination. Several kinds of polyubiquitin chains,
including M1, K6, K11, K27, K29, K33, K48 and K63, can be formed
in cells. Different polyubiquitination may differentially regulate
the function of targeted proteins. For example, attachment of
Lys48-linked polyubiquitin chain to the proteins usually targets
protein for degradation by 26S proteasome [5]. The Lys63-linked
polyubiquitin chain regulates cellular functions of the targeted
proteins [6]. Linear polyubiquitin chain (head-to-tail) is as an
important way to regulate NF-jB pathway [7,8].

Ubiquitination is a reversible process. The removal of ubiquitin
is catalyzed by a large group of proteases generically named as
deubiquitinating enzymes (DUBs) [9]. At least 95 DUBs have been
found in human genome [10]. Based on their structures, the DUBs
are divided into five subfamilies, including ubiquitin-specific pro-
teases (USPs), ubiquitin carboxy-terminal hydrolases (UCHs),
Machado–Joseph disease protein domain proteases (MJDs), otub-
ain proteases (OTUs) and JAMM motif metallo proteases (JAMM
DUBs) [9]. USP is the largest subfamily which can cleave K48 Ub
chains-substrate or K63 Ub chains [3,11,12]. Most DUBs show
weak or no activity towards linear ubiquitin chains [13]. Yet, only
OTULIN was identified as a specific DUB for linear ubiquitin chains
[8,14]. Accumulating evidence shows that DUBs play a crucial role
in various pathological or physiological functions, such as innate
immunity and cancer, are emerging as potential drug targets
[11,12,15]. Identification of DUB inhibitors may have significant
social benefits.

Various assays have been developed to measure DUBs activity
[16–18]. For example, DUBs activity could be simply analyzed by
gel electrophoresis for small-scale analysis. Ub–AMC and Z-LRGG-
AMC are the most frequently-used high throughput screening
(HTS) assay for monitoring the deubiquitinase activity [16,19]. Ub-
PLA2 assay is a recently developed assay with high sensitivity for
HTS [19]. FRET-based assays have also been developed for HTS of
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Fig. 1. USPs cleave Ub-reporter in vitro. (A) Schematic diagram shows Ub-reporters construct, specific cleavage by the DUBs at the carboxy-terminal glycine of the Ub releases
Nluc reporter, which can turn over its substrate, giving a cold light, EGFP/GST as an indicate reporter. (B) Western blot analysis of 20 ng of Ub-Nluc, Ub-EGFP, and Ub-
GST ± 100 ng of USP15. Almost complete cleavage of Ub-reporter is observed at 30 �C in 30 min. As expected reporter proteins lack from the Ub amino-terminal fusion. (C)
Western blot analysis of reporter in supernatant which cleaves from Ni2+ agarose by USP15. 100 ng His-Ub-Nluc, His-Ub-EGFP, His-Ub-GST ± 1000 ng USP15 for every
reaction, then Nluc/EGFP/GST were tested by specific antibody, CBB stains USP15 protein.
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DUBs inhibitors [20]. However, the potential drawbacks are associ-
ated with these assays. For example, AMC based assay may lead to
20% false ratio in screening [21,22]. Importantly, none of these
assays are suitable for efficiently measuring the activity of all DUB,
especially OUTLIN. Given the potential shortages, we aimed to
develop a highly sensitive assay to study USPs and OTULIN activities.

Nluc luciferase is a recently identified enzyme (19.1 kDa), that
catalyzes furimazine into furimamide with carbon dioxide and
light in an ATP-independent manner [23]. Importantly, Nluc activ-
ity can be easily examined using a luciferase reporter reader. Com-
pared with other luciferases such as Firefly or Renilla luciferase,
Nluc has smaller size, higher stability, stronger signal and higher
sensitive quantitation with broad linearity [23]. In this study, we
developed a highly sensitive assay to study deubiquitinating
enzymes activity using Nluc as reporter. Moreover, we developed
an efficient HTS assay to monitor the activity of OTULIN.
2. Materials and methods

2.1. Reagents

PR619 (Lifesensors), Ub-AMC (BostonBiochem), furimazine
substrate/pNL1.1 plasmid (Promega), NBD-C6-HPC (Invitrogen),
96-well-solid Black/White Microplates (Greiner Bio-One), Ni-NTA
agarose (QIAGEN), Coomassie brilliant blue R250 (Amersco),
Anti-ubiquitin (P4D1) Santa cruz, Anti-GST/EGFP (Abcam), Nluc
antiserum was made using purified GST-Nluc protein.

