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ABSTRACT

The gold(lll)-dithiocarbamate complex AuL12 (dibronfethyl-N-(dithiocarboxy-kS,kS")N-
methylglycinate] gold(lll)), is endowed with prormg in vitro/in vivo antitumor activity and
toxicological profile. Here, we report our recemtategies to improve its water solubility and
stability under physiological conditions along withur efforts for unravelling its tangled
mechanism of action. We used three typesi-afyclodextrins (CDs), namel§g-CD, Me-CD
and HPB-CD to prepare aqueous solutions of AulLl1l2. The itgbibf these natural
oligosaccharide carriers to enhance water solybdfthydrophobic compounds, allowed drug
stability of AuL12 to be investigated. Moreover,gpmacokinetic experiments were first carried
out for a gold(lll) coordination compound, after.iinjection of the nanoformulation AuL12/HP-
B-CD to female mice. The gold content in the bloathples was detected at scheduled times by
AAS (atomic absorption spectrometry) analysis, higiting a fast biodistribution with gat. of
few minutes and a slow escretiogtof 14.3 h). The in vitro cytotoxic activity of Aul2Zlwas
compared with the AuL12/HB- CD mixture against a panel of three human tunadlr I;es
(i.e, HeLa, KB and MCF7). Concerning the mechanismatioa, we previously reported the
proteasome-inhibitory activity of some our golddblased compounds. In this work, we moved

from the proteasome target to upstream of the itapbubiquitin-proteasome pathway, testing



the effects of AuL12 on the polyubiquitination réans involving the Ub—activating (E1) and —

conjugating (E2) enzymes.

KEYWORDS: gold complexes, anticancer agents, cyettiih, proteasome inhibitors
1. Introduction

Based on the known antitumor properties and powicetogical profile of the drug cisplatin
(Figure 1A) and its analogues,[1-3] our previouskwan new metal-based anticancer agents has
highlighted promising chemotherapeutic indexes domnumber of gold(lll)-dithiocarbamato
complexes. Data collected so far for this classpotential antiblastic drugs have been
exhaustively reviewed in some recent review papeB. AuL1l2 (dibromo[ethyIN-
(dithiocarboxykS kS’)-N-methylglycinate] gold(lll), Figure 1B) is one ofuomost interesting
compounds in terms o vitro/in vivo anticancer activity and systemic toxicity. Neveidss, its
poor biopharmaceutical properties, namely watemsbly and stability,[6] may prevent its
future pharmaceutical development. Therefore, weehaecently started to investigate new
biocompatible nanocarriers able to enhance the Auddlubility in aqueous media along with
maintaining or improving the anti-proliferative fite. AuL12 was formulated within 1,2-
distearoyl-sn-glycero-3- phosphoethanolamiigmino(polyethylene glycol)-2000] (DSPE-
PEG2000) and PlurorfidF127 (PF127) micelles. Both micelle systems wermdl to be suitable
vehicles for AuL12. [7,8] Furthermore, the additioh a bombesin peptide analogue or the
octapeptide CCK8 to the micelle surface endowed Ab&l12 nanomedicines with cancer-
targeting properties, which resulted in enhancedtro selective antiproliferative activity. [7,8]

Based on these promising results, cyclodextrindbad®emulations were lately investigated.



Cyclodextrins (CDs) are natural and semisyntheticlic oligomers formed by 6-8 D-(+)-
glucopyranosyl units linked bg-1,4-glycosidic bonds. These cone frustum-shapeteeutes
consist of an external hydrophilic surface exposmgnary and secondary hydroxyl groups
along the ring edge and an internal lipophilic tawith glycosidic oxygen and methine. [9,10]

As a result, CDs can form inclusion complexes wahious hydrophobic compounds, increasing
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Figure 1. Chemical structures of the antitumor drug cispléihand of the complex AuL12 (B).

solubility and bioavailability. [9-11] In this wky we took into accoung-cyclodextrins g-
CD) and their randomly-substituted derivatives mgeflrcyclodextrins (MeB-CD) and (2-
hydroxypropyl)g-cyclodextrins (HPR-CD), studying the corresponding AuL12-solubiliziagd
-stabilizing capabilities along with the in vitratdumor activity against the three human tumor
cell lines HeLa, KB and MCF7 (24-h treatment). Mwmrer, pharmacokinetics (PK) of AuL12
was investigated for the first time. Studies on rpfecokinetic properties of metal-based
compounds are rare and, to date, they are focusBdam platinum-, ruthenium-, copper-,
titanium-, bismuth-, technetium- and tin-containaeyivatives. [12-19] It is worth highlighting
that, as far as we know, this is the first papporeng PK for gold(lll) coordination compounds,
as the clinically-established drugs auranofin (1eBD-glucopyranosatotriethylphosphine
gold()-2,3,4,6-tetraacetate), aurothioglucose dhnel sodium aurothiomalate contain gold(l)

centers.[17, 20-21]
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Figure 2. The ubiquitin-proteasome system: E1 is the ubrgactivating enzyme recruiting ubiquitin, E2tlse
ubiquitin-conjugating enzyme that transfers thequliin to the targeted protein while E3 is the uliiiq-ligase
acting as a scaffold protein that interacts wite B2 enzyme for transferring ubiquitin to the targetein (E3
ubiquitin-ligases can either promote the direchsfar of ubiquitin from E2 to the substrate or iatg with the
cognate E2, followed by the formation of a thioestend with ubiquitin and subsequent transfer afuitin to the
substrate). The whole process is reversible thrahghaction of deubiquitinases (DUBs) that remob&uitin

chains linked to the target protein. During sulistmotein degradation, DUBs also process and feayaquitin.

A further goal of this work is to unveil the meclsan of action of the complex AuL12. In the
last years, proteasome inhibitors have emerged ramiging anticancer antiproteasome
drugs.[22-25] In fact, after the FDA-approval ofrtezomib ([(1R)-3-methyl-1-[[(2S)-3-phenyl-
2-(pyrazine-2-carbonylamino)propanoyllamino]butglibnic acid) for the treatment of multiple

myeloma in 2003, mounting evidence suggests thaite@some inhibitors are good



chemotherapeutics able to induce cell death ingnahcies, thus prompting further development
of new proteasome inhibitors.[26-28] In this regairbrganic compounds stand out among
others due to the inherent presence of an eledtioptap (e.9., a metal or semimetal center),
required for inhibiting the catalytic pockets obfgasome.[24] The 26S (or more properly 30S)
proteasome is a large multi-subunit protease abldentify and hydrolyze, both in the nucleus
and in the cytosol, the proteins labeled with airclod ubiquitin molecules. The central part of
the 26S complex, the 20S proteasome, is the apto&tolytic machine as it contains multiple
peptidase activitiesi.e., chymotrypsin(CT)-, trypsin(T)- and caspase(PGRk&).[29] Two
regulatory particles (19S units) recognize and dpubate the target proteins, and translocate
them into the catalytic 20S core for degradatioio ioligopeptides (Figure 2). The ubiquitin-
proteasome system (UPS) relies on the sequenti@mnacof three enzymes - the ubiquitin-
activating enzyme (E1), the ubiquitin-conjugatimzyme (E2) and the ubiquitin-protein ligase
(E3) - which result in the formation of the polygbitin chain.[29-32] Therefore, low-molecular
weight agents able to selectively inhibit the pasme 20S core and/or to act at multiple levels
of the ubiquitination cascade offer a great degbatential in destabilizing the UPS.[33] As an
example, the development of novel E1 or E2 inhrBittas been growing in therapeutic interest.
In particular, E1 inhibition has been supposedr&vent ubiquitination and thus to overall block
the UPS with similar effects to proteasome inhditj34,35] For instance, a number of studies,
aimed at targeting the active site of E1 enzymesdyred new compounds that stabilize the
“genome guardian” p53, changing the levels of @od anti-apoptotic ubiquitinated proteins
and, hence, leading to tumor growth inhibition iarme cancer models.[34,35]

Based on the proteasome-inhibitory properties fodod a number of our Au(lll)

dithiocarbamate complexes,[36-38] the monitoringhef enzymatic activity at the (intra)cellular



level is a step forward. A variety of fluorescenblpes have been developed to assess proteasome
function in living cells. [39-41] In this work, wehow the multi-level effects of AuL12 on UPS

by using two different approaches. The first onesva@med at determining the compound
influence on the E1/E2-catalysed poly-ubiquitinati@action whereas the second strategy was
focused on the use of the internally-quenched déigenic peptide TED (TAT-EDANS-
DABCYL), [42] specifically recognized and hydrolyd®y the proteasome, to elucidate the drug

effects directly on the multicatalytic enzyme at gingle-cell level.

