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ABSTRACT

USP2a is a deubiquitinating protease that resdseaarget proteins from destruction by the protesso
by reversing the process of protein ubiquitinatiosP2a shows oncogenic propertiesivo and has
been found to be a specific activator of cyclin Many types of cancers are addicted to cyclin D1
expression. Targeting USP2a is a promising strategycancer therapy but little progress has been
made in the field of inhibition of USP2a. Using NMfRsed fragment screening and biophysical
binding assays, we have discovered small molectiias bind to USP2a. Iterations of fragment
combination and structure-driven design identified 5-(2-thienyl)-3-isoxazoles as the inhibitors of
the USP2a-ubiquitin protein-protein interaction eTdffinity of these molecules for the catalytic dom

of USP2a parallels their ability to interfere witlfsP2a binding to ubiquitiin vitro. Altogether, our
results establish the 5-(2-thienyl)-3-isoxazole rpfecophore as an attractive starting point for lead

optimization.
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1. Introduction

USP2a is a cysteine protease and a member of thaitif-specific protease family (USP) [1-3].
The USPs constitute the largest family of a supeiffaof about 100 deubiquitinases (DUBs). DUBs
specifically remove the ubiquitin tag from ubigodied proteins that are meant for destruction by th
proteasome and thus prevent their proteasomal datgwa. USP2a has been identified as a specific

DUB of MDM2 (an inhibitor of p53) [4-6], fatty acidynthase [7], Cryl (proteins involved in the



circadian rhythm) [8], and cyclin D1 [9]. The tungenesis of several types of cancer is linked to
overexpression of cyclin D1. USP2a directly intésawith cyclin D1 and inhibits its ubiquitin-
dependent degradation. This leads to the promatiaryclin D1 stabilization that may induce growth
of cancer cells depended on the expression ofrcipdi[9].

USP2a is upregulated in various cancers [7]; fangxe, it is overexpressed in prostate cancer.
Stabilization of the fatty acid synthase by USP2a bheen associated with the malignancy of some
aggressive prostate [10], breast and ovarian canfet—13]. In addition, USP2a itself has oncogeni
propertiesin vivo andin vitro that are linked to its proteolytic activity [10T.he inhibition of the
proteolytic activity of USP2a offers a new stratefigy protein-directed therapies in the treatment of
cancer. The structure of the complex of USP2a abdjuitin (Ub) was solved in 2006 [14].
Nevertheless, finding promising candidates forafe inhibitors of USP2a is still in its initiatadium
[15,16]. Herein, we report the identification of afrmolecule inhibitors of USP2a. These molecules
provide the starting lead for further design andetigoment of more potent inhibitors of the USP2a-Ub

axis.

2. Results

2.1. Saturation transfer difference (STD) NMR screening for fragments

The Maybridge Ro3 Diversity Fragment Library, catisig of 1500 small-molecule compounds,
was screened for their binding to USP2a using tatwiration transfer difference (STD) NMR
experiments [17]. Eleven compounds were selectatl $howed the binding to USP2a (Table 1).
Examples of théH STD-NMR experiments are shown in Fig. 1 and eglategative controls in Fig. S1

in the Supplementary Information.



Table 1. The effects of small organic fragments on the &gtof USP2a

Compound name Structure Ub-AMC assay
IC 50 [MM]
STD1 OH 1.3+£1.1
s N
\ / ©
STD2 N=N >5
S\/\Q\/NH‘.*CI'
STD3 NH >5
| N
N
H
STD4 ) N not active
(O
|
STD5 <,N \ undefinable*
e
NH,
STD6 Q undefinable*
o~ : i
STD7 A 3 N undefinable*
N-N
STD11 //_QOH not active
'Elj
STD12 Wgrx not active
STD13 | A\ fluorescent activity
O T H
STD14 N >5

*for the indicated compounds thesf3ralues were undefinable due to the increase otisal turbidity

at higher concentrations of the compounds.
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Fig. 1. STD NMR screening of fragments for USP2a. (A) Aromatic and (B) aliphatic part of the
spectrum. Blue: The 'H NMR spectrum of the mixture of five fragments. Red: The STD 'H NMR
spectrum of the mixture. Green: The 'H NMR spectrum of fragment STD1, Black: The STD 'H NMR
spectrum of fragment STD1. Identical resonances appear on STD spectra for both mixture and a single

compound alone. They overlap with 'H signals of compound STDI1.

