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ABSTRACT

New alkynylgold(I) with P(NMe»); (HMPT) phosphane complexes, [Au(C=C-R)(HMPT)] (R=4-
Ph, 4-MePh, 4-OMe, 4-Br, 4-Cl, 2-py and 3-py) have been synthesized and characterized,
including X-Ray studies of complexes with R= 4-OMe and 4-Br; besides their physicochemical
properties and anticancer activity have been tested. Due to the great water solubility of the HMPT
phosphane, all the complexes exhibit an optimal balance hydrophilicity/lipophilicity. Besides, all
these complexes are quite stable in physiological conditions and interact strong enough with the
transport protein BSA. All complexes exhibit a higher anticancer activity against Caco-2 cells than
cisplatin, and some of them do not present cytotoxic activity against enterocyte-like differentiated
cells. The selective complexes are proapoptotic drugs by the exposure of phosphatidylserine,
results that are also confirmed in primary cultures from mouse colon tumors. Complexes with
halogen unit also arrest the cell cycle in G2/M phase. It is thought that maybe this apoptosis
processes are promoted by the observed oxidative damage in the membrane lipids, as a
consequence of the inhibition of the thioredoxin reductase enzyme. Based on our results, we

conclude that five of our complexes are good candidates to be used in chemotherapy.

INTRODUCTION

The most recent estimates of the worldwide burden of cancer (GLOBOCAN 2012) indicate that
colorectal cancer (CRC) is the third most commonly diagnosed cancer, after lung and breast
cancer, and the fourth highest cause of cancer death only after lung, liver, and stomach cancer.!
According to these values it is still shocking that there is not a drug capable of fighting against
cancer by itself, and in clinical practice, adjuvant chemotherapy with cytotoxic agents such as

oxalilplatin in combination with fluorouracil (FU) and leucovorin (LV) or capecitabine, is a



standard of care for colon cancer patients in stage I11.2 Nevertheless, this treatment in stage 11
patients is still controversial.> Chemotherapy based on platinum drugs has been hampered by a
decrease of sensitivity to these agents, which is attributed to diminished cellular drug
accumulation, increased intracellular drug detoxification and increased DNA repair.* Besides,
serious side effects are provoked as a result of the coordination of platinum center to N-atom of
the DNA bases. To overcome these drawbacks, new researches have moved forward to other
molecules and metals to avoid the development of this resistance by changing the target or action
mechanism. Ruthenium with complexes such as NAMI-A, KP1019 or RAPTA-C presents an
incredible anticancer activity; but other metals like osmium, copper, palladium or even gold are
also being investigating due to their promising anticancer properties.””’ Gold compounds have a
long and important tradition in medicine, although its medical application was reduced only for
the treatment of severe rheumatoid arthritis.® However, the real need to achieve an effective
anticancer drug, impulse gold researchers to develop new stable gold complexes. Gold is presented
in different oxidative states, but only +1 and +3 are biologically relevant. Gold(I) is a soft cation
with a preference for soft ligands, and this is why gold(I) chemistry is based on thiolate or
phosphane ligands. Some examples of medicinally relevant gold(I) compounds are auranofin,
aurothiomalate or aurothioglucose (Figure 1). Auranofin is known to inhibit the growth of
different cancer cells in vitro, and also was reported to effectively increase the lifespan of mice
inoculated with the lymphocytic leukemia P388 cells in a dose dependent manner.® Nevertheless,
and although auronafin in vivo experiments were not so successful,'’ the design of this complex
promoted the investigation of gold(I) with phosphane or thiolate ligand, due to their high

selectivity and cytotoxicity.
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Figure 1. Structures of auranofin (left), aurothiomalate (middle) and aurothioglucose (right).

Ott’s research group reported the role of the triethylphosphanegold(I) moiety with N-(N’,N’-
dimethylaminoethyl)-1,8-naphtalimide ligand, an anticancer agent by DNA intercalation.!'! !2
Besides, other research group also detailed the synthesis and the cytotoxic evaluation of Au(I)
complexes bearing a diphenylphosphanoaminoheterocycle ligand associated to thiolate
functionalized pyridine or nucleic bases.!* In our group of investigation, several studies have been
carried out with different phosphane ligand, especially PTA derivatives.!*!” The auxiliary ligand
present in the complex plays an important role because its nature will affect the compound
lipophilicity and stability and the binding affinity of gold(I), and hence the intracellular
transformation of gold(I) species and thus, the action mechanism.® Based on the need for the new
drug to be water soluble, in order to be well-distributed in the organism, we selected the phosphane
to work according to this property. Although other studies were performed with PTA ligand (1,3,5-
triaza-7-phosphaadamantane),!”> ' 20 in this study, we have focused on the
hexamethylphosphorous triamide (HMPT), due to its higher water solubility (235 and 1000 g-1'!,
PTA and HMPT respectively). In addition to the Au-P bond, we decided to saturate the

coordination sphere of the gold atom with different aromatic acetylene groups. Alkynyl gold(I)

derivatives have been investigated due to their great antiproliferative effect of gold(I) alkynyl



phosphane complexes on several tumor cell lines.>!* In our investigation, the chosen alkynyl
moiety is aromatic, in order to balance the lipophilicity and hidrophilicity properties, and also
because of their potential luminescent properties. The alkynyl group may also present oxygen atom
in its molecule to increase the water solubility of the final gold(I) complexes.?>2®

Although gold(I) complexes mechanism is still under consideration, most of them seem to
modify the oxidative conditions of the cells.?’ Based on the high affinity of the electrophilic gold
center of gold(I) complexes to the nucleophilic sulfur and selenium containing residues, a covalent
interaction to the selenocysteine residue of the thioredoxin reductase (TrxR) seems a possible
action mechanism of these compounds. In fact, it is established that auranofin is a strong and
selective TrxR inhibitor.3® *! TrxR system plays an important role as antioxidant system what is
an additional advantage respect to other targets, because cancer cells are more active than healthy
cells, and as a result of this, they produce more oxidant species. Thus, antioxidant systems are
overexpressed to balance the increase of oxidative stress situation. In this way, the antioxidant
enzyme thioredoxin reductase is overexpressed in cancerous cells.’® This fact allows the drugs

acting through this action mechanism of TrxR to show a higher selectivity for this population of

cells and minimizes the severe side effects of the current chemotherapic agents.*?

RESULTS AND DISCUSSION

Synthesis and Characterization. The entry point to the synthetic procedures is the synthesis of
[AuCI(HMPT)] (1). Here, we proposed a new method for the complex 1 than the previously
reported.>* This reaction has to be done in argon atmosphere because free HMPT is quite sensitive
to the air oxygen, and form the oxidized phosphane. Nevertheless, once the HMPT is coordinated

to the gold center, this sensibility disappears. Tetrahydrothiophene (tht) ligand is effortless



substituted by HMPT phosphane in order to obtain the starting material 1. Additionally, complex
1 can further be easily transformed to either alkynyl derivatives in ethanol solution, complexes

that have not previously been reported, and their synthesis is summarized in Scheme 1.
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Scheme 1. Synthetic method for complexes 1 - 8.

All complexes are quite stable at room temperature and enough soluble in organic solvents. In
both complexes the ligand is in its deprotonated form and coordinated to metallic center as it is
shown by the IR and 'HNMR spectra. The IR spectrum of complex 1, in the low frequency region,
is characterized by the presence of a strong band at 320 cm™! due to Au—ClI stretching vibration
(Figure S1). This band disappears after the reaction with the alkynyl ligand and a weak band at
up to 2100 cm™! corresponding to the C=C bond appears, something that confirms the coordination.
In addition, all complexes were characterized by "THNMR spectra and the corresponding signal of
the tetrahydrothiophene ligand also disappears and the unequivocal doublet of the 18 protons of
the HMPT ligand emerges. Besides, the resonances corresponding to the aromatic signals, the
methyl (complex 3) and methoxi group (complex 4) are perfectly appreciable. Additional
3IP{H}NMR studies only showed the one signal of the phosphane, and a low shield shift of the
doublet corresponding to the HMPT is observed as a result of the substitution of the chloride atom

(Table 1).



