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Structural and Solution Chemistry, Antiproliferative Effects, and DNA and Protein Binding
Properties of a Series of Dinuclear Gold(lll) Compounds with Bipyridyl Ligands
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A series of six dinuclear gold(lll) oxo complexes with bipyridyl ligands, of general formula(PN).-
(u-O)2][PFe)2 (Auoxol—Auoxo6) [where N,N= 2,2-bipyridine @), 4,4-di-tert-butyl- (2), 6-methyl- @),
6-neopentyl-4), 6-(2,6-dimethylphenyl)-§), 6,8-dimethyl-2,2-bipyridine ©)], were investigated as potential
cytotoxic and anticancer agents, and their antiproliferative properties were evaluated in vitro toward the
reference A2780 human ovarian carcinoma cell line. While five compounds manifested moderate cytotoxic
properties (with 1G, ~ 10—30 uM), the sixth one (Auoxo6), turned out to be5—15 times more active
against both cell lines and will merit further pharmacological studies. The interactions of Auoxol and Auoxo6
with a few model proteins (serum albumaytochromec, ubiquitin) and with calf thymus DNA were analyzed

in detall by various spectroscopic methods. Both tested compounds manifested a high and peculiar reactivity
toward the mentioned model proteins; specific differences were detected in their reactivity with DNA. The

mechanistic implications of these results are discussed.

Introduction

During the past decade, gold(lll) compounds have attracted

the interest of various research groups for their encouraging

cytotoxic and antitumor propertiés® Through implementation

of appropriate ligand selection strategies, a number of gold(lll)
compounds have been obtained, exhibiting sufficient stability
under physiological-like conditions and manifesting, in some
cases, relevant cytotoxic properties in vitro.

The following classes of mononuclear gold(lll) complexes
were characterized in detail: gold(lll) polyamirfegold(lil)
polypyridines38 gold(lll) porphyrins? various organogold(lll)
compounds, and gold(lll) dithiocarbamate complek&sNo-
tably, most of the above-mentioned compounds turned out to
be highly cytotoxic when tested in vitro on selected human
tumor cell lines, with 1Gy values generally falling in the low
micromolar rangé! 12

The initial efforts toward the synthesis and the biological
evaluation of anticancer gold(l1l) compounds were mainly driven
by the analogy with platinum(ll)-based drugs. However, in
contrast to early expectations, a large body of experimental

evidence now suggests that gold(lll) compounds produce their

biological and antiproliferative actions through mechanisms that
are profoundly distinct from those of platinum(ll) compoufhés.
Most likely, DNA does not represent the primary target for many
gold(lll) compounds; a rather poor affinity toward calf thymus
DNA was indeed measured for a number of gold(lll) com-
poundst* Accordingly, various cytotoxic gold(lll) compounds
were indeed reported to affect, only scarcely, the cell cycle of
treated celld® On the basis of some new experimental evidence,
the large proapoptotic effects that gold(lll) compounds cause
in vitro were proposed to be the consequence of a direct
interference with mitochondrial function.
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A common strategy in the field of anticancer metallodrugs
consists of the design and preparation of dimetallic or polymetal-
lic compounds derived from the “fusion” of two or more mono-
metallic molecular fragments in which the specific reactivity
of each metal center is further controlled by its interactions with
the nearby metal center(s) and by the overall molecular frame-
work. This strategy has been successfully pursued by Farrell
and his group in the case of anticancer platinum(ll) com-
poundst’ Notably, incorporation of two (or more) metal centers
within an extended molecular framework may greatly affect the
overall charge of the resulting polynuclear compound, its redox
properties, the kinetics of hydrolysis, and its specific reactivity
toward biomolecules in comparison to mononuclear analogues.

We report here on a series of six, structurally related,
dinuclear gold(lll) compounds derived from the condensation
of two square-planar gold(lll) moieties whose chemical char-
acterization was achieved both in the solid state and in
solution8~23 In all cases, each gold(lll) center is linked to two
nitrogen atoms of a bidentate 2f@pyridine ligand and to two
adjacent “bridging” oxygen atoris.

The antiproliferative properties of these compounds have been
measured on the reference human ovarian carcinoma cell line
A2780. Moreover, for two representative compounds of this
series, the reactivity with calf thymus DNA and with a few
model proteins has been analyzed in detail according to specific
protocols developed in our laboratory. These latter studies are
specifically directed to elucidate the molecular mechanisms of
interaction of dinuclear gold(lll) compounds with probable
biomolecular targets.

