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Abstract
The mechanism of antimalarial action of [Au(CQ)(PPh3)] PF6 (1), which is active in vitro against
CQ-resistant P. falciparum and in vivo against P. berghei, has been investigated in relation to
hemozoin formation and DNA as possible important targets. Complex 1 interacts with heme and
inhibits β-hematin formation both in aqueous medium and near water/n-octanol interfaces at pH ~
5 to a greater extent than chloroquine diphosphate (CQDP) or other known metal-based
antimalarial agents; the higher inhibition activity is probably related to the higher lipophilicity
observed for 1 through partition coefficient measurements at low pH, with respect to CQDP. The
interactions of complex 1 with DNA were explored using spectrophotometric and fluorimetric
titrations, circular dichroism spectroscopy, viscosity and melting point studies, as well as
electrophoresis and covalent binding assays. The experimental data indicate that complex 1
interacts with DNA predominantly by intercalation and electrostatic association of the CQ moiety,
similarly to free CQDP, while no covalent metal-DNA binding seems to take place. The most
likely antimalarial mechanism for complex 1 is thus heme aggregation inhibition; the high
activities observed against resistant parasites are probably due to the structural modification of CQ
introduced by the presence of the gold-triphenylphosphine fragment, together with the enhanced
lipophilic character.
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1. Introduction
Malaria is a widespread parasitic disease and a leading cause of morbidity in tropical and
subtropical regions. According to the World Health Organization, it affects over 240 million
people and threatens more than one billion people around the world every year [1,2]. This
situation is exacerbated by the fact that existing cheap drugs such as chloroquine (CQ) are
no longer effective due to the emergence of resistance; CQ was for decades one of the most
successful drugs ever used to treat an infectious disease, due its low cost, high efficacy and
lack of significant side effects [3]. The loss of activity of CQ is a major setback for the
effective control of malaria and consequently, current therapeutic tools are very limited;
therefore, new anti-malarial drugs, preferably with new structures and/or modes of action,
are urgently needed.

Malaria parasites invade red blood cells (RBC), where they degrade hemoglobin inside an
acidic digestive vacuole; as a result of digestion heme is released, which is toxic to the
parasite; its natural defense mechanism consists of oxidation to ferriprotoporphyrin followed
by aggregation into a less toxic form called hemozoin or malaria pigment [4,5]. There is
strong evidence suggesting that hemozoin forms spontaneously and rapidly at water/lipid
interfaces within the digestive vacuole [6,7]. Inhibition of heme aggregation is widely
accepted as the main mechanism of action of 4-aminoquinoline drugs, including CQ [4].
Although the precise mechanism of CQ resistance is not yet fully understood, it is associated
to mutations within the pfcrt gene, which encodes the pfcrt protein located at the membrane
of the food vacuole; once mutated this protein acts as a transporter capable of extruding CQ
from the digestive vacuole [4,8–10]. Because of the specific mutation involved, the ability
of compounds to be expelled by pfcrt decreases with increasing lipophilicity of the drug and
it is also dramatically affected by particular structural features of the compounds [10–12].

We have previously demonstrated that attaching a metal-containing fragment (e.g. Rh [13]
or Ru [13,14]) to CQ results in a strong modification of the physicochemical properties of
the drug, which in turns leads to an enhanced activity against resistant strains of Plasmodium
falciparum. More recently, a series of compounds of general formula Ru(η6-arene)(CQ)L2
and [Ru(η6-p-cymene)(η6-CQDP)][BF4]2 (CQDP = chloroquine diphosphate) were shown
to be considerably more active than CQDP against CQ-resistant Dd2, K1 and W2 P.
falciparum [14], through a combination of increased lipophilicity and structural changes of
the parent drug [15]. We have also reported that the complex [Au(PPh3)(CQ)]PF6 (1, Fig. 1)
causes a marked inhibition of the in vitro growth of CQ-resistant FcB1 and FcB2 P.
falciparum, up to 10-fold higher than that promoted by CQDP, complex 1 is also about
twice as active against P. berghei (rodent malaria) in vivo as CQDP, with no evidence of
acute toxic responses [16].

