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ARTICLE INFO ABSTRACT

Keywords: Ferritin may serve as a nanocarrier for the selective delivery of anticancer metallodrugs. Here, we have prepared
Auranofin and characterized a well-defined conjugate between the gold drug auranofin and apoferritin containing ~14 gold
Ferritin

atoms per nanocage (HuHf@AF hereafter). Site directed mutagenesis combined with ESI MS and ICP-OES ex-
periments revealed that gold binding occurs exclusively at cysteines 90 and 102. HuHf@AF was found to
manifest potent cytotoxic properties against A2780 cancer cells and to overcome cisplatin resistance. Interest-
ingly, we observed that HuHf @AF induced alterations in the NMR-detectable metabolome very similar to those
caused by AF implying a roughly identical mode of action. Accordingly, we also show that HuHf@AF like AF
metalates efficiently the C-terminal dodecapeptide of thioredoxin reductase bearing the thiol-selenol active site
(this enzyme being the main intracellular target of AF). Some features of the cellular uptake of HuHf @AF and of
subsequent gold release are analyzed. On these grounds, HUHf@AF is proposed as an innovative anticancer
agent, with a pharmacological profile similar to free AF, where the reactivity of the gold center, its delivery and
its side effects are tightly controlled by the ferritin nanocage.

Metal-based drugs

1. Introduction

Auranofin (AF) is a gold drug (Fig. 1A), approved by FDA in 1985 for
the treatment of rheumatoid arthritis, that is now being repurposed as an
experimental anticancer agent [1-3]. The interest in auranofin and its
encouraging pharmacological profile have triggered a lot of attention on
gold based drugs as a source of prospective anticancer agents [4-8]. AF
consists of a gold(I) center linearly coordinated to a triethylphosphine
and a tetracetylthioglucose ligand. AF behaves as a typical prodrug
requiring chemical activation to perform its biological actions; the first
step of the activation process is the release of the thiosugar moiety [9].
AF, once activated, can bind tightly to several cellular proteins, in
particular proteins containing free cysteines, thus producing its cellular
effects [1-3].

Thioredoxin reductase (TrxR), a selenoenzyme that is overexpressed

in various types of cancer, is reputed to be the main -though not
exclusive- AF target owing to the presence of a catalytic thiol-selenol
group for which the gold center manifests a very high affinity [10,11].
There are at least two confirmed forms of mammalian TrxRs with
conserved structural features, i.e., the cytosolic (TrxR1) and the mito-
chondrial (TrxR2) one; both TrxRs play a pivotal role in protecting cells
against oxidative injury. Tight binding of AF to thioredoxin reductase
results into a strong inhibition of the oxidoreductase pathway and in-
duction of severe oxidative stress [10,12,13]. Beyond TrxRs, a few
additional protein targets for AF were suggested [14,15]. Reports have
shown that treatment of A2780 ovarian cancer cells with AF alters
significantly the overall cellular metabolism, having as a major and early
effect the overproduction of glutathione [16]. Consistently, a subse-
quent proteomic study has shown that AF treatment in A2780 cells in-
duces a large increase in the amounts of two enzymes involved in GSH
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biosynthesis, namely GCLC (glutamate-cysteine ligase catalytic subunit)
and GCLM (glutamate-cysteine ligase regulatory subunit) [17].

The conjugation of cytotoxic metal-based drugs to selected proteins
may lead to the obtainment of bioconjugates with improved pharma-
cological properties and more favorable systemic toxicity profiles. The
case of ferritin (Fig. 1B-D) is peculiar; the reason is twofold. On one
hand, the human ferritins manifest negligible toxicity and immunoge-
nicity profiles [18]. On the other hand, the protein architecture makes it
a versatile nanocarrier. The structure of the protein is that of a nanocage
24-mer of 12 nm external diameter and with octahedral symmetry,
pierced by two different types of channels that connect the inner cavity
(8 nm diameter) to the external bulk [19-22]. The 8 hydrophilic chan-
nels located in correspondence to the 3-fold axes drive the incorporation
of small cationic metal complexes thanks to an attractive electrostatic
gradient [23,24]. On the contrary, the 6 channels located at the 4-fold
axes are essentially hydrophobic and are reported to trap some cat-
ions, without allowing their passage into the inner cavity [23,24].
Therefore, metal based drugs can in principle bind to the ferritin shell
via multiple mechanisms: binding to solvent exposed amino acids on the
internal or external surface of the protein or via interactions with amino
acids at the 3- and 4-fold axes. Several examples have been reported in
the recent literature [25-28].