2. Materials and methods
2.1 General informations

B-cyclodextrins B-CD) and methyB-cyclodextrin (MeB-CD) have been kindly gifted

by Roquette (Lestrem, France). (2-hydroxyprof/yclodextrin (HPB-CD) - average
degree of substitution (DS) 4.3 - nitric acid anditochloride acid TraceSELECT® were
purchased from Fluka Chemika (Buchs, Switzerlamdinethylsulfoxide (DMSO) and
Tween 20 were obtained from Sigma Aldrich. Ubiquitiom bovine erythrocytes was
purchased from Biomol International and purified bDjalysis against pure water
overnight at 20 °C. Protein concentration in puegex was routinely checked by U¥.§o

= 1280 M' cm?). [43,44] Human recombinant Ub-activating Enzyntel)( and Ub-
conjugating Enzyme (E2-25K) were purchased fromt@o8iochem. Standard solutions
of di-ubiquitin (Uly), tri-ubiquitin (Uks), tetra-ubiquitin chains (U, Lys48-linked Ub
were purchased from ENZO Life Sciences. For SDS PANBUPAGE® Novex® Bis-
Tris gels and 2N-morpholino) ethanesulfonic acid (MES) buffer weretained from

Invitrogen. For Western blotting, mouse anti moanéd poly-ubiquitinylated conjugates,



mAb (FK2) and goat anti-mouse IgG1-HRP antibody evebtained from ENZO Life
Science and Santa Cruz Biotechnology, respectivay. crosslinking experiments, bis
(sulfosuccinimidyl)suberate (BS3) was purchasednfr8igma-Aldrich. The MALDI
matrix 3,5-Dimethoxy-4-hydroxycinnamic acid (sinaigi acid, SIN) was purchased from
Sciex and used without further purification. BSAGI and Peptide Mass Standard
Calibration Kits were purchased from Sciex. Theduigiylation assay kit containing 20x
ubiquitin-activating enzyme solution (E1) (2 pMDxXubiquitin solution (Ub) (50 pM),
20x Mg-ATP solution (0.1 M) and 10x ubiquitinylatio buffer
(Tris(Hydroxymethyl)aminomethane, TRIS buffer) wemurchased from Abcam.
Inorganic pyrophophatase (IPP) and Dithiothreifol T) were purchased from Sigma-
Aldrich. Acetonitrile (ACN) and Trifluoroacetic ati(TFA) (mass spectrometry grade)
were purchased from Fisher Scientific. All aque@adutions were prepared using a
Barnstead NanoPure system with a 0.2 um membriee(fihermo Scientific). Reagents
for cell culture were obtained from Life Technolegi(formerly invitrogen). 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium brade (MTT) and the tissue culture

products were obtained from Sigma Chemical Co.L(&tis, MO, USA).

2.2 Chemical and biophysical properties

2.2.1 AuL12 synthesis and characterization

AulL12 was synthesized in water at room temperadtaging from commercial sarcosine
ethyl ester, according to our previously reporteacpdure [45], purified (purity >96%),
analyzed by elemental analysis and chromatograptydly characterized to confirm its

stoichiometry.



2.2.2 AuL12 solubility and stability

An AuL12 solution in DMSO (0.5 mg/mL) was seriatlyuted with DMSO and analysed
by UV-Vis to calculate the molar extinction coeffint (€11090 and by RP-C18
chromatography using a 4.6x250 mm Phenomenex Lutta @@lumn (Torrance, CA,
USA) eluted with a gradient of water/0.05% trifloacetic (eluent A) and
acetonitrile/0.05% trifluoroacetic (eluent B) agdldas: 0-18 min: 30% eluent B; 18-24
min from 30% to 95% eluent B. The UV detector wasat 265 nm. The drug content in
the solutions was determined according to the pma&a, which was referred to the
titration curve obtained by the analysis of DMSQu8Bons containing known AulL12

concentrations {peak area = 9890.2 [(AuL12) pM]9686; R=0.98}.

For solubility and stability studies, 5 mg of AuL®&re dissolved in 0.5 mL DMSO and
then centrifuged and analyzed by UV-Vis spectropimatry and by RP-HPLC. 5@ of
the organic solution were added to 950 pL of: @6(M acetate buffer, 0.15 M NacCl, pH
4.5, 2. 0.01 M phosphate buffer, 0.15 M NaCl, p#; B. 0.03 M HEPES, 0.15 M NacCl,
pH 8.5. At scheduled times, the DMSO and buffeutsohs were centrifuged for 3 min at
10000 rpm and then analyzed by UV- Vis and RP-HRbCcalculate the AulL12
concentration. The precipitates were analyzed loynaabsorption and ESI-TOF mass

spectrometry.

2..2.3 AuL12 dissolution in cyclodextrins

Method A (co-solubilization). Samples were prepared by adding 30 pL solutidnk0o

mg/mL AuL12 in DMF to 200 pL DMF solutions contamngi increasing concentrations of



B-CD (0-14 mg/mL), Me&3-CD (0-40 mg/mL) or HR3-CD (0-40 mg/mL). The organic
solvent was removed under vacuum and the soliduesiwere re-suspended in 200 pL
of 0.06M sodium acetate buffer, 0.15 M NaCl, pH,4hd stirred for 10 min at room
temperature. The samples were centrifuged at 10y@®0for 5 min and the supernatant
was filtered with 0.22 pm cut-off filter. AuL12 ithe solutions was assessed by RP-C18

chromatography as reported above.

Method B (direct dissolution). Samples were prepared by desiccating 30 pL ahgnL
AuL12 in DMF under vacuum. The solid residues weresuspended in 200 puL of 50
mM sodium acetate buffer, pH 4.5, containing insimeg concentrations -CD (0-14
mg/mL), Mef-CD (0-40 mg/mL) or HR3-CD (0-40 mg/mL). The suspensions were
gently mixed for 72 h at room temperature in thekddhe samples were centrifuged,
filtered and the AuL12 concentration in the solofovas determined by RP-HPLC as

reported above.

The solubility data obtained with the Method A ftre three types of AuL12/CD
inclusion complexes were processed to calculatectineesponding AuL12/CD apparent
stability constantsi). EachK. was obtained by the slope of the phase-soluldiggram
according to the following equatiokK.= (slope)/[3(1-slope)] where &is the saturation

concentration of AuL12 in buffer without cyclodexis (60 pg/mL).

