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Introduction

Benzo[a]pyrene (BP) is a polycyclic aromatic hydrocarbon that is produced by the incomplete combustion of carbon-containing items. It is a carcinogen associated with tobacco smoke that can damage DNA after it is metabolized by enzymes, such as cytochrome P450s in the body. The oxidation reaction that occurs modifies the benzo[a]pyrene into highly reactive forms, such as benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, or BPDE. BPDE and other reactive metabolites can bind to DNA, forming DNA adducts (Satterwhite, 2011). This process can have several damaging effects on the body, including but not limited to errors in DNA replication, significantly increased risk of cancer, and decreased immune function (U.S. EPA, 2007).

Studies have indicated that BPDE often reacts in a key sequence of the TP53 gene, which encodes for a tumor suppressor protein that aids in facilitating cellular apoptosis (Denissenko, Pao, Tang, & Pfeifer, 1996). One mutational hotspot of interest is codon 273. Mutations in this gene are found in approximately 60% of lung cancer patients, making it a critically important process to study (Dong et al., 2004). This gene is frequently mutated in various cancers, but the p53 mutations found in lung cancer are dissimilar to those found in other types of cancer. Guanine-to-thymine (G(T) transversions in this gene are characteristic of lung cancer and found in excess in the lungs of smokers compared to non-smokers (Hainaut & Pfeifer, 2001). 

In order to detect places where DNA is damaged, DNA is treated with a substrate of interest, separated, exposed to specialized polymerase chain reaction (PCR) conditions, separated using electrophoresis methods, and then analyzed utilizing radioactive or optical means (Hainaut & Pfeifer, 2001).  These techniques can take a significant amount of time, and the PCR analysis can be complicated.  To improve upon some of these disadvantages, newer techniques have been developed to analyze DNA damage utilizing electrochemical means.  Electrochemical sensors have been developed to pinpoint the general sequence of DNA that is damaged by BPDE (Satterwhite, 2011), and current research is focused on identifying DNA damage sites from bioactivated BP metabolites.  However, these sensors need to be validated – i.e. a secondary method must be developed to show that the electrochemical signal is due to BP adducting DNA.  

In this vein, LC-MS methods were explored to identify BP-DNA adducts generated from bioactivated BP exposed to DNA or guanine.  BP was reacted with myoglobin (Mb), which can act as a metabolism enzyme under specific conditions.  Ultra performance liquid chromatography (UPLC) coupled with electrospray ionization (ESI) mass spectrometry (MS) was utilized to identify several species related to bioactivated BP coupling to guanine, which shows that reactions that occur at the electrode can lead to damaged DNA.  This work not only provides validation for the electrochemical sensor, but also opens up several avenues of future research to explore.  

Materials and Methods

Materials.  The reactants utilized for this experiment are as follows: myoglobin from equine heart (Sigma-Aldrich), 10 M hydrogen peroxide 30% wt in H2O (Sigma-Aldrich), benzo[a]pyrene (Sigma-Aldrich), tetrahydrofuran (Fischer Scientific). Utilizing LCMS methods required the use of the following specialized items: Waters TruView LCMS-Certified 12x32 9mm vials and a Waters XBridge Oligonucleotide Separation Technology (OST) C18 2.5 m 4.6x50 mm LC column.
Reaction conditions.  Reactions were conducted utilizing several sets of conditions, both containing reaction surfaces and without.  For those containing a reaction surface, polystyrene silica microspheres (0.5 m diameter, Polysciences, Inc.) were used.  The microspheres were vortexed, and 100 L were removed and centrifuged for each reaction. The microspheres were then modified using layer-by-layer (LbL) protocols (Hvastkovs, Schenkman, & Rusling, 2012) with 2.9 mg/mL polydial-lyldimethylammonium (PDDA) cationic polymer, 2.6 mg/mL poly(potassium styrene sulfonate) (PSS) anionic polymer, and myoglobin (Mb) as a bioactivation enzyme mimic (Ortiz de Montellano, 2005). Each component was adsorbed via exposure to individual solutions for 15 minutes each, followed by centrifugal removal of the microspheres and exposure to the next solution. LbL-modified microspheres provide a site for high concentrations of DNA and enzymes, and facilitate higher reaction kinetics (Hvastkovs, Schenkman, & Rusling, 2012).  For reactions without microspheres, the reaction took place in 50 mM acetate buffer, pH 6.5.  

Reactions were carried out with 50 μM guanosine, 50 μM BP in tetrahydrofuran (THF), and 1mM hydrogen perodixe (H2O2) in 100 μL of 50 mM ammonium acetate. Control reactions without BP, without guanosine, or without H2O2 were also produced. Each reaction was placed in the incubator at 37°C for 90 minutes, followed by centrifuging to remove the microspheres.  The reaction medium was also filtered using Millipore 3K cutoff microfilters for 40 minutes at 13,000 x g.  Before analysis each solution was diluted 1:10 using HPLC-grade acetonitrile. The reactions were analyzed using ACQUITY UPLC System and Waters Micromass Q-Tof LC-MS with a mobile phase of 50% H2O (0.1% formic acid)/ 50% ACN gradient for 20 minutes to elute the reaction products. 

