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Introduction

Deubiquitinating enzymes (DUBS) reverse the process of ubiquitination by hydrolyzing
ubiquitin from the protein substrate to which it is conjugated [1,2]. Thus far, approximately
100 DUBs have been identified in the human genome and they are involved in regulating a
number of cellular processes and disease states [1,2]. DUBSs are classified into six families,
of which the largest family is the Ubiquitin Specific Protease (USP) family with roughly 60
members [1,2]. The USPs are multi-domain enzymes that can range in size from ~40 kDa,
in the case of USP12, up to ~400 kDa, in the case of USP34 [1]. Each USP contains a
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catalytic domain, which shares the highly conserved papain-like fold composed of a
catalytic triad of cysteine, histidine, and aspartate residues [1,2]. Other domains within the
USPs are often important for protein-protein interactions and/or substrate recognition. A
detailed review of the domains and their functions has been described elsewhere [2,3].

USP17 was originally identified as a member of the murine hematopoietic specific genes as
DUBS3 [4]. Expression of USP17 within the cell is cytokine-inducible and is required for
cell-cycle progression through the G1-S and G,-M checkpoints. A well-characterized
substrate of USP17 is the cell division cycle 25A (CDC25A) phosphatase. In a normal cell,
CDC25A is responsible for dephosphorylation of Cdk1 and activation of Cdk1-CyclinB
complex for the progression of the cell-cycle (Figure 1A) [5]. Cellular levels of CDC25A are
regulated by the ubiquitin-proteasome system through Lys*® ubiquitin chains. During the
G1-S and G»-M checkpoints, USP17 is expressed to deubiquitinate and stabilize CDC25A in
order to promote cell-cycle progression through these checkpoints [5]. In numerous cancer
phenotypes, expression of USP17 is upregulated, resulting in its expression outside of these
checkpoints which causes an excess of stabilized CDC25A that applies stress to the cell-
cycle resulting in unregulated cancer cell proliferation (Figure 1B) [5-7]. Other identified
substrates of USP17 include the Ras converting enzyme 1 (RCE1) and the histone
deacetylase dependent Sin3A co-repressor complex component, SDS3, both of which also
play a role in cell-cycle regulation [8-10].

USP17 is a 58 kDa protein that has its catalytic domain located near the N-terminus as well
as two hyaluronan binding motifs predicted to reside within the C-terminal region (Figure
2A) [4,11]. A sequence alignment of the catalytic regions of USP17 against three well-
studied USPs is shown in Figure 2C [12]. As with other USPs, there are three highly
conserved residues (Cys89, His334 and Asp350) that form the catalytic triad. Experimental
binding studies by Ramakrishna and coworkers have shown the two predicted hyaluronan
binding motifs bind to hyaluronan, a polysaccharide that is responsible for numerous cellular
processes, including the regulation of cell division [11]. Many USPs are predicted to contain
hyaluronan binding motifs, including the well-studied USP7, however the interactions
between the USPs and hyaluronon itself is poorly understood [13]. In the case of USP17, the
hyaluronan binding motifs have been shown to be important for the interaction of USP17
with its substrate, SDS3 [14].

McFarlane and coworkers have shown that the persistent overexpression of USP17 applies
stress to the cell-cycle which results in proliferation of both breast and prostate cancers [4,6].
Combining the results of this study with the role of USP17 in CDC25A-driven cellular
proliferation elucidated by Pereg and coworkers, strongly suggests that inhibitors of USP17
may serve as anti-cancer drugs. While previous work has been able to define the role of
USP17 in celluo, without the ability to express and purify USP17, further characterization of
USP17, as well as the identification of USP17 inhibitors, is severely limited. We describe
here a reliable and robust method for the expression and purification of recombinant USP17
which enables the production of highly pure and active USP17 that is amenable to enzymatic
and structural characterization, as well as inhibitor identification.
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Materials and methods

Design of Expression Constructs

The human gene of usp17(GenBank: QOWX57.2) was codon optimized for £. coli
expression, synthesized, and inserted into the pET11a expression vector by BioBasic Inc.
The coding region for USP17 was subcloned into the pEV-L8 expression vector by methods
described by Béez-Santos et al [15].

For baculovirus expression, BioBasic Inc. codon optimized usp7 (GenBank: QOWX57.2)
for Spodoptera frugiperda 9 (Sf9) expression, synthesized the gene, and inserted the gene
into a modified pVVL-1932 vector which includes a dual N-terminal 10His and a Green
Fluorescent Protein (GFP) tag.

Site-Directed Mutagenesis

Expression,

The catalytic mutant USP17-Cys89Ser pEV-L8 vector was prepared following the
QuikChange site-directed mutagenesis protocol (Stratagene) and transformed into £. coli
BL21 (DE3) cells for protein expression.

Solubilization, Refolding and Purification of USP17

Five liters of £. co/iBL21 (DE3) cells harboring the USP17 pEV-L8 expression vector were
grown from five separate one liter cultures of LB medium, each supplemented with 50
pg/mL Carbenicillin in 2 L Fernbach flasks. Shaking was performed at 37 °C and at 200 rpm
in an Infors Multitron shaker until an Aggg of 0.6 is reached. Cultures were then cooled for
30 minutes at 4 °C and USP17 expression was induced with a final concentration of 1 mM
isopropyl p-D-1-thiogalactopyranoside (IPTG). Cultures were incubated at 25 °C with
shaking at 200 rpms for an additional 18 hours.