Results
1. Chemistry.

1.1. Structural Chemistry. The six dinuclear gold(lIl)
compounds of this study are shown in Scheme 1. Their synthesis
and characterization were carried out as reported in the
Experimental Section. Remarkably, all compounds of this series
are characterized by the presence of a common structural motif,
i.e., the [AwO,] diamond core, supported by two bidentate
bipyridyl ligands.
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Scheme 1.Schematic Drawings of the Dinuclear Gold(lll)
Complexes Auoxd

[PFgla

Auoxo3: R = Me
Auoxo4: R = CH,CMe,
Auoxo5: R = CgHzMeo-2,6

a Auoxo3 is a~1:1 mixture of the cis and trans isomer, while Auoxo4
and Auoxo5 are, as depicted, only trans isomers.

Scheme 2.Proposed Reaction Scheme for the Formation of the
Dinuclear Gold(lll) Compounds

(" Jera — [

2 [PFe]

[PFgl2 + 2H20
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The two gold(lll) centers are connected through two bridging
oxygen atoms; this results in an extended planar system that
comprises the two gold atoms and the two bipyridyl moieties.
The crystal structure of the trans isomer of Auoxo4 was
previously solved by X-ray diffractiof The structure of the
other complexes is proposed to be essentially the same on the
grounds of a number of analytical and spectroscopic data, the
exception being Auoxo3 actually consisting of-d:1 mixture
of the cis and trans isomers. Thus, the various dinuclear gold-
(1) complexes only differ for the nature and the position of
the substituent on the bipyridyl ligand that confers them,
notwithstanding, a significant variability in terms of hydropho-
bicity/hydrophilicity balance and of overall chemical behavior.
For instance, the mononuclear dihydroxo species, [Au(N,N)-
(OH),]J[PF¢], may be obtained if Auoxol and Auoxo2 are
refluxed in water over several hours (the reverse of the reaction
in Scheme 2J? In contrast, the presence of at least one
substituent in position 6, i.e., in the proximity of the bridging
oxo ligand, prevents the isolation of mononuclear precursors
as found for Auoxo3-Auoxo618

1.2. Solution Chemistry.The solution chemistry of the above
compounds was analyzed by absorption-t¥sible spectros-
copy. The various compounds were first dissolved in DMSO.
Notably, all six compounds are highly soluble and stable within
this medium, with full retention of their dinuclear structure.

These dinuclear compounds may be considered as the resulAfterward, concentrated DMSO solutions of each dinuclear
of the condensation of two mononuclear square-planar gold- gold(lll) compound (1x 102 M) were diluted in the reference

(1) units, each bearing aendcbidentate bipyridyl ligand,

phosphate buffer, at pH 7.4, to final concentrations of 507>

through formal loss of two water molecules according to the to 1 x 10~* M, and the samples were analyzed spectrophoto-

reaction represented in Scheme 2.

metrically over 24 h at 37C. The resulting spectral profiles

1l e
- "|||J f{ﬁfj‘ Auoxol : ‘I a Auoxo2
14 | I| II| II,‘l 13 | ﬁ ‘h
11 1|/
) " /b
" ‘(7‘( | NN
a Y | e \
. &}5 f| Auoxo3 . \ ﬁi\ Auoxo4
:;: ’)u': b| m: ||| | / b |
. : . | . : Iul ./ ||
s |I " |
: | : ||I
: \ : \_
a0 " : ; '"
o A Auoxo5 . I Auoxo6
:: l\ / W| i / °
" ar II|I l'-// ";b\" N or. IIU
SV \ : ll
” \ w 1
. . \
- \\ - \

Ty

= an [ g

Figure 1. Hydrolysis profiles of the dinuclear Auoxo complexes dissolved in 10 mM phosphate buffer, pH 7.45@t87= 0 (a) and after 24
h (b). Concentration of the complex is 10V for Auoxol, Auoxo2, and Auoxo5, while it is & 1075 M for Auoxo3 and Auoxo4 and is T6 M

for Auoxo6.
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Table 1. ICso Values of Dinuclear Organogold(lll) Compounds, Auoxo, Compared to the Mononuclear [Au(bipy](OAUOH1) and Cisplatin
(CDDP)