Table 1. Shift of the HMTP signal in 3'P {H}NMR.

SIPLHINMR 1 2 3 4 5 6 7 8

3(ppm) 110.87 13346 13323 13524 13324 133.18 133.12 132.92

APT-NMR spectra are also interesting because in most of the complexes with phenyl ring, we
were able to distinguish the doublet corresponding of the coupling of Cp of the acetyls moiety and
the phosphane. Quaternary carbons are always difficult to see, but Co and C signals are especially
problematic because of their poor electronic density, this effect is more pronounced in Ca due to
its coordination to the metallic center, and that is why we are not capable to see them. The different
groups present in the aromatic ring of these complexes also exhibit an influence on the Cf shifts
as it can be seen in Table 2, halogen atoms (complex 5 and 6) induce a higher shield shift of the
CpP signals compared to the phenyl group (complex 2). Besides, coupling constants between the

phosphane and alkynyl group are coherent with other studies from the literature.* 3>

Table 2. Shift of the Cp signals in APT-NMR.

APT-NMR 2 4 5 6

5 CB(ppm) 105.06 104.79 103.73 103.66
Je.r(Hz) 323 323 333 283

For a fully characterization of the complexes, additional MALDI" mass spectrometry studies
were performed. All complexes showed a signal attributed to the adduct [M+Au(HMTP)]" m/z
(%)= 851.3(50.7) (2), 865.5 (42.2) (3), 881.3 (21.4) (4), 929.2 (17.8) (5), 855.2 (26.1) (6), 882.4

(59.9) (7) and 882.7 (17.7) (8).



Crystal Structure. We determined the crystal structures of gold complexes 4 and 5 by single-
crystal X-ray diffraction. Both molecular structures are depicted in Figure 2. Compound 4
crystallizes (Figure 2, left) in the monoclinic group P2i/c. The asymmetric unit consists of one
unit of [Au(4-OMe-Phenylacetylene)HMPT]. The Au' ions are two-coordinated and adopt a linear
geometry in which the OMe-Phenylacetylene and the HMPT act as monodentate ligands and
coordinate to the gold ions via the C7 and P1 atoms, respectively. The bond distances Aul-C7 and
A1-P1 have values of 2.007(6) and 2.2732(13) A, respectively, whereas C7-Aul-P1 bond angle is
173.55(16)°. Must be noted that C8-C7-Aul bond angle has a value of 170.3(5)° generating a final
angle of 70.71° between the plane containing the benzene ring and the defined plane for nitrogen

atoms pertaining to the HMPT ligand (Figure S2).

Figure 2. Molecular structures of complexes 4 (left) and 5 (right). The hydrogen atoms have been
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Color code: N, blue;

C, grey; O, red; Br, brown; Au, yellow.

Compound 5 crystallizes (Figure 2, right) in the monoclinic group P21/m. The asymmetric unit
consists of half of Au atom, half 4-Br-Phenylacetylene and half HMPT ligand. The Au' ions are
two-coordinated and adopt a linear geometry in which the Br-Phenylacetylene and the HMPT act
as monodentate ligands and coordinate to the gold ions via the C1 and P1 atoms, respectively. The

bond distances Aul-C1 and A1-P1 have values of 2.052(7) and 2.272(2) A, respectively, whereas



C1-Aul-P1 bond angle is 179.76(18)°. Must be noted that, in this case, C2-C1-Aul bond angle
has a value of 179.2(7)° generating an almost perpendicular angle of 86.45° between the plane
containing the benzene ring and the defined plane for nitrogen atoms pertaining to the HMPT
ligand (Figure S2).

As it can be observed in Table 3, Au(I) centres are coordinated to acetylene and phosphane
group in a slightly distorted lineal geometry, especially for complex 4. The distances between Au-

P and Au-C are quite similar, which means that there is no difference in strength bonds.

Table 3. Selected bond lengths (A) and angles (deg) of complexes 4 and 5.

[Au(4-OMe-Phenylacetylene)HMPT] (4) [Au(4-Br-Phenylacetylene)HMPT] (5)

Bond lengths (A)
Au-P 2.2732(13) 2.272(2)
Au-C 2.007(6) 2.052(7)
C=C 1.194(8) 1.137(12)
Bond angles (deg)
C-Au-P 173.55(16) 179.76(18)
Au-C=C 170.3(5) 179.2(7)
C=C-C 176.1(6) 179.8(9)

Solution Stability Studies. As the compounds were not so water soluble as we expected, all
biological assays were performed with compounds dissolved in DMSO (10 mM), and then they
were diluted in the corresponding buffer to a final concentration of 6 mM. The stability of alkynyl
complexes was evaluated by UV-vis spectroscopy in two different media. The first experiment
was carried out in PBS solution (pH=7.4) and 37 °C within a range of 190-800 nm over 24 h.
Although small variations of intensity were registered, there is no evidence of gold decomposition

(there is no band over 580 nm) or new signals that can indicate the evolution to other complex.



Moreover, taking into account the more complex media used for cytotoxic studies, we perform the
stability of the gold(I) complexes in PBS with 20% (v/v) complete medium (Supplemented
Dulbecco’s Modified Eagles medium (DMEM) see Experimental Section). This medium was
selected because it is the culture medium of Caco-2 cells and it is important to test if the complexes
are stable in this medium in order to determine possible changes in the structure according with
prodrug behavior. The medium itself presents three bands at 212, 238 and 272 nm, so recorded
spectra for all the gold(I) complexes are drastically different from the one obtain with only PBS
due to these bands. In addition, the comportment observed of the complexes in this medium change
in some cases. All the gold(I) derivatives with phenyl ring and also complex 8 (Figure 3B)
experimented an intensity reduction of the bands related to the m*«—m transitions, and also
hyperchromic effect of the band at 300 nm, especially for the complex 6 (Figure 3A). This
modification is usually correlated to the formation of gold—oxygen bonds, as a result of hydrolysis
process.*® However, in the UV-vis spectrum of complex 7, no significant modifications of the
position and/or intensity of the bands were detected beyond 24 h, thus highlighting the compound
stability in this solvent. Therefore, if the complex does not experiment changes in its structure, it
may indicate that the active specie is the proposed structure for complex 7, and no pro-drug
behavior is operated. Some reactions of decomposition or reduction were observed in complex 2

and 5-6, but not in the case of the complexes with pyridine ring.
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Figure 3. Stability studies of complex 6 (A) and complex 8 (B) in PBS with 20 % (v/v) complete
medium. More detailed in Supporting Information.
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Water solubility. In addition to stability studies, further studies about the physico-chemical
properties of the complexes are needed to know if our molecule is a potential anticancer drug, such
as water solubility and the lipophilicity/hydrophilicity relationship. Water solubility is
indispensable for a well distribution in bloodstream, which allows reach the target. Cheng and
Merz established the relationship between solubility and drug-likeness by the calculation of the
Log(Sw) parameter,’’ which should be from -6 (a little bit low) to 0 (optimal value). All the
complexes synthesized in this work present very similar Log(Sw) values, which are in the range
of good drug-likeness (Table 4).

Table 4. Log(Sw) values for gold(I) derivatives.

