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Abstract Three pseudohalide analogues of the
established gold drug auranofin (AF hereafter), of
general formula Au(PEt;)X, i.e. Au(PEt;)CN,
Au(PEt;)SCN and Au(PEt3;)Nj; (respectively denoted
as AFCN, AFSCN and AFNj3), were prepared and
characterized. The crystal structure was solved for
Au(PEt;)SCN highlighting the classical linear geom-
etry of the 2-coordinate gold(I) center. The solution
behaviour of the compounds was then comparatively
analysed through >'PNMR providing evidence for an
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acceptable stability under physiological-like condi-
tions. Afterward, the reaction of these gold compounds
with bovine serum albumin (BSA) and consequent
adduct formation was investigated by *'PNMR. For all
the studied gold compounds, the [Au(PEt3)]* moiety
was identified as the reactive species in metal/protein
adducts formation. The cytotoxic effects of the
complexes were subsequently measured in compar-
ison to AF against a representative colorectal cancer
cell line and found to be still relevant and roughly
similar in the three cases though far weaker than those
of AF. These results show that the nature of the anionic
ligand can modulate importantly the pharmacological
action of the gold-triethylphosphine moiety, affecting
the cytotoxic potency. These aspects may be further
explored to improve the pharmacological profiles of
this family of metal complexes.
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Introduction

The huge costs of new drug development represent a
discouraging factor for the obtainment of new anti-
cancer molecules. For this reason, in recent years,
chemists working in the field of drug discovery have
focused their interest towards drug repurposing strate-
gies (Pushpakom et al. 2019). Indeed, the drug
repositioning approach i.e. the use of an already
approved drug for different indications, can be a
straightforward and convenient way for discovering
new active molecules. This is made possible because
the investigated molecules have already passed clin-
ical trials and may thus be considered as “safe” in this
context. In this frame, a very promising metal-based
compound that has attracted increasing attention as a
potential anticancer chemotherapy agent is AF (Ri-
daura®), an orally administered gold-based drug in
clinical use for the treatment of a few severe forms of
rheumatoid arthritis since 1988 (Roder and Thomson
2015; May et al. 2018). In recent years, several papers
have been published highlighting the antineoplastic
activity of AF against several cancer models with an
acceptable systemic toxicity (Landini et al. 2017; Hou
et al. 2018). Based on its promising features, AF has
entered clinical trials in the U.S. against various liquid
and solid tumours (Marzo et al. 2019; Database of
privately and publicly funded clinical studies con-
ducted around the world.).

One of the most important mechanisms for AF
anticancer activity relies in the impairment of key
enzymes responsible for the maintenance of the redox
homeostasis of cells. Among them, thioredoxin reduc-
tase bears a selenocysteine moiety in the active redox
site that is reputed as the main site for gold coordi-
nation eventually causing potent protein inhibition
(Fabbrini et al. 2019). However, it is nowadays widely
ascertained that also other proteins may react with AF
modulating its bioavailability and biodistribution.
Serum albumin is the most abundant plasma protein
and it is able to react with AF even upon short
incubation times (Blocka et al. 1986; Massai et al.
2019). As a consequence, human serum albumin
(HSA) turns out to be the major carrier for AF in the
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blood (Talib et al. 2006). Indeed, this protein is the
most abundant protein in plasma, with a concentration
of approximately 0.6 mM (Fanali et al. 2012). Its main
physiological functions include maintenance of the pH
and osmotic pressure of plasma, and transport of a
variety of endogenous and exogenous substances,
including metal ions (Marcon et al. 2003; Singh et al.
2018). Serum albumin consists of a single polypeptide
chain of 585 amino acids including 35 cysteine
residues, all of which except Cys34 are normally
involved in disulfide bonds. Indeed, the unique
cysteine residue Cys34 is present either as a free thiol
(~ 40%), or bound to an endogenous thiol such as
cysteine, homocysteine or glutathione (Lee and Wu
2015). The peculiar topology of the Cys34 site
accounts for its unambiguous involvement in
Au(l) (i.e. AF) and Pt(Il) (i.e. cisplatin) complexes
formation (Sokolowska et al. 2009).