This significant enhancement of activity of CQ against resistant parasites caused by
coordination to gold stimulated the present study of the possible mechanisms of action of
this promising compound. Two potential targets have been evaluated, i.e. hemozoin
formation and DNA [17]. The most widely accepted mode of action of CQ is the
interference with heme aggregation to hemozoin [18], which allows accumulation of toxic
levels of heme resulting in parasite death [1,7,19]. Several other possibilities have been
proposed such as inhibition of DNA and RNA synthesis or of protein synthesis, but these
explanations seem unlikely since the concentrations of drug required for a lethal effect on
the parasite would have to be much higher than those observed in vivo [20]. On the other
hand, metal-based drugs are known to interact with DNA; therefore, the presence of a gold
atom in the structure of our CQ derivative could open the possibility of DNA interactions
with a significant effect on the antimalarial activity.
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In this paper, we describe the ability of complex 1 to inhibit β-hematin formation,
particularly at water-octanol interfaces, and to interact with DNA, and discuss the
implications of both processes in the mechanism of antimalarial action of the [Au(PPh3)
(CQ)]PF6 complex.

2. Materials and methods
2.1. General

All manipulations were carried out under N2 using common Schlenk techniques. Solvents
were purified by standard procedures immediately prior to use. Complex 1 was prepared
according to the literature [16]. Calf thymus (CT) DNA, chloride hemin, buffers and
solvents were purchased from Sigma-Aldrich. All other commercial reagents were used
without further purification. IR spectra were obtained with a Nicolet 5DCX FT instrument.
Spectrophotometric studies and thermal denaturation experiments were performed on an
Agilent 8453 diode-array spectrophotometer equipped with a HP 89090 Peltier temperature
control accessory. Circular dichroism (CD) spectra were recorded on a Chirascan
spectrometer, 150W xenon arc lamp. Steady-state fluorescence measurements were carried
out using a photon technology international (PTI), fluorescence master system A1010B arc
lamp, LBS 220B lamp power supply, 814 photomultiplier detection system. Metal analysis
was performed on a Perkin Elmer Optimal 3000 Inductively Coupled Plasma (ICP)
Emission Spectrometer, samples and standards were prepared in 10% HCl. Standards were
prepared diluting a 1000 mg/L gold standard solution from Sigma, the samples were heated
in a water bath at 70°C for 30 min before analyzing. In the β-hematin formation inhibition
assay, plates were centrifuged using a Thermo Scientific IEC CL 30 centrifuge, and
measured in a Tecan Sunrise Absorbance Reader at 405 nm.

2.2. Interaction with hematin
The association constant of [Au(CQ)(PPh3)]PF6 with Ferriprotoporphyrin IX (Fe(III)PPIX)
was measured as described previously [21]. Briefly, a stock solution of hemin was prepared
by dissolving 3.5 mg of hemin in 15 mL DMSO. Aqueous-DMSO (40% v/v) solutions of
Fe(III)PPIX (pH 7.5) were prepared daily by mixing 140 μL hemin stock solution with 4 mL
DMSO and 1 mL 0.2 M Tris buffer (pH 7.5) and completed to 10 mL with doubly distilled
deionized water. The concentration of Fe(III)PPIX in this solutions was 4μM and
absorbance readings were recorded at 402 nm. The reference cell containing 40% v/v
DMSO, 0.020 M Tris pH 7.5 was also titrated with [Au(CQ)(PPh3)]PF6 in order to blank out
the absorbance of the drug. The data were fitted to the equation A = (A0 + A∞K[C])/(1 +
K[C]) for a 1:1 complexation model using nonlinear least squares fitting, strictly following
the procedure of Egan et al. [21], with omission of the first few data points at very low drug-
to-hematin ratio, where the fit is poor. A0 is the absorbance of hemin before addition of
complex 1 or CQDP, A∞ is the absorbance for the drug–hemin adduct at saturation, A is the
absorbance at each point of the titration, and K is the conditional association constant.

