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Abstract:



Polycyclic aromatic hydrocarbons (PAHs) are a class of carcinogenic compounds that are both naturally and artificially produced.  Many PAHs are pro-carcinogens that require metabolic activation. Recently, it has been shown that PAH can induce DNA single strand cleavage and formation of PAH-DNA covalent adduct upon irradiation with UVA light.  The light-induced DNA cleavage parallels phototoxicity in one instance. The DNA photocleavage efficiency depends on the structure of the PAHs. This article reports the effect of both organic solvents and the presence of biologically relevant ions, Na+, Mg2+, Ca2+, K+, Fe3+, Cu2+, Zn+2, Mn2+, and I-, on the light-induced DNA cleavage by pyrene, 1-hydroxypyrene and 1-aminopyrene. Since both 1-hydroxypyrene (0.6 μM) and 1-aminopyrene (6 μM) dissolve well in the minimum organic solvents used (2% methanol, dimethylsulfoxide, and dimethylformamide), increasing the amount of the organic solvent resulted in the decrease of the amount of DNA single strand cleavage caused by the combination effect of 1-hydroxy or 1-aminopyrene and UVA light. The result with the less water-soluble pyrene shows that increase of the amount of the organic solvent can increase the amount of DNA single strand DNA photocleavage cause by the combination of pyrene and UVA light. Therefore, there are two effects by the organic solvents: (i) to dissolve PAH and (ii) to quench DNA photocleavage. The presence of Fe3+ and Zn2+ enhances, while the presence of Ca2+ and Mn2+ inhibits the DNA photocleavage caused by 1-aminopyrene and UVA light. Other metal ions have minimal effect. This means that the effect of ions on DNA photocleavage by PAHs is complex. The presence of KI enhances DNA photocleavage. This indicates that the triplet-excited state of 1-aminopyrene is involved in causing DNA cleavage.
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Introduction


Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental pollutants that are produced during forest fire, volcanic eruption, incomplete burning of fuel and other materials, and as well as during tobacco smoke, and food processing [1,2]. Chemical carcinogenesis studies of these compounds started in 1915 when Yamagawa and Ichikawa observed that repeated application of coal tar on rabbits over extended periods induced skin carcinomas on the rabbit ears [3]. The first pure chemical carcinogen was recognized in 1930 when Kennaway and Hiegar synthesized dibenz[a,h]anthracene and determined its carcinogenicity [4]. It was found that the fluorescence spectrum of dibenz[a,h]anthracene did not correspond exactly to that of the carcinogenic components of coal tars. The investigation of other carcinogenic components of coal tar by Cook et al led to the discovery of benzo[a]pyrene as a major carcinogenic component [5]. Since these pioneering studies, more than 30 parent PAHs and several hundred of their alkyl derivatives have been reported to exhibit some carcinogenic effects [6,7,8,9,10]. In addition, it has been shown that at least 75% of the total carcinogenic effect of condensates from exhausts of gasoline and diesel engines, coal combustion, and cigarette smoke can be attributed to PAHs containing four or more rings [11]. The epidemiological evidence of cancer risk from occupations such as chimney sweeps, aluminum workers, coke oven and coal gasification workers, iron and steel foundry workers, and asphalt and tar workers, however, shows that carcinogenicity is very likely to be caused, at least in part, by PAHs [2,8,9,12,13,14,15].