E. coli cells were harvested by centrifugation at 3,000 x g at 4 °C for 20 minutes. The
harvested cells were resuspended in lysis buffer (50 mM Tris pH 7.5, 10 mM B -
mercaptoethanol (BME), and 150 mM NaCl) that was supplemented with 50 pg/mL DNase
and 200 pg/mL Lysozyme, by adding 5 mL of lysis buffer for each gram of cells. The cells
were sonicated on ice with a Branson Digital Sonifier at 60%, with cycles of 5 second pulses
and 9 seconds of rest for a total of 12 minutes. The soluble lysate was separated from the
inclusion body fraction by centrifugation at 28,880 x g at 4 °C for 30 minutes. The
supernatant was decanted from the inclusion body pellet and the resulting inclusion body
was washed 3 times by homogenization with 50 mL of lysis buffer containing 1% Triton™
X-100. Between each wash, the sample was centrifuged at 28,800 x g for 10 minutes. A
final wash was performed identically with unsupplemented lysis buffer.

The washed inclusion body was then re-solubilized in 250 mL of Solubilization Buffer (6 M
GUuHCI, 50 mM CHES pH 9.5, and 10 mM BME) in a sealed Nalgene bottle. The bottle was
placed on a stir plate at room temperature overnight with a magnetic stir bar set to stir the
solution at 600 rpms. The 250 mL of solubilized inclusion body was refolded, dropwise, at
room temperature into 5 L of Refolding Buffer (50 mM CHES pH 9.5, 10 mM BME, 0.7 M
GuHCI, and 5% Glycerol) in a Nalgene bottle stirring at 600 rpms. Once all the protein had
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been refolded, the bottle was capped and the sample was incubated for 30 minutes with
continuous stirring at 600 rpms. The refolded protein was then concentrated to 1 mg/mL in a
volume of ~500 mL using the Millipore Prep/Scale-Tangential Flow Filter concentrating
system with a 1.5 L, 10,000 MWCO cartridge. The concentrated protein was centrifuged at
28,800 x g at 4°C for 30 minutes and filtered through a 0.45 um filter to remove precipitant.

A 5 mL HisTrap Ni-NTA (GE Healthcare) chromatography column was equilibrated with
Buffer A (50 mM CHES pH 9.5, 10 mM BME, 0.7 M GuHCI, 20 mM Imidizole, and 5%
Glycerol). The filtered-refolded protein was then loaded onto the equilibrated HisTrap Ni-
NTA column overnight at 4 °C with a flow rate of 0.5 mL/min. Unbound proteins were
washed from the column using 15 column volumes of Buffer A that was applied at a flow
rate of 2 mL/min. Bound proteins were eluted from the column using a 20 column volume
gradient of 0-100% Buffer B (50 mM CHES pH 9.5, 10 mM BME, 0.7 M GuHCI, 450 mM
Imidizole, and 5% Glycerol) that was applied at a flow rate of 2 mL/min. Fractions of 5 mL
were collected throughout the gradient. The concentration of protein in the fractions was
measured using the Microassay Bio-Rad Bradford Protein Assay. Peak fractions containing
USP17, as determined by SDS-PAGE and specific activity (described below), were pooled.
The pool was concentrated to 7 mg/mL by Ultrafiltration with a 30,000 MWCO membrane
(Millipore) and injected onto a 300 mL Superdex 75 (GE Healthcare) size-exclusion
chromatography (SEC) column equilibrated with SEC Buffer (50 mM CHES pH 9.5, 10
mM BME, 0.7 M GuHCl, and 5% Glycerol). The column was run at 1 mL/min and 5 mL
fractions were collected continuously throughout. Peak fractions containing USP17, as
confirmed by SDS-PAGE and specific activity, were pooled, flash-frozen in liquid nitrogen,
and stored at -80 °C. The catalytic mutant, USP17-Cys89Ser, was purified identically except
the activity assays were omitted since the enzyme was inactive.

USP17 was also expressed using the BD BaculoGold system and 579 cells according to the
manufactures instructions (BD Biosciences). After 3 days of expression, the infected Sf9
cells were harvested by centrifugation at 3000 x g for 20 minutes at 4 °C. The cells were
resuspended in 500 mM NaCl, 10 mM Imidizole, 10 mM BME, and 20 mM Tris at pH 7.5.
The resuspended cells were then lysed by sonication with a Branson Digital Sonifer at 50%
with cycles of 5 second pulses and 5 seconds of rest for a total of 4 minutes. The lysate was
clarified by centrifugation at 80,000 x g for 1 hour at 4 °C. The clarified lysate was initially
an alyzed for USP17 expression via SDS-PAGE and fluorescence imaging. Prior to staining,
the resulting SDS-PAGE gel was placed on an UV lightbox to observe the GFP tag. The gel
was then stained with Coomassie Brilliant blue for visualization of all the protein bands.

Extinction Coefficient Determination

The concentration of pure USP17 or USP17-Cys89Ser was determined using a Take3 Micro-
Volume plate with a Biotek Synergy H1 plate reader. The extinction coefficient of purified
USP17 was experimentally determined to be 58,104 M-1ecm1 for wild-type, and 58,338
M-1em-1 for USP17-Cys®9Ser as described by von Hippel et al [16].
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Steady-state Kinetic Studies

A fluorogenic activity assay for USP17 was developed for a 96-well, black half-volume
plate (Corning Costar) to evaluate the kinetics of the deubiquitinating activity of USP17.
Two substrates were used, ubiquitin 7-amino-4-methylcoumarin (Ub-AMC, LifeSensors)
and ubiquitin-rhodamine110 (Ub-Rho110, Boston Biochem). Assays were performed in 30
uL reaction volumes and in triplicate. Enzymatic reactions were initiated by the addition of
15 pL of enzyme followed by brief shaking (10 seconds) using the plate reader shaker. The
rate of hydrolysis was analyzed at 10 second intervals over a time period of 30 minutes with
a BioTeK Synergy H1 plate reader equilibrated at 25 °C. Both substrates were measured as a
filter based assay with an excitation wavelength of 360 nm and an emission wavelength of
460 nm for Ub-AMC and an excitation wavelength of 485 and an emission wavelength of
528 for Ub-Rho110. The initial slope of each reaction was measured as Arbitrary
Fluorescence Units (AFU) per unit time (AFU/sec). These values were then converted to the
amount of product produced per unit time (uM/sec) using the ‘fluorescence extinction
coefficient’ of the product (either released AMC or Rho110). To determine of the
fluorescence extinction coefficient of the product for each substrate, the reactions were
allowed to plateau and the maximum AFUs were measured and potted in terms of substrate
concentration.