2.3. Inhibition of β-hematin formation
The transformation of hemin to β-hematin in acidic acetate solutions was studied using
infrared spectroscopy using the method developed by Egan [22]. The IC50 of β-Hematin
formation in buffer assay was performed according to Dominguez [23]. Briefly, a solution of
hemin (50 μL, 4 mM), dissolved in DMSO, was distributed in 96-well micro plates. The
complex was dissolved in DMSO and added in triplicate in test wells (50 μL) to final
concentrations of 0 - 20 mM/well. Controls contained water and DMSO. Hemozoin
formation was initiated by the addition of acetate buffer (100 μL 0.2 M, pH 4.4). Plates were
incubated at 37 °C for 48 h to allow completion of the reaction and centrifuged at 4000 RPM
× 15 min. After discarding the supernatant, the pellet was washed twice with DMSO (200
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μL) and finally dissolved in NaOH (200 μL, 0.2 N). The solutions were further diluted 1:2
with NaOH (0.1 N) and absorbance recorded at 405 nm. The results were expressed as a
percentage of inhibition of hemozoin formation.

β-Hematin formation at a water/octanol interface was followed according to a method
proposed by Egan and coworkers [24] and modified by Martínez et al. [14]. Hemin was
dissolved in 0.1 M NaOH solution to generate hematin and acetone was added until the
acetone:water ratio was 4:6; the final solution contained 15 mg hematin/mL. A sample of
this solution (200 μL) was carefully introduced close to the interface between n-octanol (2
mL) and aqueous acetate buffer (5 mL, 8M; pH 4.9) in a cylindrical vial with an internal
diameter of 2.5 cm. The mixture was incubated at 37 ºC for 2 h and at the end of the
incubation the product (β-hematin) was isolated by centrifugation. The pellet was collected
and washed twice with DMSO (2 mL), centrifuged again for 20 min, washed with 2 mL of
ethanol and finally dissolved in 25 mL of 0.1 M NaOH for spectrophotometric
quantification. For the heme aggregation inhibition activity measurements the appropriate
amount of the drug (23 mM in DMSO) was dissolved; after stirring for 30 min to equilibrate
the drug between the two phases, the hematin solution was added close to the interface and
the procedure was followed as described above. All experiments were performed in
triplicate.

2.4. Distribution coefficient (D)
The water-octanol distribution coefficients were determined by use of the stir-flask method
[25–27]; water-saturated octanol and octanol-saturated water were prepared by shaking
equal volumes of octanol and water for one week and allowing the mixture to separate into
the respective phases. An UV-visible calibration curve for complex 1 in octanol-saturated
water in the range 2–50 μM was prepared. A mixture of 10 mL n-octanol and 10 mL of
water (each saturated in the other) was stirred for 2 h at 37°C, after adding the right amount
of the sample to be analyzed. The pH was maintained at 5.1 (MES : 20 mM 2-(N-
morpholino)ethanesulfonic acid buffer) and pH 6.9 (Tris-HCl: 20 mM). Once the
equilibrium was reached, the organic and aqueous phases were separated and centrifuged.
Finally, the concentration of drug in each phase was measured spectrophotometrically in
order to determine values of D = [drug](in octanol)/[drug](in water). Experiments were
carried out in triplicate [28].

2.5. DNA interaction studies
The absorption titrations were carried out by stepwise additions of a calf thymus (CT) DNA
solution (1 mM, in 5 mM Tris-HCl (pH 7.2) and 50 mM NaCl buffer) to a solution of
complex 1 (65 μM) in DMSO, and recording the UV –vis spectra at 330 and 343 nm after
each addition. The absorption of DNA was subtracted by adding the same amounts of CT
DNA to the blank. The binding affinities were obtained by using the Scatchard equation r/Cf
= K(n−1) for ligand-macromolecule interactions with non-cooperative binding sites [29–32],
where r is the number of moles of Au complex bound to 1 mol of CT DNA (Cb/CDNA), n is
the number of equivalent binding sites, and K is the affinity of the complex for those sites.
Concentrations of free (Cf) and bound (Cb) complex 1 were calculated from Cf = C(1−α)
and Cb = C−Cf, respectively, where C is the total Au concentration. The fraction of bound
complex (α) was calculated according to α = (Af−A)/(Af−Ab), where Af and Ab are the
absorbance of the free and fully bound complex 1 at the selected wavelength, and A is the
absorbance at any given point during the titration. Kb is obtained from the slope of the plot
[33].

