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We have used a crossed electron molecular beam setup to investigate the behavior of the anticancer drug temozolomide (TMZ) upon the attachment of low-energy electrons (0–14 eV) in the gas phase. Upon a single electron attachment, eight anionic fragments are observed, the most intense being an anion with mass of 109 u at a resonance energy of 0 eV. Quantum chemical calculations suggest that this ion is generated after the tetrazine ring opens along a N–N bond and its fragments leave the molecule, forming an imidazole-carboxamide species. This ion represents the most abundant fragment, with further fragments following from its dissociation. The tetrazine ring cleavage reaction forming N2 is thus the driving force of TMZ reactivity upon electron attachment.
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INTRODUCTION
Anticancer drugs have been used in the treatment of cancer most especially for combination therapy involving radiation therapy and concomitant chemotherapy [1]. Such drugs that enhance the efficacy of ionizing radiation during cancer treatment are often referred to as radiosensitizers. Several of them have been suggested, and they undergo further investigation for their effective use for therapy based on their function and the kind of tumour [2–5]. They include imidazoles, which consist of five-membered heterocyclic ring compounds with two nitrogen atoms, that have demonstrated efficacy in terms of their pharmaceutical activities and their use as anticancer agents [2, 6]. In addition, the fact that the imidazole ring is rich in electrons makes it easier for imidazole derivatives to bind to receptors and enzymes within a biological medium through hydrogen bonding, π–π stacking or van der Waals forces [6, 7]. Imidazoles are believed to interact with DNA in both covalent or non-covalent pathway and block cell division, easily bind to proteins and inhibit the synthesis of cellular membranes [2, 6, 7]. Chemical agents such as dacarbazin, nimorazole, mercaptopurine etc. used in the treatment of cancer contain the imidazole ring within the structure. For instance, dacarbazin acts as an alkylating agent that destroys cancer cells by the addition of an alkyl group to DNA [2]. Of the various imidazole ring containing compounds, the bicyclic aromatic heterocyclic derivative known as imidazotetrazines have gained attention because of the alkylating properties of its derivatives. The most prominent compound of these is temozolomide [8–10].
Temozolomide (3-methyl-4-oxoimidazo[5,1-d][1,2,3,5]tetrazine-8-carboxamide, TMZ) is a monofunctional alkylating and a prodrug that is known for its ability to surpass the blood-brain barrier [11–13]. TMZ is an imidazotetrazine derivative of dacarbazin and the 3-methyl derivative of the prodrug mitozolomide. The drug has shown a wide range of antineoplastic activity [13–16] and cytotoxic activity in cell lines and on human tumors that were refractory to several clinically antitumor agents [14, 15, 17–19].
Regardless of the established biologically proposed mechanism of interaction, it is also relevant to understand the role of low energy electrons in the action of TMZ during its use in radiation therapy. In cancer treatment using ionizing radiation, the impact of such high-energy radiation with the biological medium produces a large number of secondary electrons (SEs) with kinetic energy between 0 and few hundreds of electron volts (eV) [20–22]. Of these SEs, low-energy electrons are the major contribution with energy below 20 eV and might cause single and double strand breaks in the DNA via site-selective bond cleavage [23, 24]. It is also known that the induction of these strand breaks depends on the initial kinetic energy of the electrons. Interestingly, these low-energy electrons have an average energy close to 9–10 eV [21, 22]. In studies of the condensed phase, it was shown that electrons with an energy as low as 0–4 eV have the propensity to induce single strand breaks in plasmid DNA [21, 22, 24]. At such low energies, it has been proven that dissociative electron attachment (DEA) represents the underlying mechanism in causing DNA damage by the formation of reactive species [25–27].
DEA involves the resonant capture of a single incoming electron by a molecule (AB) resulting in the initial formation of an intermediate derivative (AB*–) known as the transient negative ion (TNI) [25, 28]. The TNI then decomposes into a negatively charged ion (B−) and a neutral (A) as shown in reaction (1):
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Although thermodynamics and kinetics of isolated systems differ from that in the condensed phase due to the lack of molecular environment, gas phase studies have been instrumental in the study of the basic mechanisms of electron-molecule interactions at the molecular level. Several gas-phase studies on radiosensitizers have shown site-selective fragmentation upon electron attachment [29–33]. Often this behavior may result in the detection of the dehydrogenated parent anion (M–H)–, which is one of the most prominent anions in DEA to molecules containing hydrogen(s) via single bond cleavage, with possible subsequent fragmentation [34, 35]. In addition, DEA studies with tirapazamine demonstrated that the attachment of a single electron could induce the formation of several ring-centered and N-centered fragments when the triazine ring opens [36].