A convenient way to extend the drug repurposing
approaches for new drug discovery is to slightly
modify the structure of already known active mole-
cules, leaving unaltered the interaction abilities with
serum proteins that are typical of the Au(I) complexes
(Pratesi et al. 2018). Starting from these premises our
research group had previously screened two deriva-
tives of AF in which the thiosugar moiety had been
replaced with chloride and iodide respectively obtain-
ing some interesting results (Marzo et al. 2017, 2019).
In this frame, we have decided to further expand the
panel of AF derivatives. We also realised that
satisfactory biological reports focused on the binding
to serum albumin of AF pseudohalide analogues were
missing in the literature. For these reasons, we decided
to synthesize and fully characterise three compounds
(Fig. 1), with a common chemical structure based on
Au(PEt;)X, where X is a pseudohalide group (—CN; —
SCN or —Nj3). The study is aimed to elucidate the
stability of these gold compounds in physiological like
buffers, to assess their solution behaviour in compar-
ison with AF when incubated with a thiol-bearing
protein such bovine serum albumin (BSA) and to
determine their antiproliferative actions in vitro.
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Fig. 1 Chemical structure of the investigated compounds
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Materials and methods
General

All materials were purchased from Sigma-Aldrich,
Merck or Honeywell and were used without further
purification. LogP was determined through shake-
flask method. The quantitation of compounds in the
pre-saturated water or octanol phase was carried out
by ICP-AES analysis following a procedure already
established in our lab (Cirri et al. 2017).

Synthesis and characterization

AFCN was synthesized according to the procedure
reported in Scheme la, using a ligand scrambling
reaction. The desired product was obtained by an
extraction process from water/low polarity solvent
(such as chloroform) mixture. AFSCN and AFN; were
prepared as displayed in Scheme 1b, through activa-
tion of the gold-triethylphosphine moiety with silver
nitrate. All the synthesized products were character-
ized by elemental analysis and *'PNMR.
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AFCN was synthesized using the scrambling reaction
reported in literature (Hormann-Arendt and Shaw
1990). In a flask were added 5 mL of chloroform,
2 mL of MilliQ water, 31.08 mg (0.066 mmol; 1 eq.)
of [Au(PEt3),]Cl1 and 21.00 mg (0.073 mmol;
1.11 eq.) of K[Au(CN),] (both compounds were
previously synthesized as described in Marzo et al.
(2018). The biphasic mixture was stirred at room
temperature for 4 h, then the organic phase was
recovered using a separation funnel and dried under
vacuum. The crude product was dissolved in 0.5 mL
of CHCl; and precipitated as white small crystals
immediately after adding 5 mL of Et,O (26.8 mg;
59.3% yield). Characterization was carried out by 'H,
13C and *'PNMR. The purity of product was assessed
by CHN analysis: [calculated C: 24.65%, H: 4.43%,
N: 4.11%; experimental C: 24.72%, H: 4.54%, N:
3.89%].

LogP: 0.8

'"HNMR (CDCls; 400.13 MHz): 1.84 (dq; Jup.
=7.68 Hz; Jpy =9.86 Hz; 6H); 1.21 (dt; Jyu.
= 7.65 Hz; Jpy = 18.59 Hz; 9H)

3IPNMR (CDCl5; 161.98 MHz): 36.05

B _\P—Au—CI ﬂ» _\P—A\?
/_( / /

(

/—(P—Au—SCN /—(P—Au—Na

Scheme 1 Reaction pathways for the synthesis of AFCN, AFSCN and AFNj;
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BCNMR (CDCls; 100.61 MHz): 159.39; 18.16 (d;
Jep = 34.58 Hz); 9.52