PAHs, due to their extended aromatic ring systems, can absorb UVA (320 – 400 nm) and some of which can absorb visible light [16]. Upon absorbing light energy, the excited state PAH molecules can either give up their energy by emitting light (fluoresce) or heat, or react with surrounding molecules. Thus, PAHs in the cell may react with cellular molecules and cause toxic effects upon absorption of light. Indeed, it has been found that the combination of light and PAHs are more toxic to a variety of aquatic organisms than PAH themselves or light alone [17,18,19,20,21]. Our previous investigations have shown that the combination of PAHs and UVA light can cause DNA damages, such as single strand cleavage and formation of covalent PAH-DNA adducts [17,22,23,24,25,26]. From these research findings, it seems that PAHs can be activated by light to cause toxic reactions with biological targets, in addition to metabolic activation.
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There are many molecules such as biologically important ions and organic molecules that coexist with PAHs in the cell. All these molecules could affect the ability of PAHs to cause damages to cellular components. It has been shown that the presence of histidine can enhance the 1-hydroxypyrene induced DNA photocleavage [22]. In this article, we report the effect of organic solvents methanol (MeOH), dimethylformamide (DMF), and dimethylsulfoxide (DMSO) and biologically relevant ions, Na+, Mg2+, Ca2+, K+, Fe3+, Cu2+, Zn2+, Mn2+, and I-, on the light-induced DNA single strand cleavage by PAHs. The PAHs chosen are pyrene (P), 1-aminopyrene (1-AP), and 1-hydroxypyrene (1-HP). Pyrene is one of the most abundant PAHs in the environment and is not very water-soluble [2,12,15]. The presence of a hydroxy or an amino group enhances pyrene’s water solubility and changes its electronic properties.




Materials and Methods


Reagents, chemicals, and instrumentation


Pyrene, 1-aminopyrene, and 1-hydroxypyrene were purchased from Aldrich Chemical Company (Milwaukee, WI) and used without further purification. Stock solutions (1 mM) were prepared in MeOH, DMSO, or DMF, and stored in brown containers in the refrigerator. It was diluted with other solvents necessary to make the working solutions before use. ΦX174 DNA (80-90% supercoiled RF-1 or sc-DNA) with a molecular weight of 3.6 × 106 Da and 5386 bp was purchased from Promega Corporation (Madison, WI) and stored at –20°C. Ethidium bromide, bromophenol blue, xylencyanol, sodium chloride (NaCl), potassium iodide (KI), magnesium chloride (MgCl2), manganese chloride (MnCl2), zinc chloride (ZnCl2), cupric chloride (CuCl2), and ferric chloride (FeCl3), were purchased from Sigma-Aldrich. Agarose, calcium chloride (CaCl2), mono and dibasic sodium phosphate, TRIS-base, boric acid, and EDTA were purchased from Fisher Scientific. All solvents used were spectroscopic grade. The water used (18 MΩ) was deionized by a Barnstead Nanopure Infinity water de-ionization system (Dubuque, Iowa).




Light-induced DNA single strand cleavage by PAHs in the presence of biologically relevant ions and in various organic solvents


UVA-light induced plasmid DNA cleavage experiments were performed as following: Solutions (a total of 60 μL for each sample buffered with 10mM sodium phosphate at pH 7.1) containing ΦX-174 Phage DNA (27 μM in base pairs), 0.6 μM 1-HP (6 μM 1-AP or 60 μM pyrene) with 0.5, 2, 4, 6, 8, 10, 15 and 20% of an organic solvent were filled into the wells of a 3×8 flat-bottomed TitertekTM plate (ICN Biochemicals). It was not possible to get an organic solvent free solution because the PAH stock solution was made in an organic solvent and was diluted by aqueous buffer before use. The lowest organic solvent content can be achieved was 0.5%. The rationale for using 0.6 μM 1-HP, 6 μM 1-AP, or 60 μM pyrene is that around 35% of the phage DNA will become the relaxed form after 1 h of irradiation in the presence of these concentrations of chemicals [17,24]. If there is an inhibition or enhancement of the DNA photocleavage, it can be easily observed at this DNA cleavage range.