To our knowledge, no DEA study with TMZ in the gas phase has been reported so far. Herein, we investigate DEA to TMZ in the gas phase within the electron energy range of 0–10 eV. The obtained experimental results are supported by quantum chemical calculation to rationalize the reaction dynamics and energetics of the involved channels.
METHODS
The experimental setup used for the present study was a crossed electron-molecular beam setup coupled with a quadrupole mass analyzer. Since a detailed description of the setup can be found in Ref. [37], only a brief summary in relation to the current study is given. Temozolomide (C6H6N6O2, 194 g/mol) with a sample purity of 98% was purchased from Sigma Aldrich, Austria, and used as delivered. In the powder state at room temperature, TMZ was placed in an oven. The sample was then heated to about 390 ± 3 K under high vacuum (10−7 mbar) and the vaporized sample was introduced into the interaction zone with the electron beam via a 1 mm capillary mounted on the oven. Thermal decomposition of the sample was ruled out by measuring the temperature dependence of the electron ionization mass spectrum of TMZ. The electron beam created by the hemispherical electron monochromator perpendicularly crosses the effusive molecular beam. Negatively charged ions formed by electron attachment are then extracted by a weak electrostatic field and directed towards the quadrupole mass analyser. After mass analysis, the ions are finally detected by a channel electron multiplier operating in single ion-counting mode. The energy scale of the monochromator was calibrated using the well-known s-wave resonance of carbon tetrachloride (CCl4) at 0 eV. In the ideal case, the electron beam should be able to give an energy resolution of 35 meV. For this study and to keep a compromise between the signal intensity and resolution, we tune the beam to 100 meV at Full-Width-Half-Maximum (FWHM) at an electron current of 25 nA. We further performed energy scans in 0–14 eV with a scanning step width of 0.03 eV for each of the fragment detected upon DEA to TMZ.
Structures of the TMZ, TMZ–and its fragments were optimized using density functional theory (DFT) employing the B3LYP functional along with the aug-cc-pVDZ basis set. To obtain more reliable electronic energies, the optimized structures were single-point re-calculated at the coupled cluster singles and doubles level, CCSD/aug-cc-pVDZ. The zero-point energy correction was used as calculated at the B3LYP/aug-cc-pVDZ level. To assess the influence of the DFT functional on reaction energies, we also used the ωB97XD functional [38] to calculate structures of TMZ, TMZ–and the ions after dissociation of N2 and/or OCNCH3. The respective reaction energies evaluated at the CCSD//ωB97XD level differ from those at the CCSD//B3LYP level by less than 0.02 eV (employing consistently the aug-cc-pVDZ basis set). Electronically excited states were calculated using Equation of Motion–Coupled Clusters Singles and Double (EOM-CCSD) and Time-Dependent Density Functional Theory (TD-DFT) with the CAM-B3LYP functional, the energy difference for the first excited valence π* state in TMZ–between EOM-CCSD and CAM-B3LYP methods is 0.04 eV. Natural transition orbital (NTO) analysis [39] was used to assign the transition character. For modeling the dipole bound state, the aug-cc-pVDZ basis set was used for C, O and N, the aug-cc-pVTZ basis set for hydrogen atoms, along with additional two s, one p and one d functions on each H atom, with coefficients obtained as 1/3 of that of the most diffuse s, p and d functions in aug-cc-pVTZ. This basis set is further denoted as aug-cc-pVDZ(C,N,O)TZ(H)+. Wave function stabilization was performed prior to each DFT or CCSD calculation. Vibrational analysis was performed to confirm the local minimum or transition state character of each calculated structure. The Gaussian software was used for all calculations [40].