Here, we have exploited the chance of preparing adducts between
auranofin and the ferritin nanocage without disassembly. The resulting
adduct (HuHf@AF hereafter) has been characterized in depth from the
chemical point of view and then evaluated for its anticancer properties.
Notably, in parallel to our investigation, adducts of AF with both human
ferritin and horse spleen have been prepared and investigated by
Lucignano et al. [29]; valuable structural information has been obtained
through X-ray diffraction measurements. However, this latter study
features a very different situation than ours as the adducts were obtained
through the alkaline disassembly/assembly procedure, were not sub-
jected to extensive dialysis and turned out to contain a far larger amount
of associated gold, mostly present in the inner cavity [29]. This implies
that their biological and pharmacological properties may be very
different from those of our adducts.

2. Materials and methods
2.1. Auranofin

Auranofin was purchased from Sigma-Aldrich with the following
characteristics: Code number: A6733, Purity >98% (HPLC).
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2.2. Ferritin sample preparation

The recombinant homopolymeric human heavy chain ferritin (HuHf)
was produced in E. coli cells following a known protocol [21,24].

Briefly, the pET-9a plasmid bearing human heavy chain ferritin gene
was transformed in BL21(DE3)-pLysS competent cells. Cultures were
grown in rich Luria-Bertani medium at 37 °C in the presence of kana-
mycin (50 pg mL™Y) and chloramphenicol (34 pg mL™!). When the
ODgoo nm reaches 0.6-0.8, 1 mM IPTG is added inducing the over-
expression of the protein for 4 h at 37 °C. The cells were collected by
centrifugation at 7500 rpm for 15 min and disrupted by sonication.
Subsequently, the clarification of the lysate is performed by ultracen-
trifugation at 40 000 rpm for 40 min and by heating the supernatant at
65 °C for 15 min leading the undesired proteins to precipitate. The
soluble fraction is subjected to anionic exchange chromatography with a
linear sodium chloride gradient 0-1 M in 20 mM Tris pH 7.5 buffer (Q-
Sepharose Fast Flow resin, GE Healthcare). The fractions containing
ferritin are detected by SDS-PAGE and then united and loaded into a
Superdex 200 HiLoad 16/600 column (GE Healthcare) for size exclusion
chromatography in 20 mM Tris pH 7.5 buffer. The removal of all the
metal ions is performed by repeated 5 L-dialysis, four with chelating and
reducing agents (20 mM Tris, 2.5 mM EDTA, 15 mL ammonium thio-
glycolate pH 7.5 buffer), and four against 5 L of 20 mM Tris pH 7.5
buffer.

A sample of 5-F-Trp human H ferritin was obtained via the selective
incorporation of 1°F into the side chain of W93 using 5-fluoroindole as
the fluorinated precursor of the amino acid according to the procedure
reported in Cosottini et al. [30]. The fluorinated protein (lgF HuHf) was
expressed in E. coli cells by adapting the procedure reported above for
the wild type protein; the only significant difference was that cells were
grown in a M9 minimal medium at 25 °C overnight after the addition of
the precursor.

2.3. Design and production of ferritin mutants

Three different mutants of HuHf were produced: C130A HuHf,
C90AC102A HuHf and C90A HuHf. Site-directed amino acid substitu-
tion in human heavy chain ferritin was performed by PCR. The pET-9a
HuHf expression plasmid was used as DNA template for the mutants,
using the QuikChange II site-directed mutagenesis kit (Agilent Tech-
nologies). The DNA in the coding regions in all the protein expression
vectors was analyzed for sequence confirmation (TubSeq service,
Eurofins genomics).

C130A HuHf, C90AC102A HuHf and C90A HuHf were expressed in

Fig. 1. A) Chemical structure of Auranofin. B) HuHf
monomer (green cartoon) with cysteine residues
highlighted in magenta (sticks) and o-helices named
from A to E. C) 3D view of the ferritin cage showing
the large inner cavity; D) external view of the ferritin
nanocage: on the right close up of the C3 channel
entrance (green; from the external surface to the
interior) showing the three symmetry-related Cys130;
on the left the close up of the two solvent-exposed
Cys90 and Cys102. PDB: 4Y08. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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BL21-DE3 pLysS E. coli cells following the same protocol as for the wild
type (see ferritin sample preparation, paragraph 2.2).

2.4. ESI MS experiments

The protein solutions were further diluted with a 20 mM ammonium
acetate solution, pH 6.8, to a final protein concentration of 5 x 107% M.
1% v/v of LC-MS grade formic acid was added just before infusion in the
mass spectrometer. The ESI mass spectra were acquired through direct
infusion at 7 uL min-1 flow rate in a TripleTOF® 5600-+ high-resolution
mass spectrometer (Sciex, Framingham, MA, U.S.A.), equipped with a
DuoSpray® interface operating with an ESI probe.

The ESI source parameters were as follows. HuHf: positive polarity,
Ionspray Voltage Floating 5500 V, Temperature 0, Ion source Gas 1
(GS1) 40 L/min; Ion source Gas 2 (GS2) 0; Curtain Gas (CUR) 20 L/min,
Declustering Potential (DP) 30 V, Collision Energy (CE) 10 V, acquisition
range 650-3300 m/z.