2.2. Verification of STD hits for their activity towards the USP2a protein

To verify the capability of the fragments to inhibit the enzymatic activity of USP2a, we used Ub-
AMC hydrolysis assay. This in vitro assay is based on the ubiquitin (Ub) C-terminal 7-amido-4-methyl-
coumarin (AMC) substrate which is hydrolyzed by active DUB enzymes. During the enzymatic
reaction, the fluorescent dye AMC is released from the quencher. This causes the increase of the
fluorescent signal and allows to measure the activity of the enzyme by fluorescence spectroscopy [18].

Activities of 11 fragments were tested using an isolated USP2a enzyme after the incubation at
various concentrations of potentially active compounds. Seven of the tested small-molecule compounds
showed the capability to inhibit the activity of USP2a (Table 1). The best compound, STD1, inhibited
the enzymatic activity of USP2a with the 1Csy value 1.3+1.1 mM and had good solubility in the assay

conditions.

[ppm]



To verify the potential of the STD1 compound, we have performed a 4-step binary NMR titration

experiment [19] in which we used a constant amount of USP2a and increasing amounts of STDI1

(Fig. 2).
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Fig. 2.'"H-""N HSQC spectra of the selectivéfN-Gly, *>N-Cys, *>N-Ser and"°N-Trp labeled USP2a,
which depicts changes in chemical shifts after dddition of compound STD1(A) The reference
spectrum of apo-USP2a (blue) superimposed withsgertrum of USP2a after the addition of the
inhibitor in the protein:compound molar ratio ofL%:(red). (B, C, D) The enlarged cross-peaks, that
indicate the binding of STD1 to USP2a. (B) USP2&% &t the molar ratio 1:1, (C) 1:5 and (D) 1:15,
respectively. (E) Reference spectrum of apo-USBRee) superimposed with the spectrum of USP2a
(red) overtitrated with unlabeled ubiquitin (Ubl, (G, H) The enlarged cross-peaks representing the
titration steps: (F) USP2a:Ub at the molar ratib, 4G) USP2a:Ub 2:1 and (H) USP2a:Ub 1:1. For (G)
two separate sets Gf-°N HMQC resonances are observed, one corresponditigetfree USP2a and
the other to the USP2a bound to Ub. This demomstrdiat the USP2a/Ub complex on the NMR

chemical shift time scale [19].

NMR confirmed the binding of this fragment compound to USP2a with Kp =0.9 + 0.3 mM, which
is comparable to the value of the ICs established by the Ub-AMC hydrolysis assay. In addition, the data

show that NMR peaks that shift upon the STD1 binding are the same as those affected by the binding of



ubiquitin (insets in Fig. 2A and 2E). Additionallye affinity of the STD1 compound was confirmed by
the NMR competition binding experiment using theDAINMR measurements [20] (Fig. S2). The
AIDA-NMR indicates that STD1 dissociates the Ub/@28Romplex. An additional portion of Ub has
not caused the changes in the spectrum indicatisgSTD1 competes with ubiquitin for the binding to
USP2a.

For compounds STD5, STD6, STD7, some activity talwahe USP2a protein has been noticed.
However, the turbidity of the solutions (monitorgaring the assay showed at higher concentrations of
the compounds) did not allow for determining thegogl@alues in the Ub-AMC assay. To clear out this
result the 4-step binary NMR titration experimeraswperformed for these compounds, revealing no
binding to USP2a (as shown, for example, for STBFig. S1B). Therefore, the compounds were
classified as false positives in the STD NMR expent.

For the compounds STD2, STD3, STD14 a weak activdyg been observed (with siCvalues
above 5 mM) and these compounds were not consider@uoper candidates for binding fragments to
USP2a. The use of the Ub-AMC hydrolysis assay wgsossible for the STD13 compound due to its

fluorescent properties. The remaining three comgsuvere not active in the Ub-AMC experiment.

2.3. Expanding the active fragment

To expand on our most active STD1 hit, we testechroercially available derivatives of this

fragment. We tested five compounds STD1B, STD1M®BW, STD1P, and STDI1T by using the Ub-

AMC hydrolysis assay (Table 2).