AFSCN

AFSCN was synthesized modifying an existing exper-
imental protocol (El-Etri and Scovell 1990). In a flask
were added 39.45 mg of Au(PEt3)Cl (0.112 mmol;
1 eq.), SmL of EtOH and 19.12 mg of AgNO;
(0.112 mmol: 1 eq.). The suspension was stirred for
1 h at 25 °C and filtered to remove the AgCl formed.
The liquid phase was moved in a clean flask and
10.49 mg (0.108 mmol; 0.96 eq.) of KSCN were
added. The suspension was stirred for 1.5 h and dried
under vacuum. The crude product was dissolved in
5 mL of dichloromethane and 5 mL of H,O. The
biphasic mixture was moved in a separation funnel and
the organic phase was recovered. The aqueous phase
was re-extracted with 5 mL of dichloromethane and
the recovered organic ones were diluted with 7 mL of
chloroform and washed with 5 mL of MilliQ water.
The organic phase was then dried with MgSO, and
evaporated under vacuum. The crude product was
solubilized in 0.5 mL of dichloromethane and 5 mL of
diethyl ether were added and the flask was kept at
— 20 °C for 72 h. After this time some white crystals
were formed at the bottom of the flask. Next, 10 mL of
hexane were added and the flask was kept at — 20 °C
for further 24 h. 25.25 mg of white crystals of the
desired product were collected (yield 60.1%). Char-
acterization was performed by 'H, '*C, *'PNMR and
X-Ray crystallography. The purity of product was
assessed by CHN analysis: [calculated C: 22.53%, H:
4.05%, N: 3.75%; experimental C: 22.52%, H: 4.25%,
N: 3.50%].

LogP: 0.6

"HNMR (CDCls; 400.13 MHz): 1.89 (dq; Jum.
=7.66 Hz; Jpy = 10.06 Hz; 6H); 1.23 (dt; Jyu.
= 7.64 Hz; Jpy = 19.00 Hz; 9H)

*'PNMR (CDCl3; 161.98 MHz): 36.63

3CNMR (CDClsy; 100.61 MHz): 18.48 (d; Jcp.
= 35.04 Hz); 9.66

AFN;
AFN; was synthesized modifying the procedure
described in literature (EI-Etri and Scovell 1990). In

a flask were added 53.91 mg (0.154 mmol; 1 eq.) of
Au(PEt;3)Cl, 4 mL of EtOH and 26.12 mg of AgNO;
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(0.154 mmol; 1 eq.). The suspension was stirred for
1 h at r.t. and AgCl filter-off. The liquid phase was
moved in a flask and 10.01 mg (0.154 mmol; 1 eq.) of
NaNj; were added. The suspension was stirred for 2 h
atr.t., then 10 mL of hexane were added. After 10 min
of stirring the suspension was filtered once again for
the removal of formed NaNOs, then further 10 mL of
hexane were added. The flask was kept at — 20 °C for
24 h, after this time, crystals were formed at the
bottom of flask. The product was recovered as
30.18 mg of white crystals (yield 54.9%). Character-
ization was performed by 'H, '°C and *'"PNMR. The
purity of product was assessed by CHN analysis:
[calculated C: 20.18%, H: 4.23%, N: 11.77%; exper-
imental C: 19.80%, H: 3.86%, N: 10.68%].

LogP: 0.6

"HNMR (CDCls; 400.13 MHz): 1.82 (dq; Jyu.
=7.66 Hz; Jpy = 10.20 Hz; 6H); 1.19 (dt; Jyu.
=7.63 Hz; Jpy = 18.75 Hz; 9H)

3'PNMR (CDCl5; 161.98 MHz): 28.78

“CNMR (CDCl3; 100.61 MHz): 19.30 (d; Jcp.
= 37.25 Hz); 10

NMR studies

All NMR spectra were recorded on a Bruker Avance
IIT spectrometer equipped with a Bruker Ultrashield
400 Plus superconducting magnet. Measurements took
place at 400.13 MHz ('H) 161.98 MHz (*'P) and
100.61 MHz ("°C).

X-ray analysis

X-ray diffraction data were collected on an Oxford
Diffraction Xcalibur3 instrument with Mo Ka radia-
tion (A = 0.71073 A) and at a temperature of 100 K.
The software suite CrysAlisPro (CrysAlisPro
1.171.38.41r 2015) was then used for the data
collection and data reduction. Absorption correction
was applied with the program SCALE3 ABSPACK,
also integrated in the CrysAlisPro package.