The mixture of HuHf@AF and C-terminal dodecapeptide of TrxR
(dTrxR) was separated by centrifugation at 3000 rpm for 10 min twice
using VIVASPIN 2 (Sartorius Stedim Biotech Gmbh) with a cut-off of 30
kDa.

The ESI source parameters were as follows. dTrxR: positive polarity,
IonSpray Voltage Floating 5500 V, Temperature 0, Ion source Gas 1
(GS1) 30 L/min; Ion source Gas 2 (GS2) 0; Curtain Gas (CUR) 25 L/min,
Declustering Potential (DP) 200 V, Collision Energy (CE) 10 V, acqui-
sition range 1090-2000 m/z.

For acquisition, Analyst TF software 1.7.1 (Sciex) was used, and
deconvoluted spectra were obtained by using the Bio Tool Kit micro-
application v.2.2 embedded in PeakViewTM software v.2.2 (Sciex).

2.5. ICP-OES measurements

Samples were treated with 100 pL of suprapure HNO3 recovered by
sub-boiling distillation and 100 pL of suprapure HCl (30%). After
dissolution, samples were diluted to a final volume of 5.0 mL with ul-
trapure water (UHQ - resistivity >18 MQ cm — Milli-Q system by Mil-
lipore, Billerica, MA). Au concentrations were determined in triplicate
by a Varian 720-ES axial inductively coupled plasma optical emission
spectrometer (ICP-OES). Each sample was spiked with 100 pL of a 50 mg
L~! Ge solution used as an internal standard prior to the analysis. The
introduction system consisted of a concentric pneumatic nebulizer and a
cyclonic spray chamber. Calibration standards were prepared by gravi-
metric serial dilution from commercial stock standard solutions of Au at
1000 mg L~! (Honeywell Fluka). Wavelengths used for Au determina-
tion were 242.794 and 267.594 nm, whereas for Ge the line at 209.426
nm was used. Maximum signal intensity was obtained optimizing the
operating conditions. Between each sample, a solution composed by 2%
v/v of HNO3 was used.

2.6. Stability test

HuHf@AF 1:10 (HuHf-subunit/AF) was subjected to the following
tests to characterize its stability.

Stability over time: ESI-MS spectra were acquired at three different
time points i.e. immediately after the sample preparation (T = 0), after 2
weeks and after 1 month. Two sets of experiments were acquired; in one
set in between the experiments the samples were stored at 4 °C, in the
other set the samples were maintained at 37 °C.

Stability in the presence of glutathione: HuHf @AF was incubated with
an excess of glutathione (10:1 M ratio with respect to Auranofin) at 37
°C. ESI-MS spectra were recorded at different time points i.e. after 1 h,
after 4 h and after 24 h of incubation.

Stability in the presence of human serum albumin (HSA): HuHf@AF
(WT and C90A) was incubated with HSA (1:1 M ratio with respect to
ferritin subunit) at 37 °C. ESI-MS spectra were recorded at different time
pointsi.e. T=0hand T = 24 h.
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Stability in the presence of TrxR dodecapeptide: HuHf @AF 1:10 was
incubated with dTrxR at 37 °C (1:1 with respect to the gold(I) concen-
tration per ferritin subunit, i.e. 0.4 pM). ESI-MS spectra were recorded at
T = 0 and after 5 h of incubation (T = 5 h).

2.7. Metal release at pH 4.5

ESI-MS spectra were acquired at four different time points i.e.
immediately after the sample preparation (T = 0), after 1, 3, 20 h. In
between the experiments the samples were maintained at 37 °C.

2.8. Cell culture

A2780 human ovarian cancer cell line (Lot N°CSC-C9491J) and
A2780 cisplatin resistant (A2780cis, Lot N° CSC-9492J) cell line, were
purchased from Creative Bioarray (NY 11967, USA), and were used as in
vitro models of ovarian cancer. Cells were maintained in RPMI1640
(Euroclone, Milan, Italy) medium supplemented with 10% FBS, 1%
glutamine and 1% antibiotics at 37 °C and sub-cultured twice weekly.
Split 1: 5 (3-6 x 10* cells per crnz).

2.9. Cytotoxic effect on A2780 cell lines

The inhibition of cell proliferation by AF and HuHf@AF on A2780
cell lines was evaluated through MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) test at 72 h. Viable cells can convert MTT
(Merck Life Science) into formazan, which is blue-colored and detect-
able at 595 nm. Exponentially growing cells were seeded in 96 well-
microplates at a density of 5 x 10*/mL and after 24 h AF, HuHf@AF
and apo-HuHf were added in fresh RPMI medium at concentrations
ranging from 0.0007 to 25 pM and incubated for 72 h. On the day of the
test, cells were treated with 0.5 mg/mL MTT for 1 h at 37 °C. Following
precipitation, blue formazan was dissolved in DMSO, and the optical
density was read at 595 nm in a microplate reader interfaced with
Microplate Manager/PV version 4.0 software (BioRad Laboratories,
Hercules, USA). From the absorbance measurements, the half-maximal
inhibitory concentration (ICsp) value of each compound was calcu-
lated using GraphPad Prism software version 6.0 (Graphpad Holdings,
LLC, USA). The experiments were conducted both on the A2780-
sensitive and A2780-resistant cells.