2.2.4 Drug degradation studies

AuL12/CD solutions (1 mL) were prepared accordioghe Method A by mixing 150
puL of 10 mg/mL AuL12 in DMF with 1 mL of 40 mg/mL B in DMF. The final

solutions obtained by the dissolution process visphilized and then the dry product

10



was added of phosphate buffer at pH. The suspension was stirred for 10 min. After
centrifugatiorat 6000 rpm for 4 min, the supernatant was incubate87°C. At scheduled
times, 50 pL aliquots were then withdrawn and asedyby RP-HPLC according to the

procedure reported above.
2.3 Biological evaluation
2.3.1 Cdll culture studies

For thein vitro experiments related to the evaluation of antitumaivity of AuL12-
encapsulating supramolecular aggregates, humarpimasmgeal epidermal carcinoma
KB cells, human breast adenocarcinoma MCF7 celisrmmman cervical carcinoma HelLa
cells were cultured as a monolayer at 37 °C in midiied atmosphere containing 5%
CO; in Dulbecco's modified Eagle's medium (DMEM) swgpénted with 10% (v/v)
heat-inactivated fetal bovine serum, 2 mM glutamib@0 U/mL penicillin, 100 pg/mL
streptomycin and 0.25 pg/mL of Amphotericin B. Gedlere routinely treated with a 500
pg/mL trypsin and 200 pg/mL EDTA solution in and Md* free phosphate buffered

saline (PBS).

For thein vitro experiments related to the evaluation of proteasorhibitory activity
of AuL12, MCF7 cells were cultured in RPMI-1640 pigmented with 10% heat-
inactivated FBS, 100 U/mL penicillin, and 100 pg/mstreptomycin and maintained
under 5% CQin humidified air at 37°C. Once reached 95% caarilee, cells were split
(by using 0.25% trypsin-EDTA) into fractions anepagated or used in experiments. 24
hours after seeding, cells were exposed to vamounsentrations of AuL12 for 6 hours.

Exposure to 1 pM bortezomib for 6 hours was usedl @ssitive control.

11



2.3.2 Cytotoxicity assays

For thein vitro experiments related to the evaluation of antituanivity of AuL12 in
different vehicles, KB, MCF7 and HelLa cells weredsd in 96-well tissue culture plates
at a density of 6xTcells/well. After 24 h, the culture medium waslesed with 10QuL
of medium containing increasing concentrations tfia uM domain) of AuL12 (pre-
dissolved in DMSO) or equivalent drug concentratioha 1:5 AuL12/HR3-cyclodextrin
molar ratio solution prepared according to MethadTAe final DMSO content in the
assayed samples was always lower than 0.5% v/er Alfe appropriate incubation time
(24 h or 6 h for the experiments associated with #ulL12 proteasome-inhibitory
activity), for each well the medium was replacedhwiresh medium containing 0.5
mg/mL MTT and incubated at 37°C for 2 hours (MT Easexploits the reduction of the
tetrazolium salt MTT to purple formazan crystalsliving cells). [46] The produced
formazan crystals were dissolved by using DMSO, thedabsorbance. = 569 nm) was
measured using the top reading mode of a Variofllkah spectral scanning multimode
microplate reader (Thermo Scientific), and/or a -Bek Instruments microplate
autoreader EL311SK (Highland, Vermont, USA), withreferenceA of 670 nm to

subtract background.
2.3.3 Evaluation of AuL12 uptake

In order to evaluate the mechanism by which Auld 2ip-taken by cells, we adopted
two different experimental approaches. In the fggproach, MCF7 cells were incubated
in the presence of increasing concentrations (0.f4#) of AuL12 or Bortezomib (1 puM)

at 4 °C for 60 minutes. Cell incubation was thetepded for additional five hours, after

12



the removal of the compounds. Pre-incubation wittochalasin, an inhibitor of
endocytosis, was the second used method: MCF7 wells pre-incubated for 1h in the
presence of cytochalasin and, after that, celleevexposed for 6 hours to increasing
concentrations of AuL12 (0.5-20 uM) and Bortezonfib uM), as a control. We
monitored, for both the experimental approachesalmescribed, the effects related to
AulL12 or bortezomib cellular uptake by measuringhbeell viability and proteasome

activity.

2.3.4 Pharmacokinetic studies

Four-week old female Balb/C mice, weighing 22-24vgre obtained from the Dept. of
Pharmaceutical and Pharmacological Sciences obUtheersity of Padua. Animal care
and handling were performed in accordance with pinevisions of the European
Economic Community Council Directive 86/209 (reczgd and adopted by the Italian
Government with the approval decree D.M. No. 23@9%nd the NIH publication No.
85-23, revised in 1985. The animal experiments veg@oved by the ethical committee

of the University of Padua and the Italian Ingidns of control.

HP{3-CD (80 mg) were dissolved in 200 puL of DMF and #wution was added of
AulL12 (4.4 mg). After complete dissolution, the angc solvent was removed under
vacuum and the solid residue was dissolved in 20MQ.01 M phosphate buffer, 0.15 M
NaCl, pH 7.4, and stirred for 10 min at room tenapare (Method A). The sample was
centrifuged at 10,000 rpm for 5 min and the sup@amtavas filtered with 0.22 pum cut-off
filter. Volumes of 100 puL were injected in the tagin to 8 female BALB/c mice. At

scheduled times, 50 uL of blood was withdrawn fribi@ retro-orbital sinus. The blood

13



samples were digested with HNECI 1:3 v/v ratio under heating at 90°C for 2 ther
samples were transferred into a 5 mL volumetriskfland brought to volume with 1%
HCI. Quantitative analysis of gold was performedAigpmic Absorption Spectrometers
(AAS) using Varian’s AA240 with GTA120 graphite hace and Zeeman background
corrector, equipped with autosampler (Varian AA2Z@eman, Varian Inc.). The
experimental values were elaborated by Kineticatvgoke (Thermo Scientific™)

according to bi-compartmental models.

2.3.5 Lys48 sdlf-polyubiquitination reactions in test tubes

Lys48-linked polyubiquitination reactions were é¢adrout at pH 7.4 (T=25°C) in small
volumes (40 uL) of ligation buffer (50 mM TRIS, M MgCl,, 30 uM DTT and 2 mM
ATP) containing Ub (10 pM), E1 (500 nM) and E2-28KuM). [47] All reactions were
carried out in presence of different concentratioh&ulL12, ranging from 0.5 to 7 uM.
The reactions were quenched after 3-hour incubatiimaddition of 10 pL of the sample
loading buffer containing 8% (w/v) SDS, 24% (vA\lyegrol, 0.015% Coomassie Blue G,
and were size-fractioned by SDS-polyacrylamideeadettrophoresis. Samples were then
electro-transferred onto a nitrocellulose membré&@@& Healthcare, Lifescience). The
membranes were blocked with Odyssey blocking buiferl hour and then incubated
overnight at 4°C with K48-linkage specific polyubitin antibody. The membrane was
washed thrice for 5 minutes with PBS-T (PBS-0.058&n-20) and then incubated with
IRDye 800—labeled secondary antibody (1:12,000nfMolecular Probes (Eugene, OR)
for 30 minutes. Membrane visualization was doneagighe LI-COR Odyssey IR Imaging
System (LI-COR Biosciences, Lincoln). All blots vwwecompared with a standard mix

containing AuL12 (5 pM), di-ubiquitin (U, tri-ubiquitin (Uky), tetra-ubiquitin chains

14



(Uby), to ensure the full efficiency of antibodies irepence of AuL12. In order to rule
out any possible undesired effect of DTT on thegdnty of AuL12, we collected UV

spectra of DTT/AuL12 mixtures at different molatioa (Fig. S1). These experiments
confirmed that DTT does not change the oxidati@atesbf the Au complex under the

experimental conditions adopted for poly-Ub chaintkesis.