The structure was solved by using the direct
methods implemented in Sir97 program (Altomare
et al. 1999) and refined by full-matrix least-squares
techniques using SHELXL-2013 (Thorn et al. 2012)
with anisotropic displacement parameters for all non-
hydrogen atoms. The hydrogen atoms in AFSCN were
introduced in calculated positions and refined consid-
ering a riding model with isotropic thermal
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parameters. After the final refinement, due to the
presence of heavy atoms in the molecule and to a not
high redundancy, some residual electron density can
still be found in the map. Geometrical calculations
were performed by using the program PARST
(Nardelli 1995) and molecular plots were produced
with ORTEP3 (Farrugia 1997), both implemented in
the Crystal Structure crystallographic software pack-
age WINGX (Farrugia 2012).

All the crystal data and refinement parameters
shown in Tables S1 and S2. CCDC 1910813 contains
the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via http://
www.ccde.cam.ac.uk/Community/Requestastructure.

Cell cultures

HCT116 cells were cultured in RPMI-1640 medium
with 10% Fetal Bovine Serum (FBS), at 37 °C in
humidified atmosphere and 5% CO; in air. Drugs were
solubilised in DMSO prior to be used for biological
experiments at 30 mM concentration. The subsequent
solutions resulted by dilutions in accurate volumes of
RPMI medium.

Cell viability assay

Cell lines were plated in 96-well plates at a cell density
of 1 x 10* per well in RPMI complete medium. Cells
were incubated for 24 h at 37 °C, before the com-
pounds were added at 0, 180 nM, 250 nM, 500 nM,
1 uM. Then, cells were further incubated for 24 h at
37 °C. Finally, cells were harvested, and alive cells
were counted using a haemocytometer through the
Trypan Blue exclusion assay. The tests were set in
triplicate and values were obtained averaging them.

Results and discussion
Synthesis and characterisation

The three compounds were synthesised according to
the procedure described in the experimental section
and obtained in high purity and high yield. The quality
of the obtained products was characterised through a
variety ~ of  analytical  determinations  and

physicochemical measurements as reported in the
experimental section.

Crystal structure of AFSCN

In the case of AFSCN, crystals suitable for X-ray
diffraction analysis were obtained and the correspond-
ing crystal structure solved. The asymmetric unit (a.u.)
contains two molecules of the gold complex. The
metal ion in both molecules is linearly coordinated
being the angles 177.61(11)° and 172.78(14)° respec-
tively for P(1)-Au(1)-S(1) and P(2)-Au(2)-S(2).
Bond length and angles are in the range of similar
compounds retrieved in the CSD (v. 5.39 November
2017 + 3 updates) (Allen 2002).

The intermetallic distance Au(1)-Au(2) between
the two molecules is 3.4579(7) A, which is frequently
found in this kind of linear complexes (CSD) (Fig. 2).

Solution behaviour

The solution stability of the three gold compounds was
assessed through *'PNMR. Spectra were acquired
both in DMSO-d¢ and in a mixture 9:1 of buffer
phosphate (50 mM, pH 7.4) and DMSO-dg at 0, 24 h,
48 h and 72 h.

For both AFCN and AFSCN it is possible to
observe a ligand displacement process leading to the
formation of the [Au(PEt3)]" cation.

Moreover, when solubilized in pure dimethyl
sulfoxide, AFSCN allows the formation of a new
species detected at 33.9 ppm in *'P-NMR. This

>
. |
)\\)' ;/\% \)
,/)
-

) D

Fig. 2 The crystal structure of AFSCN

y
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species was identified through ESI-MS investigation
as a binuclear cation with raw formula of [Au,(PEt3),_
SCN]™ (see supporting information, Fig. S14). Con-
versely, no spectral changes were observed in the same
conditions for AFN; (see Figs. S15, S16).