To determine the K, and Azt values of USP17, the enzyme concentration was held constant
at 3.125 nM and the substrate concentrations (Ub-AMC or Ub-Rho110) were varied from
0.01 uM to 10 pM. The enzyme was diluted in Assay Buffer (50 mM Tris pH 7.5, 5 mM
Dithiothreitol (DTT), 0.1 mg/mL BSA) and the substrates were diluted in Substrate Buffer
(50 mM Tris pH 7.5, 1 mM EDTA, 100 mM NaCl, and 0.05% CHAPS). The resulting rate
values in pM/min were then converted to turnover number in units of sec™ by dividing the
rates by the enzyme concentration (V/[E]). The turnover values were then plotted as a
function of substrate concentration and the data were fit to the Michaelis-Menten equation
using non-linear regression and the Enzyme Kinetics Module in the program SigmaPlot
(v13: Systat Software Inc.).

Enzyme Specific Activity
The specific activity at each step of the purification was determined to evaluate enzyme
purity and yields with 0.5 uM Ub-Rho110 in Assay Buffer at 25 °C. A unit of USP17
activity is defined as the number of micromoles of product produced per minute. Specific
activity is reported as units per mg of protein.

Enzyme Stability Studies

Aliquots of purified enzyme at concentrations of 1.26 mg/mL were incubated at 4 °C, 25 °C,
or 37 °C for 1, 2, or 3 days. At each time point, the sample was centrifuged at 13,500 x g for
five minutes and the protein concentration was measured by absorbance at 280 nm using the
determined extinction coefficient of USP17 (see above). The specific activity of the samples
was determined with 6.25 nM of the enzyme and 0.5 pM Ub-Rho110, then normalized to the
specific activity measured for day O.
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Analytical Size-Exclusion Chromatography

The proteins ferritin, aldolase, conalbumin, and ovalbumin from the GE Healthcare High
Molecular Weight calibration kit were diluted to 3 mg/mL in Analytical Buffer (50 mM
HEPES pH 7.5, 0.7 M GuHCI, and 2 mM Tris(2-carboxyethyl)phosphine) (TCEP)), with the
exception of ferritin, which was diluted to 0.3 mg/mL. Bovine serium albumin (BioRad) was
diluted to 1.23 mg/mL. The proteins were combined into three separate injections for
resolution: aldolase and ovalbumin, conalbumin and ferritin, and BSA. Each set of proteins
was injected onto a 24 mL (V;) Superdex 200 Increase 10/300 analytical SEC column, and
run using an isocratic gradient at 4 °C and a flow rate of 0.5 mL per minute. For each protein
the elution volume (V) was measured. Dextran (GE Healthcare) was injected at 1 mg/mL to
determine the void volume (V) of the column under these conditions. The average
distribution constant, (Kayerage), Was determined by Equation 1.

Ve =V,

K, verage ™ -  t1r .
WV, —V,  (Equation 1)

The Kayerage Was determined for each protein and was plotted against the log M; to build a
standard curve. The standard curve was determined using linear regression which resulted in
Equation 2.

Kavcragc: — 02641(N[T)+1641 (Equation 2)

An aliguot of 500 pL of USP17 at a concentration of 1.26 mg/mL in Analytical Buffer was
injected onto the same column under identical conditions as the standard proteins. The
Kaverage of USP17 was determined and the molecular weight was calculated using Equation
2.

Analytical Ultracentrifugation

Analytical Ultracentrifugation was performed with the assistance of the Purdue Biophysical
Analysis Laboratory. To determine the oligomeric state of USP17, sedimentation velocity
experiments were performed at 25 °C with a Beckman-Coulter XLA ultracentrifuge at a
concentration of 5.6 UM (0.4 mg/mL) of USP17 in Analytical Buffer. The sample was run in
an AN-60 Ti rotor at 50,000 rpm. Absorbance optics at 280 nm was utilized for protein
detection. The data was analyzed as described by Tomaret al [17].

Dynamic Light Scattering

Three milligrams of thawed USP17 was concentrated to < 500 L (5 mg/mL) using
Ultrafiltration with a 10,000 MWCO membrane (Millipore) and was then injected onto a 24
mL Superose 6 Increase (GE Healthcare) SEC column equilibrated with Analytical Buffer.
The column was run at a flow rate of 1 mL/min throughout. The peak of USP17 was pooled
and analyzed by SDS-PAGE, and the specific activity was determined. USP17 was then in
Analytical Buffer to three concentrations: 0.5, 0.75, and 1 mg/mL. Dynamic light scattering
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(DLS) was performed for each concentration using a Malvern Zetasizer Nano S with a HeNe
laser at 633 nm. The three concentrations of USP17 were measured at a fixed scattering
angle of 173° (back scatter) in 100 pL aliquots at a constant temperature of either 4 °C or

25 °C. Size analysis was performed by number distribution curves and were utilized to
determine the molecular weight and oligomeric state of USP17 using the Malvern DTS
Software. The number size distribution (%) represents the number of particles in the
different size bins as determined by the Malvern DTS Software.

pH Evaluation on Kinetic Activity

The effect of pH on the activity of USP17 was tested from pH 6.0 to 10.5 in half-step
increments using a wide pH range buffer system (75 mM Tris, 25 mM Acetic Acid, 25 mM
MES, 25 mM Glycine, 0.1 mg/mL BSA, 0.01% Triton™ X-100, and 5 mM DTT) at each
pH tested [18]. USP17 was diluted to a final concentration of 6.25 nM. Ub-Rho110 was
diluted in the same buffer at each pH to two concentrations (0.5 pM and 5 pM) that are
below and above the K, value. Enzymatic activity was measured in triplicate as described
above. The resulting data were fit to a bell-shaped profile representing two ionizations, pK,
and pKp, with the Enzyme Kinetics Module of SigmaPlot (v13: Systat Software Inc.).