To measure the interaction of complex 1 with CT DNA by fluorimetric titration the
excitation and emission wavelengths for the complex were set to 343 and 380 nm,
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respectively. Using standard right-angle emission optics, we recorded fluorescence intensity
measurements using the photon counting mode and corrected for any fluctuations of the
450-W xenon arc lamp source by deflecting a portion of the excitation signal onto a separate
photodiode. The fluorimetric titration was carried out at room temperature. The complex
was dissolved in a buffer consisting of 70% DMSO and 30 % Tris-HCl (5 mM Tris-HCl and
50 mM NaCl; pH 7.4) to obtain a 700 μM solution. 20 μL of that stock solution were then
diluted with 1980 μL of the same buffer in a quartz cuvette and then titrated with 10 μL
additions of a 90 μM solution of CT DNA (in 5 mM Tris-HCl (pH 7.2) plus 50 mM NaCl
buffer). Emission spectra were monitored at 380 and 550 nm until saturation was reached.
The binding affinities were obtained by using the Scatchard equation r/Cf = K(n−1).

Viscosity measurements were carried out by using an Ostwald viscometer, immersed in a
water bath maintained at 25 °C. DNA concentration (75 μM in 5 mM Tris-HCl (pH 7.2) plus
50 mM NaCl buffer) were kept constant in all samples, but the concentration of 1 was
increased from 0 to 75 μM. The flow time was measured at least 6 times with a digital
stopwatch and the mean value was used. Data are presented as (η/η0)1/3 versus the ratio
[complex]/[DNA], where η and η0 are the specific viscosity of DNA in the presence and
absence of the title complex, respectively. The values of η and η0 were calculated by the
expression (t − tb)/tb, where t is the observed flow time and tb is the flow time of buffer
alone. Relative viscosities of DNA were calculated by means of (η/η0) [34].

For DNA electrophoresis assays, samples of 10 μL of the plasmid pBR322 (20 μg/mL) were
combined with the complex at different ratios and then incubated for 18 h at 37 °C. Five μL
of each sample were run (100 mV for 45 min) on a 1% agarose gel with TBE-1X (0.45 M
Tris-HCl, 0.45 M boric acid, 10 mM EDTA) and stained with of ethidium bromide (5 μL
ethidium bromide per 50 mL agarose gel mixture). The bands were then viewed with a
trans-luminator and the image captured with a videocamera [35].

Melting curves were recorded in 5 mM Tris-HCl buffer (pH 7.29) containing 50 mM NaCl.
The absorbance at 260 nm was monitored for solutions of CT DNA (3mL, 70 μM in 5 mM
Tris-HCl (pH 7.2) plus 50 mM NaCl buffer) before and after incubation with a solution of
the drug under study (35 μM) for 1 h at room temperature. The temperature was increased
by 0.5 ºC/min between 40 and 55ºC and by 3ºC/min between 55 and 70ºC and between 70
and 90ºC [36].

A stock solution (5 mM) of complex 1 was freshly prepared in DMSO prior to use. The right
volume of that solution was added to 3 mL samples of an also freshly prepared solution of
CT DNA (195 μM) in Tris-HCl buffer (5 mM Tris-HCl, 50 mM NaCl, pH=7.29) to achieve
molar ratios of 0, 0.5, 1.0 drug/DNA. The samples were incubated at 37ºC for a period of 18
h. All CD spectra of DNA and of the DNA-drug adducts were recorded at 25ºC over a range
220–330 nm and finally corrected with a blank and noise reduction. The final data is
expressed in molar ellipticity (millidegrees) [37].

For the covalent binding studies, 1 mL of complex 1, 0.2 mM in DMSO was mixed with 1
mL CT DNA 1mM in Tris-HCl buffer (5 mM Tris-HCl, 50 mM NaClO4, pH=7.29) and
incubated for 72 h. Samples were then transferred to 50-mL core centrifuge tubes. DNA was
precipitated by adding EtOH (twice sample volume) and 2 M NaCl (0.1 times the sample
volume). The tubes were centrifuged and the supernatant decanted. Excess liquid was
removed by standing the tubes upside down for several minutes and then the DNA was
resuspended overnight in water. This precipitation–resuspension cycle was typically
repeated three times and the final suspension was analyzed for Au by IPC emission
spectrometry and for DNA by the Burton assay [38].
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3. Results and discussion
In previous publications [16,39], we have demonstrated that binding CQ to gold in the
complex [Au(CQ)(PPh3)]PF6 (1) and other related compounds [40], results in an
enhancement of the in vitro potency against CQ-resistant strains of P. falciparum and a high
in vivo activity against P. berghei (rodent malaria) without any evidence for acute toxic
effects even after prolonged treatment. Similarly, Ru-CQ complexes [41], and notably
ferroquine [42] have been shown to be active against resistant malaria parasites and they
seem to retain heme aggregation inhibition as the principal mechanism of action. It is thus
reasonable to assume that in the case of Au-CQ complexes, heme aggregation may also be
an important target. Also, the presence of a metal atom in the structure of a potential drug
opens the possibility of DNA binding as an alternative or secondary mechanism of
antimalarial action. In order to ascertain the most likely mechanism of action of complex 1,
particularly against resistant parasites, a combination of experiments targeting heme and
DNA have been performed, as described in the following sections.