2.3.6 Ubiquitin activation

The efficiency of Ub activation by E1 in the presernof AuL12 was monitored by
measuring Ub adenylate formation using reactiontun@s containing 2.5 uM E1, 50 uM
Ub, 2 mM ATP in 10 mM MgCI2, 50 mM TRIS, pH 7.5 esported elsewhere. [48]
Reaction mixtures were incubated with 3 and 5 pM.Buat 37°C for 30 min before an
aliquot of the sample loading buffer (describedva)avas added to quench the reaction.
The samples were then analyzed by SDS-PAGE undiecireg conditions, transferred
onto a nitrocellulose membrane (GE Healthcare,Scilence), probed with mouse anti
mono- and poly-ubiquitinylated conjugates mAb [@dfK?2] (1:5,000), overnight at 4°C.
After three washes for 5 minutes with PBS-T (PB85& Tween 20), the membrane was
incubated with IRDye 800-labeled anti-mouse secgndmtibody (1:12,000) from
Molecular Probes (Eugene, OR) for 30 minutes. Mizadon of bands was performed on

a Li-Cor Odyssey Imaging System (Li-Cor Biosciendascoln, NE).

2.3.7 Crosslinking experiments

Ub (20 pM) was incubated on ice in 20 pL of 50 mRI$ buffer (pH 7.4), MgGI(5
mM) and the E2-conjugating enzyme (E2-25K) in thesemce or in the presence of

different concentrations of AuL12 (0.1-5 uM). Aft8rhours, the chemical cross-linker

15



BS3 (0.3 mM) was added to the mixture, followed dernight incubation at 0°C.

Incubation was continued at 0°C overnight. Soludiarere then kept for 1 hour at 20°C.
Next, chemical crosslinking was quenched by dilutwith the sample loading buffer
(described above) and the aliquots were analyze8§-PAGE. The gels were stained

by the conventional silver staining procedure. [49]

2.3.8 Sample preparation and MALDI-TOF-MS

Sinapinic acid (SIN) matrix was prepared by diss@v4-8 mg in 1 mL of aqueous
solution containing 30% acetonitrile and 0.3% TBBSA and mouse IgG1 standard kits
were used to calibrate the MALDI mass spectromi@iemasses ranging from 60,000 to
200,000 Da, while bovine insulii, coli thioredoxin and horse apomyoglobin were used
to cover a mass range from 4,000 to 20,000 Da. hijiapd samples of IgG and BSA
were dissolved in water and mixed with SIN at alffinoncentration of 0.6 pmol/pL.
Lyophilized samples of bovine insulik, coli thioredoxin and horse apomyoglobin, used
as mass standards, were dissolved in 3:7:0.01 ratd&swater/TFA at a final
concentration of 0.5 pmol/pL, 2.75 pmol/uL and pmol/uL, respectively. Activated
(thioester linked) ubiquitin-E1 conjugate was gated by reaction of Ub and E1, in an
Mg-ATP dependent process, in the presence of imicgayrophosphatase (IPP) and DTT
(activating reaction solution). Briefly, IPP hydyaks the pyrophosphate produced by
ubiquitin adenylation in the first step of the réaie while DTT ensures the reduced form
of the E1 catalytic Cys attacking the ubiquitin-agate form (Fig. 3). Reagents were
added according to the following order: 2.8 pL oiquitinylation buffer, 4 puL of IPP
100 U/mL in 20 mM Tris-HCI (pH 7.5), 1.2 pL of DT30 mM in 20 mM Tris-Cl (pH

7.5), 1 uL of Mg-ATP 0.1 M, 10 pL of E1 2 uM, 1 jof Ub 50 pM.

16



Non-covalent adduct formation was investigated biximg E1 and Ub (E1/Ub) in
ubiquitinylation buffer (TRIS buffer). The final ocgentration of Ub and E1 in each
sample was 2.5 uM and 1 uM, respectively. Eachtisol(20 puL) was incubated at 37
°C for 30 min. AuL12 stock solution (JAuL12]=1.82NY) was prepared dissolving 1 mg
in 1 mL methanol-water 50:50 %v/v. An AuL12 dilutedlution ([AuL12]=0.182nM)
was obtained adding 100 pL of stock solution in @@0of water. When the inhibitory
role of AuL12 was investigated, 0.548 pL of AuLliuted solution was added to the

E1/Ub sample (E1/Ub/AuL12 in TRIS buffer).

Samples were analyzed using the “dried-droplet” NDALsample preparation method,
[50] that can be briefly described as follows: 2taL of sample and 1 to 2 pL of matrix
solution were mixed into a 0.5 mL tube, and 1 pLtteg mixture was deposited on a

stainless steel 384-well plate and dried at roomptrature.

MALDI-MS spectra were obtained using a 5800 MALDBF/TOF mass spectrometer
(Sciex) equipped with an automated single-plate ptatioading system, 1 kHz
OptiBeam™ On-Axis Laser Nd:YAG 349 nm wavelengtblaged-extraction (DE), two
acceleration regions, QuanTis™ Precursor lon Sale@ID cell, two-stage reflector
mirror and a 1000 MHz digitizer. The instrument vegeerated in linear high molecular
weight mode (m/z range: 25,000-250,000) by applyimg following voltages: 12 kV
source 1, 11.5 kV Grid 1, 2.25 kV Source 1 Focug54kV source 1 lens, 0.125 kV Y1
deflector, 0.072 kV Y2 Deflector, 0.032 kV X2 defter, 5.25kV lensl, 3 kV linear
detector. The same voltages were applied when tpgria linear mid molecular weight
mode (m/z range: 5,000-25,000) except for sourteng where a 4.25 kV voltage was

used. Delayed extraction was used and the delag/Wwas set according to the molecular
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weight of the analyte to optimize resolution of it®lecular ion. Mass spectra were
acquired by averaging 300 to 800 shots. Laser mrsegy was adjusted according to the

various MALDI matrices used.

2.3.9 Determination of proteasome inhibition by using the TED probe

At the end of each treatment, described aboves evedire washed with PBS and pre-
incubated with Phenol-red-free medium containing | .B@ TED (internally quenched
fluorogenic peptide, TAT-EDANS-DABCYL) for 5 minuteto allow the probe to be
internalized by cells. Cells were then transfem#der on a confocal microscopy stage or
on a microplate reader where the fluorescence emisd TED (exc. 340 nm/em. 510
nm) was followed over time. Fluorescence emissias vecorded every 5 minutes up to
45 minutes, by using the “bottom reading” mode d&faioskan flash spectral scanning
multimode microplate reader (Thermo Scientific). &dlhconfocal time lapse was carried

out, the fluorescence was measured as detailed/belo

2.3.10 Imaging by confocal microscopy

Imaging of cells, plated in 35-mm glass-bottom aeilture dishes (Willco Wells), was
carried out on an Olympus FV1000 confocal microscagsing a 63 Plan-Apo/1.4-NA
oil-immersion objective. Standard one-confocal c¢tedn acquisitions (using one
1Photomultiplier detector kept at 510 nm) were miaygleising the 405 nm diode laser (50
mW). Single optical sections (0.42 um z axis) tlgloithe middle of the cells were
acquired for each field. Acquisitions were madeheaaninutes up to 30 minutes. The
average fluorescence intensity for each cell waasmed considering a series of ROI

(region of interest) inside each single cell and d&yculating the mean fluorescence
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intensity (au) at the emission wavelength establisby using the FV1000 software

(release 2.0).