The Titertek plate was tightly covered with glass and placed onto a Pyrex glass support/filter, which was placed on an O-ring secured on a ring stand. The Pyrex glass served as a light filter to efficiently cut off any light below the wavelength of 300 nm that could damage DNA. The absorbance of the Pyrex glass was checked on the Varian CARY 300 UV-Vis spectrophotometer. Over 98% of light below the wavelength of 300 nm was filtered off. A 100 W UVA lamp (type B, UVP Inc., Upland, CA) was placed beneath the Pyrex glass and the light was applied through the bottom of the Titertek plate from a fixed distance of 6.5 cm. The UVA intensity of the light output was measured to be 170 J/cm2 per hour (UVA detector, Model PMA 2100, Solar Light Co., Inc., Philadelphia, PA). A stream of cold air blowing through the bottom of the Pyrex glass was used to eliminate any heat generated by the light source. The samples were irradiated for 1 hour and the titertek plate was turned four times during the irradiation to eliminate light heterogeneity. Three control experiments were used: (1) DNA with 10% organic solvent without UVA irradiation, (2) DNA with 60 μM pyrene (0.6 μM 1-HP or 6 μM 1-AP) and 10% organic solvent without irradiation, and (3) DNA + 10% organic solvent irradiated for 1 h as the other samples.



After irradiation, 12 μL of a gel-loading dye solution (bromophenol blue and xylencyanol in 50% glycerol) was added into each well and mixed. Then 14 μL of the sample was loaded into the wells of a pre-prepared 1% agarose gel. The gel was run in 1×TBE buffer (pH=8.27) at 80 volts for 80 min at room temperature. Following electrophoresis, the gel was stained with ethidium bromide (2 mg/L) for 90 min and analyzed with a NucleoVision Gel-Documentation System (Nucleo Tech Inc., CA). In the gel, there are two clear bands with the supercoiled form I DNA being the band further away from the origin and the relaxed form II DNA closer to the origin. This is because that both forms of DNA have the same molecular weight and charge, but have different size. The relaxed form II is larger than the supercoiled form I DNA. Therefore, the smaller in size will move faster in the electric field under gel electrophoresis conditions. The amount of the supercoiled Form I DNA and the relaxed open circular Form II DNA were quantified by the total fluorescence intensity of the bands after subtracting a common background as before [17]. Then the percent of supercoiled DNA that is changed to the relaxed form is calculated. Based on previous experiments, a ±20% error is usually observed for percent DNA cleavage due to differences in light dose for each well, uncertainties in quantification of the fluorescence intensity of the band.



In the same way, the solutions (a total of 60 μL for each sample) containing ΦX174 DNA (27 μM in base pairs) and 6 μM of 1-AP in 10% methanol with 10 mM sodium phosphate (pH 7.1), with a certain concentrations of a biologically relevant ion were filled into the wells of a 24 well (3×8) flat-bottomed TitertekTM plate and irradiated and subjected to gel-electrophoresis.




Solubility tests


UV absorption spectra of pyrene (60 μM), 1-AP (20 μM) and 1-HP (20 μM) were used to monitor the solubility of these compounds. A concentration of 60 μM of pyrene solutions in 2, 4, 6, 8, 10, 15, 20% of methanol, DMF, or DMSO were prepared and their UV absorption spectra were recorded to monitor the solubility of pyrene. The use of 60 μM pyrene was because this was the concentration used for the DNA photocleavage experiments. The concentration of 20 μM for 1-AP and 1-HP was much higher than the concentrations for 1-AP (6 μM) and 1-HP (0.6 μM) used for the DNA cleavage experiment. It was for a high enough absorption to be easily detected by instrument.





Results and Discussion


Solubility of pyrene, 1-AP, and 1-HP in methanol, DMF, and DMSO


It is known that pyrene’s solubility in water is 0.64 – 0.73 μM/L [27, 28]. Although it is not available, a much better water solubility for 1-AP and 1-HP is expected due to the presence of a polar amino or hydroxy group, respectively. The absorption spectra of 1-AP and 1-HP (20 μM) in 2 to 20% of an organic solvent (MeOH, DMF, or DMSO) do not change significantly due to the change of the organic solvent contant. This means that both compounds dissolve well in the 2% or up of the mixed solvents. Since this concentration is higher than the actual concentration of these two compounds used for the DNA cleavage experiments (0.6 μM for 1-HP and 6 μM for 1-AP), it is safe to say that both 1-AP and 1-HP are fully dissolved in the solvent used. However, pyrene does not dissolve very well in 2-20% of the organic solvents. Based on pyrene’s solubility, only very small amount of the 60 μM pyrene can dissolve in pure water (most of them stay in the solid phase). Therefore, it is safe to assume that only sparing amount of pyrene may dissolve in aqueous solutions containing 2, 4, 6, 8,10, 15, 20% of methanol, DMF, or DMSO. The absorption intensity at 335 nm of the dissolved pyrene in 2, 4, 6, 8,10, 15, 20% of methanol, DMF, or DMSO constantly increased when the amount of the organic solvent increases. If 50% of the organic solvent is used, pyrene seems fully dissolved and the absorption band at 335 nm for pyrene in 2% organic solvent shifts slightly to the blue at 333 nm.




