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Abstract
Deubiquitinases (DUBs) play an important role in regulating the ubiquitin landscape of proteins.
The DUB AMSH (Associated Molecule with the SH3 domain of STAM) has been shown to be
involved in regulating the ubiquitin-dependent downregulation of activated cell surface receptors
via the endo-lysosomal degradative pathway. Therefore small molecule AMSH inhibitors will be
useful chemical probes to study the effect of AMSH DUB activity on cell surface receptor
degradation. Currently there are no known selective inhibitors of AMSH or high-throughput
compatible assays for their identification. We report the development and optimization of a novel
FRET based add-and-read AMSH deubiquitinase assay in a 384-well format. In this format, the
optimal temperature for a high throughput screen (HTS) was determined to be 30°C, the assay
tolerates 5% DMSO and has a Z-score of 0.71 indicating HTS compatibility. The assay was used
to show that AMSH selectively cleaves Lys63-linked diubiquitin over Lys48- and Lys11-linked
diubiquitin. The IC50 value of the non-specific small molecule DUB inhibitor N-ethylmaleimide
was 16.2 ± 3.2 μM and can be used as a qualitative positive control for the screen. We conclude
that this assay is HTS compatible and can be used to identify novel small molecule inhibitors of
AMSH.
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Introduction
Ubiquitination of proteins has been implicated in numerous biological pathways including,
but not limited to, cell cycle regulation, DNA damage, and endocytosis [1–4]. Ubiquitin
molecules (Ub) are ligated to their target proteins as both mono- and polyubiquitin chains.
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The diversity in the linkages (eight different linkages) in the polyubiquitin chains facilitates
the relay of a variety of signals [4,5]. Deubiquitinases (DUBs) cleave the isopeptide bond in
the polyubiquitin chain or the protein-Ub linkage to further regulate Ub mediated signaling
[4,6]. DUBs are part of multi-protein complexes and have both enzymatic and scaffolding
functions. Their knockdown not only eliminates the enzymatic function but also disrupts the
scaffolding functions resulting in the dysfunction of the entire complex. DUB activity
specific small molecule inhibitors will provide the precision to specifically study the role of
enzymatic functions within these multi-protein complexes. Recent studies have also
implicated DUBs in several diseases, particularly cancer, and targeting DUBs for therapeutic
intervention is an emerging theme [7,8].

Associated molecule with the SH3 domain of STAM (AMSH) plays a key role in regulating
receptor sorting at the endosome through its function as a deubiquitinase [9–11]. AMSH
belongs to the JAMM (JAB1/MPN/MOV34) deubiquitinase family and specifically cleaves
Lys63-linked polyubiquitin [12,13]. Through interactions at multiple points in endocytic
cargo sorting, AMSH plays a critical regulatory role in cell surface receptor downregulation
[14,15]. Downregulation is accomplished through the recognition of specific ubiquitination
patterns on internalized receptors, specifically multi-monoubiquitination and Lys63
polyubiquitination [3, 11]. Spatial and temporal dysregulation of AMSH-mediated
deubiquitination of internalized ubiquitinated cell surface receptors affects their sorting to
the lysosome. Consistently, knockdown of endogenous AMSH or overexpression of
catalytically inactive AMSH mutants has been shown to promote the lysosomal degradation
of epidermal growth factor receptor (EGFR) as well as other cell surface receptors [16–22].
Small molecule inhibitors of AMSH will be valuable chemical probes for dissecting
endocytic cargo sorting. Currently there are no known inhibitors of AMSH and no report of
a high-throughput compatible assay for the identification of potential inhibitors.

AMSH alone has been shown to have deubiquitinase activity in cell-free assays, making it
suitable for high-throughput screens [13,23–25]. There are many assay types used in high-
throughput formats to identify inhibitors of enzymes, such as proteases [26,27]. The ease of
execution and cost-per-well has made fluorescence based assays a popular choice in the
HTS community. Our lab previously reported the development of fluorescence polarization
assays and high-throughput screens to identify inhibitors of protein-protein interactions [28–
30]. Since it is known that AMSH cleaves Lys63 ubiquitin chains, we chose to explore a
fluorescence resonance energy transfer (FRET) based system [13,23–25]. In a typical FRET
assay, the donor and acceptor/quencher are spaced by a suitable linker which when cleaved
results in the loss of FRET/gain in fluorescence. The catalytic domain of AMSH and a
Lys63-linked diubiquitin probe labeled with a donor and a quencher on different ubiquitins
was used in this study. The development and optimization of a FRET based high-throughput
compatible AMSH assay is reported. Importantly, this assay can be easily modified for other
deubiquitinases that demonstrate linkage specific cleavage, which may not readily cleave
other commercially available ubiquitin probes.