Table 2. The effects of the STD1 derivatives on the actieityy SP2a

Compound name

Structure

IC s [UM]
(Ub-AMC assay)

STD1B

STD1C

STD1M

STD1P

STD1T

Q 2
Q N
&

/| \
AN _N
(0)
\S
N-O s
// \’
[ONgge]
N
N~

o NH,
N s
CT 7oy
S (0] N-g

not active

> 50

not active

> 100

3311

Three of the tested compounds showed activity tdsvdiSP2a (Table 2). For the most potent

STD1T we observed the §gvalue of 3.3 uM, a huge one-thousand-fold increafsthe inhibition

compared to the initial STD1 fragment (Table 2, B
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Fig. 3. The Ub-AMC hydrolysis assay of USP2a activity. (A) STDIT compound inhibits USP2a
enzymatic activity in a concentration dependent manner. (B) A dose-response inhibition of USP2a

activity measured in the Ub-AMC hydrolysis assay, in the presence of various concentrations of

STDIT.

The compounds STD1C and STDIP showed some activities with 1Csy values above 50 uM. The
rest of the compounds were not active.

The data in Table 2 indicate that the greapegential lies in the compound STDI1T. The
retroanalysis of the STD1T structure encouragetb ymerform synthesis of a benzothiophene fragment
STG3 which is part of the structure of STD1T (TaBlB. For STG3, we observed thegd@alue of 8.7
UM, which indicates that this STD1T fragment maythe one responsible for the strong activity of
STDAT in the Ub-AMC assay. Furthermore, we attewhte optimize the physical properties of the
STD1T compound, focusing mostly on its water sditybiThis issue is discussed in Table S1 of the
Supplementary Information.

In order to investigate the possible binding mode of the STDIT compound, we performed the
simple docking of the molecule assuming that the molecule binds in the area naturally occupied by the

ubiquitin C-terminus (Fig. S3). The STDIT molecule is likely to create a number of hydrogen bonds
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with Gln 294, Gly 463 and His 456 of USP2a. The proximity of the thiophene ring and —SH substituent
of the active Cys 223 could be the possible source of additional covalent interactions [21].

Additionally, to give the insight into the selectivity of our leading structure, we performed the Ub-
AMC hydrolysis affinity test against the USP7 protease, the deubiquitinase that is closely related to
USP2a in terms of its amino acid sequence and the global structure. Both STD1T and STD1 showed
selective inhibition of USP2a vs. USP7 at the concentrations of 10 uM and 2000 uM, respectively (Fig.

4).

10 uM 2000 pM
100 - 100 -
80 - 80 -
2
2
T 60 - 60 1
o
ES
40 - 40 1
20 - 20 -
o | mm 0 |
USP2 | USP7 | USP2 | USP7 UsP2 | usP7
10 pM STD1T | 10 pM STD1 2000 pM STD1

Fig. 4. Effects of the compounds STD1 and STD1T on theviaginf USP2a and USP7 proteins.

The graphs present the comparison of the inhibifmstential of the compounds towards the two
deubiquitinases tested in the Ub-AMC hydrolysisagsSTD1T and STD1 compounds show a greater
affinity to USP2a protein than to the USP7 at #&tdd concentrations. The graphs show mean + SD

values.

To verify the bioactivity of the optimized STD1T compound and compare its potential to STD1
precursor both compounds were used in a cell-based model. Based on the report of Shan and co-
workers [9] we have tested the influence of the compounds on the expression of cyclin D1. Cyclin D1

was suggested to be stabilized by USP2a and thus can be used to track the activity of USP2a in cells.
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HCT 116 and MCF-7 cells were treated with 20 puMtlegé compounds, or with the equivalent
portion of DMSO. The cells were cultured for 48 ®and subjected to western blot hybridization. A
down-regulation of cyclin D1 expression was obsénvethe cells treated with STD1T, as compared to
DMSO-treated controls (Fig. S4). STD1 did not cleartige expression of cyclin D1(Fig. S4). This

result supports the inhibitory potential of STDbivards USP2a.