Interactions with BSA monitored by *'PNMR
measurements

The interactions of Au(PEt;)CN, Au(PEt;)SCN and
Au(PEt;)N5; with BSA were previously analysed by
ESI-MS in a methodological study (Pratesi et al.
2018). This study and its results have now been
complemented by independent S'PNMR
measurements.

*'PNMR experiments were carried out on samples
where 35 mg of BSA were mixed with one equivalent
of Au(PEt;)X (X = CN; SCN; N3) and solubilised
under controlled temperature through sonication in
0.5 mL of D,0. The spectra were acquired at t, and
after 24 h of incubation at 37 °C, pH was checked at
the end of each measurement and no changes were
found. As reported in Fig. 5, AFCN (36.5 ppm)
reacted immediately with BSA forming an
AlbSAuUPEt; derivative. The latter species is charac-
terized by a *'PNMR signal located at 42.0 ppm (Isab
et al. 1988b; Coffer et al. 1987; Isab et al. 1988a);
during this reaction a conspicuous amount of the
[Au(PEt;),]" cation (47.0 ppm) was formed that is
usually found in tiny amounts as a side product (Marzo
et al. 2017; Coffer et al. 1986). The formation of
[Au(PEt;),]" can be easily explained by the scram-
bling reaction of AFCN described in literature,
accompanied by the formation of the [Au(CN),]™
anion (Marzo et al. 2017). Noteworthy, the discrep-
ancy (3 ppm) in the chemical shifts of the detected
species in comparison with those reported in literature
(Isab et al. 1988a, b; Coffer et al. 1987; Coffer et al.
1986) is the consequence of a calibration in the NMR
experiments on OP(OCH3); instead on H3;PO,4. The
equilibrium constant for the reaction that these
systems undergo, was shown to be dependent upon
the solvent, increasing with the polarity and/or polar-
izability of the solvent itself (Marzo et al. 2018).

After 24 h of incubation the presence of the
AIbSAuPEt; adduct was still detected. Furthermore,
a complete disappearing of both free AFCN and the
Au-diphosphine cationic scrambling product was
observed, as well as the concomitant formation of
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POEt; specie. These data let us to confirm the
mechanism proposed for the binding of AFCN to
albumin (Isab et al. 1988a).

On the whole, the Au/BSA interaction process can
be summarised as below:

(1) AFCN releases the CN™ anion when the bound
with thiolic residue in Cys34 takes place.

(2) The AIbSAuUPEt; adduct releases a phosphine
molecule triggered by the reaction with the
cyanide anion generated in the first step, leading
to the formation of a new AIbSAuCN adduct.

(3) The released phosphine moiety was finally
oxidized to the corresponding triethylphosphine
oxide, likely provoking the subsequent reduc-
tion of some disulphide bridges present in BSA
(Fig. 3).

Despite the similarity of their chemical structures,
the reactivity of AFSCN turned out to be different
respect to AFCN. Indeed, upon incubating AFSCN in
the same condition, a quantitative formation of
AlbSAuUPEt; adduct was observed at t, (Fig. 4).
Moreover, after 24 h of incubation a more complex
speciation was detected. Indeed, it was possible to
observe the formation of a small amount of
[Au(PEt;),]"T cation, a backformation of AFSCN
(broad signal at 38.1 ppm) and the generation of the
dinuclear cation [Au,(PEt;),SCN]* at 32.9 ppm.

AFN; was also analysed following the same
experimental protocol. As reported in Fig. 5, and
similarly to AFSCN, AFNj3 turned out to give a rapid
and quantitative formation of AIbSAuPEt; adduct at t,
and after 24 h of incubation no changes were detected
in the spectrum. This lack of further reactivity during
the incubation was probably due to the lower affinity
of the released azido group towards Au(I) compared to
the cyanide or thiocyanate anions. In fact, the released
azido residue seemed to be unable to further interact
with the formed AlIbSAuPEt; adduct.