RESULTS AND DISCUSSIONS
The structure of TMZ is shown in Figure 1, along with four electronic states of the TMZ–anion. The adiabatic electron affinity is calculated as 1.28 eV, the vertical electron affinity as 0.76 eV at the CCSD/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ level (with B3LYP/aug-cc-pVDZ and ωB97XD/aug-cc-pVDZ methods, we obtained the vertical electron affinity of 1.03 and 0.89 eV, respectively, indicating that these functionals overestimate the electron binding energy). In the structure of the neutral TMZ molecule, there is only one electronic state of TMZ–below the energy of the neutral molecule, with the odd electron in a π* orbital extended over both rings (Figure 1). The orbital hints towards weakening of the tetrazine ring, among others along a N–N bond. Close to the energy of the neutral molecule, a dipole-bound state (DBS) is found, with the added electron positioned next to the methyl group on the tetrazine ring (the dipole moment of the TMZ isomer shown in Figure 1 is calculated as 3.4 Debye). Further two valence states lie within 2 eV above the energy of the neutral molecule, again with the odd electron in a π* orbital, located predominantly on either triazine or imidazole ring. The analyzed electronic states thus suggest that a DBS might be formed after interaction with electrons of the kinetic energy close to 0 eV, serving as a doorway to the valence ground state, a process commonly suggested in DEA of polar molecules [41]. However, further experiments would be needed to confirm this scenario, e.g., photoelectron spectroscopy [42, 43].
[image: Figure 1]FIGURE 1 | (A) Structure of the TMZ molecule. (B) Orbitals occupied by a single electron in four TMZ–electronic states in the optimal structure of the neutral molecule along with the relative energy compared to the neutral molecule; calculated at the CAM-B3LYP/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ level of theory and shifted by the vertical electron affinity calculated at the CCSD/aug-cc-pVDZ level (0.76 eV). The orbitals were generated using natural transition orbitals analysis, the energy of the dipole-bound state was obtained using the aug-cc-pVDZ(C,N,O)TZ(H)+ basis set, see Methods. Color code: brown–carbon, blue–nitrogen, red–oxygen, white–hydrogen.
Experimentally, electron attachment to TMZ in the gas phase resulted in the formation of eight anion fragments that arise due to multiple bond cleavage within the molecule and re-arrangement. A summary of the resonances and anions detected is presented in Table 1. It is interesting to mention that we do not observe formation of the parent anion or the dehydrogenated parent anion as observed in most DEA studies with other radiosensitizers and modified derivatives [44–47]. The absence of the parent anion can be traced to efficient dissociation reactions in the TNI, as discussed below.
TABLE 1 | Summary of fragment anions, structural assignments and their corresponding resonance positions, as well as experimental and calculated thresholds upon electron attachment to TMZ. Calculated thresholds were obtained at the CCSD/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ level of theory.
[image: Table 1]The outcome of DEA to TMZ can be divided into three groups with respect to the fragmentation behavior of the TNI: 1) Anions resulting from the initial decomposition of the tetrazine ring and ring-containing anions, 2) anions resulting from the rupture of the imidazole ring, and 3) pseudohalogen anions.
Figure 2A shows the anion yield curve for mass of 137 u assigned as C4H3N5O−. In the absence of the parent anion or the dehydrogenated parent anion, we observe this anion as the heaviest one. Further, we observe the anion with mass of 109 u, which we assign as C4H3N3O− (Figure 2B). This anion is the most abundant fragment with an ion yield of two to four orders of magnitude higher in abundance than for all other anions. Both anions show a prominent peak at ∼0 eV. For the ion at 137 u, the data suggest a second resonance, although low in intensity, between 4 and 6 eV with a peak maximum around 5 eV. For the ion with mass of 109 u, resonances with maxima near 0.3 and 1 eV are observed as well.
[image: Figure 2]FIGURE 2 | (A–C) Anion efficiency curves for the anions with masses 137, 109 and 91 u formed upon electron attachment to TMZ, respectively.