MS parameters were preset defaults for negative electrospray ionization mode with cone gas 13 L/hr, desolvation gas 500 L/hr, source temperature 150°C, desolvation temperature 350°C, and MCP detector 2600 V. The flow rate was set to 0.2 mL/min and 20 μL of each sample was injected.
Results and Discussion

Figure 1 shows the mass spectra obtained by summing obtained spectra from the 2-3 minute MS chromatogram, where a peak is eluted from the column (data not shown).  The MS are from the full reaction where hydrogen peroxide-activated Mb was reacted with BP and guanosine, as well as reaction controls: one without BP and one without guanosine. The MS are convoluted with several species present in each, but the expected products of this enzymatic reaction between BP and guanosine were expected in the 560-590 m/z range.  The inlay on the graph shows this range for the three different reaction conditions.
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The figure shows that there are several species that are unique to the full reaction.  The intensity of these species is muted compared to some other species in the spectra, which indicates that the reaction was not very efficient.  Nonetheless, m/z 566, 582, and 587 are present in the full reaction, and they do not have an intense presence in the controls.  To further study these species, tandem mass spectrometry (MSMS) conditions were explored to fragment the molecular ions to their component species. MSMS was performed on m/z 587, and the resulting mass spectrum is shown below in Figure 2. 
The figure shows that fragmentation of the 587 molecular ion resulted in several production ions, with important species at m/z 150, 282, 309, and 455.  The molecular ion is also seen. 
The fragmentation into these ions is particularly important as m/z 282 and 150 represent the guanosine and guanine (M-H)- ions, respectively.  Confirmation of m/z 282 as guanosine 
(M-H)- was seen by again looking at the full MS (Figure 1) and focusing in on the region of interest.  [image: image3.png]Rel Abundance %
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This region is shown in Figure 3.  This MS shows that this particular m/z only appears in reactions that contain guanosine, as it is completely absent in the BP only control (blue line in Figure 3).  The data from Figure 2 and 3 couple together to definitively demonstrate that m/z 587 fragments to guanosine, which suggests that this m/z ion seen in the full reaction is a product between guanosine and BP.  Similar analysis for the other two unique m/z shown in Figure 1 have yet to be performed.  

The mass spectrum obtained for the full reaction shows that there are several species that could be formed in the Mb-catalyzed reaction between BP and guanosine. Some potential structures are shown in Scheme 1 below.  
For the m/z 587 peak, it is still unclear what the molecular ion is, but a potential approximate structure is shown that could adduct with residual Cl- ions to produce similar mass.  The possibility of chloride adduction arises from the negative ion mode electrospray conditions and residual NaCl in the system.  This m/z species could fragment into product ions that are related to the species involved in the reaction, including the aforementioned guanosine-guanine fragments at m/z 282 and 150; therefore, this is a likely Mb-catalyzed product.
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For the m/z 566 and 582 species, the potential structures could involve oxidation of the BP in some fashion.  BP metabolism includes initially forming an epoxide that can open into two alcohol groups (diol groups).  The metabolism can occur at multiple locations on the BP.  These alcohol groups can be quickly oxidized to ketones (Kot-Wasik, Dabrowska, & Namiesnik, 2004). LC-MS was performed on BP itself and it was determined that the substrate is easily oxidized through ambient conditions resulting in ketone functionalization on the PAH (data not shown).  Overall, because of the inherent reactivity of BP, there are many different possibilities of reaction products.  Likely possibilities for the m/z 566 and 582 species are shown in the figure.  

One important limitation of this study was small sample size. Due to mechanical problems with the LC-MS midway into the study, there was limited time to run samples. Additionally, although layer-by-layer protocols were utilized in an attempt to enhance reaction kinetics, the reactions were not very efficient (approximately 1%). Further research is needed to increase the sample size and enhance the reaction kinetics in order to better analyze the data obtained. 
Overall, the experimental methods utilized in this study mimic the reactions that occur in the human body when BP is metabolized and reacts with DNA. Liquid chromatography-mass spectrometry has been a useful method to identify the unknown DNA adducts resulting from this process. Further research is needed to identify the m/z 587, 582, and 566 peaks shown in the full mass spectrum. This could be accomplished using MSMS methods to analyze the fragmentation patterns of these unknown molecules.  
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Figure 1.  Overlaid MS of three reactions: BP+Hydrogen Peroxide+Guanosine (black) and controls without BP (red) or guanosine (blue).  The MS were summed from the 2-3 minute elution chromatographic window.  The inset shows a close up view of m/z 560-590.  





Figure 2.  MSMS of m/z 587 species shown in Figure 1 inset.  Key product ions are indicated. 





Figure 3.  Full reaction m/z region 270-300 from chromatogram window described previously.  m/z 282 is of interest.  





Scheme 1.  Potential chemical structures for BP + guanosine reaction products along with negative ion mode m/z and their exact masses.    