3. Discussion

NMR spectroscopy is a highly versatile screeningtho@ for drug discovery [22-24]. In
comparison with other screening technologies, gueiadvantage of NMR is its robust capability to
detect weak mM intermolecular interactions. Thisders NMR as an ideal method for fragment-based
screening, where detection of binding between Iffimity fragments and target proteins is studied
[23,25-30]. Among NMR methods, the ligand-observeaturation transfer difference (STD)
experiment has a number of advantages comparerbteirpobserved NMR experiments: the protein
requirement is much lower, there is no need foelia, and there is no size limitation for the piot
[23,25,31]. These features have particular sigaifee in the case of USP2a due to the relativegelar
size of the protein (347 amino acids) and the low expression yield of the recombinant USP2a; therefore,
we decided to apply this technique for screenirey Maybridge Ro3 Diversity Fragment Library of
1500 chemical fragments. We identified 11 compouhds showed bidding affinity towards USP2a as
the result of our screen (Table 1). The most promgiSTD NMR result among these compounds was
observed for the STD1.

While the STD NMR approach is widely used for fragm screening, the method has one
drawback: the technique identifies both specifid aronspecific binders due to its capability to
accumulate binding signal from multiple bindingesit Consequently, after the STD-based screening

campaign, it is necessary to discriminate betwemtiic and nonspecific binders by, for example,
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performing competition STD experiments [32]. Thenpetitive binders must have a high affinity or a
high solubility in order to efficiently displace ghfragment. When such competitive reference
compounds are not available, an orthogonal bioctenaissay is required to validate the fragment hit.
We used the latter approach in that we checkedattigities of the compounds with the Ub-AMC
hydrolysis assay. The highest Ub-AMC activity wdgtained for our clearest hit in the STD NMR,
compound STD1, which showed thesdGf 1.3 mM. Extension of this scaffold produced kiieto-lead
USP2a inhibitor (STD1T) with the inhibition affigitof 3.3 uM. The compound presents promising
biological activity, as shown by the analysis o tixpression of USP2a-regulated cyclin D1 in two

human cell lines.

4. Conclusion

Using NMR-based fragment screening and a biochérinding assay, we have discovered small
molecules that bind to USP2a. Iterations of fragnoembination and structure-driven design idendifie
two 5-(2-thienyl)-3-isoxazoles as the inhibitorstioé USP2a-ubiquitin protein-protein interactiomeT
affinity of these molecules for the catalytic domaf USP2a parallels their ability to interfere hwthe
in vitro hydrolysis of ubiquitin-AMC by USP2a. This estables the STD1/STD1T 5-(2-thienyl)-3-
isoxazole pharmacophore as an attractive startoigt gor further lead optimization. The scaffold
shows a clear hydrolysis-inhibitory specificity fdSP2a compared to USP7, the deubiquitinase similar

to USP2a in amino acid sequence and structure.

5. Experimental section

5.1. Expression and purification of ubiquitin
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Escherichia coli BL21 (DE3) strain cells (Invitrogen) were transfad with petl6b-UBwt (1-76,
human) and grown in LB medium supplemented with 160nl ampicillin at 37 °C. The expression of
the protein was induced with 1 mM IPTG at an df 0.7-0.9 and the bacteria were grown for
additional 6 h at 37 °C. The cells were harvestecéntrifugation and frozen at -20 °C. Ubiquitin
purification was carried out according to the ofta protocol[33]. The cells from 4 L cell culture
were resuspended in 200 ml of lysis buffer (50 m&HPO, pH=8.0, 300 mM NaCl, 1 mM imidazole)
to which 1 mg/ml of lysozyme was added. After theuibation of the cells on ice (10 min), NaCl and
PMSF were added to final concentrations 600 mM2nalM, respectively. The cells were raptured by
sonication and after centrifugation the supernataad loaded on a Chelating Sepharose Fast Flow (GE
Healthcare) which has been charged with 0.2 M NiSbe column was washed consecutively with
lysis buffer (50 ml), lysis buffer without NaCl (1fal), lysis buffer adjusted to pH=5.5 (30 ml) and
pH=4.5 (50ml). The protein was eluted with lysidfeusupplemented with 250 mM imidazole.

As the last purification step the sample was loaoledhe size exclusion chromatography column
HiLoad 16/60 Superdex 75 prep grade (GE Healthcahegh has been equilibrated with PBS pH=7.4
buffer. The ubiquitin was stored as 1 ml aliqudttha concentration of 0.5-2 mM protein at -20 8C,

freshly used for the measurements.