Materials and Methods
General Reagents

All FRET labeled diubiquitin probes were purchased from BostonBioChem (R&D) and
were stored in 50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM DTT. The catalytic domain of
AMSH (residues 219 to 424) was expressed and purified as previously described and stored
in 50 mM Tris pH 7.4, 50 mM NaCl, 1mM DTT [24]. All concentrations shown in
parenthesis are final assay concentrations. Anti-Ubiquitin antibody (P4D1) was obtained
from Cell Signaling.
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Deubiquitinase assay
All measurements were made on 384-well, low-volume, black round-bottom polystyrene
NBS microplate (Corning) using a Spectramax M5 plate reader (MDS). All reactions were
done in reaction buffer, 50 mM HEPES pH 7.0, 25 mM KCl, 5 mM MgCl2, 1 mM DTT, in a
final volume of 20 μL [24]. Measurements were taken at an excitation wavelength of 544
nm and an emission wavelength of 572 nm and cutoff was set at 570 nm. The reported
fluorescence values (RFU) are a ratio of total fluorescent signal to the background obtained
from the probe alone. All experiments were performed at least twice and each time as
duplicates.

Dose-response and time-dependent studies of AMSH and K63POS1 probe
AMSH was titrated (15.6 nM – 250 nM) into a constant concentration of K63POS1 probe
(500 nM) and the deubiquitinase reaction was monitored over time at 15 min intervals for 2
h at 30°C. Optimal probe concentration was determined by titrating K63POS1 probe (200
nM – 600 nM) while holding the concentration of AMSH constant at 125 nM. The plate was
read following a 90 min incubation. The relationship between product formation and
fluorescence was determined by incubating 10 μM of K63POS1 probe with 5 μM AMSH
overnight at room temperature. Cleaved probe was then diluted 2-fold in reaction buffer
followed by fluorescent measurements.

Dimethyl sulfoxide (DMSO) tolerance
Increasing concentrations of dimethyl sulfoxide (0.5 – 25% of the assay volume 20 μL) was
added to AMSH (125 nM) and the mixture was incubated for 30 min. K63POS1 probe (500
nM) was then added to the reaction mixture and incubated for an additional 90 min at 30°C
and measurements were made. Statistics were performed using a Student t-test.

NEM inhibition assay
Increasing concentrations of NEM (0.8 μM – 500 μM) were added to AMSH (125 nM) with
a 1:9 ratio of volumes and incubated at room temperature for 30 min. 10 μL of K63POS1
probe (500 nM) was then added to bring the assay volume to 20 μL. Fluorescence
measurements were made after a 90 min incubation at 30°C. The data was fitted and the
IC50 values were derived using non-linear least square fit to a single site-binding model
(SigmaPlot 11.0). NEM time-dependent inhibition was performed by incubating AMSH
(125 nM) with 15 μM or 30 μM NEM for 1 h, 45 min, 30 min or 15 min at room
temperature. The K63POS1 probe was then added an incubated for 90 min at 30°C.

The affect of NEM on the K63POS1 probe fluorescence was determined by incubating
cleaved or uncleaved probe with NEM (0 – 500 μM) for 90 min at 30°C. Cleaved probe for
this study was generated as described in dose-response and time-dependent studies of
AMSH and K63POS1 probe section.

Z-score
AMSH (125 nM) was incubated for 30 min with or without 25 μM NEM at room
temperature. K63POS1 (500 nM) probe was then added to AMSH, AMSH + NEM, and
buffer only wells for 90 min at 30°C before taking fluorescence measurements. Plates were
then sealed and incubated at 4°C overnight for the 24 hr measurement. Data from the 384-
well plates were collected on separate days with 48 data points for each condition per day.
Z-score was calculated using AMSH + K63POS1 probe as the negative control and
K63POS1 probe alone as the positive control.