2.2. Expression and purification of proteins

The Nluc sequence was amplified from PNL1.1 plasmid and
cloned into pEGX4T-2 and pET28a. The PLA2 sequence was ampli-
fied from mouse cDNA and cloned into pET28a vector; USP15,
USP14, OTULIN (amino acids 80–352), USP21 catalytic domain
(amino acids 196–565) and SENP1 (amino acids 415–643) were
cloned through standard molecular biology techniques and puri-
fied from BL21 (DE3) bacteria. All vectors were confirmed by
DNA sequencing. His tag was removed by Thrombin (Sigma).

2.3. Ub-AMC assay and Ub-PLA2 assay

Recombinant USP15 protein was incubated with 200 nM Ub-
AMC and the activity was measured by using a Lumistar fluores-
cence plate reader with the excitation and emission filter pair of
355 nm and 460 nm. The experiment was conducted in black-96-
well-plate. All dilutions were performed in Ub-AMC buffer
(50 mM Tris–Cl, pH 7.5, 10 lg/ml BSA and 2 mM DTT). RFU
values in the initial linear range were calculated by the
following equation: RFU = fluorescence unit [(USP15 + Ub-AMC) �
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Fig. 2. Optimization for Ub-Nluc assay. (A) The luminescence signal in supernatant is dependent on the USP15. His-Ub-Nluc (0–200 nM) incubated with 40 nM USP15 at 30 �C
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(BSA + Ub-AMC)]/fluorescence unit (BSA + Ub-AMC). Ub-PLA2
assay carried as previously described, recombinant isopeptidase
was mixed with Ub-PLA2 and NBD-C6-HPC to final concentrations
of 20 nM, 30 nM, and 20 lM in a total volume of 100 ll in a well in
a black-walled 96-well-plate. RFU values in the initial linear
range were calculated by the following equation: RFU = fluores-
cence unit [(USP15 + Ub-PLA2) � (BSA + Ub-PLA2)]/fluorescence
unit (BSA + Ub-PLA2)]. All dilutions were performed in PLA2 assay
buffer (20 mM Tris–HCl, pH 8.0, 2 mM CaCl2 and 2 mM b-
mercaptoethanol).

2.4. Ub-Nluc and Ub-Ub-Nluc assay

Recombinant isopeptidase were mixed with 20 nM Ub-Nluc
coated on 2 ll beads in a total volume of 100 ll in a mircotube
for 30 min at 30 �C. After centrifuged in 4000 rpm at 4 �C, 50 ll
supernatant was transferred into white-96-well-plate. After
diluted Nluc substrate furimazine solution (50 ll/well, 1 ll of
furimazine stock solution diluted in 49 ll of reaction) was added,
the luminescence was immediately measured by using a Lumistar
luciferase plate reader with luciferase emission filters. Ub-Ub-Nluc
assay carried out as Ub-Nluc assay except different substrate His-
Ub-Ub-Nluc and different enzyme OTULIN.

2.5. Immunoblotting and CBB staining

Proteins were separated by SDS-PAGE in 15% gel and were
transferred onto nitrocellulose membranes (Millipore), followed
by immunoblotting with antibodies. Immunoblots were analyzed
in the Odyssey system (LI-COR Biosciences). 12% gel was stained
using Coomassie Blue, destained and scanned in Odyssey system.

2.6. PR619 inhibition assay

10 nM USP15 protein was incubated with PR619 for 30 min at
room temperature in a 96-well-plate and an equal volume of
20 nM Ub-Nluc coated beads or 500 nM Ub-AMC was added into
96-well-plate. The fluorescence was monitored using LUMIstar
OPTIMA plate reader. The RLU/RFU values in the initial linear range
were normalized: reporter alone equaled to 100% inhibition and
USP15 + reporter equaled to 0% inhibition. Then data was plotted
using GraphPad Prism 5.0. EC50 values were determined by fitting
the data to a sigmoidal dose response (variable slope) equation.
PR619 inhibited OTULIN activity in Ub-Ub-Nluc assay was tested
as described.