5.2 USP2a protein expression and purification

Human USP2a (residues 258-605) was cloned intpEi®1a vector and expressed in Eheoli
BL21 (DE3, Invitrogen). The cells were grown in InB2dium containing 100 pg/ml ampicillin at 37 °C
and induced with 0.5 mM IPTG at @3 of 0.7-0.9. The bacteria were cultured for addiilcs h at 37
°C. The cells were harvested by centrifugation faoren at -20 °C. USP2a purification was carrietl ou
according to optimized protocol ([14]). In briefiet cells from 6 L culture were resuspended in 300 m

of lysis buffer (10 mM Tris/HCI pH=8.0, 1 mM Mg&I15 mM pB-mercapthoetanol, 10 pM PMSF) and



14

ruptured by sonication. After the centrifugatiorpstnatant was loaded on a Chelating Sepharose Fast
Flow (GE Healthcare) charged with nickel ions. Tméumn was washed with lysis buffer and protein
was eluted with lysis buffer supplemented with 2501 imidazole. Fractions containing USP2a were
combined and further purified on Q-Sepharose Fst FGE Healthcare) column. USP2a protein was
in the flow-through fraction.

As the last purification step the sample was loaoledhe size exclusion chromatography column
HiLoad 16/60 Superdex 75 prep grade (GE Healthc@mwa)ing the preparation of USP2a protein for
Ub-AMC assay experiments, gel filtration column lheen equilibrated with PBS pH 7.4, 5mM DTT
buffer. The final USP2a samples were stored asl 20iquots at the concentration of 0.01 mM protein
in a buffer containing 10% glycerol at -80 °C. Rbe preparation of USP2a sample for STD-NMR
experiments, gel filtration column has been eqralieéd with PBS pH 7.4, 1 mM DTT buffer (instead of

5 mM) and the final USP2a sample was freshly usethe experiments.

5.3. USP7 expression and purification

Human USP7 catalytic domain (residues 208-561) glased into the pGEX-6P-1 vector (GE
Healthcare) and expressed in the E. coli BL21 (DiBE8itrogen). Cells were grown in LB medium

containing 100 pg/ml ampicillin at 37°C and induagih 0.5 mM IPTG at ORgpg of 0.7-0.9 and

cultured overnight at 16°C. Cells were harvestedcegtrifugation. Next cells were resuspended in
buffer A (50 mM Tris/HCI pH 9.0, 50 mM NaCl, 3 mN-mercapthoetanol) and disrupted by
sonication. Cell lysate was clarified by centriftiga (45 000 g, 40 min.) and dialyzed against
buffer A.

The supernatant was loaded onto Q-Sepharose ca@athproteins were eluted with NaCl gradient.
Fractions containing GST fused USP7 were combicedcentrated and dialyzed against buffer (50

mM Tris/HCI pH 7.0, 50 mM NaCl, 3 mM\s-mercapthoetanol). During dialysis protein was digd
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with PreScission Protease (GE Healthcare). USPtgiprand cleaved GST were separated on Mono Q
HR 10/10 column (GE Healthcare). The last purifmat step consisted of size exclusion
chromatography on HiLoad 16/60 Superdex 75 prepeg(&E Healthcare) in 50 mM Tris/HCI, 150

mM NaCl, 2 mM DTT.

5.4. Selectively labeled *°N-Gly, *>N-Cys, *N-Ser and *°N-Trp USP2a: expression and purification

A sample of*°N selectively labeled USP2a with th@-glycine, *N-cysteine,*>N-serine and>N-
tryptophan was prepared according to the procedeseribed by Li and Hoffman, 2001. TEecoli
strain cells were grown in the defined medium cimitg unlabeled ammonium chloride, 400 mgH-
glycine, no serine, no cysteine, and no tryptopaad the residual 16 unlabeled amino acids in the
corresponding concentrations (400 mg/l Ala, Glu, Gln, Arg, Ile, Val; 255 mg/l Asp; 125 mg/l Met; 100
mg/l Asn, Leu, Lys, HisPro, Thr, Tyr; 50 mg/l Phe). The expression and purification of such a labeled
protein was performed according to the protocotdiesd above for the expression and purification of
the unlabeled USP2a. After the gel filtration, USR&otein was concentrated to 0.2-0.3 mM and

freshly used for the NMR measurements.