Arnst et al. Page 3

Anal Biochem. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results and Discussion
Selective cleavage of Lys63-linked diubiquitin probe by AMSH

Several deubiquitinases have been shown to possess linkage specific cleavage, including
members of the JAMM family [5]. AMSH has been shown to selectively cleave Lys63-
linked polyubiquitin chains [13,23–25]. The catalytic domain of AMSH and a diubiquitin
FRET probe in which the donor and quencher are placed on different ubiquitins linked by
the Lys63 isopeptide bond was used to establish the AMSH assay. To identify a suitable
probe and demonstrate AMSH’s cleavage selectivity, the catalytic domain of AMSH was
incubated with five different diubiquitin probes (K11POS4, K48POS1, K48POS3,
K63POS1 and K63POS3) that have three different linkages (Lys11, Lys48, and Lys63) (Fig.
1A–C). The figure shows the distance between the closest and farthest Lys residues on
adjacent ubiquitins. Cleavage of the probes was assessed by the change in fluorescence
following a 1 h incubation with AMSH (Fig. 2). The cleavage was also confirmed by SDS-
PAGE (Fig. S1). No change was observed in the fluorescence reading in the presence of
AMSH (Fig. 2, gray bars) with K11POS4, K48POS1 and K48POS3 probes compared to
probe alone (Fig. 2, black bars) indicating AMSH did not cleave the Lys11- or Lys48-
linked probes. A ~4- and ~3-fold increase in the fluorescence was observed with the
K63POS1 and K63POS3 probes, respectively. This increase in fluorescence demonstrates
that Lys63-linked diubiquitin is cleaved by AMSH. The difference in the fold-change
between the two Lys63 probes is likely due to the different positions of the donor/quencher
pair, wherein POS3 may interfere with cleavage by AMSH (Fig. 1C). K63POS1 probe had
the larger signal window and therefore was used as the probe for all subsequent studies. The
selectivity of substrate from the FRET study were consistent with the observed cleavage by
Western blot analysis and previously reported studies that show AMSH preferentially
cleaves Lys63-linked polyubiquitin chains over Lys48-linked polyubiquitin chains [13–
15,23–25].

AMSH FRET assay optimization
Next, to optimize the concentration of reagents and time of incubation to be used for a
screen, we conducted dose-response and time-dependent studies. A dose-dependent increase
in the fluorescence was observed with increasing concentrations of AMSH (0–250 nM) with
the signal beginning to saturate at 250 nM (Fig. 3). For subsequent studies we selected 125
nM AMSH as this provided a reasonable signal window while minimizing reagents. The
time-dependent increase in the cleavage of the K63POS1 probe was monitored over 2 h
(Fig. 4). The fluorescent signal is linear up to 90 min after which it begins to plateau, due to
complete consumption of K63POS1 probe. Therefore for the above concentrations of
enzyme and substrate we concluded that an incubation time of 90 min will yield the largest
signal window while still in the linear range. Next we performed a dose-dependent study
with the K63POS1 probe. We observed increased signal with increasing K63POS1 probe
concentration, which plateaued at 500 nM at 90 min (Fig. 5A, grey bars). To determine if
this saturation was an artifact of the detection system, the K63POS1 probe was incubated
with AMSH overnight to generate cleaved ubiquitin, which was then titrated in reaction
buffer and fluorescence measured. We observed a linear relationship between probe
concentration and fluorescence (Fig. 5B) suggesting that the saturation observed in Fig. 5A
is not an artifact of the detection system. In this study, we also observed a smaller dose-
dependent increase in the noise with increasing K63POS1 probe concentration (Fig. 5A,
black bars). Although the best signal to noise (~4) was observed at both 200 and 500 nM of
the K63POS1 probe, for subsequent studies we selected the 500 nM concentration as it
provided a larger screening window (~9 vs. ~3).
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Temperature dependence
Screening large libraries takes several days to complete and despite the best climate
controlled environment there are always fluctuations, therefore we next assessed the effect
of temperature on the stability of this assay. This was accomplished by incubating the
K63POS1 probe with and without AMSH at five different temperatures (25–45°C) for 90
min (Fig. 6). With increasing temperatures we observe a significant increase in the
variability of the AMSH + K63POS1 fluorescent signal, particularly at temperatures above
40°C, but little change in probe alone. This indicates that temperatures should not exceed
40°C during a HTS. Additionally, we observe variation in the signal window with the largest
window seen at 30°C. Although at 25°C, we observed less fluctuation in the signal with
AMSH we conclude that 30°C is optimal as it results in a larger screening window in this
assay format.