The pathways to form the anionic fragments are analyzed in Figure 3, assuming that the anion reaches its ground state after electron attachment. Formation of both 137 u and 109 u ions may be associated with opening of the tetrazine ring at a N–N bond over a barrier with the energy of –0.78 eV with respect to the neutral TMZ molecule. From this structure, OCNCH3 or N2 fragments might dissociate. If OCNCH3 dissociates, the ion with mass of 137 u is formed. If the OCNCH3 fragment takes away enough kinetic energy, this anion cannot decompose further and is observed in the experiment. Otherwise, the ion might lose N2 in an exothermic reaction, proceeding over a barrier at –0.81 eV (not shown in Figure 3). The other pathway starts with dissociation of N2, forming an anion with 166 u at –1.98 eV. This ion is not observed experimentally, probably because it further dissociates OCNCH3 or undergoes other dissociation reactions.
[image: Figure 3]FIGURE 3 | Suggested reaction pathways in TMZ–as analyzed at the CCSD/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ level along with selected bond lengths. Mass is shown for the parent anion and experimentally observed fragments. Color code: brown–carbon, blue–nitrogen, red–oxygen, white–hydrogen.
If both OCNCH3 are N2 are released from the cluster, an ion with 109 u is formed. Here, the tetrazine ring is dissociated completely and only the substituted imidazole ring is left. The ion can decompose only through reactions that require considerable bond rearrangement, explaining its stability in the experiment. Accordingly, we suggest that this ion plays a pivotal role in further cluster dissociation as discussed below.
Figure 3 also includes the length of a C–N bond in the imidazole ring as well as of the N–N bond of the forming N2 molecule. It can be seen that both bond lengths decrease considerably along the dissociation pathway, rationalizing the increased stability of the structures with a cleaved ring compared to the initial anion. For example, the N–N bond length starts with 1.33 Å in the intact anion and decreases to 1.19 Å upon ring opening and to 1.10 Å when dissociated as N2, strengthening the bond along the dissociation pathway.
The anion efficiency curve for the anion with mass 91 u is shown in Figure 2C. The ion yield shows three visible resonance maxima comprising of a sharp peak at ∼0 eV and two broad but low-intensity peaks near 0.9 and 2.4 eV. In addition, we suggest the existence of another peak below 1 eV due to the tail of the 0 eV peak. We assign the ion yield to the C4HN3− fragment anion and suggest that it could be formed through formation of two O–H bonds and H2O loss from the C4H3N3O−anion, with the overall reaction energy of –0.88 eV (Figure 3). In agreement with the low experimental yield, our calculations show that already the first reaction step, i.e. formation of an OH group, proceeds over a transition states at 0.42 eV, close to the average thermal energy available in TMZ at 390 K, 0.52 eV.
Thus, all three ions C4H3N5O−, C4H3N3O−and C4HN3− are connected in their dissociation pathways and possess an intact imidazole ring. This assignment is supported by the fact that they share the characteristic resonance at ∼0 eV.
Dissociation of the imidazole-carboxamide structure with mass 109 u gives rise to further four anionic fragments via multiple bond cleavages. The resulting fragments include anions with masses 82, 66, 39, and 26 u (Figure 3). The anion with mass 82 u may arise via the release of hydrogen cyanide (HCN) forming the structure C3H2N2O−, with the predicted reaction energy of –0.54 eV. The anion efficiency curve (Figure 4A) shows several peak positions. Since the tiny signal close to ∼0 eV may also represent an artifact, we estimate the experimental threshold to be 0.8 eV with the peak maximum near 1.3 eV. Furthermore, the remaining resonances appear at an electron energy of 2.8, 3.5, and 4.3 eV, and there is a peak near 6.4 eV close to the tail.
[image: Figure 4]FIGURE 4 | (A–D) Anion efficiency curves for the anions with masses 82, 66, 42 and 39 u formed upon electron attachment to TMZ, respectively.
We assign the anion with mass 66 u to C3NO− (Figure 4B). The experimental threshold of ∼0 eV agrees with the theoretically determined threshold of –0.17 eV. We observe three regions of resonances that comprise the region between 0 and 1, 1–2 eV, and 2–8 eV. The first region shows a rather sharp peak at ∼0 eV and another one at 0.5 eV. The second peak section shows a single peak maximum at 1.4 eV. The third set of resonances is found at the maxima of 2.6 and 4.5 eV. In addition, another resonance is observed around 5.5 eV, close to the tail of the curve. At the B3LYP/aug-cc-pVDZ level, the C3NO−structure is predicted to be almost linear.