2.10. Sample preparation for NMR-based metabolomics

A2780 cells were seeded in 60 cm? tissue-culture plates at 1.8 x 10°
cells/mL (total volume 10 mL) and incubated for 24 h, then exposed to
concentration of the AF (diluted in DMSO) or HUHf@AF equal to 72 h-
exposure ICsg values. The A2780 cells were also treated with apo-HuHf,
at the same ferritin concentration as in the corresponding experiments
with HuHf@AF. The A2780 control cells were treated with an equal
concentration of DMSO. The final DMSO amount in the growth media
was 0.1% of the total volume; this concentration of DMSO in A2780
culture has been reported neither to induce apoptosis nor to activate
caspases. The incubation was stopped at 24 h; at the end of incubation
1-2 mL of the medium was collected for the metabolomic analysis, the
cells were washed three times with PBS and then scraped in PBS sup-
plemented with a protease-phosphatase inhibitor cocktail diluted in
DMSO (Sigma-Aldrich). In agreement with procedures for NMR sample
preparation cells were lysed by sonication in ice and then centrifuged at
200 000g, 30 min, 4 °C. All the samples were stored at —80 °C.

At the moment of the NMR analysis, frozen samples were thawed at
room temperature and shaken before use. For cell lysates, 55 pL of 2H,0
were added to 495 pL of each lysate sample. In the case of cell culture
media, an aliquot of 300 pL of sodium phosphate buffer (70 mM
NasHPOg4; 20% v/v 2HzO; 4.6 mM TMSP, pH was adjusted to the final
value of 7.4 using 1 M HCl) was added to 300 pL of each medium sample.
The mixtures were homogenized by vortexing for 30 s and transferred
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into 5 mm NMR tubes (Bruker BioSpin srl) for analysis.

2.11. 'H NMR spectroscopic experiments for metabolomics

NMR-based metabolomic analysis was performed according to
standard procedures [31,32]. Iy NMR spectra were recorded with a
Bruker 600 MHz spectrometer, (Bruker BioSpin) optimized for metab-
olomic analysis, operating at 600.13 MHz proton Larmor frequency and
equipped with a 5 mm PATXI 'H-'3C-!>N and 2H-decoupling probe
including a z-axis gradient coil, an automatic tuning-matching (ATM)
and an automatic refrigerated sample changer (SampleJet, Bruker Bio-
Spin). A BTO 2000 thermocouple served for temperature stabilization at
the level of approximately 0.1 K of the sample.

Before measurement, to equilibrate temperature at 300 K, samples
were kept for at least 5 min inside the NMR probe head.

The cell lysate samples were acquired with the Carr—Purcell- Mei-
boom-Gill (CPMG) sequence using a one-dimensional (1D) spin-echo
sequence with water presaturation. 512 scans, 73 728 data points, a
spectral width of 12 019 Hz and a relaxation delay of 4 s were used.

The growth media were acquired with a 1D nuclear Overhauser
enhancement spectroscopy (NOESY)-presaturation pulse sequence. 64
scans, 98 304 data points, a spectral width of 18 028 Hz and a relaxation
delay of 4 s were used.

The raw data were multiplied by a 0.5 Hz exponential line broad-
ening before applying Fourier transform. Transformed spectra were
automatically corrected for phase and baseline distortions and cali-
brated at the doublet of Ala at 1.49 ppm using TopSpin 3.6 (Bruker
Biospin srl).

2.12. Statistical analysis

All NMR data analyses were performed using the “R” software.
Principal component analysis (PCA) was used as an exploratory analysis
to obtain an overview of the sample fingerprints and to detect the
presence of clusters. PCA was applied on binned NMR spectra. To this
aim, each spectrum in the region 10.00-0.2 ppm was divided into 0.02
ppm chemical shift bins, and the corresponding spectral areas were in-
tegrated using the AMIX software (Bruker, Biospin srl). The area of each
bin was normalized to the total spectral area, calculated with exclusion
of the water and DMSO regions (4.50-5.00 ppm and 2.90-2.60 ppm,
respectively). No scaling method was applied on the data.

The metabolites, whose peaks in the spectra were well resolved, were
assigned and their levels analyzed using a R script developed in-house.
We could identify and quantify 30 metabolites in the cell lysate
spectra and 28 in the growing medium spectra. The assignment was
performed using an internal 'H NMR spectral library of pure organic
compounds (BBIOREFCODE, Bruker BioSpin srl), public databases such
as the Human Metabolome Database, stored reference NMR spectra of
metabolites and literature data. Matching between new NMR data and
databases was performed using the AMIX software (Bruker BioSpin srl).