Complex 2 3 4 5 6 7 8

Log(Sw) | -3.49 -3.54 -339 -3.75 -3.69 -3.29 -3.22

LogPow | 0.63 133 0.66 091 1.03 124 1.20

11



Determination of Log Pow. As stated in the introduction, a balanced relationship between
lipophilicity and hydrophilicity is crucial in drug delivery process. A high hydrophilicity may
hamper a drug to penetrate biological membranes, thus affecting not only its activity but also its
toxicity toward the healthy tissues. On the contrary, a high lipophilicity may hinder biomedical
applications related to well-distribution profile. Furthermore, it is directly related to the plasma
protein binding and metabolism of the drug.?® This relationship was measured and investigated in
terms of Log Pow values, by using the shake-flask technique.®> *° This method studies the
distribution of the complex between an equal amount of octanol and aqueous solution. Previous
studies on phosphane gold(I) derivatives are great examples of the impact of high lipophilicity on
the host toxicity,*! resulting in drug accumulation in the mitochondria.*?> Consequently, a balanced
relationship between the lipophilicity and hydrophilicity would be important in a drug-delivery
process. Ideal values for Log Posw parameter are between -1 <logP < 3, although it is recommended
for a greater oral and intestinal absorption values around 1.35-1.80.** All the tested compounds
are lipophilic enough to satisfy the general lipophilicity requirement of drugs (Table 4).
Complexes 3, 7 and 8 are the more lipophilic ones, something that may indicate a higher

permeability through the lipid bilayer than the rest of gold(I) derivatives.

Bovine Serum Albumin Interaction. In drug development, it is essential to study the ADME-
tox profile of the complex deeply, in order to understand how the complex will behave in the
organism.* One of these aspects is the distribution or transport mechanism of the compound to
reach its target. In the circulatory system, the albumin is the most abundant protein (52-60 %),*
and it is involved in control of osmotic blood pressure and the transport of various endogenous
compounds as fatty acids, hormones, amino acids, etc. But serum albumin is also considered the

most active protein in transport of exogenous drugs.*® *’ Thus, analyses of the interaction of the

12



complexes with albumin are required. For these studies bovine serum albumin (BSA) is used
instead of the human analogue (HBA). Both proteins contain a tryptophan in the subdomain IIA
(Trp214 for HSA and Trp213 for BSA), but BSA presents an additional tryptophan residue (Trp
134) located on the surface which confers better fluorescent properties.*® The Trp fluorescence is
environmentally sensitive and changes in its atmosphere can result in signal quenching that can be
used to study a possible interaction between BSA and our complexes. To perform these tests, we
recorded the BSA fluorescence spectrum in the range of 310—450 nm upon excitation at 295 nm,
and thereafter in the presence of increasing amounts of the gold complexes. No changes in the
shape or position of the maximum were detected but a concentration-dependent quenching was
observed for all tested complexes, as it can be seen for complex 2 in Figure 4A. This quenching
was evaluated by the plot of Stern-Volmer equation to calculate Ksy and kq parameters (Figure
4B and Table 5). The kq is especially important because this value allows to determine the
different operated quenching mechanism, static or dynamic. The establishment of a static or
dynamic quenching could indicate the presence of the compound-BSA complex (static quenching)
or only collisions between them (dynamic quenching).* The bimolecular quenching constant, kq,
represents the efficiency of quenching or the accessibility of the fluorophore to the quencher, and
due to the fact that dynamic quenching is diffusion controlled, higher values of kq than the
diffusion-controlled rate constant of the biomolecule in water, 10'° M~! s may imply that static
quenching operates. According to our studies, the values of kq are on the order of 1012 M ! 57!

(Table 5), confirming the interaction between both gold(I) complexes and BSA.
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Figure 4. Fluorescence emission spectra of BSA at 298 K in the presence of different

concentrations of complex 2 (A). Stern—Volmer plots for the quenching of BSA with increasing

amounts of gold(I) complexes (complex concentration from 0 to 117 (2-6), 74 (7) and 88 (8) uM)

at 298 K (Aexc =295 nm, [BSA] =50 uM) (B).

Table 5. Values of the Stern—Volmer quenching constant (Ksv), bimolecular quenching constant

(Kq), number of binding sites (n), binding constant (Kb), and thermodynamic parameters (AH",

AS° and AG”) for the interaction of gold(I) complexes with BSA.

Complex Ks (M)

2

3

4.21-10*
3.23-10°
2.38:10°
1.39-10%
1.50-10%
7.19-10*

3.32:10°

kq (MT's™)
4.21-10"
3.23-10'°
2.38:10'"
1.39-10"
1.50-10"
4.21-10"

3.32-102

n
0.95 (1)
0.77 (1)
0.96 (1)
0.97 (1)
1.22(1)
1.34 (1)

1.24 (1)

Kb (M)
2.97-10°
4.2410
1.73-10%
1.12:10%
1.01-10°
3.6810°

2.68:10°

AH® (KJ/mol) AS® (KJ/mol) AG® (KJ/mol)

-205.90

236.83

48.07

-78.02

-130.72

100.16

44.84

-0.62

-0.71

-24.33

-0.18

-0.34

0.45

0.25

-19.81

-26.39

-24.17

-23.10

-28.55

-34.46

-30.97
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Once the interaction between the gold(I) derivatives and BSA was confirmed, additional studies
were needed in order to determine not only the strength of these bindings but also the
thermodynamic parameters. Evaluation of the strength of the interaction is indispensable because
BSA must be only a transporter, but if the bond with the drug is too strong, BSA would be a
kidnapper of the complex, avoiding the access to its target. Besides, as it was mentioned before,
BSA contains different domains where drugs can bind, and thus more than one drug can be linked
to the BSA. Modified Stern-Volmer equation plot (Figure 5) permits to calculate the values of the
binding constant (Kb) for each experiment and the number of binding sites (n) (Table 5). The huge
importance of the structure of the complex is clearly demonstrated in these results, showing that
the slightly change from the bromide atom to chloride atom reduces the strength of the interaction
with BSA 10-fold. However, the Kb values are in the range of 10°-10°, indicating an adequate
strength of the binding BSA-complexes. By using the modified Stern—Volmer equation, it was
also calculated the parameter n. According with our results, there is only one gold molecule
coordinated to one molecule of BSA (1:1), and this bond is in agreement with those observed for

other gold(I) derivatives,'* !° but slightly higher than the binding constant of cisplatin.*®
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Figure 5. Modified Stern—Volmer equation plots for the quenching of BSA with increasing
amounts of gold(I) complexes ((complex concentration from 0 to 117 (2-6), 74 (7) and 88 (8) uM))

at 298 K (Aexc =295 nm, [BSA] =50 uM).

Additional thermodynamic studies were performed to know what kind of interaction is
established between the gold complexes and BSA. The interaction forces between drugs and
biomolecules may involve hydrophobic forces, electrostatic attraction, van der Waals interactions
and hydrogen bonds. By characterizing the signs and magnitudes of the AH and AS parameters, it
is possible to distinguish the operating interactions in protein association process.’! If AH>0 and
AS>0, hydrophobic interactions can be considered as the main forces; whereas if AH<0 and AS<0,
van der Waals and hydrogen-bonding interactions are working in the reaction. Electrostatic forces
are more dominant when AH<0 and AS>0. If the temperature barely changes, the enthalpy change
(AH) can be considered as a constant, and then the free energy change (AG), the enthalpy change
(AH) and the entropy change (AS) can be calculated according to Van’t Hoff and Gibbs free energy

equations, and all these values are collected in Table 5.
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For all complexes tested, the binding with BSA seems to be a spontaneous process, as the free
energy change (AG) is negative. Besides, the entropy change (AS) is also negative, indicating that
the binding occurs in an exothermic process. Regarding the signs of AH and AS, we can assume
that the forces involved are van der Waals interactions in the case of complexes 2, 5 and 6.
Complexes 7 and 8 present positive entropy and enthalpy change, so hydrophobic interactions may
be operating. This binding involves an endothermic reaction as it is shown by the positive enthalpy

change (AH) found.