Effect of methanol, DMF, and DMSO on the light-induced DNA cleavage by PAHs


The effect of solvent DMSO on the light induced DNA cleavage by 1-AP is shown in Figure 1 with the gel picture on the bottom and the bar graph representing the percent of DNA cleavage on the top.


Figure 1. Effect of DMSO on light-induced DNA cleavage by 1-Aminopyrene (1-AP). All lanes contain 27 μM supercoiled plasmid ΦX174 DNA and vairious percent of DMSO and irradiated for 1 hr with a UVA lamp (170 J/cm/h). The original plasmid DNA has about 25% relaxed form as shown in the control lanes C1, C2, and C3. C1: 10% DMSO, no irradiation; C2: 10% DMSO + 6 μM 1-AP, no irradiation; C3: 10% DMSO, 1 h irradiation.
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As one can see, supercoiled DNA is converted to relaxed DNA in lanes containing 2-20% DMSO and 6 μM 1-AP irradiated for 1 h. As DMSO concentration increases, the amount of relaxed DNA increases slightly (from 2% to 6%) then decreases.



After converting percent of relaxed DNA to percent of DNA cleavage as before [17], the percent of DNA single strand cleavage is plotted against the percent of an organic solvent used during the DNA photocleavage experiment (Figure 2). In Figure 2, panels A, B and C plot the effect by MeOH, DMF, and DMSO, respectively, on the DNA photocleavage by all three compounds. The DNA photocleavage data carry relatively large errors (20%) as described in the experimental section and in previous publications [17,24]. All three organic solvents behave similarly for 1-AP and 1-HP: it looks that the percent of DNA photocleavage caused by 1-HP or 1-AP constantly decreases as the organic solvent content increases. Since both compounds are fully dissolved in these solvent mixtures, the decrease in DNA photocleavage must be due to quenching by the organic solvent. Fitting the photocleavage data to a linear equation, the slopes of the plots are obtained for 1-AP: 1.9 (DMSO), 1.8 (DMF), 1.5 (MeOH) and for 1-HP: 3.0 (DMF), 2.1 (DMSO), 1.3 (MeOH). For both compounds, MeOH has the smallest effect on the light-induced DNA cleavage and the other two organic solvents have similar effect. It is known that DNA photocleavage by 1-HP is due to both singlet oxygen and free radicals [24]. The hydrogen atoms of the methyl group in the organic solvents MeOH, DMF, and DMSO may react with the free radical intermediates and inactivate the free radical, thus, preventing the free radicals to react with DNA molecules and cause damages.


Figure 2. Effect of organic solvents on the percent of DNA photocleavage induced by 1-aminopyrene (AP, 6 μM), 1-hydroxypyrene (HP, 0.6 μM) and pyrene (P, 60 μM). The solvents are with a certain percentage of methanol (MeOH, panel A), dimethylformamide (DMF, panel B) and dimethylsulfoxide (DMSO, panel C) in 10 mM phosphate buffer at pH 7.0. The error for each point is about ±20%. The straight lines are best linear fits of the data except for pyrene in DMSO, which was just a smooth line connecting of all the data points.
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In contrast, the DNA photocleavage caused by pyrene and light steadily increases as the amount of the organic solvent increases up to 20% organic solvent. The increase for pyrene-induced DNA photocleavage by the increase of an organic solvent should be due to the increased concentration for dissolved pyrene with the increase of the amount of the organic solvent. With DMSO, the DNA photocleavage increases as the DMSO percentage increases till about 6%, followed by a decrease. Therefore, the presence of an organic solvent can cause two folds of effect on the DNA photocleavage by PAHs: (1) to increase the solubility of PAHs, thus increase the effective concentration of the compounds to undergo photoreaction; (2) the presence of an organic solvent can quench the light-induced DNA cleavage. The slight decrease for DNA photocleavage in the presence of > 8% DMSO must mean that the quenching effect by DMSO out-weigh the solubility effect.