DMSO tolerance
DMSO is a widely used solvent for small molecules, and commercially available chemical
libraries used in screening campaigns are commonly shipped as DMSO solutions. Thus the
effect of DMSO on the assay was assessed. Increasing concentrations of DMSO were
titrated into a constant concentration of AMSH and incubated for 30 min. The K63POS1
probe was then added and the resulting mixture was incubated for an additional 90 min (Fig.
7). We observed a small but significant increase in the background at 5% DMSO with much
larger effects at higher DMSO concentrations (Fig. 7, black bars). Additionally, a significant
decrease in the signal at 10% DMSO (Fig. 7, grey bar) was observed. This suggests that
DMSO has a significant effect on the assay, particularly as it relates to the screening
window. Based on these observations, we conclude that the assay does not tolerate DMSO
above 5% and during a HTS DMSO concentrations should be kept to a minimum and should
not exceed 5%.

Inhibition studies
Currently there are no known selective inhibitors of AMSH however a positive control is
desirable for a high-throughput screening campaign. A previous study showed that the
nonselective Michael acceptor, N-ethylmalemide (NEM), inhibits AMSH, possibly by
reacting with Cys282 near the active site [13]. Therefore to demonstrate that small
molecules can inhibit AMSH in this FRET based assay format we determined the effects of
NEM in the AMSH FRET assay (Fig. 8). AMSH was incubated with different
concentrations of NEM (five-fold dilutions) for 30 min at room temperature. The K63POS1
probe was then added and the mixture incubated for an additional 90 min at 30°C.
Fluorescence measurements revealed a dose dependent decrease with increasing
concentrations of NEM indicating inhibition of AMSH (Fig. 8). The IC50 value (16.2 ± 3.1
μM) for NEM was determined by curve fitting the data. We also observed a time dependent
effect of AMSH inhibition by NEM at 15 μM (~ IC50) and 30 μM (~ 2 × IC50) (Fig. 9).
Increasing inhibition by NEM is observed up to 45 min of incubation with AMSH after
which saturation is observed. This is likely due to all available NEM having reacted with
AMSH at these concentrations. Additionally, to confirm that NEM was not affecting the
FRET signal of the K63POS1 probe we incubated increasing concentrations of NEM (0–500
μM) with cleaved or uncleaved K63POS1 probe (Fig. 10). We observe no significant affects
to the fluorescent signal in the presence of NEM. Since AMSH belongs to the JAMM family
of DUB which are Zn metalloproteases, chelation agents phenanthroline and 2,2′-bypridine
were also tested in this assay (data not shown). To our surprise, we observed inhibition of
AMSH only at very high concentrations (> 1 mM) of the compounds. Based on these
finding we suggest NEM as a qualitative positive control for high-throughput screening
campaigns to identify reversible inhibitors. To identify hits from a HTS campaign,
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fluorescence values that are 3SD (99% confidence) from the mean of the negative control
(DMSO) should be used and validated in subsequent dose response studies.

Z-score
The suitability of an assay for high-throughput screening is established by the non-unit
statistical parameter Z-score [31]. It is generally accepted that the Z-score reflects
reproducibility, robustness, and reliability of an assay for HTS. Z-score for a given assay,
range from 0 to 1, with 1 being ideal and a score of ≥ 0.5 is generally considered suitable for
HTS. To determine the Z-score and inter-day and inter-plate variability for this assay,
measurements were made with K63POS1 probe only, AMSH + K63POS1 probe, and
AMSH + K63POS1 probe treated with 25 μM NEM for 120 min (Fig. 11) on separate days
in different 384-well plates. The average Z-score was 0.71 indicating that the assay is
reproducible, robust, and reliable and thus HTS compatible. Additionally, following a 24 h
incubation at 4°C the plates were reread (data not shown). There was no significant
difference in the overall Z-score of the plates, however there was increase in the
fluorescence of AMSH + K63POS1 probe and AMSH + K63POS1 probe treated with NEM
wells by ~9% and ~30% respectively. This increase in fluorescence is likely due to the
cleavage of K63POS1 probe by AMSH over time even in the presence of inhibitor. Due to
the potential variability in incubation times of plates during a high-throughput screen
internal plates controls should be used to normalize for AMSH activity.