In Vitro Cytotoxic Activity. The cell line used to test the antiproliferative effect of complexes
was the human colon adenocarcinoma cell line: Caco-2, clone TC7.°> 3 This cell line is
appropriate for our studies because it undergoes spontaneous enterocytic-like differentiation when
it is cultured over confluence for 15 days to become polarized cells expressing apical and
basolateral surfaces with well-established tight junctions, characteristics of normal epithelial
cells.>® >* For this reason, Caco-2/TC7 allows us to study the antiproliferative effect not only on
cancer cells (5 days after seeding) but also on considered normal epithelial cells (15 days after
seeding). Cell proliferation was measured using the well-established MTT protocol.>® The assay
is dependent on the cellular reduction of 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium
bromide by the mitochondrial dehydrogenase of viable cells to a blue formazan product which can
be measured spectrophotometrically. We investigated the cellular effects of the gold(I) complexes
on undifferentiated (5 days) and differentiated (15 days) Caco-2/TC7 cells, after the exposure to
the complexes for 72 h at different concentrations (0-20 uM in DMSO). According to Table 6,
our results show that all gold(I) complexes are quite better than the actual chemotherapy based on

cisplatin, as all of them present lower ICso (uM) values than cisplatin in this cell line (45.6+8.08),’
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and what is more important, the majority are also selective for cancer cells (except for complex 3),
since no effect up to 20 uM on normal differentiated cells were detected. Based on these results,
complex 3 was no longer considered a good candidate as an anticancer drug. Moreover, complex
7 reaches the strong cytotoxic effect registered for auranofin in cancer cells (2.10+0.40).'” Besides,

complex 4 was no tested due to problems of low yield.

Table 6. 1Cso values (uM) of gold(I) complexes.

Complex 2 3 5 6 7 8
IC50 cancer cells  3.72+0.08 4.02+0.18 5.25+0.21 6.14+0.14 2.33+£0.10 6.26+0.15

IC50 normal cells >>20 14.4+0.09 >>20 >>20 >>20 >>20

The results are expressed as mean values + log SEM (n > 12 experiments). NS: Not statistically
significant.

Apoptosis studies in cancer cells. A balance between cell proliferation and death is needed to
avoid different processes such as tumorigenesis. In a healthy organism, a hundred thousand cells
are formed every second by mitosis, whereas the same amount of cells is destroyed by apoptotic
process.’® As it can be deduced, apoptosis is the appropriate cell death route and not necrosis
because the first one avoids the release of the intracellular content to the extracellular medium,
something that may imply inflammation, generally related to cancerous processes.”’ In this work
we have studied two of the mechanisms involved in apoptosis: the externalization of
phosphatidylserine (PS) through its interaction with annexin V-FITC and the activation of the
caspase cascade. The lipid bilayer membrane presents an asymmetrical composition where PS is
in the inner layer, but the exposure of PS to the outer leaflet of the plasma membrane is accepted
as a universal characteristic of apoptotic cells.”® This loss of asymmetry in the arrangement of

phospholipids, with the consequent exposure of PS was observed for the first time in apoptotic
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5%.60 and later confirmed for a large variety of cells such as cancer cell lines, vascular

lymphocytes,
smooth muscle cells, etc.’” Once exposed to the extracellular environment, binding sites on PS
become available for annexin V, conjugated to a fluorochrome (FITC: fluorescein isothiocyanate),
and using flow cytometry techniques, cells in stages of apoptosis can be identified. Besides, by the
use of 7-Aminoactinomycin D (7-AAD) we can differentiate cell populations in early or late
apoptosis. These experiments were carried out with undifferentiated cancer cells after the
incubation with complexes 2, 5-8 (20 uM) during 24 h and control cells were treated with the
vehicle DMSO. As it can be seen in Figure 6, the complexes 5-8 but not complex 2, exhibit a

significant increase in population of cells undergoing apoptosis (in early and late stages) compared

to control cells.
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Figure 6. Fluorescence histograms of the distribution of cell populations in different stages:
necrosis (Q1), living cells (Q3), late apoptosis (Q2) and early apoptosis (Q4), in control and gold(I)
complexes treated Caco-2/TC7 cells (A). Apoptosis values, early + late, (%) of cells treated with
gold(I) complexes (20 uM, 24 h). The results are expressed as mean values = log SEM (n > 4

experiments) *P<0.05; **P<0.01; ***P<0.001 vs. control. (B)

The above results indicate the proapoptic behaviour of our complexes by externalization of
phosphatidylserine, but additional mechanisms of apoptosis can be held. Generally, there are two
major pathways of apoptosis, the intrinsic and extrinsic pathways,! % but the two of them involve
the activation of a cysteine proteases family named caspases. Caspases are a family of proteases
(Cysteine-requiring Aspartate protease) that mediate cell death and are important for the process
of apoptosis. Three different types of caspases can be distinguished: initiator caspases (caspases
2, 8,9 and 10), executioner caspases (caspases 3, 6 and 7), and inflammatory caspases (caspases
1,4, 5, 11 and 12). All of them were synthesized as an inactive form (pro-caspase), but inititator
caspases can activate themselves, and start the caspase apoptotic pathway by triggering
downstream caspases (executioner ones), which act as initial effectors during apoptosis to
proteolytically dismantle most cellular structures.®® ® In the intrinsic and extrinsic pathways,

although the initiator caspases of each pathway are different, both mechanisms mobilize the same
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executioner caspases, caspases-3, -6 and -7. Thus, we focus our study on determining the activity

of caspases-3 and -7 by luminescence assays.

Table 7. Caspase activity values (%) in control, staurosporine (STA, 1 uM, 4 h) and gold(I)

complexes 2, 5-8 treated Caco-2 cells (20 uM, 24 h).

Control STA 2 5 6 7 8

%
activity  100£5.69  244.5£2.57***  8§2243.64***  7.55£2.42%**  10.16+2.05%**  10.35+£3.59%**  R.22+2 44***

The results are expressed as mean values = log SEM (n >4 experiments) ***P<0.001 vs. control.

The selected method is based on the production of free aminoluciferin by the action of caspase-3
and 7 on a DEVD-aminoluciferin substrate. The aminoluciferin is consumed by the luciferase,
generating a luminescent signal that is proportional to caspase-3/7 activity. Staurosporine (STA, 1
uM, 4 h) was used as a positive control. Surprisingly, all the tested complexes induced a great
decrease of the luminescence, compared to control cells (Table 7). These behaviours might be
explained by a possible kidnap of the aminoluciferin, due to the different donor atoms present in
the molecule,®>  our complex may react with this specie and stop it from generating the

corresponding signal, but additional studies should be performed to confirm this hypotheses.

Cell cycle studies. Since cell proliferation was inhibited by our complexes, we decided to
investigate whether these compounds might induce any kind of alteration in the normal
development of the cell cycle. Previous studies showed that some chemotherapeutics alter the
different cycling-dependent kinases, responsible for the control of the cell cycle, which is usually
related with an arrest in phase G2/M.%” Our experiments carried out in cancer Caco-2/TC7 cells

treated with gold(I) derivatives showed that while complex 2 does not have any effect on the cell
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cycle, the complexes 5-8 alter it in different phases. In this sense, the complex 7 induces an arrest

in S-phase, the complexes 5, 6 and 8 induce an arrest in G2/M phase, since there is an increase in

the number of cells in these phases, respectively, respect to control (Figure 7 and Table 8). These

results point out once more to the huge importance of the drug’s structure, because by changing in

one position the N atom, the mechanism of action changes drastically.
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Figure 7. Fluorescence histograms obtained by flow cytometry of the cell populations in different

phases of the cell cycle after 24 h of incubation of the cells with DMSO (control) and gold(I)

complexes 2, 5-8 (20 uM).
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Table 8. Cell populations (%) in the different phases of the cell cycle.