Ubiquitin Chain Processing Assays

Results

The substrate specificity of USP17 was tested against the di-ubiquitin chains of the eight
linkage types (Lys®, Lys!1, Lys29, Lys33, Lys#8, or Lys®3 (Boston Biochem) and linear
(LifeSenors)), as well as Lys1(Boston Biochem), Lys*8, or Lys® (LifeSensors) tetra-
ubiquitin chains. For reactions containing USP17 a concentration of 40 nM was used. Each
di-ubiquitin reaction contained 4 uM of the ubiquitin chain and was incubated with or
without enzyme at 25 °C for 120 minutes. The tetra-ubiquitin reactions contained 2 uM of
the ubiquitin chains and were incubated with or without enzyme for a range of times from
10 to 120 minutes at 25 °C. Reactions were quenched with NUPAGE LDS sample buffer
(Invitrogen) and analyzed by NUPAGE Novex 4-12% Bis-Tris mini gels (Invitrogen) stained
with Coomassie Brilliant Blue.

The methodology for the expression and purification of recombinant USPs is rather diverse.
A number of expression constructs and methods have been utilized to produce recombinant
USPs, a summary of which is provided in Table 1. While there are a few USPs (i.e. USP11
and USP16) that can be expressed and purified from £. colias their full-length constructs,
many USPs are insoluble when expressed from £. coli[19,20]. An alternative approach for
the expression of full-length USPs has been to utilize the labor-intensive baculovirus
expression systems which has successfully produced full-length USP1, USP7, and USP12
enzymes [3,18,20]. However, the most common approach for producing recombinant USPs
is to truncate the USP of interest into its individual domains in order to obtain high yields of
soluble protein from E. coli. With this approach, high priority is placed on the catalytic
domain, as demonstrated for the well-characterized USP7, USP8, and USP14 catalytic
domain constructs [3,19-23]. However, it is often found that the enzymatic activity of the
catalytic domain is significantly lower than that for the full-length enzyme, making
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production of full-length USPs a necessity for advanced studies. We therefore pursued
approaches for the production of full-length USP17.

High yields of USP17 can be obtained by refolding from bacterial inclusion bodies

USP17 with a N-terminal 6His tag was expressed and purified from E£. coliinclusion bodies.
The expression and refolding procedure involved washing the resulting inclusion bodies
with 1% Triton™ X-100 by homogenization and then solubilizing the protein using 6 M
GuHCI. Refolding of active USP17 was achieved by rapid dilution of the protein into a
refolding buffer containing only 0.7 M GuHCI. Purification of the active, refolded USP17
was achieved in two steps, nickel-metal-chelate affinity chromatography followed by SEC.
From 5 L of £. coliculture, approximately 20 mg of USP17 can be obtained, and the
enzyme is >95% pure as judged by SDS-PAGE (Figure 3A). From SDS-PAGE analysis,
USP17 has an estimated weight of 60 kDa, which is close to the expected size of USP17
with a 6His tag (~62 kDa). The specific activity and yield of USP17 was measured at each
step during the purification, and the results of which are summarized in Table 2. The activity
measurements are normalized to the refolding step, the first step where active enzyme is
present. The resulting calculated yield of USP17 was approximately 10% and the overall
improvement in purification was 5-fold. In contrast, no activity could be measured for the
catalytic mutant USP17-Cys89Ser suggesting the activity measured for wild-type USP17
was specific to USP17, and not to a contaminating enzyme that co-purified with USP17.

During the development of the USP17 purification procedure, it was evident from SDS-
PAGE analyses and confirmed by western blot with an antibody towards the 6His tag (data
not shown) that USP17 is prone to some truncation. These truncations are either the result of
self-degradation of USP17 or the susceptibility of USP17 to protease degradation during
expression. While a high yield of the full-length enzyme can be purified away from the
truncations by the refolding method described above (Figure 3A), three different expression
methods were attempted to identify the cause in attempt to reduce the amount of degradation
observed. First, USP17 was expressed with a N-terminal 10His-GFP tag by baculovirus
infection of Sf9cells. The yield of USP17 from 579 cells was significantly less than what
can be obtained by refolding and degradation was still apparent, as observed with a GFP-
tagged version of USP17 (Figure 3B). Second, we expressed, refolded from inclusion body;,
and purified a catalytic mutant of USP17, USP17-Cys89Ser (Figure 3C), to evaluate if the
degradation is autocatalytic or the result of proteases within the cell. During the purification
of USP17-Cys®Ser, the degradation pattern of USP17 was again observed (Figure 3C)
indicating that USP17 is susceptible to protease degradation during expression. This
conclusion is further supported by the absence of truncations appearing after the purification
is complete, suggesting purified full-length USP17 is stable and not prone to self-
degradation. Third, attempts were made to truncate USP17 to improve solubility and prevent
degradation (Figure 2B), a technique utilized by many other USPs as summarized in Table 1.
However, none of the USP17 truncations expressed solubly or were able to refold in a stable
form from E. coliinclusion bodies. In summary, the refolding and purification methodology
described above is the best procedure for obtaining high yields of recombinant full-length
USP17.

Arch Biochem Biophys. Author manuscript; available in PMC 2018 March 26.
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Three significant observations were made regarding the stability of USP17 during the
optimization of the refolding and purification of USP17 from inclusion body. First, during
the optimization of the refolding buffer, it was found that if the GuHCI concentration was
reduced to < 0.7 M, USP17 precipitated immediately upon rapid dilution. Second, while
USP17 can actively refold at a pH of 7.5, significantly more precipitant is observed than
when USP17 is refolded at pH 9.5. Finally, to obtain a high yield of pure full-length USP17,
5% glycerol is required in the refolding buffer and all subsequent purification buffers to aid
in stabilization. Without the glycerol present, USP17 would precipitate throughout the
purification, specifically when concentrated for SEC. Furthermore, the glycerol acts as a
cryo-protectant when USP17 is flash frozen in liquid nitrogen and stored at -80 °C.