In summary, using a FRET based system we showed that AMSH selectively cleaves Lys63-
linked diubiquitin over Lys48- and Lys11-linked diubiquitin. The FRET AMSH assay was
miniaturized to a 384-well format, with the optimal temperature for the screen determined to
be 30°C and the maximum DMSO concentration tolerated was determined to be 5%. Further
the Z-score for this assay was 0.71, which indicates HTS compatibility. Lastly, the reagents
for this assay can be readily generated for a HTS with the major expense is the linkage
specific FRET probe.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diubiquitin structure. (A) Structure of K11 diubiquitin, (B) of K48 diubiquitin and (C) of
K63 diubiquitin, with the lysine residues (red) and the isopeptide bond (cyan) shown as
sticks. The largest and smallest distances between lysine residues on the proximal and distal
ubiquitins are shown.
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Figure 2.
AMSH probe selection. Diubiquitin probes of different linkages (final concentration 500
nM) were incubated with (gray bars) or without (black bars) 250 nM AMSH for 30 min at
30°C. (n = 2)
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Figure 3.
Fluorescence signal is dose-dependent. AMSH was titrated (0–125 nM) into 500 nM
K63POS1 probe and incubated 2 h at 30°C. (n = 2)
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Figure 4.
Fluorescence signal is time-dependent. 125 nM AMSH was incubated with 500 nM
K63POS1 probe at 30°C. Signal was monitored over 2 h. (n = 2)
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Figure 5.
(A.) Optimization of K63POS1 probe concentration. AMSH concentration was held
constant at 125 nM and K63POS1 probe was titrated in and incubated at 30°C for 90 min. (n
= 2) (B.) Linear relationship between monoubiquitin formation and fluorescence. 10 μM of
K63POS1 probe was incubated with or without 10 μM AMSH overnight. Cleaved probe
was then titrated in buffer (2.5 nM – 2.5 μM). (n = 2)
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Figure 6.
Temperature dependence of AMSH deubiquitinase activity. K63POS1 probe (500 nM) was
incubated either with or without AMSH (125 nM) for each temperature. For each
temperature, measurements were taken following a 90 min incubation of AMSH and probe.
(n = 2)
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Figure 7.
Assay stability in the presence of increasing DMSO concentrations. Increasing
concentrations of DMSO were added to AMSH (125 nM) and incubated 30 min before the
addition of K63POS1 probe (500 nM). After a 90 min incubation with K63POS1 probe,
fluorescence measurements were taken. (*p ≤ 0.035, **p ≤ 0.008). (n = 2)
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Figure 8.
Inhibition by N-ethylmaleimide. Five-fold dilutions of NEM were incubated with AMSH
(125 nM) for 30 min at room temperature followed by the addition of the K63POS1 probe
(500 nM). The plate was then read following a 90 min incubation at 30°C. (IC50 = 16.2 ±
3.1 μM). (n = 2)
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Figure 9.
Time-dependent inhibition by N-ethylmaleimide. AMSH (125 nM) was incubated with
either 15 μM or 30 μM NEM for 1 h, 45 min, 30 min or 15 min followed by the addition of
the K63POS1 probe (500 nM). Fluorescent measurements were taken following a 90 min
incubation at 30°C. (n = 2)
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Figure 10.
Effect of N-ethylmaleimide on K63POS1 probe fluorescence. Increasing concentrations of
NEM (0–500 μM) were incubated for 90 min at 30°C with cleaved or uncleaved K63POS1
probe before fluorescent measurements were taken. (n = 2)
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Figure 11.
Z-score determination. K63POS1 probe was incubated either with buffer, AMSH, or AMSH
+ 25 μM NEM on separate days and plates. An overall Z-score of 0.71 was calculated. Well
no. 1–48 are from day 1 and well no. 49–96 represent are from day 2. (n = 2)
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