The nonparametric pairwise Wilcoxon-Mann-Whitney test was used
for the determination of the meaningful metabolites; a p-value <0.05
was considered statistically significant. Logs Fold change (FC) was
calculated for each metabolite to display how the metabolite levels vary
upon the different comparison. FC is calculated as the median of the
ratio of the metabolite concentrations in the spectra of the two paired
samples (treated vs. control). In the growth media, the metabolites were
divided into two different classes, i.e. those that are taken up from the
medium and those that are released into the medium. For the molecules
that are released, lower/higher concentration levels upon treatment
mean a lower/higher release, while for the molecules that are taken up
from the growth media, lower levels upon treatment mean a greater
consumption of nutrients, i.e. increased uptake, and vice versa for higher
levels.
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2.13. ’FNMR spectroscopy

The cellular uptake of ferritin was analyzed by acquiring '°F NMR
spectra of growth media of A2780 cells treated with apo *°F HuHf or '°F
HuHf@AF; The decrease of the '°F protein signal was followed at
different time points up to 1 h of treatment. One dimensional spectra
were recorded at 298 K on a Bruker Avance III spectrometer operating at
14.1 T equipped with a SEL 'H High Power 5 mm probe, using a zg pulse
sequence, with a recycle time of 3 s, an acquisition time of 0.57 s and a
total number of scans of 24 k [30].

3. Results and discussion
3.1. Preparation and chemical characterization of the bioconjugate

The loading of human heavy chain ferritin (HuHf) with AF was
successfully achieved by the simple addition of a molar excess of AF with
respect to HuHf-subunits in PBS, followed by stirring at 37 °C for 3 h and
extensive dialysis. This method has the advantage of not requiring any
cage disassembly/reassembly [27,33-35]. At the end of the process, the
formation of stable bonds between the metal complex and the ferritin
subunits was documented by ESI MS measurements [36]. In turn,
ICP-OES analysis was used to quantitate the amount of the metal bound
to the protein cage.

Several conditions were tested featuring different protein to AF
molar ratios, typically ranging from 1:6 up to 1:100 HuHf-subunit/AF
(Table S1). The 1:10 stoichiometry turned out to be the best condition
upon considering the amount of the used metal complex and its overall
solubility; the effective amount of gold in the ferritin cage resulted to be
13.8 + 3.8 gold atom/cage. This preparative procedure turned out to be
highly reproducible. The obtained ESI MS spectra show that AF binds the
protein under different forms (Fig. 2A). With the 1:10 ratio, peaks cor-
responding to protein binding of Au(l), [AuPEts]™, and (Au() +
[AuPEts]™) fragments were identified; the relative ratios of these
metalated species to the apo-HuHf subunit are as reported in Fig. 2B.

3.2. Stability of the bioconjugate

The stability of the adducts over time was tested until 1 month from
the reaction time (T = 0). In between the experiments the samples were
maintained at 4 °C (Fig. 2C and Fig. S1A); the same behavior was ob-
tained maintaining the sample at 37 °C (data not shown). Interestingly,
treatment of HUHf@AF with an excess of glutathione (10:1 M ratio with
respect to Auranofin) did not cause any appreciable changes in the ESI
MS spectra even after 24 h incubation, supporting its substantial sta-
bility in a GSH-rich environment (Fig. 2D and Fig. S1B). Analogously, no
binding to human serum albumin (HSA) is detected in competition
binding experiments conducted with a 1:1 HuHf monomer/HSA ratio at
37 °C after 24 h of incubation (Fig. S2). It is worth reminding that HSA is
one of the primary ligands of auranofin in the blood thanks to its free Cys
34, which binds soft metal ions, including gold(I). Therefore, the tight
association with HSA, that was reported to greatly reduce the
bioavailability of AF [37-39], might be at least partially overcome by
strong binding of AF to HuHf. The peculiar stability of HuHf @AF with
respect to free Cys-containing molecules has been further investigated
by site directed mutagenesis studies (see below).