Thermal stability of USP17

The stability of USP17 at different temperatures was tested by incubating USP17 at 4 °C,

25 °C, or 37 °C for 1, 2, or 3 days. After incubation, the samples were centrifuged and the
remaining USP17 concentration and specific activity was measured to evaluate the effect
temperature and incubation time had on the activity of the enzyme (Figure 4A). The specific
activity was normalized to the measured activity at the beginning of day one for comparison
(Figure 4B). A large amount of precipitation was observed in the samples incubated at 37 °C
for each day. Almost a complete loss in specific activity was observed after day 1 and each
day after, suggesting the remaining soluble protein was inactive. Similar to the samples
incubated at 37 °C, large amounts of precipitation was observed for each sample stored at
25 °C. After day 1, the 25 °C samples only retained ~10% activity. After days 2 and 3 the
samples 25 °C retained minimal activity. The samples stored at 4 °C had minimal
precipitation and only lost ~35% of the total activity after day 1. Unlike the other
temperatures tested, no further loss in total activity was observed after days 2 and 3 for the
4 °C samples. This suggests that any aggregation or inactivation that occurred during the
incubation period happened within the first 24 hours and not thereafter. The remaining
specific activity and temperature are summarized in Figure 4.

USP17 is a monomer in solution

To analyze the homogeneity and oligomeric state of refolded USP17, we performed
analytical-SEC, Analytical Ultracentrifugation (AUC), and dynamic light scattering (DLS).
For each method, USP17 was diluted in the same buffer for consistency as described in the
Materials and Methods. For the analytical-SEC analysis, a 500 pL sample of USP17 at a
concentration of 1.3 mg/mL was passed over a 24 mL Superdex 200 (GE Healthcare) SEC
column at 4 °C. The elution profile (Figure 5A), displayed a broad peak and the average
distribution constant, Kayerage, Of the maximal height, as well as the half maximal heights,
was calculated. Using the standard curve constructed under the same conditions (Figure 5B),
the molecular weight of the USP17 peak corresponded to 122 kDa and ranged from 86 to
153 kDa.

To further analyze of the oligomeric state of USP17, we performed analytical
ultracentrifugation (AUC). For this method, USP17 was analyzed at a single concentration
of 5.6 UM (0.4 mg/mL) at 50,000 rpm and 25 °C. Under these conditions, the resulting
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sedimentation coefficient was determined to be 2.955 + 0.002 which corresponds to a
molecular weight of 65.2 kDa (Figure 5C).

Due to the discrepancies between the analytical-SEC and AUC results, we utilized the
versatility of DLS to evaluate the oligomeric state of USP17 at both 4 °C and 25 °C degrees
and at varying concentrations. USP17 was passed over a Superose 6 Increase (GE
Healthcare) SEC column and the peak fraction of pure USP17 was concentrated to 1
mg/mL. USP17 was evaluated with DLS at 1, 0.75 and 0.5 mg/mL and at both 4°C and

25 °C. The hydrodynamic radius from the measurements at 4 °C (Figure 5D) for each
concentration measured was between 3.5 = 0.8 nm for 0.75 mg/mL and 3.75 £ 0.8 nm for
0.5 mg/mL. These numbers equate to a molecular weight range of 64 + 2 kDa to 73 * 2 kDa.
The hydrodynamic radii broadened slightly for each concentration when measured at 25 °C
(Supplemental Figure 1). For example, at 0.75 mg/mL of USP17 the hydrodynamic radius
was 3.5 nmat 4 °C and 4 nm at 25 °C, which increased the calculated molecular weight
from 64 kDa to 93 kDa respectively. The hydrodynamic radius and the resulting molecular
weights from all conditions tested are summarized in Supplemental Table 1.

Steady-State Kinetic Characterization of USP17

The steady-state kinetic parameters were determined for USP17 by measuring the kinetic
response of USP17 to increasing concentrations of two fluorogenic substrates, Ub-AMC and
Ub-Rho110. As shown in Figure 6, USP17 can be readily saturated by both substrates. The
data in Figure 6 were fit to the Michaelis-Menten equation, and the resulting kinetic
parameters from those fits are summarized in Table 3. The kinetic parameters suggest that
USP17 recognizes and hydrolyzes both Ub-AMC and Ub-Rho110 with somewhat similar
catalytic efficiencies (keat/Km = 1,500 (x103) * M1 * sec™® for Ub-AMC and 880 (x103) *
M1 * sec’ for Ub-Rho110). Ub-AMC is the more commonly utilized fluorogenic substrate
within the deubiquitinating enzyme literature. As such, Table 4 compares the kinetic
parameters of USP17 with Ub-AMC, to those of other human USPs characterized to date
[19,24]. Interestingly, USP17 catalyzes the hydrolysis of Ub-AMC 3-fold more efficiently
than USP7 as a result of the lower K, value associated with USP17. Similar to other USPs,
USP17 poorly catalyzes the hydrolysis of the fluorogenic peptide substrate RLRGG-AMC
and the ubiquitin-like modifier substrate ISG15-AMC, that is involved in the innate immune
response (data not shown).