Cytotoxicity assays

The cytotoxic effects of the three compounds were
assessed in vitro toward a representative CRC cell
line, HCT116 (Fig. 6 and Supporting Material). The
effects were tested by the trypan blue exclusion assay,
after 24 h of incubation. First of all, single dose
experiments were carried out on the ground of the ICsy
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Fig. 3 NMR Spectrum of AFCN 1 mM + BSA 1 mM in D,O at ty (blue) and after 24 h of incubation at 37 °C (red). (Color
figure online)
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Fig. 4 NMR Spectrum of AFSCN 1 mM + BSA 1 mM in D,0 at ty (blue) and after 24 h of incubation at 37 °C (red). (Color
figure online)
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Fig. 5 NMR Spectrum of AFN; 1 mM + BSA 1 mM in D,0 at t0 (blue) and after 24 h of incubation at 37 °C (red). (Color
figure online)
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Fig. 6 Evaluation of cytotoxic activity of AFCN, AFSCN and
AFN; in HCT116 cells. Cell viability was investigated after
24 h of treatment by the trypan blue exclusion assay. The
column graphs represent the effect of the compounds in term of
percentage of viable HCT116 cells. Viable cells were counted in

value of AF, which has been recently published by our
group (Marzo et al. 2017).

We observed that the three compounds did not exert
a remarkable activity at 180 nM (being this the value
of AF ICsy HCT116 cells in the same experimental
condition). Only AFCN shows a slightly cytotoxic
action (Fig. 6a).

Thus, we decided to expose HCT116 cells to
greater concentrations of the three study compounds:
250 nM, 500 nM up to 1 uM (~ 5 times higher than
IC5o of AF). However, AFCN, AFSCN and AFNj; do
not show relevant cytotoxic proprieties even at these
concentrations (Fig. 6b).

In a third experiment we exposed HCT116 cells to a
10 uM concentration of the three study compounds; in
this latter case we observe nearly complete inhibition
of cell growth. These results suggest that the ICsg
values of the three compounds are almost comparable
in the three cases and roughly fall in the concentration
interval 3—8 uM. Thus, AFCN, AFSCN and AFN;

@ Springer

triplicate, using a haemocytometer. a AFCN, AFSCN and AFN3
were tested at a representative concentration i.e. ICsy of AF,
180 nM. b The compounds, respectively AFCN, AFSCN and
AFN3;, were tested at 250 nM, 500 nM and 1 pM

appear to be far less active than AF but still
remarkably cytotoxic with IC50 values < 10 pM.

Conclusions

Here, we have reported on the synthesis and the
chemical characterization of three AF derivatives
where the thiosugar ligand is replaced by a pseudo-
halide ligand, i.e. cyanide, thiocyanate and azide,
respectively. For one of them i.e. AFSCN, the crystal
structure has been solved revealing a classical linear
coordination at the gold(I) center in line with expec-
tations. The solution behaviour of these gold com-
pounds was analysed comparatively by *'PNMR. This
analytical technique permits to monitor the stability
and the chemical transformations. Moreover, 3SIPNMR
was also exploited to analyse the molecular interac-
tions of these gold compounds with bovine serum
albumin. Lastly, these compounds were studied for
their antiproliferative properties toward the HCT116
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cancer cell line. Results revealed quite different
pharmacological profiles: notably, the replacement
of the thiosugar with a pseudohalide did not lead to
loss of the biological activity confirming that the
thiosugar moiety is not essential for pharmacological
activity, in line with previous observations on the
halide derivatives (Marzo et al. 2017). Rather, we
observed some remarkable attenuation of the cyto-
toxic properties; these results clearly imply that the
nature of the anionic ligand can modulate heavily the
pharmacological activity of Au(PEt;)X metal com-
plexes, suggesting that the biological profile could be
improved with simple chemical modifications of the
molecule. Indeed, the overall activity of the metal
complex is significantly linked to the nature of X~
group, that is reasonable to assume to be acting as the
leaving group. The affinity of the ligands toward the
gold centre strongly affects the existing equilibria with
an important impact into the pharmacological effects
that are exerted by the active cationic species
[Au(PEt;)] ™. Additionally, differences in the antipro-
liferative actions may be broadly correlated with
differences in the reactivity with target proteins. To
this end the study of the interactions with BSA here
reported may represent a simple and instructive model.
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