5.5. The Ub-AMC hydrolysis assay

Deubiquitination assay was performed using Infird@® PRO — Tecan plate reader and 96-well,
black Greiner microplates in a 100 ul reaction wodu DUBs activity assay was performed in the
reaction buffer 50 mM Tris/HCI, pH=7.5, 1 mM EDTA mM MgCk by incubating USP2a enzyme (10
nM) with the excess of tested compounds for 30 fire fluorescence was measured at 30 s intervals,
at excitation and emission wavelengths of 355 nmh 460 nm respectively, immediately after the

substrate Ub-AMC (500 nM, Viva Biosience) was ad@8]. In order to check the solubility of the
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assay components, the turbidity of the assay solwtias monitored by measuring the absorbance at the
600 nm wavelength. The values were referencede@bisorbance value (of 0.043) of the mixture of
500 nM Ub-AMC, 10 nM USP2a and 1% DMSO in the adsaffer. Absorbance above 0.050 indicated
precipitation and the data were evaluated.

The excess of wild-type ubiquitin was used as atigescontrol. To obtain dose-response curves,

the percent of the enzyme inhibition was first addted and then the curve fitting was performed.

5.6. NMR experiments

All NMR experiments were recorded on a Bruker A@B@0 MHz spectrometer equipped with a
triple resonance cryoprobe head and an automatexqbl&3et sample changer. The samples for STD-
experiments were prepared in PBS buffer at pHIY 0. STD-NMR experiments were performed for
40:1 USP2a: compound molar ratios at 298 K.

The STD-NMR[22,23,25,34] spectra were acquired V@80 transients of 16 K data points in a
spectral window of 12019.23 Hz centered at the msigmal with 1.5 s relaxation delay between the
scans. Water suppression was carried out usingy8ilEERGATE sequence[35]. Selective saturation of
the protein resonances (on resonance spectrumpaviismed by irradiating at —0.5 ppm using a series
of Eburp2.1000-shaped 90° pulses (50 ms, 1 ms ddtayeen pulses) for a total saturation time of 2.0
s. For the reference spectrum (off resonance)sémples were irradiated at 10 ppm. On- and off-
resonance scans were subtracted using phase cyClomgrol experiments were performed with the
ligands in the presence and absence of USP2a er tocbptimize the frequency of protein saturation
(-0.5 ppm) and to ensure that the ligand signalewet affected. The fragment library screening was
performed by testing 300 mixtures containing firagments each initially. Mixtures that yielded

positive STD signals were selected and deconvolivediragments that formed “active” mixtures were
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tested separately. Positive hits were further tebte STD experiment without USP2a to exclude false
positives.

The selectively*N-labeled USP2a for the binary titration was obediirom gel filtration in PBS
(pH 7.4) with 5 mM DDT buffer. To provide lock sighl10% (v/v) DO was added. Stock solutions of
inhibitor used for titration were prepared gLBMSO with final concentration 50mM. The spectraave
processed with TopSpin 3.2 software. The NMR fitratvas performed as three step experiment with

the compound to protein complex ratio 1:1, 1:5 arid.

5.7. Molecular docking

Models of molecules STD and STDI1T interacting witesumed USP2a hot spot were prepared
according to simple docking operations. As a man®ke we used the X-Ray structure (2HD5) of
ubiquitin and USP2a complex [14], all ligands, udihg water molecules, ions were removed. The
geometries of ligands were optimized with the aggtion of Avogadro [36] . Ligands were set in
degrees of rotation and the receptor was providéd polar hydrogens, all the files were converted t
pdbqgt files in AutoDockTools (ADT). The Calculat®nwvere performed in AutoDock4 with the

application of Lamarckian Genetic Algorithm [37].
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Graphical Abstract has been corrected.

The reference to the library used for STD screening assay was added to main text.
The missing journal title in the literature position [21] was completed.

Theresult of cell lines experiments has been included in the manuscript
Supplementary Information.

Thefigure Fig $4 that depicts the cell lines experiments was added to the manuscript
Supplementary Information.

The results of additional NMR measurements, required by the reviewers have now
been included in aform of Fig S1 in Supplementary Information.

The figure Fig 2 was corrected and added to manuscript Main Text according to the
reviewer suggestions.

The additional clarification of issues raised by the reviewers was added in the
manuscript Main Text.

The manuscript Main Text and Supplementary Information have been additionally
checked in order to correct the language mistakes.