Complex G0/G1 S G2/M

Control 60.25+1.53 33.02+1.25 6.73+0.55
Complex 2 60.89+4.23 30.63+3.50 8.48+1.22
Complex 5  53.82+2.11% 36.42+3.32 9.76+1.38%*
Complex 6  51.4742.17**  38.50+3.32 10.03+1.38*
Complex 7 51.58+1.87** 39.18+1.69** 9.23+1.61

Complex 8 58.54+3.52 31.1943.63  10.2740.17%**

The cells were treated with vehicle DMSO (control) or complexes 2, 5-8 (20 uM, 24 h). Values
are expressed as mean values + log SEM (n > 4 experiments). *P<0.05; **P<0.01; ***P<0.001

vs. control.

Effects on Reactive Oxygen Species (ROS) generation. During the cellular process of division
and respiration, ROS species are generated. These species have an enormous oxidizing effect but,
in a well-functioning organism, the antioxidant system balances this effect and the ROS species
imply a positive effect as a proapoptotic system for those cells that must be replaced.®®
Nevertheless, in high concentration, ROS can produce severe damage and even cell death by
oxidizing their proteins, lipids or nucleic acids.®”! The increase of the ROS levels in the cell is
provoked by a disruption on the antioxidant system, and it is usually known as oxidative stress. In
order to determine the oxidative stress, we studied the generation of oxidized proteins and lipids.
Protein oxidation evaluation. The most established method to measure the oxidation of proteins
is the quantification of carbonyl species.”” In this investigation, we used 24-
dinitrophenylhydrazine (DNPH) to generate 2,4-dinitrophenylhydrazone by the reaction with

carbonyl groups present in the oxidized proteins. The resulting hydrazone can be detected by UV-
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vis spectroscopy at 375 nm, which allows us to calculate the total content of carbonyl species of
the protein present in the lysate. Although proteins are very sensitive biomolecules, no evidence
of oxidative damage was observed with any of the gold(I) complexes used (Figure 8A). Lipid
peroxidation evaluation. Lipids present in the membrane layer can also be easily oxidized to form
peroxidised species such as malondialdehyde (MDA) and hydroxyalkenals (4-HDA), which are
important biomarkers to evaluate oxidative damage in lipids. To quantify both biomarkers at the
same time, we use Gerard-Monier method,”® which is based on the condensation reaction between
MDA or 4-HDA with two molecules of N-methyl-2-phenylindole. The resulting product can be
measured by UV-vis spectroscopy at 586 nm. In contrast with the observed in carbonyl assay, now

oxidative damage in lipids was observed for all the tested gold complexes (Figure 8B).
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Figure 8. Carbonyl (A) and MDA+4-HDA (B) levels (nmol mg"! protein) in Caco-2/TC7 cells
treated with the vehicle DMSO (control) or the gold(I) complexes 2, 5-8 (24 h, 20 uM). Values
are expressed as mean values + log SEM (n>6 experiments). *P<0.05; **P<0.01; ***P<0.001 vs.

control

Inhibition of TrxR system. As it was mentioned before, stress oxidative is the consequence of

a disruption in the antioxidant/oxidant balance. The endogenous antioxidant system consists of
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enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx) or the family of thioredoxins (Trx). The latter, together with the glutarredoxin
protein family, plays an important role in the maintenance of redox homeostasis through the
exchange of dithiol disulfide with its target proteins.’* Besides due to the presence of these thiol
and selenothiol moieties, this protein might represent a good candidate to study, since gold tends
to coordinate to these groups. Moreover, several studies point out that, due to the increased cellular
proliferation and the high metabolic demand of the tumor cells, Trx system is overexpressed being
a great new target for chemotherapy.’> In contrast to other investigations, in which the capacity of
the compounds to modify the activity of the Trx was tested on Trx isolated from rat liver,’® "7 we
determined the activity of Trx in cancer cells (Caco-2/TC7) treated with the complexes. This
difference allows us to understand the complexes behavior in our in vitro model, the same used
for the evaluation of stress oxidative damage. A strong decrease of the thioredoxin reductase
(TrxR) activity was induced by all the gold(I) complexes compared with the basal activity
registered for the control cells (Figure 9), which is consistent with the oxidative damage observed

in membrane lipids.
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Figure 9. Specific TrxR activity (units mg-1 protein) in Caco-2/TC7 cells treated with gold(I)
complexes (20 uM, 24 h). Values are expressed as mean values + log SEM (n>4 experiments).

*P<0.05; **P<0.01 vs. control.
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Apoptosis studies in primary cultures of mouse colon tumors. Based on the excellent results
obtained with the complexes in Caco-2 cells, we decided to reevaluate the induction of the
apoptosis by the mechanism of phosphatidylserine externalization in a mouse model, which is
closer to the conditions of development of cancer in humans. One of the most widely used
protocols for inducing colon cancer in mice is based on the administration of the carcinogenic
azoxymethane (AOM) and dextran sulfate sodium (DSS) to induce epithelial damage. The
combination of these two compounds generally produces a colonic tumorigenesis in a period of
10 weeks.”® 7 In our experiments, a total of 5 mice survived and developed tumors, finding 3.25
+ 0.47 tumors/mouse with an mean size of 2.49 + 0.34 mm of diameter. In some cases, some
processes of metastasis in the peritoneal organs could be observed.

The isolated tumor tissue was subjected to enzymatic digestion to achieve viable individual
cancer cells to be seeded in a culture plate. Then, the same protocol as in the in vitro model of cells
was carried out to detect the exposure to phosphatidylserine. We found that all tested complexes
induce apoptosis by phosphatidylserine signaling mechanism in primary cultures from mouse

colon tumors, confirming the in vitro results obtained from Caco-2/TC7 cells (Figure 10).
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Figure 10. Fluorescence histograms of the distribution of cell populations in different stages:

necrosis (Q1), living cells (Q3), late apoptosis (Q2) and early apoptosis (Q4), in control and gold(I)

complexes treated Caco-2 cells (A). Apoptosis values, early + late, (%) of Caco-2 cells treated

with gold(I) complexes (20 uM, 24 h). The results are expressed as mean values =+ log SEM (n > 4

experiments) *P<0.05; **P<0.01; ***P<(0.001 vs. control. (B)
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CONCLUSIONS

In this work, we describe the synthesis of seven novel gold(I)complexes with the water soluble
phosphane HMPT and an ethynylphenyl or ethynylpyridine moiety. After their characterization,
we have evaluated some of their ADME-tox profile properties: thermal stability, water solubility,
lipophilicity, interaction with BSA, and their antiproliferative activity. Besides, their mechanism
of action was studied in detail. All complexes showed much more cytotoxic activity than cisplatin
in Caco-2/TC7 cells, and what is more, an exception of complex 3 they are no toxic drugs for
considered normal epithelial cells (differentiated Caco-2/TC7 cells). The selective complexes
induce apoptosis in undifferentiated cancer Caco-2/TC7 cells through the phosphatidylserine
signaling pathway, and some of them induce alterations of the cell cycle. Complexes 2, 5, 6 and 8
arrest the cycle in G2/M phase whereas complex 2 arrests the cycle in S-phase. One more time,
the huge importance of the drug’s structure is clearly visible in these experiments, since the N
atom position determines not only the antiproliferative effect of the drug but also its mechanism.
Oxidative stress studies reveal that these complexes induce oxidative damage in membrane lipids,
something that may be related with the strong inhibition of the antioxidant system TrxR also found.
Finally, we detected a phosphatidylserine externalization in the cells from primary cultures of
mouse colon tumors, confirming the in vitro studies. All of our results suggest that complexes 2

and 5-8 might be promising candidates for colon cancer chemotherapy.