3.3. Site directed mutagenesis

Literature data suggest that free cysteines are the favored anchoring
sites for gold containing fragments in proteins [40,41], Notably, each
H-ferritin subunit possesses three cysteines, i.e., Cys90, Cys102 and
Cys130, all existing in their reduced SH form. Cys90 and Cys102 are
located on the solvent-exposed BC-loop and C-helix respectively, while
Cys130 is present at the entrance of the C3 channel (Fig. 1). Site directed
mutagenesis experiments (Fig. S3) were carried out on these cysteines to
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Fig. 2. HUHf@AF 1:10 A) Deconvoluted ESI MS
spectrum; B-D). Bar plots of the percentage ratio of
area among the apo-HuHf subunit and the differently
metalated- HuHf subunits by auranofin: B) HuHf @AF
1:10; C) Stability test over time, HUHf@AF alone at T
=0, T = 2 weeks, T = 1 month. Samples were stored
at 4 °C in between the experiments; D) Stability test
over time of HUHf@AF incubated with an excess of
glutathione at 37 °C (10:1 M ratio with respect to AF)
for different time: after 1 h, after 4 h, and after 24 h.
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localize unambiguously the gold binding site(s). Remarkably, replace-
ment of Cys130 with Ala did not produce any alteration in the gold
binding ability of the protein as assessed by ICP-OES and ESI MS mea-
surements; in contrast, the double mutant C90AC102A turned out to
manifest a complete loss of the gold binding ability (Fig. 3 A-C). This
result demonstrates very clearly the role of cysteines 90 and 102 as the
exclusive anchoring sites for gold atoms. As a further confirmation the
C90A mutant, where only one of the two solvent exposed Cys is present,
shows half the gold binding affinity (~7 gold atoms per cage) and a
lower stability of the adduct when incubated with HSA for competition
binding (see Fig. S4), thus highlighting the cooperative role of C90 and
C102 in binding the gold atoms. It is worth mentioning that human
serum ferritin is mostly composed of light chain subunits (HuLf) [42,43],
where C90 and C102 are replaced by E90 and A102; thus, circulating
ferritin should not affect the transport of HuHf @AF. Notably, our results
are partially consistent with the crystallographic results reported by
Lucignano et al. pointing out that gold is associated to the three cyste-
ines but with a relatively low occupancy [29].

3.4. Invitro cytotoxic characterization

Afterwards, the cytotoxic activity of HuHf@AF was measured via a
comparative determination of the half-maximum inhibitory concentra-
tion (ICsp) at 72 h in A2780 ovarian cancer cells, treated with HuHf@AF
or free AF, by MTT test (Fig. 4). Fig. 4A-C summarizes the obtained
results. Notably, both AF formulations produced potent cytotoxic ac-
tions in A2780 cells, with HuHf@AF (ICsp 0.26 + 0.02 pM; Fig. 4B)

60
50 50
40 40
30 30
20 20
10 10

0 0

TO 1h 4h 24h

being more active than free AF (ICso 0.8 + 0.21 pM; Fig. 4A) by a factor
~3. To exclude any cytotoxicity related to the cellular treatment with
ferritin itself, the MTT assay was repeated, using apo-HuHf at the same
concentration of HUHf@AF, at 24, 48 and 72 h (Fig. 4C). These results
are very important as they point out that binding of AF to the ferritin
nanocage does not cause loss of its biological actions, while ferritin
alone does not show any cytotoxic activity. Since AF is able to overcome
cisplatin resistance in A2780 cisplatin resistant cells (A2780cis) [9], we
also evaluated the cytotoxic activity of HUHf@AF in A2780cis. The re-
sults are reported in Fig. 5. For comparison purposes the obtained ICsq
values for cisplatin and free AF are also provided; HuHf @AF overcomes
cisplatin resistance even more efficiently than free AF. Also in this case
apo-HuHf does not show any cytotoxicity. This is clearly shown in
Fig. 5D where an MTT time course (24, 48 and 72 h) was performed
treating A2780cis cells with cisplatin, AF and HuHf@AF with the
respective 72 h-ICsq values, while for apo-HuHf the same protein con-
centration as HUHf @AF was employed.

3.5. NMR metabolomics

Then, the cellular effects of HuHf @AF were investigated via 'HNMR
metabolomics [31,44] and the results compared with those obtained
with free AF. The possible contribution to metabolomic changes of the
ferritin nanocage itself was investigated by performing analogous ex-
periments on cells treated with apo-HuHf alone. To this purpose 'HNMR
is applied as an untargeted approach to monitor the changes occurring
upon treatment at the level of both the endo- and the exo-metabolome
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Fig. 3. Deconvoluted ESI MS spectra of auranofin bioconjugate with A) C130A
HuHf mutant (C130A HuHf@AF); B) C90AC102A HuHf mutant (C90AC102A
HuHf@AF). C) Results from the ICP-OES analysis; n.d. = under the detec-
tion limit.