2.3.11 Satistical Analysis

Values are expressed as mean = SEM. Statisticdysamavas performed by one-way

ANOVA with Tukey’s post-hoc test. A P value <0.0aswaken as significant.

3. Results and Discussion

3.1 Chemical and biophysical properties

3.1.1 AuL12 solubility and stability.

Previous studies showed that the gold compound Auklpoorly soluble (logP=1.0) and
undergoes rapid hydrolysis in aqueous media. [6l®Xhis work, experiments carried out
with different buffers (acetate, phosphate and HEP&hd pHs (4.5, 7.4 and 8.5) pointed out
the solubility of AuL12 was about 0.1 mM regardldbe dissolution buffer, while its
stability was strongly affected by the value of thedium pH. Indeed, the UV-Vis spectrum
of AuL12 in acetate buffer at pH 4.5 (Supportingphmation Figure S1) was stable over 200
min, while it was found to change throughout theetiat the other pHs, thus indicating the
drug underwent hydrolysis in agreement with presidata. [6,51] In particular, the maximal
absorbance peaks at 270 nm shifted to higher wagtle and the maximal absorbance at
270 and 312 nm decreased. At pH 7.4 and 8.5, thetrspshowed also a shoulder to peak
270 nm which was found to increase over time. Tégradation rate of AuL12 in DMSO

and at pH 4.5, 7.4 and 8.5 was determined by HRialyais. Supporting Information Figure
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S2 shows that AuL12 was fairly stable at pH 4.5ttt remarkable changes throughout 200
min. At this pH, the compound was even more stéde in DMSO where it was fairly
soluble (>10 mg/mL). On the contrary, AuL12 rapidigraded at physiological pH (pH 7.4)
and at pH 8.5, producing a precipitate. The dediadaf AuL12 in DMSO and buffers was
found to occur according to a first-order kineti€ge rate constants (k9 in DMSO and in
buffer at pH 4.5, 7.4 and 8.5 were 1X1®Bx10°% 9x10° and 6x10° min®, respectively,
indicating that the stability increases of abou 1itnes on passing from pH 7.4 to 4.5. The
mass spectrum of AuL12 in acetate solution (Suppgprinformation Figure S3A) showed
the presence of only one cationic species (exassnt81,00 Da) with a 1:2 metal-to-ligand
ratio, formed under analysis conditions. In falis toehavior is generally detected for all our
gold(lll) dithiocarbamate complexes when analyzgdE=$I-MS. The same analysis carried
out for the obtained precipitate in phosphate buf&upporting Information Figure S3 B)

highlighted the presence of several molecular fagsiderived from AuL12 degradation.
3.1.2 AuL12 dissolution in cyclodextrins.

In order to enhance the AuL12 solubility and siaipwt physiological pH, the coordination
compound was formulated with cyclodextrins (CDBjcyclodextrins g-CD), methyl§-
cyclodextrins (Me-CD) and hydroxypropyB-cyclodextrins (HP3-CD). B-CD is the most
common cyclodextrin. NeverthelegsCD is poorly soluble (18.5 g/L) and cannot be used
for parenteral administration because of its tayi%2,53] Mef-CD is more soluble and
the presence of methyl groups extends the hydraptsaliface of the CD core, which can
enhance the dissolution of hydrophobic moleculégl] [Finally, HP8-CD has been
approved for parenteral administration, which mattés CD the best candidate for the

development of a pharmaceutical formulation of ARL]55,56] The moleculam silico
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analysis performed with MarvinSketch software (Chawon, Cambridge, MA, USA)
showed that about 80% of the van der Waals surédcgul12 is hydrophobic and the
molecular volume is 225 A which well fits the CD cavity volume (262%A [56]Thus,
AulL12 solubility studies were carried out accorditg two different protocols: co-
solubilization (Method A) and direct dissolution ¢ihod B). The AuL12 association with
CDs was found to change the UV-Vis profile of thregl The maximal absorbance of the
peak at 312 nm indeed decreased as the CD corto@mtia the solution increased. The
phase-solubility profiles reported in Supportindohmation Figure S4 describe the AuL12
solubility obtained at increasing CD concentratiofise solubility profiles were elaborated
according to the method reported by Higuchi andr@os [57] to examine the ability @F
CD, Me$-CD and HPB-CD to form supramolecular complexes with AuL12eTprofiles
depicted in S4A (Method A) show that up to aboutmiM oligosaccharide concentrations,
the three examined CDs yielded similar drug soitybWwith a 1:5 AuL12/CD molar ratio.
The maximum cyclodextrin concentration dependedtlmn oligosaccharide nature, the
solubility of CD and the drug/CD complex. At thedepoint of the low solubl@-CD, the
AuL12 solubility was 1.72 mM, being 16-fold high#ttan its solubility in acetate buffer
(about 0.1 mM). Due to their greater water soltjiliMe$-CD and HPB-CD were
investigated at higher concentrations tffla@D counterparts, though in both cases a drug
solubility plateau was achieved at about 22 mM adagcharide concentration. N3e€D
and HPB-CD yielded 1.89 mM and 2.85 mM AuL12 solutionsspectively, which
correspond to an increase of 17- and 26-fold comg@aolubility in comparison with the
acetate buffer. If comparing the carrieBsCD showed the lowest solubilizing capability

with a 1.1- and 1.7-fold solubility increase ongiag from them to M@-CD and HPB-CD,

21



respectively. The solubility of AuL12 in the presenof HPB-CD (the most soluble CD
used in this study with a solubility of about 44Mijn linearly increased up to a carrier
concentration of 22 mM when the maximal AuL12/BHED complex solubility was
achieved. The phase-solubility profiles obtained dect dissolution (Method B) and
depicted in Figure S4B, show that this proceduesall significantly less efficient in drug
solubilization than the co-solubilization method diffiod A, Figure S4A). Indeed,
unexpectedly, Method B yielded an opposite solaaiion trend compared to Method A.
The maximal AuL12 solubility obtained wi+CD, Me{3-CD and HPR-CD was 0.71, 0.54
and 0.29 mM, respectively, which corresponded tw&fE-, 5- and 3-fold solubility increase
with respect to the buffer without CDs. The maxirmahcentration of AuL12 was achieved
at about 5, 12 and 15 mM CD concentration wfCD, Me$-CD and HPR-CD,
respectively. Intriguingly, the solubility profilesbtained by direct solubilization show that
if further increasing CD concentration, a decreas@ulL12 solubility was obtained. This
behavior was already observed with other guestagharesveratrol, gliclazide and Ro 28-
2653, a synthetic inhibitor of matrix metalloprotases, and is due to the formation of
insoluble supramolecular complexes with differetgichiometries. [58-61] According to
these results, Method A was selected for the patjpar of the AuL12/CDs complexes for
the subsequent studies. Table 1 collects the apipstability constants (i of AuL12/CD
supramolecular complexes obtained by elaboratiath@fsolubility profiles associated with
the co-solubilization (Method A). These data shiwattthe AuL128-CD complex is the
most stable while the AuL12/M@-CD and AulL12/HP3-CD were about 4-8 times less

stable than the latter.
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Inclusion Degradation kinetic

apparent constant constant
Ko (M) Kobe X 10 “(min” ")

AuL12 - 9.0

AuL12/B-CD 1432 2.1

AuL12/Me{3- 380 7.9
CD

AuL12/HP - 186 3.9
CD

Table 1 Apparent stability constants {(Kof AuL12/CD supramolecular complexes obtained data
processing of the solubility profiles associatedhwthe co-solubilization (Method A) and degradatiate

constants of the gold(lll) complex and when enchgied in different cyclodextrins.