EXPERIMENTAL SECTION
General procedures

NMR Spectroscopy. 'H, 3'P and *C NMR spectra were recorded on 400 or 300 MHz Bruker
Avance spectrometers and are referenced to external TMS or 85% H3PO4 (*'P), Chemical shifts

(0) are given in ppm, coupling constants are reported in Hz. MALDI mass spectra were measured
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on a Micromass Autospec spectrometer in positive ion mode using DCTB (1,1-diciano-4-
‘butylphenyl-3-methylbutadiene) as matrix. Infrared spectra (4000-250 cm™") were recorded on a
Perkin Elmer Spectrum 100 FTIR (far-IR) spectrometer. Elemental analyses were obtained in-
house using a LECO CHNS-932 microanalyser. The starting material: the phosphane HMPT was
purchased from Alfa Aesar (Kandel, Germany) and the thiols were purchased from Sigma-Aldrich
(Madrid, Spain) and used as received. [AuCl(tht)] were prepared according to published
methods,*® and [AuCI(HMPT)] with a slightly modified procedure.**

WARNING: Special care must be taken with the phosphane, thus working in a well-ventilated

place is extremely recommended.

Synthesis and Characterization.

[AuCI(HMPT)] (1). To a suspension of [AuCl(tht)] (2 mmol, 0.643 g) in 20 mL of acetone in a
shlenk tube under argon was added 3 mmol of HMPT (2 mmol, 0.489 g, 0.365 mL) and stirred
for 1 h at room temperature. The resulting solution was evaporated until dryness and a white solid
is observed. Yield: 93% white solid. '"H NMR (400 MHz, CDCl3) § (ppm) 2.66 (d, J = 11.7 Hz,
18H). 3'P {'H} NMR (162 MHz, CDCl3) &(ppm) 110.87 (s). APT-RMN (101 MHz, CDCI;)
8(ppm) 37.79 (d, J=9.2 Hz) IR (v(cm™)): 2922, 1462, 1425, 1408, 1281, 1179, 1149, 1063, 958,
719, 677, 523, 316. MS (MALDI", m/z (%)):270.2 (58.8, [Au-PNMe:]"), 360.1 (46.2, [M-CI]"),

523.2 (100, [M-CI+HMPTT"), 755.1 (22.1, [2M-CI]"). Sasec H20 (mg/L)= 496.6

Synthesis of alkynyl complexes (2)-(8). To a solution in ethanol, 20 mL, of the corresponding

4-R-Phenylacetylene (R= H (2), Me (3), OMe (4), Br (5) and Cl (6)) (0.2 mmol) or the

ethynylpyridine group (2-ethynyl (7) and 3-ethynylpyridine (8)) was added an ethanol solution of
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KOH (0.27 mmol, 0.155 g). After 30 min of stirring, [AuCI(HMPT)] (0.21 mmol, 0.84 g) was
added and it is stirred for additional 24 h at room temperature, the corresponding solid was
discarded by filtration and the crude was evaporated until dryness, and finally wash with distilled
water and diethyl ether.

Complex 2: Yield 70% 'H NMR (400 MHz, CDCls) 8(ppm) 7.38 (d, J = 8.1 Hz, 2H), 7.03 (d, J
= 7.9 Hz, 2H), 2.67(d, 18H), 1.62 (s, 3H).>'P {'H} NMR (162 MHz, CDCls) &(ppm) 133.23
(s).APT-RMN (101 MHz, CDCl3) d(ppm) 37.79, 104.84, 122.03, 132.29, 128.83, 136.68, 58.71
IR (v (cm™)): 2970, 2880, 2113, 1653, 1504, 1464, 1449, 1281, 1183, 1090, 1049, 968, 953, 816,
716, 677. MS (MALDI", m/z (%)): 523.3 (100, [Au(HMPT):]"), 821.3 (50.67, [M+Au(HMPT)]").
Anal.Calcd for Ci14H23AuNsP (461.29): C, 36.45; H, 5.03; N, 9.11. Found: C, 36.57; H, 5.12; N,
9.23. Sasec H2O (mg/L)= 150.6

Complex 3: Yield 81% '"H NMR (400 MHz, CDCl3) 8(ppm) 7.38 (d, J = 8.1 Hz, 2H), 7.03 (d, J
= 7.9 Hz, 2H), 2.67(d, 18H), 1.62 (s, 3H).>'P {'H} NMR (162 MHz, CDCls) &(ppm) 133.23
(s).APT-RMN (101 MHz, CDCI3) d(ppm) 37.79, 104.84, 122.03, 132.29, 128.83, 136.68, 58.71
IR (v(em™)): 2970, 2880, 2113, 1653, 1504, 1464, 1449, 1281, 1183, 1090, 1049, 968, 953, 816,
716, 677. MS (MALDI", m/z (%)): 523.4 (90.2, [Au(HMPT):]"), 835.5 (42.2, [M+ Au(HMPT)]").
Anal.Calcd for CisHosAuNsP (475.32): C, 37.90; H, 5.30; N, 8.84. Found: C, 37.60; H, 5.25; N,
8.72. Szsec H2O (mg/L)= 135.8

Complex 4: Yield 31% 'H NMR (400 MHz, CDCls) 8(ppm) 7.43 (d, J= 8.5 Hz, 2H), 6.77 (d, J
= 5.5 Hz, 2H), 3.79 (s, J = 11.3 Hz, 3H), 2.66 (dd, J = 11.5, 5.1 Hz, 18H).>'P {'H} NMR (162
MHz, CDCl3) d(ppm) 135.24 (s).APT-RMN (101 MHz, CDCIl3) &(ppm) 37.81,104.63, 117.39,
133.75, 113.95, 158.53, 55.37 IR (v(cm™)): 2920, 2794, 2018, 1600, 1504, 1457, 1284, 1241,

1186, 1030, 975, 833, 706, 675. MS (MALDI", m/z (%)): 523.3 (95.2, [Au(HMPT),]"), 655.3 (4.1,
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[M+HMPTT), 851.3 (21.42, [M+Au(HMPT)]"), 1342.7 (6.31, [2M+Au(HMPT)]"). Anal.Calcd
for C15sH2sAuN3;OP (491.32): C, 36.67; H, 5.13; N, 8.55. Found: C, 36.59; H, 5.29; N, 8.62. Sasc
H,0 (mg/L)= 198.2

Complex 5: Yield 85% '"H NMR (400 MHz, CDCl3) 8(ppm) 7.35 (m, 4H), 2.68 (d, J=11.3 Hz,
18H).'P {'"H} NMR (162 MHz, CDCl3) §(ppm) 133.24 (s).APT-RMN (101 MHz, CDCl5) 8(ppm)
37.64,103.41, 124.01, 133.57, 131.37, 120.54 IR (v(cm™)): 2994, 2787, 2116, 1671, 1473, 1455,
1445, 1276, 1241, 1174, 1060, 960, 835, 714, 676, 279. MS (MALDI", m/z (%)):523.4 (100,
[Au(HMPT),]%), 929.2 (17.8, [M+Au(HMPT)]"). Anal.Calcd for Ci4H2AuBrNsP (475.32): C,
31.13; H, 4.10; N, 7.78. Found: C, 31.26; H, 4.27; N, 7.81. Szs:c H O (mg/L)=45.6

Complex 6: Yield 98% 'H NMR (400 MHz, CDCls) 8(ppm) 7.43 — 7.38 (m, 2H), 7.22 — 7.17
(m, 2H), 2.68 (d, J = 11.3 Hz, 18H).*!'P {!H} NMR (162 MHz, CDCls) 8(ppm) 133.18 (s).APT-
RMN (101 MHz, CDCls) 8(ppm) 37.79, 103.66, 132.52, 133.09, 128.60, 123.7 IR (v(cm™)): 2993,
2787, 2116, 1674, 1475, 1455, 1445, 1278, 1174, 1061, 962, 951, 839, 715, 677. MS (MALDI",
m/z (%)): 523.3 (100, [Au(HMPT),]"), 855.2 (26.1, [M+ Au(HMPT)]"). Anal.Caled for
Ci4H22AuCIN3P (495.74): C, 33.92; H, 4.47; N, 8.48. Found: C, 33.74; H, 4.31; N, 8.54. Szs:c H,O
(mg/L)=101.7