The anion with mass 42 u is assigned as NCO−following multiple bond cleavage within the TMZ–anion. Its anion efficiency curve (Figure 4C) shows several peak positions. For the first resonance, we observed a sharp peak maximum at ∼0 eV and other minor features along the tail. The second distinct peak is observed with a maximum of 1.3 eV, an intense peak is seen at the resonance energy of 2.8 eV, followed by a shoulder exhibiting a resonance around 4.3 eV. The NCO−anion appeared as the second most abundant one among all fragments.
The formation of the pseudohalogen NCO−has been extensively reported in several DEA studies involving nucleobases [29, 48–50]. It was reported that its formation follows a complex unimolecular pathway that occurs on a longer time scale than for simple bond cleavage [49]. The pathway starts in nucleobases by bond cleavage leading to the loss of a hydrogen atom and subsequent multiple bond cleavage within the ring [49]. In DEA to TMZ, its formation may be expected at different sites. In Figure 3, we suggest that it might arise from TMZ–upon N2 dissociation followed by CH3 transfer from the dissociating OCNCH3 fragment to the imidazole ring, reaching the reaction energy of –2.79 eV. The considerable experimental intensity may be thus rationalized by its thermochemical stability. This may be the main reason why it is a common, intense product anion in DEA to NCO-containing molecules and often formed in a wide range of electron energies [29, 35, 51].
Another fragment anion forming after the imidazole ring opens is the anion with mass 39 u, which may be assigned as C2HN−. The formation of the anion follows the reaction releasing NH2COCN from C4H3N3O−as the neutral counterpart, with the calculated threshold of 1.43 eV, which is below the experimental onset of ∼2 eV. The anion efficiency curve in Figure 4D exhibits a peak maximum at 4.7 eV and other subjacent features in the tail around 5.6 and 6.7 eV. We also suggest a possible resonance near 3.0 eV close to the onset of the curve.
Finally, we also observed the pseudohalogen CN−anion. The formation of CN−has been reported in many DEA studies involving imidazole compounds [52, 53], amino compounds [54–56], heterocyclic compound [36] and uracil derivatives [32, 49, 57, 58]. Mostly, the anion is formed following a complete rupture of the ring in a molecule. Recent studies with molecules such as cyanamide, nitrofuran, and nicotinamide reported several resonances at electron energies above 1 eV for this pathway [36, 37, 59, 60]. An exceptional case was reported by Koenig-Lehmann et al. [51] in electron attachment studies with dibromocyanoacetamide, where the authors found an enormous signal close to 0 eV. In the present study, the formation of CN−follows multiple bond cleavages within the imidazole-carboxamide derivative as shown in Figure 3. The anion efficiency curve indicates a major peak near 4.8 eV and three other resonances at 3.2, 6.4 and 7.5 eV (Figure 5). Our calculations predict an endothermic reaction with the energy of 1.99 eV, close to the experimental threshold of ∼1.7 eV. However, we note that the CN−anion might also form from several other sites. The 0 eV peak can be considered an artefact.
[image: Figure 5]FIGURE 5 | Anion efficiency curve for CN−formed upon electron attachment to TMZ.
It is interesting to note that besides NCO−, also the other four anions with lower masses (82, 66, 39 and 26 u) exhibit anion efficiency curves which are dominated by higher-energy resonances. This characteristic can be attributed to the large amount of energy required to rupture the imidazole ring. The similarity of certain peak regions, for example the peculiar resonance seen at 4–6 eV, also suggest that all anions arise from the same precursor, in agreement with the suggested pathways in Figure 3.
CONCLUSION
The present results suggest that the imidazole moiety is more stable upon low-energy electron attachment than the triazine moiety. A recent DEA study with tirapazamine (composed of triazine and benzene moiety) also indicated the triazine moiety as a less stable moiety since the integrity of the benzene ring was preserved in the DEA reactions obtained [36]. On the other hand, molecular rearrangement and formation of new bonds act as an energy source and the presence of a triazine ring thus allows for DEA reactions to be induced by electrons having very low kinetic energies near zero eV. In contrast, the yields of anions which are formed by cleavage of the imidazole ring exhibit the main resonances only at higher electron energies. Such characteristics were observed in DEA to the isolated imidazole ring as well [61, 62] and seem to be preserved for bicyclic molecules.
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