3.1. Interaction with hemin and inhibition of β-hematin formation
The interaction of complex 1 with Fe(III)PPIX was followed by spectrophotometric titration
at the Soret band at 402 nm as shown in Fig. 2. When the concentration of complex 1 was
increased to saturation, the hypochromism reached approximately 70%. Following the
procedure described before and data fitting for a 1:1 association model (with omission of the
first few data points), we measured values of log K = 5.84 ± 0.01 for CQDP (at pH 7.4), in
good agreement with the values reported by Biot et al. [43] and Sánchez-Delgado [14]. The
data for complex 1 were fitted in a strictly analogous manner to yield values of log K = 7.69
± 0.01 at pH 7.4 (for further details see Experimental section). This indicates that the Au–
CQ complex interacts with hematin more strongly than CQDP under these conditions.

Keeping this in mind, the effect of complex 1 on the inhibition of β-hematin formation was
first qualitatively determined using FTIR spectroscopy to monitor the characteristic β-
hematin bands at 1660 and 1207 cm−1 [22]. Fig. 3a illustrates the IR spectrum of β-hematin
obtained from a control experiment in the absence of complex 1. The absence of the bands at
1660 and 1210 cm−1 was evident after addition of 3 equivalents of [Au(CQ)(PPh3)]PF6
(Fig. 3b), indicating that β-hematin was not produced, similarly to previous observations for
CQ and other antiplasmodial agents [22].

In order to obtain quantitative data for the heme aggregation inhibition activity (HAIA) of
complex 1, a second set of experiments were performed in acetate buffer and also at an
interface n-octanol/aqueous buffer interface; the results were compared to those for CQDP
as control (Table 1). The IC50 value measured for complex 1 in acetate buffer at pH 5
[23,44] was one order of magnitude higher than that for CQDP, in contradiction with the
higher in vitro antimalarial activity observed for 1. When the IC50 value was measured using
the HAIA method at the n-octanol/buffer interface, as reported by Sánchez-Delgado and co-
workers [13,15], complex 1 was ~5 times better inhibitor than CQDP, in excellent
agreement with the in vitro antiplasmodial results obtained for this complex against the CQ-
resistant FCB1 and FCB2 strains of P. falciparum (see Table 1) [16]. These results support
the idea [14] that heme aggregation inhibition values obtained at n-octanol/aqueous buffer
interfaces are a much better predictor of the in vitro biological activity than the classical
tests in acidic buffer.

A summary of the heme interaction data, together with the antiplasmodial activity values
previously reported by us is collected in Table 1. The higher heme aggregation inhibition
activity at interfaces and higher antiplasmodial activity of complex 1, in relation to CQ, may
be related to the lipophilicity of the [Au(CQ)(PPh3)]PF6 complex. It is generally accepted
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that resistance to CQ is associated to a specific mutation in the pfcrt gene and that highly
lipophilic drugs are better able to overcome resistance [13,14,16]. Fig. 4 shows the results of
partition coefficients for complex 1 at pH 5.1 and 6.9, emulating the parasite vacuole and
cytosolic conditions, respectively. At pH 5.1 complex 1 is substantially more lipophilic than
CQDP (Log D of 0.79 for 1 vs. −1.37 for CQDP) and that may have a double implication:
(1) The higher lipophilicity of complex 1 favours its accumulation at lipid/water interfaces
inside of the digestive vacuole, where hemozoin formation takes place [10,11]; and (2) the
resistance mechanism might not be efficiently operating for the Au-CQ complex, because
the mutated pfcrt protein is not capable of recognizing this drug. The combination of a
higher affinity for Fe(III)PPIX, an increased lipophilic character and the important structural
modification of the overall drug with respect to CQDP provide a plausible explanation for
the enhanced antiplasmodial activity observed for complex 1. This combination of structural
effects and enhanced drug lipophilicity resulting in increased accumulation at lipid/water
interfaces is in agreement with mechanistic proposals previously presented for ruthenium-
chloroquine complexes [15] and for ferroquine [45].