2.7. Z0 determination

The reaction proceeded in a 96-well-plate, 48 wells containing
40 nM GST and other wells containing 40 nM USP15 preincubate
with 1% DMSO in a volume of 50 ll for 30 min before the addition
of 20 nM Ub-Nluc binding agarose beads. RLU was determined
30 min later. The Z0 value was calculated as Zhang’s paper [24].

2.8. Statistical analysis

All data were presented as mean ± SD of three parallel wells.
Data were analyzed by Student’s t-test and all tests were consid-
ered statistically extremely significant at p < 0.001.

3. Results

3.1. Ub-Nluc can be used as a reporter for deubiquitinating activity

To set up an assay for measuring the DUBs activity, we fused
Nluc, EGFP or GST to the C terminus of His-tagged ubiquitin respec-
tively (Fig. 1A). Theoretically, the fusion protein can be easily
attached to the Ni2+ agarose beads and deubiquitinating enzymes
can release the reporter from the beads into the supernatant by
cleaving the a-peptide linkage. Therefore, the DUB activity can
be detected by measuring the activity of the released enzyme or
fluorescent proteins in the supernatant.

The fusion protein was expressed and purified in Escherichia coli
(BL21). The purified proteins were incubated with the purified
deubiquitinating enzyme USP15 at 30 �C for 30 min. The cleavage
was monitored by Western blotting. As shown in Fig. 1B, USP15
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almost completely cleaved all the Ub-reporters, indicating that
these fusion proteins can be used to monitor deubiquitinating
activity. As expected, USP15 also efficiently released the reporter
proteins from the Ni2+agarose beads attached with fusion reporters
(Fig. 1C). Because Nluc activity is easily monitored and much more
sensitive than EGFP or GST, we chose Nluc as a reporter for further
study.

3.2. Ub-Nluc assay optimization

To examine whether Ub-Nluc assay can be used for HTS DUB
inhibitors, we first optimized the concentration (0–200 nM) of
His Ub-Nluc using USP15 as candidate. Our data showed that the
signal became saturated when 200 nM Ub-Nluc was used
(Fig. 2A). We chose 20 nM of His-Ub-Nluc in the following study
as a sensitive signal could be obtained with minimal reagents using
this concentration. We also tested the effect of temperature on the
USP15 activity in this system. As expected, we found a significant
elevation of luminance signal with increasing temperature
(Fig. 2B), suggesting that deubiquitinating activity is tempera-
ture-sensitive. Our data also showed that both time and concentra-
tion of enzyme affected the luminance signal (Fig. 2C and D).
Moreover, this system can be used to measure the enzyme activity
of other USPs, such as USP14 (Fig. 3B) and USP21 (Fig. S1).

3.3. The Ub-Nluc reporter compares favorably with other reporter
systems

Next, we compared the sensitivity of the Ub-Nluc system with
other deubiquitinating enzyme system. When equimolar concen-
trations of Ub-Nluc and Ub-AMC [16] were used, small amount
(2–100 nM) of Ub-Nluc produced significantly higher signal-to-
background (S/B) ratios than Ub-AMC (Fig. 3A). Consistent with
previous study [25], USP14 showed little enzyme activity towards
Ub-AMC without proteasome. However, USP14 shows much higher
activity towards Ub-Nluc than Ub-AMC (Fig. 3B), suggesting that
Ub-Nluc is a sensitive assay for measuring USP14 activity.

Then we examined whether the Ub-Nluc reporter system could
be used to identify inhibitor of DUBs. PR619 is a well-characterized
DUB inhibitor that can inhibit the activity of most DUBs [26]. Our
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data showed that PR619 had little effect on the enzyme activity of
Nluc even at 10 lM (Fig. 3C). Results from Ub-Nluc, Ub-AMC, and
Ub-PLA2 assay showed comparable EC50 values of PR619 against
USP15 (Fig. 3D–F).

We next used USP15 to determine the assay robustness and
reproducibility in a HTS format, which is designated by the Z0’
value [24]. We found that Z0 value (0.65 ± 0.04) of Ub-Nluc assay
was higher than the Z0 value required for a usable HTS assay
(0.5) [24] (Fig. S2). These results indicated that the Ub-Nluc system
could be used for testing deubiquitinating activity in HTS manner.