[16,45-48]. In the former case, NMR of cell lysates allows the quanti-
fication of about 30 intracellular metabolites (listed in Table S2), which
are reporters of main metabolic pathways (glycolysis, Krebs cycle,
amino acid metabolism, etc.). In the latter case, instead, the NMR
spectra provide a complementary picture reporting the exchange of
small molecules between the media and the cells in terms of molecules
uptaken by cells from the culture medium (whose concentration in the
medium decreases upon treatment) or molecules released into it (whose
concentration in the medium increases upon treatment) (Table S3).
Here, A2780 cells were treated with a concentration of AF and HuH-
f@AF equal to their respective ICsq values at 72 h, in such a way to work
under equitoxic conditions. For each experiment, the actual gold con-
centration was determined by ICP-OES. For the control treatment with
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apo-HuHf alone, the same ferritin concentration as in the corresponding
experiments with HuHf @AF was used for the analysis. A2780 cells were
grown in the standard RPMI1640 medium supplemented with 2 mM
glutamine and 10% of FCS. The cells were treated with AF, HuHf @AF or
apo-HuHf for 24 h in order to detect, predominantly, the metabolic
derangements taking place before the occurrence of significant
apoptosis. A general overview of the metabolomic profiles of the cells
was obtained by the score plot of the unsupervised PCA analysis
(Fig. S5), that allows us to rapidly visualize the strong remodeling of the
metabolomic fingerprint of A2780 cells upon AF and HuHf@AF treat-
ments, both in the endo- and the exo-metabolome. From the score plot it
is also evident that the treatment with apo-HuHf does not significantly
alter the A2780 cellular metabolomic fingerprint.

The cellular metabolic changes produced by HuHf@AF are broadly
consistent with the metabolic alterations previously described for
A2780 cells upon free AF treatment [16] (Fig. 4D and E); in particular,
we refer to a very large increase of glutathione, as the most striking
intracellular alteration; modest but significant changes in Krebs cycle
activity, acidification and lactate production, and glycolysis were also
observed. Interestingly, the detected cellular changes induced by HuH-
f@AF are even more marked than those observed with free AF. The
increase of intracellular glutathione is very important (about 45% larger
than the increase induced by free AF) and, as in the case of free AF, it is
accompanied by changes in the concentration of its amino acid con-
stituents. Indeed, upon HUHf@AF and/or AF treatment, a greater con-
sumption of intracellular Gly is detected along with a decrease of its
excretion into the media; a greater uptake of cystine (as a source of Cys)
from the medium is also monitored. Glutamine uptake is not signifi-
cantly affected by the treatments. Intracellular glutamine is instead
significantly lower in the treated cells, as it is used as a source of
glutamate for GSH synthesis and anaplerosis. Also, the AF-induced
decreased levels of intracellular asparagine and aspartate could be
associated with increased anaplerotic reactions to feed the Krebs cycle
that may be kept constant despite the large production of glutathione.

Among the intermediates of the Krebs cycle, a significant increase in
intracellular succinate is observed after both AF and HuHf@AF treat-
ments. Alterations in the glycolysis are also highlighted by the signifi-
cant increased concentration of intracellular lactate, increased release of
lactate and decreased release of pyruvate as well as increased uptake of
glucose from the medium.

Importantly, apart from a moderate increase in intracellular UDP-
galactose levels and a higher citrate excretion, no significant changes
were detected in both cell lysates and growth media upon A2780 cell
treatment with apo-HuHf (Fig. 4D and E).

3.6. The reaction of AF with the TrxR dodecapeptide

Results of the NMR metabolomic measurements strongly suggest that
HuHf@AF possesses a mode of action substantially superimposable to
free AF, ultimately leading to very similar alterations in the metab-
olomic profiles of treated cancer cells. As stated above, thioredoxin
reductase is believed to be the primary target of AF nicely accounting for
its main cellular effects. To further support the hypothesis of a roughly
identical mode of action for HUHf@AF and free AF, the ability of
HuHf@AF to metalate the C-terminal dodecapeptide of the sele-
noenzyme thioredoxin reductase was investigated through ESI MS
measurements. Accordingly, a sample of HUHf @AF was reacted with the
C-terminal dodecapeptide of the enzyme thioredoxin reductase bearing
the catalytic Cys-Sec motif; the sample was analyzed over time by ESI
MS. Results are shown in the graph below (Fig. 6). After 5 h of incu-
bation the sample was ultrafiltered to separate the mixture of the bio-
molecules; then, the up and down fractions were separately analyzed by
mass spectrometry. From inspection of the ESI MS spectra, it is evident
that the signal of HuHf @AF rapidly decreases (Fig. S6A); conversely, a
signal attributed to the gold(I) adduct of the C-terminal dodecapeptide is
detected (Fig. S6B). These findings unambiguously document the
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transfer of a gold atom from the protein to the selenopeptide. Thus, our
results point out that HuHf @AF, similarly to free AF, is able to metalate
effectively and quickly the selenol active site of the enzyme causing its
strong inhibition.

3.7. Insights into the mechanism of HuHf uptake and of gold release

Literature data have established that the cellular uptake of HuHf
mediated by human transferrin receptor-1, TfR1, implies HuHf import

determined using MTT assay of two independent ex-
periments performed to calculate the ICsy (average

bl value + standard deviation) of A) Cisplatin, B) AF
[- :::‘E:'F and C) HUHf@AF after 72 h on A2780cis cells. D)
m cispatin  A2780cis cell viability time course assay upon treat-

ment with Cisplatin, AF, HuHf @AF and apo-HuHf for
24, 48 and 72 h. For cisplatin, AF and HuHf@AF the
respective 72 h-ICso values were used, while for apo-
HuHf treatment, the same protein concentration as
HuHf@AF was employed for the test. The histogram
shows the mean and standard deviation values of the
percentage of treated-A2780cis viable cells relative to
untreated controls *p < 0.01 and ****p < 0.0001.