ICso (uM)?
cell lines CDDP AuOH1 Auoxol Auoxo2 Auoxo3 Auoxo4 Auoxo5 Auoxo6
A2780/S 2.1+ 0.2 8.4+ 0.1 22.84+ 1.53 121+ 1.5 25.44 2.47 12.7+1.06 11+ 1.5 1.79+ 0.17
A2780/R 24.4+0.1 14.9+ 0.3 23.3+:0.35 13.5+1.8 29.8+ 3.1 19.8+1.8 13.2+1.2 4.81+0.5

aMean+ SE of at least three determinations or mean of three independent experiments performed with quadruplicate cultures at each concentration
tested.

for all six compounds are shown in Figure 1. All six compounds 1200 A . T e
exhibit intense transitions in the 36@00 nm range, charac- 100/ : - Avovod
teristic of the gold(lll) chromophore, that may be straightfor- 80 A < Auoxes
wardly assigned as LMCT bands. In most cases, these transitions - o Soor,
remain substantially stable over 24 h (when gold(lll) compounds 607 o N\
are diluted within the phosphate buffer), implying a substantial 40 \ B NN
stability of the dinuclear gold(l1l) chromophore under the present 204 Q N
solution conditions. In most cases, some very small spectral 2 o] 2 J
changes are slowly observed with time that might be related to E - . )
the occurrence of partial hydrolysis processes and/or to forma- b4 1 10 100
tion of oligomeric species. In any case, the dinuclear species 3 1200 B
are the dominant ones in buffered agueous solutions. Extensive N
cleavage of the oxo bridges could only be achieved by applying a 1007
far more drastic solution conditions. For instance, nearly 80+
complete conversion of Auoxol into its monomeric [Au(bipy)- 60
(OH),] ™ species (AuOH1j* was obtained at 70C after~2 h 40/
of incubation. 20/

At variance with the other complexes, Auoxo5 at°&7was o]
found to manifest a large, progressive decrease in intensity of : - "
its major LMCT band, at 310 nm. After 24 h, this band drops 1 10 100
to 60% of its initial intensity, without significant shape [uM]

modifications. However, these effects could be later ascribed Figyre 2. Effects of Auoxo compounds on cell growth of A2780/S
to the occurrence of precipitation phenomena and could be (A) and A2780/R (B) cell lines. Cisplatin (CDDP) and AuOH1
largely reversed by changing the composition of the medium sensitivity profiles are also shown. Reported data are from a single
(i.e., by increasing the amount of DMSO). representative experiment.

Finally, the stability of the various dimetallic compounds ) )
toward biologically occurring reductants was evaluated. Ascor- OPSeérved. They also turned out to be slightly less effective than
bic acid (AsA) was selected as the reference reducing agent.AUOHl on the cisplatin senslltlve Ilqe. In contrast, Auoxo6 was
We found that AsA, presented at a 2:1 molar ratio, is able to far more active on both cell lines with andgvalue of~2 uM
reduce quickly all six dinuclear gold(lll) compounds. Occur- for the sensitive line and'5 uM for the resistant one. Notably,
rence of gold(lll) reduction is clearly witnessed by complete Auoxo06 turns to be apout 5 times more active than cisplatin on
disappearance of the LMCT bands characteristic of the gold- the CDDP resistant line.

(1) bipyridyl chromophore. Concomitantly, a broad absorption 3. Mechanistic Studies.To gain further insight into the
band appears around 550 nm that may be ascribed to formatiorspecific reactivity of these dinuclear gold(lll) compounds with
of colloidal gold, the final product of gold(lll) reduction. For ~ potential biomolecular targets, the reaction patterns of two
comparison purposes, the effects of glutathione (GSH) were alsorepresentative members of the series (i.e., Auoxol and Auoxo6)
analyzed. Similar to ascorbic acid, GSH causes the rapid With calf thymus DNA and with a few model proteins were
disappearance of the LMCT bands typical of the gold(lll) analyzed in detail by various spectroscopic methods.

centers, in agreement with the idea of gold(lll) reduction.  3.1. Reactions with Calf Thymus DNA.The interactions
However, in contrast to the case of ascorbic acid, no formation of Auoxol and Auoxo6 with calf thymus DNA were investi-

of colloidal gold is observed. Probably the presence of excessgated according to established procedures of our laboratory that
glutathione favors the formation of soluble gold(l) thiolate couple spectroscopic and analytical determinations. Auoxol and
species as a major product of gold(Ill) reduction. Auoxo6 were dissolved in the reference phosphate buffer at 37