Complex 7: Yield 88% 'H NMR (400 MHz, CDCl3) §(ppm) 8.49 (ddd, J=4.9, 1.7, 0.9 Hz, 1H),
7.57 — 7.48 (m, 1H), 7.39 (dt, J= 7.9, 1.0 Hz, 1H), 7.07 (ddd, J=7.5, 4.9, 1.2 Hz, 1H), 2.67 (d, J
= 11.3 Hz, 18H). *'P{'H} NMR (162 MHz, CDCls) §(ppm) 133.12 (s). APT-RMN (101 MHz,
CDCls) 8(ppm) 37.8, 126.98, 135.66, 121.33, 149.72 IR (v(cm™)): 2994, 2883, 2789, 2118, 1581,
1558, 1572, 1458, 1420, 1281, 1238, 1182, 1147, 1064, 961, 951, 781, 717, 675. MS (MALDI",

m/z (%)): 501.1 (99.2, [M+K]") 523.3 (95.6, [Au(HMPT).]") 822.7 (59.9, [M+Au(HMPT)]").
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Anal.Calcd for Ci13H22AuN4P (462.28): C, 33.78; H, 4.80; N, 12.12. Found: C, 33.82; H, 4.72; N,
12.24. Szs.c H2O (mg/L)= 236.4

Complex 8: Yield 80% 'H NMR (400 MHz, CDCI3) §(ppm) 8.72 (s, 1H), 8.39 (dd, J=4.9 Hz,
1H), 7.74 (dt, J = 7.9 Hz, 1H), 7.16 (ddd, J = 7.9, 4.9, 0.8 Hz, 1H), 2.69 (d, J = 11.3 Hz, 18H).
SIP{'H} NMR (162 MHz, CDCls) §(ppm) 132.92 (s). APT-RMN (101 MHz, CDCls) §(ppm)
37.75, 139.11, 122.79, 147.07, 153.32 IR (v(cm™)): 2882, 2788, 2118, 1653, 1578, 1559, 1471,
1400, 1281, 1226, 1183, 1150, 1062, 959, 808, 709, 675.MS (MALDI", m/z (%)):523.3 (48.11,
[Au(HMPT),]") 822.4 (17.74, [M+Au(HMPT)]"). Anal.Calcd for Ci3H22AuNsP (462.28): C,

33.78; H, 4.80; N, 12.12. Found: C, 33.85; H, 4.76; N, 12.27. Szs.c H2O (mg/L)= 280.7

Single-Crystal Structure Determination. Suitable crystals of 4 and 5 were mounted on a glass
fibre and used for data collection on a Bruker AXS APEX CCD area detector equipped with
graphite monochromated Mo Ka radiation (A = 0.71073 A) by applying the ®-scan method.
Lorentz-polarization and empirical absorption corrections were applied. The data reduction were
performed with the APEX2 software (Bruker Apex2, Bruker AXS Inc., Madison, Wisconsin,
USA, 2004) and corrected for absorption using SADABS (G.M. Sheldrick, SADABS, Program
for Empirical Adsorption Correction, Institute for Inorganic Chemistry, University of Gottingen,
Germany, 1996). Crystal structure was solved by direct methods and refined by full-matrix least-
squares on F2 including all reflections using anisotropic displacement parameters by means of the
WINGX crystallographic package (G. M. Sheldrick, SHELX-2014, Program for Crystal Structure
Refinement, University of Goéttingen, Gottingen, Germany, 2014).8! Generally, anisotropic
temperature factors were assigned to all atoms except for hydrogen atoms, which are riding their

parent atoms with an isotropic temperature factor arbitrarily chosen as 1.2 times that of the
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respective parent. Final R(F), wR(F2) and goodness of fit agreement factors, details on the data
collection and analysis can be found in Table S1. Selected bond lengths and angles are given in
Table S2 (ESI). CCDC reference numbers for the structures of 4 and 5 were 1960425-1960424.
Copies of the data can be obtained free of charge upon application to CCDC, 12 Union Road,

Cambridge CB2 1EZ, U.K. (fax, (+44)1223 336-033; e-mail, deposit@ ccdc.cam.ac.uk).

Cell culture. This study was carried out in the human enterocyte-like cell line Caco-2/TC7,%*
kindly provided by Dr. Edith Brot-Laroche (INSERM, UMR S 872, Centre de Recherches de
Cordeliers, Paris, France). This cell line undergoes in culture a process of spontaneous
differentiation that leads to the formation of a monolayer of cells, expressing morphological and
functional characteristics of the mature enterocytes. This differentiation process is growth-
dependent, where the cells undergo differentiation from 'undifferentiated proliferative crypt-type
cells' in exponential phase of growth, to 'differentiated enterocyte-type cells' in stationary phase.®’
Caco-2/TC7 cells (passages 30-50) were cultured at 37°C in an atmosphere of 5% CO> and
maintained in high glucose DMEM supplemented with 2 mM glutamine, 100 U/mL penicillin, 100
pg/mL streptomycin, 1% non-essential amino acids, and 20% heat-inactivated fetal bovine serum
(FBS) (Life Technologies, Carlsbad, CA, USA). To cell line maintenance, cells were passaged
enzymatically with 0.25% trypsin-1 mM EDTA and sub-cultured on 25 cm? plastic flasks at a
density of 10* cells/cm?. Culture medium was replaced every 2 days. With this density of culture,
the cells reach cell confluence 90 % (where cell differentiation starts) at 7 days after seeding, and
the complete cell differentiation is reached at 15 days post-seeding. Thus, experiments in
undifferentiated and differentiated cells (considered as cancer and normal cells, respectively) were

performed between 2-5 days and 12-15 days post-seeding, respectively. For cell viability assays,

33



cells were seeded in 96-well plates at a density of 2 x 10* or 4 x 10* cells per well, and
measurements were carried out 5 or 15 days after seeding, respectively. For thioredoxin reductase
and oxidative stress assays, cells were seeded at a density of 3.3 x 10* cells/cm?; for apoptosis and
cell cycle analyses at 3x10*cells/cm?; and for caspase assays at 103 cells per well in 96-well plates.
Stock solutions of the complexes (in DMSO) were diluted in the complete medium to the required
concentration. DMSO at similar concentrations did not show any cytotoxic effects. The culture
medium was replaced with fresh medium (without FBS) containing the complexes at
concentrations varying from 0 to 20 uM, and with an exposure time of 72 h for cell viability assays.
For all the other studies, the cells were incubated at 20 uM for 24 h.

Cell viability assay. Cell survival was measured by using the MTT test.> The assay is dependent
on the cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, Madrid, Spain) by the mitochondrial dehydrogenase of viable cells to a blue
formazan product that can be measured spectrophotometrically. Following the appropriate
incubation of cells, with or without the metallic complexes, MTT (5 mg mL'") was added to each
well in an amount equal to 10 % of the culture volume. Cells were incubated with MTT at 37 °C
for 3 h. After that, the medium and MTT were removed and 100 pl of DMSO was added to each
well. The plate was gentle stirred in a shaker. Finally, the cell viability was determined by
measuring the absorbance with a multi-well spectrophotometer (DTX 800 Multimode Detector,
Beckman Coulter) at a wavelength of 560 nm and compared with the values of control cells
incubated in the absence of the complexes. ICso values were calculated using a conventional
concentration-response curve with variable slope. Experiments were conducted in quadruplicate

wells and repeated at least three times.
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Apoptosis studies. For the studies of apoptosis, by means of the detection of phosphatidylserine
in the outer layer of the plasma membrane, the Annexin V-FITC Apoptosis Detection kit
(Immunostep, Spain) was used. After the incubation with the complexes, the cells were collected
and transferred to flow-cytometry tubes. A negative control was prepared with untreated cells, that
was used to define the basal level of apoptotic and necrotic or dead cells. The staining with
Annexin V-FITC and 7-Aminoactinomycin D (7-ADD) was performed according to
manufacturer’s recommendation. The cells were washed twice with temperate phosphate-buffered
saline (PBS) and resuspended in 200 pl of 1 x Annexin-binding buffer. Thereafter, 2.5 pl of the
Annexin V-FITC and 2.5 pl of PI were added to each 50 pl of cell suspension. After incubation
for 15 min at RT in the dark, 400 pl of 1 x Annexin binding buffer were added and analyzed by
flow cytometry within 1 h. The signal intensity was measured using a Gallios Flow Cytometry

(Beckman Coulter) and analyzed using the Kaluza Analysis Software (Beckman Coulter).