Effect of pH on USP17 Activity

The kinetic response of USP17 to variable pH values over the pH range of 6 to 10.5 was
measured using Ub-Rho110 as a substrate. The results are shown in Figure 7. The rates of
hydrolysis of Ub-Rho110 were evaluated at subsaturating (0.5 uM) and near saturating (5
UM) concentrations of Ub-Rho110 to look for an observed shift in pKa values. Ten pH
values spaced 0.5 pH units apart were chosen and the rates were measured in triplicate. The
data in Figure 7 assumes typical bell-shaped curves and therefore the data were fit to the
equation that describes the kinetic model of an enzyme undergoing two ionizations with two
pKa values (pK, and pKp) using SigmaPlot (v13: Systat Software Inc.). The resulting fits are
shown in Figure 7 for both subsaturating and saturating substrate concentrations and the
resulting pK, for 0.5 uM Ub-Rho is 6.83 + 0.07, which is similar to the pK, value at 5 pM
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Ub-Rho110 which is 6.75 + 0.04. The pKj, value at 0.5 uM Ub-Rho110 is 9.13 + 0.07 which
is similar to the pKy value of 9.35 + 0.04 at 5 uM Ub-Rho0110. The lack of any significant
differences in the pK, and pKp, values at subsaturating and saturating concentrations
suggests that ionizations in the free enzyme (E) and substrate-bound enzyme complex (ES)
are the same and that substrate binding does not influence the pKa values.

Substrate Specificity of USP17 for Different Ubiquitin Chain Linkages

Ubiquitination of protein substrates involves one of the seven lysine residues of ubiquitin.
The topology of the ubiquitin chain is directly dependent on the specific lysine residue that
is used to conjugate one ubiquitin to the next. These differences can confer an additional
layer of specificity for a particular USP beyond recognition of the protein substrate alone.
Previous cell-based assays have demonstrated that USP17 can process Lys52 chains
conjugated to RCE1 and SDS3 and Lys*® chains conjugated to CDC25A [5,9,10]. To further
explore the ability of USP17 to recognize and cleave other ubiquitin linkages, we
investigated the ability of USP17 to hydrolyze all seven lysine linkages (Lys®, Lys1,

Lys?7 Lys?®, Lys33, Lys*8, or Lys53) using di-ubiquitin as well as its ability to cleave a linear
peptide linkage between two ubiquitins (linear). The di-ubiquitin chains were incubated with
USP17 and the reaction products were analyzed by SDS-PAGE (Figure 8A). USP17 was
able to process all linkages, to a certain extent, with the exception of linear di-ubiquitin. As
was expected, USP17 was able to efficiently process Lys*8 and Lys53 almost fully to mono-
ubiquitin, as well as Lys! and Lys33 (Figure 8A, Top Panel). A substantial amount of
uncleaved di-ubiquitin remained for Lys2’, Lys?®, and Lys® (Figure 8A, Bottom Panel). A
comparison of these cleavage patterns to other characterized USPs is displayed in Table 5.
We then evaluated how USP17 processed longer ubiquitin chains by incubating USP17 with
tetra-ubiquitin chains of Lys*® (Figure 8B), Lys®3 (Figure 8C), or Lys!! (Figure 8D) by
evaluating the cleavage pattern over time. The data suggests that all three chain types are
processed by exo-trimming to a similar extent within the time range tested.

Discussion

The USP family of DUBSs has a wide functional diversity in maintaining homeostasis within
the cell through their regulation of many signaling pathways, including the ubiquitin-
proteasome, DNA repair, and the cell-cycle. As a result, the mis-regulation of the USPs
themselves frequently results in the development of cancer. With this realization, there is a
great need to expand upon the number of USPs that have been expressed and purified,
allowing for more in depth kinetic, biochemical, biophysical and structural studies of the
USP family. Furthermore, these advanced approaches can be used in conjunction with the
development of small molecule inhibitors to further probe the functional roles of the USPs in
cells, and ultimately the development of therapeutic compounds. Of the USPs that have been
expressed via recombinant systems, few of them are of the full-length construct due to their
inherent insolubility when expressed in £. coli. Therefore, it is not uncommon to see full-
length USPs expressed from the more labor-intensive, often low-yielding baculovirus
expression systems. To obtain higher yields of soluble USPs, the individual catalytic
domains or other domains of USPs have more often been produced.
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Similar to other USPs, we found that USP17 is highly insoluble when expressed in £. colr.
USP17 is a critical DUB involved in many pathways that dictate cell-cycle progression. Both
in cellulo and in vitro based studies have elucidated the importance of USP17's activity on
the stabilization of phosphatase CDC25A [5]. However, until our work reported here,
recombinant expression and purification methods for USP17 had not been developed or
reported, which greatly limited our ability to study this important enzyme. We were able to
develop and optimize a reproducible procedure for the expression, refolding, and
purification of USP17 from E. coli inclusion bodies. With large quantities of recombinant
USP17 in hand, we were able to interrogate the biochemical, kinetic and oligomeric
properties of USP17 and determine its substrate specificity towards ubiquitin and ubiquitin-
like substrates. The results obtained build upon our knowledge of the USP family and have
important implications for the development of anti-cancer therapeutics.

Our observations during the expression of USP17 from both baculovirus and E. coli revealed
that USP17 is prone to proteolytic degradation. As is commonly observed with recombinant
proteins, neither expression system may contain the required machinery to properly refold
USP17, resulting in unfolded regions of USP17 being susceptible to proteolysis. It is not
likely that USP17 itself is responsible for its degradation, as similar degradation patterns are
observed for the refolded catalytic mutant. This evidence suggests that proteases native to
Sf9and E. coliare responsible for the observed degradation of USP17.

Three approaches were utilized to determine the oligomeric state of USP17: analytical-SEC,
AUC, and DLS techniques. USP17 was determined to be a monomer in solution by AUC
when evaluated at 25 °C and at a co ncentration of 0.4 mg/mL. It was also observed to be a
monomer in solution at 4 °C and at concentrations ranging from 0.5 to 1 mg/mL by DLS.
However, USP17 was determined to shift to a more dimeric state when evaluated by either
analytical-SEC at 1.3 mg/mL and 4 °C, or by DLS at concentrations ranging from 0.75 to 1
mg/mL and 25 °C. Taken together, the results suggest USP17 primarily assumes a
monomeric state at lower concentrations (i.e. under the conditions of our Kinetic assays) but
the equilibrium may shift towards a dimer at higher USP17 concentrations (i.e > 1 mg/ml),
and this dimerization may have some temperature dependence.