3.1.3 Drug degradation studies.

The degradation profiles of AuL12 in 0.01 M phogehbuffer, 0.15 M NaCl, at pH 7.4
without or in the presence @fCD, Me-3-CD and HPB-CD, reported in Figure S5, showed
in all cases that AuL12 undergoes first-order degtian kinetics. In physiologic buffer, the
free drug undergoes rapid degradation while eittaural or semisynthetig-CDs improve
the drug stability as shown in Table 1. The degradaate constant obtained wiBRCD was
about 4 times lower than that obtained in plainféufFurthermoref3-CDs were the most
efficient in preventing the AuLl12 degradation, igreement with the higher apparent
stability constants compared to the other tested.QIhexpectedly, M@-CDs had only a
negligible effect on the drug stability. Althouglinet apparent stability constants of
AuL12/Me-3-CD was higher than that calculated with AuL12/BH&D, Mef3-CDs were

less efficient in protecting AuL12 from degradatitiman HPB-CD. According to the
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evidence that HB-CDs are more efficient in preventing the AuL12 aeation and their
high biocompatibility, which make them useful fofinccal use even for parenteral
administration, [54-55] the subsequent experimemése carried out with this type of

nanocarriers.

3.2 Biological evaluation

3.2.1. Cytotoxicity Assays.

Cell viability studies were carried out by treatikigLa (human cervical carcinoma), KB
(human nasopharyngeal epidermal carcinoma) and M@&mhan breast adenocarcinoma)
cells with different concentrations of AuL12 pressiblved in DMSO (AuL12/DMSO) or co-
administered with HB-CD (AuL12/HP$-CD) in a 1:5 molar ratio. The obtained cell
viability profiles highlight that the co-administian with HP$-CD preserves the AulL12
cytotoxic properties towards the HelLa cell lineeTI50 values were calculated (Table 2)
and show that, against the KB and MCF7 cell litles,activity of AuL12 / HR3-CD system

is about 30% higher than that of AuL12/DMSO.

IC 50 (UM)
AuL12/DMSO AuL12/HP-BCD
HelLa 7.3+0.8 75204
KB 301 20.8+0.9
MCF7 125+0.6 9.3+0.7
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Table 2 I1Csq values iM) evaluated after 24-h treatment with the AuL12npbex pre-dissolved in DMSO or

encapsulated in HBED.

3.2.2 Pharmacokinetic studies.

According to the regulatory record of the invediigholigosaccharides and the suitable
results obtained with HB-CD, namely high AulL12 solubility and stability,
pharmacokinetic studies were carried out for th& UHP$-CD system. The formulation
was intravenously injected into 8 mice and goldteohin blood samples was detected at
scheduled times. The pharmacokinetic profile ofigslreported in Figure S6. After 8 hours
from injection, about 12% of the initial gold comteation could be detected in blood. The
elaboration of the experimental data (by Kineticét\8are) showed that AuL12 undergoes a
bi-phasic behavior in the bloodstream=&™ + Be"), with a fast distribution to the
peripheral compartment. (phase) followed by a slow elimination phagephase). The
pharmacokinetic parameters reported in Table 3ligighthat the distribution phase is very
fast with a &, of few minutes (7.4 min). The distribution voluraethe steady state (¥
was about 3-fold higher than the central compartmeiume (\;), thus indicating that a
moderate quantity of gold distributed in the peeifah compartment. Thie/kp; ratio was
2.3 a2 is the first-order transfer from central companmmél) to peripheral compartment
(2) andvice versa), pointing out the central-to-peripheral distriloat was faster than the
peripheral-to-central process. The slow eliminatimm the body ¢/, 14.28 h) and slow
clearance from the blood (CL) reflected in high asailability (total drug amount that

reaches the blood, AUC).
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AuL12/HP-B-CD

V. (mL) 2.074
AUC . (ug m* 178.9

h)

t1/2q (0) 0.12

tyop () 14.28
Vss(mL) 6.77

CI (mL/h) 0.005597
ke (W) 0.00269
kaa (™) 0.06319
ko1 (N 0.02791

Table 3. Main pharmacokinetic parameters obtained by datboehtion of the PK profiles of AuL12/HB-
CD intravenously injected to micec\tentral compartment volume; AUG., area under the curvept half-
time of a-phase; #s, half-time of B-phase; Vss, distribution volume at the steadyest@l, clearance; &k
elimination rate constant; % central compartment-to-peripheral compartmentriligtion rate constant;,k
peripheral compartment-to-central compartmentiiistion rate constant.

These results are in good agreement with datartexzpan literature for the gold(l)-
containing drugs aurothiomalate (GST) and auran{iR), used in immunosuppressive
treatments as anti-rheumatic and antiarthritic gif6g@-63] On the whole, few PK studies
involved mice treated with AF or GST even thougé thsults are often unclear.[63-65] In
1983, Walz and co-workers reported the PK of AF &@®IT after oral and parenteral
administration to rat¥ After oral administration AF displayed blood héfé of 28.8 h and
the parenterally-administered GST showed a bi-ghzsfhavior? °®°*

In humans, in single-dose PK studies Blocka et faund that peak plasma gold
concentrations after oral administration'8fAu-labelled AF (6 mg) solutions occurred at

1.2-2 hours.[21, 64, 70] Initial half-life was fodino be 4 hours and terminal plasma half-

lives ranged from 17 to 25 days BdtAu was detectable in plasma for about 70-80 days.
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[63, 64, 70] With respect to GST, following a 50-mgramuscular injection, the serum gold
concentration peaks at 2 to 6 hotfr&® If the single dose df°Au-containing GST is instead
intravenously injected, the initial serum half-lifeas approximately 6 days and the terminal

serum half-life ranges from 10 to 35 days.[70, A2-7

3.2.3 AuL 12 interferes upstream of the ubiquitin-proteasome pathway.

In previous works, some of us demonstrated thatlhuljthiocarbamate complexes inhibit
proteasome activity (purified enzyme and cell extsp[36-38] However, it should be
reminded that proteasomal degradation is initidtedhe Ub-activating enzyme E1, which
adenylates the C-terminus of ubiquitin (a Glyciesidue - G76) in an ATP-dependent
fashion to form a high-energy thioester bond byystaine residue. Then, E1 hands the
activated Ub over to a conjugating enzyme (E2)otonfan E2-Ub complex in proximity to
the target protein. The final ubiquitination of thebstrate occurs through the action of E3
ubiquitin ligases (Figure 2).[29-31, 75] As a resdifferent types of poly-Ub chains can be
built up. For example, subsequent conjugations vK#B-linked polyUb chains are
associated with substrate targeting to the proteasior degradation.[76-80] Therefore, in
order to get further insight into the molecular m@wsms underlying the pro-apoptotic
potential of AuL12, in this work we investigated ether AuL12 is also able to interfere
with the upstream molecular events regulating tiRSUTo this aim, polyubiquitination
experiments were performed vitro either in the presence or in the absence of Aulii2.

particular, we tested Lys48-linked polyUb chain tegsis at increasing of AulL12
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concentrations, from 0.5 to 7 uM (Figure 3). Polythmin synthesis was inhibited in a
concentration-dependent manner, as evidenced byd#weeased density of the blots
corresponding to Ub Ubs, Ub, and UR. The polyUb reaction was significantly inhibited
even at a concentration of AuL12 of 0.5 uM and,agkably, it was fully quenched at 7 uM.
AuL12 may block Ub chain elongation at differentdés of the polyubiquitination reactions.
To address this issue, mixtures of Ub and E2-25K E2 enzyme that we used to catalyze
the elongation of Lys48-linked polyUb chains) were-incubated in the presence of
increasing concentrations of AuL12 and analyzedSB)5-PAGE. SDS-PAGE of control
AuL12-free mixtures of Ub/E2-25K (~ 33 kDa) show$®€and corresponding to the Ub/E2
assembly (Supporting Information Figure S7, lanea3ribable to an interaction between
the two proteins. SDS-PAGE of Ub/E2-25K mixturesubated in the presence of
increasing amounts of the gold(lll) compound agaimows this band (Supporting

Information Figure S7, lanes 4-8) and demonstriditesAuL12 does not interfere in Ub/E2
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Figure 3. Lys-48 PolyUb chain synthesis carried out in pnesence of increasing concentrations of AuL12

(0.5-7 uM). Assays and Western blotting were cdraet as described in ESI (Ub Mus. 8.5 kDa).