Nevertheless, as noted above, the presence of a metal ion in the structure of this molecule
may also lead to DNA binding and such interactions could be another important component
of the mechanism of antimalarial action of complex 1.

3.2. DNA interaction studies
The interaction of complex 1 with CT DNA was evaluated by spectrophotometric and
fluorimetric titrations. The plots of the absorption titration (Fig. 5) showed that increasing
the amount of DNA added to the solution of complex 1 until saturation caused a
hypochromism of 17 % in the maxima of absorbance (at 340 nm), a blue shift of 3 nm and
an isosbestic point at 322 nm. This observation provides good evidence for an interaction
between complex 1 and CT DNA. Additionally, the values of the binding constants (Kb) of
complex 1 to DNA, calculated as described in the experimental section, were Kb1 (3.79 ±
0.01) × 107 M−1 and Kb2 (1.84 ± 0.89) × 105 M−1, well within the accepted range for a
compound to be considered to be interacting with DNA [45,46]. These values are in the
same order of magnitude as those ones obtained for CQ and for Ru-(CQ) complexes [14,15].
The fluorimetric titration for complex 1 is shown in Figure 6; complex 1 luminesces in a
buffer solution at room temperature with a maximum at 389 nm. This emission band
decreases in intensity, when incremental amounts of DNA were added until saturation. The
binding constants obtained for complex 1 by use of Scatchard plots at 389 nm [33] were Kb1
(5.27 ± 1.82) × 107 M−1 and Kb2 (2.44 ± 1.69) × 105 M−1, these values of binding constants
are consistent with those calculated from absorption studies and similar to the ones obtained
for CQ and Ru-CQ complexes [14,15], among others [47], indicating that complex 1
interacts with DNA in an analogous manner to those compounds [14,16]. This can be
interpreted in terms of an interaction involving predominantly intercalation through the
planar CQ moiety plus an electrostatic component between the charged complex and
negatively charged phosphate residues in the nucleic acid polymer [48].

Viscosity experiments are very sensitive to the change in the length of the DNA double helix
and are considered one of the most unambiguous methods to determine intercalation or non-
intercalation binding modes of complexes to DNA [33]. The results of viscosity
measurements for complex 1 are shown in Figure 7. Increasing the [complex 1]/[DNA]
ratios leads to an increase of the DNA viscosity, similar to that reported for the complex
[Ru(bpy)2(dppz)]2+, which acts like the classical intercalator ethidium bromide [34]. This
increase in the viscosity can therefore be attributed to the enlargement of the separation
between base pairs, which are pushed apart to accommodate the intercalating molecule [46].
Thus, this provides further evidence for the idea that that complex 1 can act as a DNA
intercalator.
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Table 3 collects data showing that complex 1 caused an increase of the DNA melting
temperature (Tm) upon incremental addition of complex 1. These results indicate a
stabilization of the double helix of CT DNA upon interaction with complex 1, most likely
due to the intercalation of the CQ moiety between the DNA bases. This is also supported by
a control experiment using CQ at an Ri of 0.5, which leads to an increase in Tm of 15.7 °C.

Further experiments showed that the complex 1 does not change the circular dichroism (CD)
spectra of CT DNA and additionally does not modify the electrophoretic mobilities of
plasmid pBR322 DNA at different molar ratios [complex]/[DNA], indicating that the gold
complex is not able to disturb the tertiary structures of DNA at the ratios studied [37] (Fig. 8
and S1).

The covalent binding studies for complex 1 described in experimental section indicated that
the amount of gold bound to DNA of the order of 10 nmole of Au/mg of DNA, which can be
taken as evidence that no metal-DNA covalent binding is taking place.