2. Antiproliferative Properties. The cytotoxic properties of ~ °C. Afterward, an appropriate amount of calf thymus DNA was
the above dinuclear gold(lll) compounds were analyzed in vitro added in order to achieve ar= 0.1 final stoichiometry (where
according to the standard procedure described by SkehafPet al. I is the gold compound/base pair ratio) and the samples were
working on the A2780 ovarian carcinoma human cell line either analyzed continuously over 24 h. Remarkably, substantially
sensitive (A2780/S) or resistant (A2780/R) to cisplatin. Results different spectroscopic patterns were found in the two cases as
are shown in Figure 2 and Table 1. For comparison purposesdetailed below.
the antiproliferative effects of AuOH1 (the mononuclear precur-  Indeed, very modest perturbations of the characteristic spectral
sor of Auoxol) and of CDDP on the same cell lines are also features of Auoxol were observed soon after addition of calf
reported. Notably, compounds AuoxeAuoxo5 manifested a  thymus DNA (Figure 3A). The absorption bands characteristic
roughly similar biological behavior and appreciable antiprolif- of this gold(lll) chromophore turned out to be substantially
erative properties, with 1§ values falling in the 1630 uM stable over 24 h of observation. After this period, extensive
range; no relevant cross resistance effects with cisplatin wereultrafiltration of the sample resulted in nearly complete separa-
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Figure 3. Time-dependent spectral profiles of dinuclear gold(lll) compounds/DNA calf thymus adductsratti@el stoichiometric ratio. The
electronic spectra of I8 M calf thymus DNA were recorded before (a) and after (b) the addition of Auoxol (A) and Auoxo6 (B) complexes and
were followed for 24 h at 37C. The buffer was 10 mM phosphate, pH 7.4, 20 mM NaCl. The concentration of DNA is expressed in base pairs
(bp). Insets show the results of ultrafiltration experiments reporting the spectra of the fraction containing DNA (top) and those of the separated
fractions (bottom).

200

tion of the gold(lll) species (which crosses the membrane and (possibly due to occurrence of electrostatic interactions between
passes into the lower fraction) from calf thymus DNA (which the exposed phosphate groups at the positively charged metal
remains in the upper fraction) (Figure 3A, inset). Notably, the complex). These CD spectral changes may be reversed by
UV —visible spectrum of the gold(Ill) species that is recovered ultrafiltration against the buffer, implying that the interaction

in the lower fraction matches quite closely the spectrum of is weak and reversible.

Auoxol in the phosphate buffer. _ . Atvariance, Auoxo6 is more effective than Auoxo1 in altering
In contrast, in the case of Auoxo6, a progressive decrease inyo cp spectra of B-type DNA. For example, at= 0.1, a

intensity and some significant modifications of the bands 46 nronounced decrease of the negative CD band is observed
assigned to the gold(lll) chromophore were observed over the coupled with a significant change of the positive band at 275

f'lrtSt f2|:1 tt] (F;gylr((ej t?’B)' Al t?eﬂ:end (I)(; th|st p_e_rlod, ext_ens],clve nm. This latter modification is ascribed to an alteration in the
uitrafiitration tarled to separate ne gold-containing SPECIES Irom ;0 o1 page stacking of the double helix. Most remarkably, in