In order to verify whether AuL12 is able to inhikib activation even more upstream of the
Ub-conjugating machinery, we focused on the E1 emz\in fact, the ubiquitination process
is initiated by ubiquitin activation where the Eizgme binds ATP-Mg and ubiquitin, and
catalyses the acyl adenylation of the ubiquitinre@viinus (Figure 2). Then, a cysteine of the
E1l enzyme attacks the ubiquitin-AMP complex throwaglyl substitution, resulting in an
Ub-E1 thioester bond and simultaneous AMP relegdheB2] Therefore, the E1-Ub
covalent complex should be visible if Ub activatiwarks properly. We have incubated E1,
ATP, Mg?* and Ub with 3 and 5 uM AuL12 (Figure 4, lanes 4 &). Contrary to control
experiments, performed in the absence of AuL12uyfédt, lane 3), the presence of AuL12
hinders the formation of the E1-Ub adduct. This msethat AuL12 inhibits Ub activation
and, consequently, Ub conjugation and downstregmabng. This was further proved by
incubating the samples also in the presence ofUbxonjugating E2 enzyme. In fact,
contrary to lane 2 (control), when the tested dddd¢ompound is added (lane 1) polyUb
species are not formed. This confirms the upstrefiect of AuL12 at the E1 level (lane 5)

of the overall pathway.
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Figure 4. Effects of AuL12 on the Ubiquitin adenylate formoat Lane 1: Ub (5@M), E1 (0.5uM), E2-25K

(1 uM), AuL12 (5 uM); lane 2: Ub (5QuM), E1 (0.5uM), E2-25K (1uM); lane 3: E1 (2.5:M), Ub (5QuM);

lane 4-5: E1 (2.5M), Ub (5QuM), in the presence of AuL12, respectively 3 andvb(Ub MW ca. 8.5 kDa).

To further study the role of AuLl1l2 in inhibiting Ulactivation, MALDI-TOF-MS
measurements were carried out. In particular, timecd these measurements was to clarify
the ability of this compound to prevent E1-Ub coexpformation when added into the
Mg**-ATP reaction mixture. MALDI-TOF MS measurementsrevgerformed using SIN as
a matrix and the “dried-droplet” as sample prepanainethod (see Supporting Information).
It should be pointed out that some limitationsterms of signal intensity and resolution, can
be encountered in detecting high molecular-weigtatgns by using MALDI-TOF-MS
instruments equipped with conventional microchanpiete (MCP) detectors.[83] As a

matter of fact, the MALDI-MS spectrum recorded tbe ubiquitin-activating enzyme (E1)
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is characterized by low intensity signals attribute the mono- and double-charge E1
species at about m/z 60,000 and 120,000, respbc{epporting Information Figure S8A).
Although the low signal-to-noise ratio observed tiee former mass spectrum, the
comparison with the spectrum recorded when the uilmgactivating reaction occurs
(Supporting Information Figure S8B), points out dppearance of a shoulder at higher m/z
values, ascribable to the E1-Ub complex formatidespite MALDI is a sensitive ionization
technique, high concentrations of buffers and ottw@rtaminants may interfere with the
desorption and ionization process of the analyteerdfore, in order to enhance the signal
intensity, several experimental conditions werdedsIn particular, when the reagents for
the ubiquitin-activating reaction (IPP, DTT, RATP) were not added to the E1/Ub
sample solution, more defined signals were obse(@egporting Information Figure S9A
and S9B). These experimental conditions did nawalihe formation of the E1- ubiquitin
thioester bond, thus highlighting the observed Hiledmplex just involves supramolecular
interactions. These findings point out our MALDI-MiBal conditions are able to detect the
E1- Ub non-covalent adduct. In this context, thpacity of MALDI-TOFMS to detect
intact non-covalent biomolecular complexes, haslmonstrated in other works.[84-86]
It must be mentioned that a quite high number tdracting partners (10-30 picomole/uL)
might favor the formation of nonspecific proteirof@in complexes or aggregates.
Nevertheless, the lower analyte concentration usedir experiments (1-2.5 picomole/uL)
might preserve, at least partially, the interactaturring in solution and minimize the
formation of nonspecific interactions in the gasagdy as reported recently in
literature.[87]Interestingly, the mass spectrumorded after addition of AuL12 to the

sample containing the E1/Ub mixture, showed a cteduction of the signal intensity
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corresponding to the E1-Ub adduct (Figure S9C)sTehavior suggests the inhibitory
effect of AuL12 could occur at the adenylation domaf E1, where Ub/E1 non-covalent

interactions take place.[88]

3.2.4 AuL12 inhibits proteasome activity in living intact cells.

In the first part of the paper, we described theagh-inhibitory effects of AuL12 toward
three human tumor cell lines by an MTT assay ovkeh 2ncubation. Among the tested cell
lines, we chose the breast cancer MCF7 cell lineevtaluate the possible proteasome-
inhibitory activity of AuL12 after 6-h treatmentir§t, we tested the ability of AuL12 to
inhibit cell proliferation in a short-time incubati, finding a dose-dependent behavior
(Figure 5A). It is worth noting that at the lowassted concentration (0.5 uM), the gold(lll)

compound turned out to be non-cytotoxic. Likewibertezomib, a clinically-established
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proteasome inhibitor, here
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Figure 5. The investigated gold(lll) compound AuL12 inhébthe proliferation of MCF7 cells and the activity

of proteasome in living intact cells. A: Dose-degent loss of mitochondrial (MTT) activity in MCF&lts

treated with 0.5 to 2@M of AuL12 for 6 hours at 37 °C. Changes in redsetactivity are expressed in

percentage referred to the control (DMSO). Eacluevalepresents the mean

+

SD of five independent

experiments. A significant difference from contkallue is indicated by * (p<0.05) (one-way ANOVA tvit

Tukey’s post-hoc test). B: Inhibition of the chymgisin-like activity of proteasome over time indnt living

cells in the presence of bortezomib and AuL12 atitidlicated concentrations, using DMSO as a carifitod
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reported values refer to the whole cell populatiod are obtained by monitoring the fluorescencinefTED

probe on a plate reader as described in Suppdrtfogmation.