Time (hours)

via the endosome-lysosome pathway [49]. The pH of lysosome is about
4.5 [50] and, in the case of iron-loaded ferritin, this pH drop is
accompanied by the release of iron [51,52]. Here, we have used 19g
NMR to monitor the decrease in ferritin concentration in the growth
medium as a function of time (Fig. 7). The one-dimensional 19 NMR
spectra of both apo and HuHf@AF show a single broad resonance
centered at —125.6 ppm (referenced to trifluoroacetic acid as an
external standard (0 ppm) and a linewidth of about 800 Hz. Unfortu-
nately, and at variance with what reported [30] for thimerosal-HuHf
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and the metalated-'°F-HuHf in A2780 cells growth media; samples were
collected at different time points of incubation (T0, after 20, 40 and 60 min).

(where the free and bound form where in slow exchange on the NMR
time scale), here the bound and free form are essentially indistinguish-
able. The integrated intensity of the resulting signal provides the overall
(free and bound) amount of ferritin present in the media as a function of
time of treatment; Fig. 7 clearly shows the time-dependent decrease in
signal intensity in the growth media added with 10 pM ferritin cage,
which accounts for an uptake of about 15-20% within the first hour of
treatment. The observed trends suggest a slightly faster uptake in the
case of HUHf@AF with respect to the apo-HuHf, but the differences are
very minor. 1°F NMR could not be used to monitor the uptaken protein
into the lysates because the total concentration is expected to be below
the detection limit of our available NMR apparatus [30].

Finally, to simulate the conditions in the lysosome, the stability of
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HuHf@ATF at pH 4.5 and 37 °C was evaluated by ESI-MS, which showed
a significant release of gold in 24 h (Fig. S7), whereas the adduct is stable
in the corresponding experiments at pH 7.4. In summary, the emerging
picture is that of a quite fast internalization of HuHf (independently on
the gold-load), and a possible facilitated release of the metal ion at the
lysosomes level, which should further facilitate the transfer to intra-
cellular targets like TrxR.

4. Conclusions

In conclusion, with the present study, we have demonstrated that
stable, well defined and highly reproducible samples of HuHf@AF may
be obtained between the gold drug AF and the ferritin nanocage on the
ground of a detailed preparative procedure. Briefly, HuHf @AF is pre-
pared through simple addition of a molar excess of AF to a solution of
apoferritin followed by extensive dialysis; typically, this procedure re-
sults in the formation of a species showing an average stoichiometry of
13.8 + 3.8 gold atoms per nanocage. ESI MS analysis reveals that gold
atoms are tightly bound to the protein subunits through formation of
coordinative bonds to solvent exposed protein residues. Site directed
mutagenesis experiments proved unambiguously that the gold fragment
binds selectively to Cys90 and Cys102. The main protein-bound gold
fragment detected in the ESI MS spectra is the AuPEt; fragment. HuH-
f@AF is stable upon incubation with an excess of GSH, indicating that
the two spatially close Cys residues on the external protein surface
provide a very strong binding site for gold. Interestingly, we have shown
that HUHf@AF, on a molar basis, manifests antiproliferative properties
superior to free AF toward A2780 ovarian cancer cells. In addition
HuHf@AF, like free AF, is able to overcome nearly completely cisplatin
resistance in A2780cis cells. In turn, NMR metabolomic studies revealed
that ferritin-loaded AF produces metabolic alterations of A2780 cancer
cells that are almost superimposable to those of free AF under equitoxic
conditions suggesting the occurrence of similar cellular effects. Notably,
ESI MS measurements documented that HuHf @AF conserves the ability
of free AF to metalate the C- terminal selenopeptide of thioredoxin
reductase, supporting the view that TrxR remains its main cellular
target. Finally, some experiments were carried out to investigate the
cellular uptake of HuHf@AF and the subsequent gold release. Pre-
liminary evidence is gained that HUHf@AF is taken up efficiently by
A2780 cancer cells and that acidification of HuHf @AF down to pH 4.5
favors progressive gold release. This latter experiment may simulate
HuHf@AF acidification in the lysosomes. Overall, these results point out
that the mode of action of free AF and HUHf@AF are roughly the same
and that the gold moiety is released intracellularly from ferritin. On the
other hand, the strong binding of AF to the ferritin nanocage, mediated
by the spatially close cysteines 90 and 102, can reduce the indiscrimi-
nate reactivity of the gold center with the cysteine proteome [37,53]
possibly leading to a more favorable systemic toxicity profile. These
results imply that the here described bioconjugate possesses highly
favorable properties making it suitable for further pharmacological
investigations.
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