DNA. Subsfran'ual gold blndlng.to DNA was mstgad observed the case of Auoxo6, a weak “induced” CD band appears at 345
and then independently confirmed by inductively coupled m. All these spectral dificati di iic of th
plasma optical emission spectroscopy (ICP-OES) measurements " " " pectral modifications are diagnostic of the
(more than 80% of total gold was found associated with DNA). formation .Of a relatively tight Auoxo6/DNA adduct. Accord-
These differences were further confirmed by circular dichro- ingly, no S|gn|f|ca_mt chang_es O.f the CD. spectrum were observed
ism measurements in the UV (Figure 4). Circular dichroism is following extensive ultrafiltration against the buffer.
indeed a very powerful technique to monitor the conformational ~ 3-2. Reactions with Representative ProteinsSubsequently,
state of the DNA double helix in solution. Calf thymus DNA, the reactions of either Auoxol or Auoxo6 with a few model
in its native B-type conformation, is characterized by a positive proteins were investigated according to established protétdls.
band at 275 nm and a negative one~@42 nm. Remarkably, In particular, these two compounds were challenged against
addition of Auoxol to a solution of calf thymus DNA at= human serum albumin (hSA), horse heart cytochra(eyt
0.1 causes only some modest alterations of the CD spectrum.c), and bovine ubiquitin (Ubg, from red blood cells), and the
We observe some decrease in intensity of the negative band atespective reaction batches were monitored spectrophotometri-
242 nm, which we attribute to a partial loss of DNA helicity cally over 24 h.
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compounds/hSA adducts. Shown are representative visible absorption
spectra of buffered solutions containing gold(lll) complexes and hSA
in a 1:1 ratio. Spectra correspond to- 3101 hSA before (a) and after
(b) the addition of Auoxol (A) and Auoxo6 (B). The further evolution
of the various systems over time is reported for up to 24 h of incubation
. . . at 37°C. The arrows indicate the changes of the major bands during
The overall spectral profiles of the reactions of Auoxol with  this period. The buffer was 10 mM phosphate, pH 7.4, 20 mM NaCl.
hSA, cyt ¢, and Ubg are shown in Figures 5A, 6A, and 7A,
respectively. Notably, these spectral profiles are suggestive ofresults point out that a very large percentage of total gold
the occurrence of relatively slow reactions between Auoxol and (>80%) remains in the upper fractions, tightly associated with
the various model proteins. Some common trends are easilyejther hSA or cyt c. At variance, in the case of ubiquitin, the
identified in the reported spectral patterns consisting of the percentage of gold that is found associated with the protein is
progressive decrease of the transitions typical of Auoxol and only ~50%.
of the appearance of new bands around 285 nm characteristic - Additional, specific information on the nature of gold/protein
of the free ligand. Thus, the obtained spectral patterns may beadducts was finally obtained in the case of cyt ¢ by ESI mass
interpreted in terms of a progressive reduction of the gold(lll) spectrometry. ESI MS profiles were collected after reacting cyt
centers by protein side chains. A substantial analogy with the ¢ with either Auoxol or Auoxo6 (Figure 8), working at 1:1
reduction by ascorbic acid is evident although the kinetics of Auoxo/cyt ¢ ratios. After 12 h of incubation, cyt ¢ was
the reduction process with proteins is significantly slower. extensively ultrafiltered against the ammonium carbonate buffer
Notably, if the complex is presented to the protein in a large and the ESI MS spectra of the upper fractions were recorded.
molar excess, complete oxidation of redox-active protein side |n both cases the final deconvoluted ESI MS spectra provided
chains is achieved and a certain amount of the original gold- clear evidence of adduct formation. Remarkably, a number of
(1) species is found unreacted at the end of the process.  peaks were observed corresponding to formal binding of a
When Auoxo6 was reacted with the same model proteins, number of At ions (ranging from 1 to 4) to the protein. A
somewhat similar spectral patterns were found. Again, the similar ESI MS behavior was previously reported by Sadler and
progressive decay of the characteristic LMCT bands of the gold- co-workers when analyzing the (Au(REZl)/cyclophilin sys-
(1) chromophore was observed accompanied by the appearanceéem?® It is remarkable that no sign of the bipiridyl ligand
of the bands at-280 nm assigned to the free ligand. However, coordinated to gold is found anymore, implying that the
in the case of hSA and cyt c, these redox processes were foundeduction process causes complete disruption of the starting
to be much faster than for Auoxol. The rates of these reactionsdinuclear compound with cleavage of the oxo bridges, release
were, on the average,~80 times faster than in the case of of the bipyridyl ligand, and protein binding of the isolated gold
Auoxol. At the end of the process most of the added gold was ions.
found associated with the protein. ) .
For both Auoxol and Auoxo6, independent ICP-OES deter- Discussion
minations were carried out on the final solutions, following 24 During the past decade, a number of gold(lll) complexes and
h of incubation at 37C and extensive ultrafiltration against organogold(lll) compounds have been shown to manifest
the buffer, working at a metallodrug/protein ratio of 1:1. ICP interesting antiproliferative properties, in vitro, against cultured

Figure 4. Circular dichroism spectral profiles of calf thymus DNA
and of its adducts with Auoxol (A) and Auoxo6 (B) complexes at
differentr ratios (metal complex/bp): (a) 16M calf thymus DNA
alone; (b)r = 0.01; (c)r = 0.05; (d)r = 0.1.
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Figure 6. Time-dependent spectral profiles of dinuclear gold(lll) 200 280 300 30 400 450 500 S50 GO0 650 70O

compounds/cytochrome adducts. Spectra correspond to~31(M
cytochromec before (a) and after (b) the addition of Auoxo1l ratio (A)
and Auoxo6 (B) in a 1:1 ratio. The further evolution of the various
systems over time is reported for up to 24 h of incubation at@G7

The arrows indicate the changes of the major bands during this period.
The buffer contains 25 mM (NHLCO;s, pH 7.4.