Cell cycle analyses. After the incubation with the complexes, the cells were collected, washed
twice with PBS, fixed in 70% ice-cold ethanol and stored at 4 °C for 24 h. After centrifugation,
cells were resuspended in PBS containing propidium iodide (PI, 50 pg/mL) and RNase A (100
pg/mL). After incubation for 30 min at RT in the dark, PI stained cells were analyzed for DNA
content in a Gallios Flow Cytometry (Beckman Coulter). The red fluorescence emitted by PI was
collected by 620 nm longer pass filter, as a measure of the amount of DNA-bound PI and displayed
on a linear scale. Cell cycle distribution was determined on a linear scale. The percentage of cells
in cycle phases was determined using the Kaluza Analysis Software (Beckman Coulter).

Caspase 3/7 activity assay. The Caspase-Glo 3/7 assay reagent (Promega, Madison, USA) was

used for caspase detection in cells incubated with the complexes. The reagent provides a
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proluminescent caspase-3/7 substrate, which contains the tethrapeptide sequence DEVD, in
combination with luciferase and a cell-lysing agent. The addition of the Caspase-Glo 3/7 reagent
directly to the assay well results in cell lysis, followed by caspase cleavage of the DEVD substrate,
and the generation of luminescence. Caspase reagent was added directly to individual wells in
white 96-well plates (1:1 ratio of Caspase reagent volume to sample volume), mixed gently on an
orbital shaker for about 30 s, and further incubated at RT for 1 h prior to reading. Luminescence
measurements were obtained using the FLUOstar Omega, BMG Labtech. The activity of Caspases
3/7 was calculated as arbitrary units of luminescence and expressed as percentage of control.
Positive control of Caco-2 cells incubated with Staurosporine (1 uM, 4 h) was also performed to

verify that the reaction was working properly.

Cell homogenates preparation. After the incubation with the complexes, the cells were
resuspended and homogenized with a cold Tris-mannitol buffer (Tris 2 mM, mannitol 50 mM, pH
7.1, protease inhibitors, and 0.02% sodium azide). Then, the homogenate was disrupted by
sonication (15 1-s bursts, 60 W). For lipid peroxidation and protein carbonyl analysis, the
homogenate was centrifuged for 10 min at 3,000 g at 4°C and for thioredoxin reductase activity
determination, the homogenate was centrifuged for 10 min at 10,000 g at 4°C. The supernatant
was taken for the study. Protein content was measured by following the Bradford method (Bio-

Rad, Hercules, CA, USA).

Measurement of lipid and protein oxidation. The level of lipid peroxidation was determined

by measuring the concentration of malondialdehyde (MDA) and 4- hydroxyalkenals (4-HDA), as

described previously.’* 85 Briefly, MDA+4-HDA reacted with N-methyl-2-phenylindole and
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yielded a stable chromophore that was measured in a spectrophotometer at 586 nm, using 1,1,3,3-
tetramethoxypropane as standard. The results were calculated in nmol MDA+4-HDA mg™! protein.
Protein oxidation was analyzed by carbonyl level measurement as previously described.®* Cell
homogenates were incubated with the classical carbonyl reagent 2,4-dinitrophenylhydrazine
(DNPH), and protein carbonylation was measured spectrophotometrically at 375 nm. The results

were calculated in nmol carbonyl groups mg™! protein.

Thioredoxin reductase activity. Thioredoxin reductase (TrxR) activity was determined by the
Thioredoxin Reductase Assay Kit (Sigma-Aldrich, Madrid, Spain) according to the manufacturer’s
instructions. It is based on the reduction of 5,5'-dithiobis(2-nitrobenzoic) acid (DTNB) with
NADPH to 5-thio-2-nitrobenzoic acid (TNB), which produces a strong yellow colour that is
measured at 412 nm. The reaction mixture contained 50 pl of the sample, 100 mM potassium
phosphate buffer at pH 7.0 with 10 mM EDTA and 0.24 mM NADPH, with and without a TrxR
inhibitor, to complete a final volume of 970 pl. The reaction was started by adding 30 ul DTNB
(39.6 mg mL!) and the absorbance change at 412 nm was monitored for 5 min with the
spectrophotometer Hitachi U-2800A Spectrophotometer UV-vis Reader. The number of units was
calculated by using Beer's Law and an extinction coefficient of 14.150 M'cm™! for the TNB anion.
One unit of TrxR activity is the amount of enzyme catalyzing the reduction of 1 equivalent of
DTNB per min at 25 °C, pH 7 (formation of 2 equivalents of TNB anion). The specific activity of

TrxR was calculated as units per mg of total protein.

Mouse model of colitis-associated cancer. All procedures were carried out under Project

License PI43/17, approved by the in-house Ethics Committee for Animal Experiments from the
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University of Zaragoza. The care and use of animals were performed accordingly with the Spanish
Policy for Animal Protection RD53/2013, which meets the European Union Directive 2010/63 on
the protection of animals used for experimental and other scientific purposes. Female Hsd:ICR
(CD-1) mice (16-week-old) were purchased from Envigo (Barcelona, Spain). All mice were
housed in Servicio de Experimentacion Animal of the Universidad de Zaragoza, Spain, on a 12-
hour light/dark cycle with food and water ad libitum. Mice were intraperitoneally injected with a
single dose of 12 mg/kg azoxymethane (AOM) (Sigma-Aldrich, Madrid, Spain) on day 1, followed
by three cycles of dextran sulfate sodium (DSS) MW 40 kDa (Sigma-Aldrich, Madrid, Spain)
administration (Each cycle: 3% DSS during 5 days, followed of drinking water during 16 days),

and then drinking water until the end of the experiment on weeks 10-14.

Primary cultures of mouse colonic tumors. Colonic tumors were isolated from the mice
treated with the above AOM/DSS protocol (2-3 tumors/mouse) and collected in DMEM medium
supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, 25 pL/mL
Antibiotic/Antimycotic (100x) and 50 pg/mL gentamycin. Tumors were cut into pieces and
processed for enzymatic digestion in culture medium with 5 % FBS supplemented with 2 mM
glutamine, insulin 4 pg/mL, dispase I 0.08 mg/mL, collagenase 0.04 mg/mL and EGF 0.01 pg/mL
for 3-4 hours at 37°C in rotation. Tissue masses were washed twice, resuspended in complete
medium with 25% FBS supplemented with 2 mM glutamine, insulin 4 pug/mL and EGF 0.01
ng/mL, seeded onto 96-well plates at a density of 10° cells per well, and incubated for 72 h at 37°C
and in 5% CO,. The medium was changed 72 h after seeding and every two days thereafter. The
experiments of apoptosis (detection of phosphatidylserine with Annexin V-FITC) were carried out

in the cells 7 days after seeding, following the above protocol.
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Statistical Analyses. All results are expressed as means =+ the standard error of the mean (SEM)
of at least three independent experiments. Statistical comparisons were performed using Student's
t-test or one-way ANOVA followed by the Bonferroni posttest and the differences between P-
values<0.05 were considered statistically significant. Statistical analyses were carried out using

the Prism GraphPad Program (Prism version 4.0, GraphPad Software, San Diego, CA).
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Mechanism of action

A total of five gold(I) complexes are selective to tumor cells (Caco-2) by apoptosis processes. This
cell death seems to be promoted by inhibition of TrxR system which induces an oxidative stress
damage in membrane lipids.
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