4. Conclusion
The mechanism of antimalarial action of [Au(CQ)(PPh3)]PF6 was studied in connection
with two important possible targets, Fe(III)PPIX and DNA. Our findings allow us to
conclude that: (i) [Au(CQ)(PPh3)]PF6 interacts with heme with a higher affinity constant
than that one measured for chloroquine diphosphate, or for related metal-based compounds
with antimalarial activity. The Au-CQ derivative also displays a stronger ability than CQDP
to inhibit β-hematin formation, particularly near water/n-octanol interfaces, consistent with
the behavior observed in the biological tests against resistant P. falciparum. These properties
are related to the enhanced lipophilicity of [Au(CQ(PPh3)]PF6, which probably allows it to
better accumulate near water-lipid interfaces inside the parasite’s food vacuole, where heme
aggregation takes place, and prevents it from being extruded by the protein responsible for
chloroquine resistance, in line with previous reports for other metal-based antimalarial
drugs. (ii) Absorption and emission spectrophotometric titrations, DNA melting
experiments, CD spectroscopic and viscosity measurements, gel electrophoresis and
covalent binding studies indicate that [Au(CQ)(PPh3)]PF6 interacts with DNA in a similar
way to that of CQDP, predominantly by intercalation and electrostatic association of the CQ
moiety and without any important covalent component; these interactions do not represent
an important component of the antimalarial mechanism.

In summary, we propose that the principal mechanism of antimalarial action of [Au(CQ)
(PPh3)]PF6 against resistant strains of P. falciparum is the inhibition of β-hematin
formation. Both the enhanced activity and the ability of this compound to lower CQ-
resistance are related to the high lipophilicity of the metal complex and the important
structural modification of the CQ structure imposed by the presence of the metal-containing
fragment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure of [Au(CQ)(PPh3)]PF6 (1).
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Fig. 2.
Variation in absorbance of Fe(III)PPIX at 402 nm as a function of complex concentration.
Conditions: 40% DMSO, apparent pH 7.5, 0.020 M HEPES buffer, [Complex 1] =
26.98×10−6 M 25°C. Insert: log [(A−A∞) (A∞−A)] vs log {[Au(CQ)(PPh3)]PF6 (M)}.
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Fig. 3.
Infrared spectra of (a) β-hematin obtained from hemin in a control experiment and (b) the
product of a heme aggregation experiment in the presence of 3 eq of [Au(CQ)(PPh3)]PF6. In
both cases the IR spectra were obtained after incubation at 60 °C, pH 4.5; arrows in
spectrum (b) indicate the place where the bands appear of β-Hematin.
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Fig. 4.
Partition coefficients of [Au(CQ)(PPh3)]PF6 and chloroquine diphosphate in a 1:1 n-
octanol–water mixture.
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Fig. 5.
Spectra for spectrophotometric titrations of [Au(CQ)(PPh3)]PF6 with CT-DNA. [Complex]
= 9.98×10−4 M and [DNA] = 0–50 μM.
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Fig 6.
Spectra for fluorimetric titration of complex [Au(CQ)(PPh3)]PF6 with CT-DNA. [Complex]
= 7.32×10−4 M and [DNA] = 0–10 μM.
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Fig. 7.
Effect of increasing concentration of complex on the relative viscosity of CT DNA at 25 °C.
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Fig. 8.
CD spectra of [Au(CQ)(PPh3)]PF6, The values Ri are relation complex:DNA.
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Table 2

Affinity constants for the interaction between [Au(CQ)(PPh3)]PF6 and calf thymus DNA

Compounds
Absorption Titration Emission Titration

Kb1(×107 M−1)a Kb2(×105 M−1)a Kb1(×107 M−1)b Kb2(×105 M−1)b

CQDP 1.38 ± 0.56 1.02 ± 0.15 3.24 ± 1.21 3.26 ± 1.01

[Au(CQ)(PPh3)] PF6 3.79 ± 0.01 1.84 ± 0.89 5.27 ± 1.82 2.44 ± 1.69

Chloroquine diphosphate (CQDP), Chloroquine (CQ)

a
Averages of values calculated at 340 nm from absorption spectra.

b
Averages of values calculated at 389 nm from fluorescence spectra.
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