Figure 7. Time-dependent spectral profiles of dinuclear gold(lll)
compounds/ubiquitin adducts. Spectra correspondstoNQbiquitin
before (a) and after (b) the addition of Auoxol (A) and Auoxo6 (B) in
a 1:1 ratio. The further evolution of the various systems over time is
reported for up to 24 h of incubation at 3€. The arrows indicate the
changes of the major bands during this period. The buffer was 10 mM
phosphate, pH 7.4, 20 mM NaCl.

human tumor cell lines. Some of them are today promising

candidates for further development as cytotoxic and/or antitumor attributed to occurrence of limited aquation and/or oligomer-
agents. Apart from their relevant antiproliferative properties, ization processes.
interest in these compounds strongly relies on the fact that their Remarkably, addition of biologically relevant reducing agents
mechanism of action seems to be very different from that of such as ascorbic acid or glutathione, presented in a slight molar
classical platinum(ll) compounds, possibly implying a direct excess, causes relatively fast and complete reduction of the gold-
mitochondrial damage. Hopefully, this might lead to a greatly (lll) centers. These observations suggest that all tested com-
different spectrum of anticancer activities and to a substantial pounds retain significant oxidizing properties and thus may
overcoming of resistance toward platinum drugs. undergo important redox-driven transformations within a reduc-
To enlarge the “arsenal” of gold(lll) compounds tested so ing biological environment.
far as potential anticancer agents, we report here, for the first The cytotoxic properties of these compounds were evaluated
time, on a series of structurally related dinuclear gold(lll) in vitro on the reference human ovarian carcinoma A2780 cell
compounds. These compounds are characterized by the presendie, either sensitive or resistant to cisplatin. Five out of six
of an extended planar system consisting of a commonQiu tested dinuclear gold(Ill) complexes were found to manifest
diamond core” and of bidentate bipyridyl ligands bearing a moderate antiproliferative properties with sfQvalues falling
variety of substituents. Established procedures, depending onin the 16-30uM range. However, one of them (Auoxo6) turned
the position of the substituent(s), have been employed for their out to be significantly more cytotoxic than the other compounds
synthesed®~2° The resulting molecular framework is capable (~5—15 times more active) and is thus a good candidate for
of finely tuning the chemical properties of the reactive metal further pharmacological testing. No relevant cross-resistance
centers, as evidenced, inter alia, by an extensive study concernphenomena were observed in the cisplatin resistant line,
ing the oxygen atom transfer reaction to organic substP&#@33 implying that the biochemical mechanisms involved in resistance
Remarkably, these dinuclear gold(Ill) compounds exhibit a to platinum compounds are only marginally effective against
high solubility in DMSO and a reasonable solubility within a these gold(lll) species.
99:1 water/DMSO environment. The solution chemistry of the ~ To gain more information on the mechanistic aspects of these
six compounds that are considered in this study was evaluateddinuclear gold(lll) complexes, the reactivity toward model
within the reference phosphate buffer at pH 7.4, mainly by-UV  biomolecules of two representative compounds of this series,
visible absorption spectroscopy. It emerges that all compoundsi.e., Auoxol and Auoxo6, was analyzed in detail according to
display an acceptable stability profile of the oxidation stag established experimental protocols of our laboratory. In par-
The dimetallic species are the dominant ones in solution for ticular, we analyzed comparatively their reactivity toward calf
several hours. Some small spectral changes that are observethymus DNA and the model proteins serum albumin, cyto-
over 24 h of continuous spectrophotometric monitoring are chromec, and ubiquitin. Remarkably, significant differences
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Figure 8. Deconvoluted ESI MS spectral profiles for cytochrome
adducts with Auoxol (A) and Auoxo6 (B).

were observed in the reactions of Auoxol and Auoxo6 with
calf thymus DNA. While Auoxol interacts only weakly with
calf thymus DNA, most likely through purely electrostatic

Casini et al.