The kinetic parameters of USP17 were determined for both Ub-Rho110 and Ub-AMC
substrates, and only modest differences in the kinetic parameters were observed. Of greater
interest are the comparisons of the kinetic parameters for USP17 with Ub-AMC and the
reported kinetic parameters for other USPs (Table 4) [19]. The catalytic efficiency for
USP17 (kzat/Km) is 3-fold higher than that of the very efficient and full-length USP7 [19]
and is 7,500 times more efficient than the catalytic domain of USP2. The high level of
USP17 catalytic activity provides further evidence of the significant role USP17 has in
progressing the cell-cycle. However, we need to keep in perspective that all of the kinetic
studies on USPs have been performed with an artificial substrate, Ub-AMC, and may not
represent catalysis on authentic cellular substrates.

A number of USPs have so far been investigated for their ability to recognize and process
ubiquitin chains, and each has been found to exhibit its own degree of chain linkage
specificity or promiscuity (Table 5). This specificity is partially implied by the different
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topologies the specific ubiquitin chains assume and whether or not the USP is capable of
accessing each iso-peptide bond. Faesen and coworkers performed a di-ubiquitin panel
assessing the ability of a variety of USPs to process the eight different ubiquitin chain types
over time [19]. While subtle differences could be observed between the USP's ability to
process the chains, it was clear that most of the USPs tested were promiscuous and could
process the majority of the chains with the exception of the linear chain [19]. However,
USP17 appears to be slightly more specific about the topology of each linkage than the other
members of the USP family. While USP17 could process each of the ubiquitin chain types,
with the exception of linear ubiquitin, it did so to varying degrees. USP17 easily processed
Lys*® and Lys®3, supporting the previous cell-based findings [5,9,10]. Interestingly, USP17
processed the Lys33 chain relatively well, a chain type that is not easily processed by most
USPs, and is related to a handful of pathways which use ubiquitination to regulate the
function of the substrate rather than target it for degradation [25]. Recently Lys33 ubiquitin
chains have been associated with the modulation of kinase activity [26]. USP17 also easily
processed Lys!!, which have been described as a strong degradation signal similar to the
Lys*® chains [7,19,27]. The observed cleavage pattern by USP17 is most similar to the cell-
cycle dependent USP1.

We also determined the efficiency by which USP17 processes longer ubiquitin chains
including Lys*8, Lys®3 and Lys!! linked tetra-ubiquitin chains. The cleavage pattern for each
chain type suggest USP17 efficiently deubiquitinates each of these substrates and utilizes an
exo-trimming mechanism as no accumulation of a single intermediate ubiquitin species
other than mono-ubiquitin was observed [28]. Furthermore, as these chains are suspected by
structural studies to assume significantly different topologies, these findings suggest that the
specificity of USP17 is more likely dependent on the protein substrate to which the ubiquitin
chain is conjugated to, not the chain itself [28].

The effects of pH on the ability of USP17 to process substrate was evaluated by varying the
pH and Ub-Rho110 concentration. From a global prospective, USP17 remains active within
a wide range of pH values (6 to 10.5), however USP17 was most active between pH values
of 7 and 9. The estimated pK, and pKj, values suggest that the histidine and cysteine of
USP17's catalytic triad assume the appropriate ionization states to perform catalysis within
this range. Minimal differences were observed between the estimated pK, and pKy, values at
the two substrate concentrations, suggesting that the binding of the substrate is not
influencing the pKa values on the free enzyme or substrate upon formation of the USP17-
Ub-Rho110 complex.

USP17 plays an important role in cell-cycle progression and proliferation and regulation of
USP17 activity in these processes requires a careful balance. When persistent USP17
expression occurs, it can apply stress to the cell-cycle resulting in proliferation of cancer
cells [6]. The overexpression of USP17 is thought to be a contributing factor in the
proliferation of prostate, breast, hematopoietic, and non-small cell lung cancers by
perturbing the cell-cycle checkpoints [5-7]. Previous work has shown that in cancer, knock-
down of overexpressed USP17 by shRNA leads to a reduction in the size of breast cancer
xenographs [5]. These studies suggest that USP17 may be a novel target for anti-cancer drug
treatment. Therefore, the development of this robust expression and purification system for
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USP17, and the biochemical, kinetic and oligomeric state characterization described here,
will pave the way for the discovery and design of inhibitors targeting USP17. Furthermore,
the enzyme has a high catalytic turnover of fluorescent ubiquitin substrates and is stable
enough to allow for high-throughput screening of large compound libraries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ub ubiquitin

CDC25A  cell division cycle 25A

RCE1 Ras converting enzyme 1
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BME B-mercaptoethanol

AMC 7-amino-4-methylcoumarin

Rho110 rhodamine110

AFU arbitrary fluorescence units
DTT dithiothreitol
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SEC size-exclusion chromatography
AUC analytical ultracentrifugation
DLS dynamic light scattering

Sf9 Spodoptera frugiperda 9
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Highlights
. USP17 is highly upregulated in cancer and is a viable anti-cancer drug target
. USP17 was purified from E.coli inclusion bodies and is highly active
. USP17 appears to function as a monomer in solution
. USP17 can recognize and cleave Lys!!, Lys33, Lys*8 and Lys®3 ubiquitin

linkages

. Purified USP17 can be used for high-throughput screening to identify
inhibitors
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Figure 1. Role of USP17 in cell-cycle regulation and cancer
CDC25A is a cell-cycle phosphatase that promotes cell-cycle progression by

dephosphorylating Cdk1. CDC25A cellular levels are regulated through ubiquitination that
signals for CDC25A degradation. (A) In a normal cell, USP17 deubiquitinates and stabilizes
CDC25A to promote cell-cycle progression [5]. (B) In cancer cells, USP17 levels are
upregulated which results in increased deubiquitination and stabilization of CDC25A. The
increased levels of CDC25A therefore result in cancer cell proliferation [5].
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Figure 2. Domain organization, constructs and primary sequences of USP17 and related DUBs
(A) Hlustration of the predicted domains of USP17 and the amino acids that make up the