3.4. Specificity of ubiquitin like-Nluc reporter towards different
isopeptidase

Except ubiquitin, a number of ubiquitin-like proteins, such as
SUMO, NEDD8, and ISG15, can be conjugated to proteins to regu-
late the functions of their targets in a similar manner as ubiquitin
[27]. Moreover, the modification of proteins by these ubiquitin-like
proteins can also be reversed by isopeptidase. For example,
SUMOylation can be reversed by SENPs [28]. USP21 can cleave
Neddylation in vitro and UBP43 can remove ISG15 from substrate
[29,30]. Our data indicate that the Nluc reporter system showed
high specificity towards the specific isopeptidase (Fig. S3). For
example, USP15 showed much higher activity towards Ub-Nluc
than SUMO-Nluc, while SENP1 showed higher activity towards
mSUMO1-Nluc. These data indicate that Nluc could be used to
monitor the activity of both ubiquitin and ubiquitin-like
isopeptidases.

3.5. Detection of OTULIN activity using the improved Nluc reporter
system

OTULIN was recently identified as a specific DUB that can cleave
linear ubiquitin chain. The mainly reported assay for measuring
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the OTULIN activity is Western Blotting, which is not suitable for
HTS. We measured whether our Ub-Nluc reporter can be used to
monitor the OTULIN activity or not. We found that OTULIN showed
little activity towards Ub-Nluc reporter system (Fig. 4D). This find-
ing is consistent with the reports that OTULIN activity towards lin-
ear polyubiquitin is given by the ‘Glu-16’ residue in ubiquitin chain
[14]. To solve this problem, we generate an Ub-Ub-GS-Nluc repor-
ter as indicated (Fig. 4A–C) and the activity of OTULIN was mea-
sured. As shown in Fig. 4D, OTULIN, a C65 type peptidase shows
high activity towards Ub-Ub-GS-Nluc. Moreover, our data showed
that PR619 could significantly inhibit the OTULIN activity (Fig. 4E).
Together, our data showed that Ub-Ub-GS-Nluc assay could be
used to detect the OTULIN activity with high sensitivity.
4. Discussion

In this study, we generated a highly sensitive HTS system to
monitor deubiquitinating enzyme activity using Nluc as reporter.
Most DUBs could hydrolyze Ub linked conjugations with a-peptide
linkage similar capacity like e-peptide linkage. Thus, we fused the
Nluc, a luciferase with higher enzyme activity than other luciferase
[23], to the C terminus of ubiquitin. Our data showed that the fused
Nluc could be efficiently released from ubiquitin by deubiquitining
enzymes, under the circumstances in which Nluc activity was not
affected. Thus, Ub-Nluc is a highly sensitive system for measuring
the activity of deubiquitining enzymes, especially USPs efficiently.

Except Ub-Nluc, we also fused Nluc to the C terminus of
mSUMO1. As expected, mSUMO1-Nluc reporter can be efficiently
cleaved by isopeptidase SENP1, a specific enzyme of deSUMOyla-
tion. Together, our data indicated that Nluc is a suitable reporter
that can measure the activity of both ubiquitin and ubiquitin-like
isopeptidases.

Although Ub-AMC is the most widely used assay to screen
inhibitors for deubiquitining enzyme, it has several potential
defect [21,22]. Our data showed that Ub-Nluc assay may overcome
the shortage of Ub-AMC assay. By Using PR619, we could obtain a
comparable EC50 for the inhibition of USP15 detected by Ub-Nluc,
Ub-AMC and Ub-PLA2 (Fig. 4). Moreover, the average Z0-score of
HTS platform for Ub-Nluc assay was higher than the required Z0-
score for HTS. To sum up, we conclude that the Ub-Nluc assay is
reproducible, robust, and reliable assay and thus is pot high
throughput compatible assay, and the improved Ub-Ub-GS-Nluc
reporter assay is the first reported HTS assay to monitor OTULIN
activity.

In summary, the Ub-Nluc reporter assay and the improved Ub-
Ub-GS-Nluc reporter assay are robust and sensitive systems for
testing USPs and OUTLIN activity in vitro.
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