In conclusion, the present study has highlighted several
interesting chemical and biological features of a series of novel
dinuclear gold(lll) complexes, manifesting promising pharma-
cological properties. One of them, Auoxo6, shows indeed very
encouraging antiproliferative properties and will be the subject
of further pharmacological investigations. Specific redox mech-
anisms of direct damage to DNA or to potential protein targets
have been well documented that might be mechanistically
relevant and might account for the significant antitumor effects
observed in vitro.

Experimental Section

1. Synthesis of the Gold(lll) ComplexesThe title compounds
were synthesized according to procedures reported in ref 18
(Auoxo3—Auoxo6) and in ref 19 (Auoxol and Auoxo2). The
analytical data obtained for all six compounds were in agreement
with published data.

2. Cytotoxicity Assay. Sterile tissue-culture plates and other
tissue-culture plastic wares were purchased from Corning. Dimethyl
sulfoxide (DMSO) and cisplatin (CDDP) were from Sigma-Aldrich.
Human ovarian carcinoma sensitive cell line (A2780/S) and its
cisplatin-resistant clone (A2780/R) were cultured in DMEM (Eu-
roclone Ltd., U.K.) supplemented with 10% fetal calf serum (FCS,
Euroclone Ltd, U.K.). Cell lines were grown in humidified 5% €0
at 37 °C; cells were split twice a week by trypsinization (0.05%
trypsin/0.02% EDTA in PBS, from Euroclone Ltd., U.K.). The stock
solutions (162 M) of compounds were prepared by dissolving the
compounds in 1 mL of DMSO. Then the stock solutions were
diluted, from 1:100 to higher dilutions, in PBS buffer before the
addition to the cell culture. Inhibition of cell growth was determined
after a 72 h drug exposure by the sulforhodamine B (SRB) &say.

3. Solution Chemistry. UV—Visible Absorption Spectra. The
absorption spectra of the gold(lll) compounds in the-tisible
region were recorded on a Perkin-Elmer Lambda 20 Bio spectro-
photometer. The hydrolysis experiments were carried out by adding
small amounts of freshly prepared, concentrated DMSO solutions

interactions, Auoxo6 gives rise to specific redox processes andof Auoxol-Auoxo6 to the reference buffer (10 mM phosphate,

binds firmly to the DNA double helix. Remarkably, a charac-

pH 7.4) at 37°C and monitoring the electronic spectra of the

teristic “induced CD” feature has been detected for the latter resulting mixtures over 24 h. Moreover, we checked the reactivity

adduct that is diagnostic of a tight interacti®nt is possible
that such evident differences in their reactivity with DNA might
account for the higher biological activity and cytotoxicity of
Auoxo6 compared to Auoxol.

of the gold(lll) complexes in the presence of sodium ascorbate in
excess.
4. Interactions with DNA.

4.1. Electronic SpectraElectronic spectra of Auoxe1Auoxo6

On the other hand, an interesting reactivity of these two were recorded before and after the addition of40d calf thymus

dinuclear gold(lll) compounds with the mentioned model

DNA (Sigma D3664) at a stoichiometric ratio (metal/DNA base

proteins was revealed. The general spectral patterns of reactivitypairs)r = 0.1 over 24 h at 37C in buffer consisting of 10 mM

toward model proteins are similar for both Auoxol and Auoxo6

phosphate and 20 mM NacCl, pH 7.4. After 24 h of incubation,

being characterized by the progressive decrease in intensity ofsamples were extensively ultrafiltered using Centricon YM-10
the characteristic bands of the gold(lll) centers and by the (Amicon Bioseparations, Millipore Corporation).

concomitant appearance of the UV band of the respective free
bipyridyl ligands. Such behavior may be interpreted in terms ©
of a redox reactivity between the gold(lll) centers and some
accessible side chain groups of these proteins. Notably, in the

4.2. Circular Dichroism Spectra. CD spectra were recorded

n a Jasco 600 dichrograph operating at room temperature,
interfaced with a PC, and analyzed through the standard Jasco
software package. The samples were prepared mixing various
amounts of Auoxo complexes to 10M calf thymus DNA to yield

cases of hSA and cyt ¢, reduction of Auoxo6 is much faster the metal/DNA base pairs ratios= 0.1, 0.05, and 0.01. Samples
than reduction of Auoxol (the process is about 5 times faster). were allowed to incubate at 3T for 24 h and then extensively
As a consequence of such redox chemistry, the dinuclear gold-ultrafiltered using Centricon YM-10 (Amicon Bioseparations,