catalytic triad [4,11]. (B) Expression constructs generated in this study that were used in
attempts to achieve soluble expression of USP17. (C) Clustal Omega sequence alignment of
USP17 (NP_391627) with USP8 (NP_001122082), USP7 (NP_003461), and USP14
(NP_005142.1) [12]. The conserved catalytic triad residues are highlighted in yellow. The
asterisk denotes the catalytic cysteine that was mutated to serine in the catalytic mutant.
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Figure 3. SDS-PAGE analysis of USP17 purifications
(A) Purification of full-length USP17 from the E£. coli expression system. (B) Lysate of Sf9

cells expressing GFP-tagged USP17 stained with Coomassie Brilliant Blue (Lane 1) and UV
visualization of GFP tag (Lane 2). (C) The catalytic mutant, USP17-Cys8Ser, catalytic
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mutant purification from £. coli expression system. MW = molecular weight standards
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Figure 4. Retention of USP17 specific activity over time and at different temperatures
Aliquots of USP17 were stored at 4 °C, 25 °C, or 37 °C for 1, 2, or 3 days. At each time

point the sample was centrifuged, and the remaining enzyme concentration was measured by
Avgo and adjusted with the determined extinction coefficient to 6.25 nM. (A) Remaining
activity was measured with 0.5 pM Ub-Rho110. (B) Specific activity was calculated as
described in the Materials and Methods with the same concentrations of substrate and
enzyme as (A). All assays were done in triplicate. Error, Standard Deviation.
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Figure 5. Determination of the oligomeric state of USP17
(A) Elution profile of USP17 from a 24 mL Superdex 200 (GE Healthcare) SEC column. (B)

Standard curve built from the average distribution coefficient (Kayerage) Vs 1og (My) of well
characterized proteins, black circles. The Kyyerage 0f USP17 was determined from the
elution profile in (A) and fit to the standard curve (Equation 2) to determine the molecular
weight of USP17, orange triangle. (C) AUC sedimentation velocity (AUC-SV) analysis at a
concentration of 5.6 uM. Plot of the distribution of sedimentation coefficients (C (s)) versus
s, where s is plotted in Svedberg units, (S) calculated from AUC sedimentation velocity
experiments. (D) DLS curves at 4 °C of USP17 at three concentrations 0.5 mg/mL (deep
red), 0.75 mg/mL (teal), and 1 mg/mL (purple).
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Figure 6. Kinetic response of USP17 to increasing concentrations of two fluorogenic substrates,
Ub-Rho110 (purple, circles) and Ub-AMC (orange, squares)

The activity of USP17 was monitored with substrate concentrations from 0.04 to 10 pM with
3.125 nM USP17. Assays were performed in triplicate. Curves were fit to the Michaelis-
Menten equation and the kinetic parameters, Ky, and A5, were determined for each
substrate and presented in Table 3. Error, Standard Deviation.
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Figure 7. Kinetic response of USP17 at varying pH
The activity of USP17 was measured with Ub-Rho110 from pH 6 to 10.5 with 6.25 uyM

USP17. Two concentrations of Ub-Rho110 surrounding the Ky, value were tested, 0.5 uM
and 5 pM. Assays were performed in triplicate. Curves were fit to a bell-shaped rate profile
as described in the Material and Methods.
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Figure 8. Processing of di-Ubiqutin and tetra-Ubiquitin substrates by USP17
For all reactions, 40 nM USP17 was combined with ubiquitin substrate and allowed to

incubate at 25 °C. (A) Survey of the hydrolysis of di-Ubiquitin by USP17. Each assay
contained 4 uM of the di-Ubiquitin linkage (Lys®, Lys!?, Lys?/, Lys?9, Lys33, Lys*8, Lys®3,
and linear) and was allowed to incubate for 2 hr. Di-Ubiquitin was incubated without
enzyme for comparison. Time-dependent hydrolysis of Lys*8 (B), Lys83 (C), or Lys!! (D)
tetra-Ubiquitin by USP17. Aliquots were removed at four time points and quenched with
sample buffer, then analyzed by SDS-PAGE. Polyubiquitin chains incubated without USP17
serve as negative control, 0”.
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Table 1
USP Expression Systems Utilized to Date

Construct Expression System  Reference
USP1 Full-Length BES an
USP7 Full-Length BES ®3)
USP7cp  Catalytic Domain E. coli ?3)
USP8¢p  Catalytic Domain E. coli (22)
USP11 Full-Length E. coli (18)
USP12 Full-Length BES (19)
USP14cp  Catalytic Domain E.coli (21)
USP16 Full-Length E.coli (19)

USP17 Full-Length Refolded This study
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Table 3
Kinetic Parameters of USP17 with Ub-AMC and Ub-Rho110

Ub-AMC  Ub-Rho110

K (M) 098+006 20+0.1
Keat (59 147+0.02 1.76+0.05

Keat/Km (x103*s1* M) 1500£90 880 +50
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Table 4
Kinetic Parameters of Well Characterized USPs with Ub-AMC

Km (UM) Keat (51 Keat/Km (x103 1 * ML)
ayspi (21-785) 9.71+0.85  0.079+0.003 9

busP2¢p 24+£02 0.35+0.03 146

aysp7 2.89+0.1 1.37+£0.01 482
4USP8cp 17.30+25  7.90+0.46 464

aysp11 0.77+0.13  0.074 +0.003 9

aysp12 12.01+4.2 0.0023 +0.002 0.2

aysp16 142025 0.069 +0.003 49.3

aysp17 0.98 + 0.06 1.47 £0.02 1,500

aVaIues obtained from Faesen et al (18).

bvalues obtained from Bozza et al (23).
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