Effect of ions on photocleavage of DNA by 1-AP


DNA photocleavage induced by the combination of 1-AP and light were also carried out in the presence of biologically relevant ions. The choice of the chloride salt was to eliminate any effect from the anion. Figure 3 shows the effect of the ions on DNA photocleavage by 6 μM 1-AP. All experiments were carried out with 27 μM DNA and 6 μM 1-AP, and the mixture was irradiated for 1 h. The control experiment (column 1) shows that 1-AP can induce DNA cleavage upon UVA light irradiation. In the presence of 50 mM NaCl and MgCl2, the percent of DNA photocleavage decreases slightly, which may not be significant considering experimental errors can be as high as 20%. In the presence of CaCl2 and MnCl2, the inhibition of DNA photocleavage is more obvious, especially with MnCl2, the photocleavage induced by light and 1-AP almost diminished. In the presence of 5 mM CuCl2, there is a 13% increase of DNA photocleavage. Again this could be due to error. However, in the presence of 5 mM ZnCl2, a marked increase(65%) for the amount of DNA cleavage is observed. With Fe3+ the increase is 168% (data not shown). This is because the presence Fe3+ alone can also cause DNA single strand cleavage from a separate experiment. Therefore, it is obvious that the effect by alkali ions on the photocleavage of DNA by 1-AP is negligible. However, depending on the transition metals present, they may either enhance or inhibit DNA photocleavage by 1-AP. At this point it is not known why some ions enhance and some inhibit DNA photocleavage.


Figure 3. Effect of biologically relevant ions on UVA-induced DNA cleavage by 6 µM 1-AP in 10 mM sodium phosphate buffered solution with 10% MeOH. Errors for % of DNA cleavage are usually <20%. The concentration of ions used are 50 mM for NaCl, KI, MgCl2 and CaCl2 and 5 mM for MnCl2, ZnCl2, and CuCl2.
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The presence of KI can slightly enhance DNA cleavage. Although it is not obvious from the graph, repeated experiments have shown that the presence of 50 mM KI does cause more of the supercoiled DNA to convert to relaxed DNA. This is opposite to the effect by KI on the 1-HP induced DNA photocleavage where KI inhibits DNA cleavage [24]. Mechanistically speaking, the 1-HP induced DNA cleavage is due to the excited singlet state of 1-HP. Since it is known that iodide ion (heavy atom) can increase the intersystem crossing yield to convert singlet excited molecule to triplet excited molecule, it can be assumed that it is the triplet excited state of 1-AP that participates in inducing DNA.





Conclusions


In conclusion, both the presence of an organic solvent and some of the ions examined have a significant effect on the light induced DNA cleavage by 1-HP, 1-AP, and pyrene. The organic solvents can serve as both a media to enhance PAHs solubility or can act as a quencher of the DNA photocleavage by PAHs. The quenching effect varies, with DMSO and DMF being the stronger and methanol the weaker quencher. The effect on DNA photocleavage by DMSO and DMF are about the same. The effect by ions on the DNA photocleavage is complex, with Ca2+ and Mn2+ quenching and I-, Fe3+, and Zn2+ enhancing the photocleavage of DNA by 1-AP. This observation should have to do with how the individual ions would affect (i) the excited-states of the PAHs and (ii) the reactive intermediates (reactive oxygen species or free radicals), and (iii) how they themselves interact with the PAHs or DNA chemically and physically. Therefore, evaluation of PAH phototoxicity on a molecular level is a complex issue since PAHs coexist with many other ions and chemicals in the cell that can affect their ability to cause cellular damages.
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