(1) compounds break down and release their bipyridyl ligands.
The resulting metallic species (possibly in the form of isolated

Millipore Corporation).
5. Interactions with Proteins. UV—Visible Absorption Spec-

gold(l) ions) remain attached to the protein as suggested by ICPtra. Electronic spectra of each selected protein (human serum
measurements and by the characteristic ESI MS features of gold-&lPumin, horse heart cytochrogbovine ubiquitin (Sigma codes

(Il)-treated cyt c. A somewhat similar kind of reactivity was
previously observed when reacting dinuclear gold(lll) Auoxo
compounds with triphenylposphine. In fact, this latter reaction
leads to formation of OPRland [Au(PPh),]*, with release of
the free bipyridyl ligand?®2°Analogously, rather similar spectral
profiles were seen when reacting Auterpygold(l11) terpyridyl
compound with bovine serum albunf.

A3782, C7752, and U-6253, respectively) at1M were recorded
before and after the addition of the Auoxo complexes at a
stoichiometric ratio of 1:1 over 24 h at 3Z in buffer consisting

of 10 mM phosphate and 20 mM NaCl, pH 7.4 Samples were
allowed to incubate at 37C for 24 h and then extensively
ultrafiltered using Centricon YM-10 or YM-3 depending on the
molecular weight of the selected protein (Amicon Bioseparations,
Millipore Corporation).



Gold(lll) Compounds with Bipyridyl Ligands

6. ESI Mass Spectrometry Metal complexes/cyt ¢ adducts were
prepared in 25 M ammonium carbonate buffer, pH 7.4, with a
protein concentration of % 10~4 M and a gold-to-protein ratio of
1:1. The reaction mixtures were incubated for 24 h at°87
Samples were extensively ultrafiltered using Centricon YM-3
(Amicon Bioseparations, Millipore Corporation) in order to remove
the unbound gold complex. After a 100-fold dilution with MilliQ
water, ESI MS spectra were recorded by direct introduction at 3
uL/min flow rate into an LTQ linear ion trap (Thermo, San Jose,
CA) equipped with a conventional ESI source. The specific
conditions used for these experiments were as follows: the spray
voltage was 3.5 kV, the capillary voltage was 40 V, and the capillary

temperature was kept at 353 K. Sheath gas was set at 13 (arbitrary
units), whereas sweep gas and auxiliary gas were kept at O (arbitrary
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(11) Buckley, R. G.; Elsome, A. M.; Fricker, S. P.; Henderson, G. R.;
Theobald, B. R.; Parish, R. V.; Howe, B. P.; Kelland, L. R. Antitumor
properties of some 2-[(dimethylamino)methyl]phenylgold(lIl) com-
plexes.J. Med. Chem1996 39, 5208-5214.

(12) Fricker, S. P.; Skerjl, R.; Cameron, B. R.; Mosi, R.; ZhuGOLD
2003 AnorMED Inc.: Langley, British Columbia, Canada, 2003.

(13) zZhang, C. X.; Lippard, S. J. New metal complexes as potential
therapeuticsCurr. Opin. Chem. Biol2003 7 (4), 481-489.

(14) Messori, L.; Orioli, P.; Tempi, C.; Marcon, G. Interactions of selected
gold(ll) complexes with calf thymus DNABiochem. Biophys. Res.
Commun 2001,281 (2), 352-360.

(15) Coronnello, M.; Marcon, G.; Carotti, S.; Caciagli, B.; Mini, E.;
Mazzei, T.; Orioli, P.; Messori, L. Cytotoxicity, DNA damage, and
cell cycle perturbations induced by two representative gold(lll)
complexes in human leukemic cells with different cisplatin sensitivity.
Oncol. Res200Q 12 (9—10), 361-370.

units). ESI spectra were acquired using Xcalibur software (Thermo), (16) Rigobello, M.; Messori, L.; Marcon, G.; Cinellu, M. A.; Bragadin,

and deconvolution was obtained using Bioworks software (Thermo).
The mass step size in deconvolution calculation was 0.25 Da, and
the spectrum range considered wa& 1100-2000. The same
experiments were repeated with varying capillary temperature (from
90 to 180°C), but the peak patterns and relative abundances were
not influenced (data not shown).

7. ICP Analysis.|ICP-OES spectra of the samples were recorded
using an Optima 2000 instrument (Perkin-Elmer, Europe).
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