To investigate whether AuL12 could inhibit proteasd activity in living cells, MCF7 cells
were treated for 6 hours with 0.5-20 pM AulL12 orthwil pM bortezomib. Then, cell
cultures were incubated in the presence of the T&mbrter (50 uM) (see Supporting
Information). TED (TAT-EDANS-DABCYL) is an enginesd internally quenched
fluorogenic peptide with a proteasome-specific hgge motif fused to a TAT
(Transactivator of Transcription) moiety and linkex the fluorophores DABCYL (4-(4-
dimethylaminophenylazo)benzoic acid) and EDANSZ5dgminoethyl)amino]naphthalene-
1-sulfonic acid).[42] This peptide penetrates ceimbranes and is rapidly cleaved by the
proteasomal chymotrypsin-like activity, generatiagquantitative fluorescent probe for
proteasome activity investigations in living ce[k2] Therefore, the effect of AuL12 on the
proteasomal chymotrypsin-like activity was assedsgdluorescence analysis carried out
over time by using the bottom reading mode of tlaeidskan microplate reader. DMSO was
used to pre-dissolve the gold(lll) compound andckaaken as a negative control in all our
experiments. AuL12 significantly inhibited proteasad chymotrypsin-like activity in MCF7
cells at all concentrations after 6-h treatmeng(Fé 5B). Interestingly, at the lowest tested
concentration (0.5 uM) AuL12, although not cytomxivas effective in inhibiting the
proteasomal activity as measured by TED fluoressesmoission. The reduction of TED
fluorescence emission by AuL12 was also followedrdime at single cell level by confocal
microscopy. Considering the data obtained with 5 AdML12, both on cell viability and on
proteasome inhibition, we exploited this concemratn time lapse experiments. Images

reported in Figure 6A clearly show the increaséhefTED fluorescence emission due to the
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peptide cleavage by the active proteasome in reated cells. Pre-incubation for 6 h with 5
UM AuL12 significantly prevented the TED fluorescenfrom increasing as also observed
for Bortezomib (Figure 5A and 6B). Taken togethkese experiments point out that AuL12
targets UPS not only in cell-free systems (theffati20S proteasome and cell extracts)[36-

38] but also in intact cells.
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Figure 6. AuL12 inhibits the chymotrypsin-like activity of gileasome over time in single intact living cells.
Measurements were made on single cells pre-incdlyéitt AuL12 or bortezomib at 5 anduM, respectively,
with DMSO as a control. The proteasome activity \datermined by following the fluorescence emissibn
the TED probe by confocal microscopy as descrilbe8upporting Information. (A), representative imagé
time lapse incubations with 50M TED, being analyzed by drawing regions insideivitial cells and
measuring the mean fluorescence value as showriohart (panel B). For each condition the repoviddes
represent the mean fluorescence intensity measinsde all the shown cells corrected for the basal

fluorescence.

3.2.5 AuL12 uptake is rapid and energy-dependent.

The mechanism by which AuL12 prompts tumor celltddaas been largely characterized.
[5] However, it has not been clearly understoodh@t the compound reaches its targets
inside the cell. Here, we have used simple experiahestrategies to get further insight on
the matter. The effect of AuL12 on cell prolifematias well as chymotrypsin-like activity of
proteasome, was assessed by exposing MCF7 celis, dte4 °C for 60 minutes, to
increasing concentrations of AuL12 (0.5-20 pM)tHase conditions, where the endocytosis
and other energy-dependent uptake processes at®tedh AuL12 affected neither cell
growth (Figure 7A) nor proteasome activity (Figui®). Likewise, 1 uM bortezomib was
not able to inhibit the proteasome activity whecuimated with cells at 4°C. The hypothesis
of an energy-dependent uptake was experimentalgdealso by assessing the effects of
AulL12 and bortezomib on MCF7 cells in the presentecytochalasin, a well-known
inhibitor of endocytosis. Cells were pre-incubafed 1h in the presence of cytochalasin
before being exposed to increasing concentratibsubl2 (0.5-20 uM) for 6 hours at 37
°C. Bortezomib was again used as a control. Weddbat after cytochalasin treatment, the

effects of AuL12 and Bortezomib on both cell deattluction and proteasome inhibition
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were abolished (Supporting Information Figure SI®us, our findings suggest that AuL12

enters cells by an energy-dependent process.
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Figure 7. AuL12 enters MCF7 cellsia an energy-dependent mechanism. A: Loss of mitohan(MTT)
activity in MCF7 cells exposed to 0.5-20M of AuL12 or 1 uM Bortezomib at 4°C (60 min). Change in
reductase activity was measured after 5 hours mtauiat 37°C in the absence of AuL12 and/or Baneib.
Cell viability is expressed as the percentage refeto the control (DMSO). Each value represergsniiean +
SD of five independent experiments. B: Inhibitidntlee proteasomal chymotrypsin-like activity ované¢ in

intact living cells. Cells were exposed to 0.54280 AuL12 or 1 uM Bortezomib at 4°C for 60 minutes
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followed by 5 hours incubation at 37°C in the alegenf AuL12 and/or Bortezomib. DMSO was used as a

control.

4. Conclusions

Cisplatin is a well-known antineoplastic drug usg¢one or in combination therapy for the
treatment of many cancers. Although being amongniost marketed anticancer drugs
worldwide, [89] its poor toxicological profile somew limits the clinical use. So far, several
cisplatin analogues and other metal-based deremthvave been studied.[90-93] Among
them, our gold(lll)-dithiocarbamate complexes pessiteresting antitumor activity and

low or no toxicity.[4-5] In this work, we have ireased the stability, the water solubility and
bioavailability of our model compound AulL12 by pagmg and testing supramolecular
complexes with the natural oligosacchariflesyclodextrins, endowed with a cavity volume
of ca. 260 A[3]. In particular, the HR-CD proved able to protect the AuL12 compound
from degradation in phosphate buffer, used to miphigsiological conditions. In light of the

obtained PK profile, the unigue mechanism of actind the confirmed antitumor activity of

the test compound, we have planned future in-dspidies on the reactivity of AuL12

under physiological conditions and towards biomoles €.g., human serum albumin, DNA

and ascorbate) along with metabolism investigationterms of redox chemistry, starting

from the data reported for the gold(l)-based refeeedrugs.[94-95] With respect to the
mechanism of action, we focused on the carefullghestrated ubiquitin-proteasome
pathway, based on the covalent binding of one arenubiquitin molecules (Ub) to target

proteins, ultimately leading to their subsequetraicellular degradation. Inhibitors of such a

system may affect either directly the 20S proteasoatalytic core or can play a key role in
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unbalancing upstream evente.g(, ubiquitin chain growth), thus anyway altering the
proteasome functionality.[95-96] Contrary to theotpasome, Ub-activating and -
conjugating enzymes are substrate-specific. Thezefine discovery of new compounds
able to inhibit only or mainly the latter, compar¢a the former, may lead to the
development of innovative drugs with fewer sidecef§. Remarkably, AuL12 i) inhibits
Lys48 self-polyubiquitination reactions, ii) doestinterfere with Ub-E2 interactions but iii)
thwarts the Ub activation by E1. In this contekisiworth highlighting that even when the
E1-ubiquitin thioester was not formed, our MALDI-Measurements were able to identify
the noncovalent adduct E1-Ub. We found also thdtl&unhibits proteasome in cell with a
potency similar to that of bortezomib and that acemtration of 7 uM was also able to
completely block ubiquitin chain growth under ceéle conditions. Finally, our experiments
point out that the AuL12 mechanism of action relb@san energy-dependent uptake. This

was stated again by exploiting the cytochalasiroeyibsis inhibitor.
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peptide, TAT-EDANS-DABCYL TFA, Trifluoroacetic acid,; TRIS,

Tris(Hydroxymethyl)aminomethan&lb, ubiquitin; UPS, ubiquitine-proteasome system.
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Highlights

» Solubilization withB—CDs increases the stability and the bioavailabdit

AuL12
* AulLl12 was able to block ubiquitin chain growth endell-free conditions.

* AuL12 inhibits proteasome in cell with a potenaniar to that of bortezomib

* AuL12 mechanism of action relies on an energy-ddeehuptake.



