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Abstract

:

Fluorescent markers play important roles in spectroscopic and microscopic research techniques and are broadly used in basic and applied sciences. We have obtained markers with fluorescent properties, two etheno derivatives of 2-aminopurine, as follows: 1,N2-etheno-2-aminopurine (1,N2-ε2APu, I) and N2,3-etheno-2-aminopurine (N2,3-ε2APu, II). In the present paper, we investigate their interaction with two key enzymes of purine metabolism, purine nucleoside phosphorylase (PNP), and xanthine oxidase (XO), using diffraction of X-rays on protein crystals, isothermal titration calorimetry, and fluorescence spectroscopy. Crystals were obtained and structures were solved for WT PNP and D204N-PNP mutant in a complex with N2,3-ε2APu (II). In the case of WT PNP—1,N2-ε2APu (I) complex, the electron density corresponding to the ligand could not be identified in the active site. Small electron density bobbles may indicate that the ligand binds to the active site of a small number of molecules. On the basis of spectroscopic studies in solution, we found that, in contrast to PNP, 1,N2-ε2APu (I) is the ligand with better affinity to XO. Enzymatic oxidation of (I) leads to a marked increase in fluorescence near 400 nm. Hence, we have developed a new method to determine XO activity in biological material, particularly suitable for milk analysis.
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1. Introduction


Fluorescent nucleoside and nucleobase analogs are tools commonly used to study the structure and dynamics of proteins, nucleic acids, and their complexes [1,2,3,4,5,6,7,8,9,10,11,12]; they are also utilized as reporters of enzymatic activity in biological material [13,14]. Tri-cyclic purine nucleoside analogs, and particularly the etheno derivates of natural purines, are among the oldest compounds used as fluorescent probes in enzymology [1,2,3]. These compounds have also been reported to feature interesting biochemical and pharmacological activities, recently reviewed by Boryski et al. [5,6]. Although they cannot be classified as isomorphic probes, they are, nevertheless, active as substrates and co-substrates of several purine-related enzymes, including ATP-ases and dehydrogenases [1].



Previously, we reported several rather unexpected activity patterns of fluorescent etheno derivatives of purines towards various forms of purine nucleoside phosphorylase (PNP, E.C. 2.4.2.1), an enzyme of the purine salvage pathway [15,16,17]. PNP is a ubiquitous enzyme that reversibly converts purine nucleosides into nucleobases and α-pentose-1-phosphate, and is responsible for the regulation of nucleoside concentration within cells [18]. This enzyme is a target of several pharmaceutical interventions and its inhibitors were shown to have a strong therapeutic effect against viral, bacterial, and parasitic infections, as well as lymphomas; they also present marked immunosuppressing activity, applicable in organ transplantations [18,19,20,21,22,23].



Recently, we have described two isomeric and fluorescent etheno derivatives of 2-aminopurine (Scheme 1) and demonstrated their potential applicability as indicators of purine metabolism enzyme activity [17,24].



2-Aminopurine readily reacted with aqueous chloroacetaldehyde to give the following two products: “linear” 1,N2-etheno-2-aminopurine (1,N2-ε2APu, I) and “non-linear” N2,3-etheno-2-aminopurine (N2,3-ε2APu, II, see Scheme 1). Spectroscopic properties of these derivatives, especially quantum yield of fluorescence (Table 1), are good and make them promising candidates to become fluorescent probes of enzymatic reactions related to purine metabolism.



These compounds were readily ribosylated by bacterial (E. coli) PNP in a phosphate-free media with α-ribose-1-phosphate (R1P) as a ribose donor, and the “non-linear” II reacted also with mammalian PNP (from human erythrocytes or calf spleen). The products of the enzymatic ribosylation differed spectrally from those previously known from the data from the literature [25], and the NMR analysis indicated N(2) as the main ribosylation site(s) [17].



We have purified the non-typical N(2)-riboside of the strongly fluorescent N2,3-ε2APu and utilized it to fluorometrically detect PNP activity in human blood [24]. It was shown that such activity is readily detectable even in 1000-fold diluted hemolysates.



During control experiments, we also realized that the less fluorescent, “linear” 2-aminopurine analog, 1,N2-ε2APu (I), may be a good fluorescent indicator of the activity of xanthine oxidase (XO, E.C. 1.17.3.2), an extra-cellular enzyme responsible for oxidation of hypoxanthine to xanthine with subsequent production of uric acid, which is the final step in purine catabolism [26,27]. XO is recognized as the primary target in the treatment of gout [28], but also as a factor affecting the therapeutic effectiveness of some nucleobases used as drugs, including anti-cancer pharmaceuticals like 6-thiopurine and 6-thioguanine [29,30]. This enzyme is also essential in the area of nitrite biochemistry [31]. Increased activity of XO in blood serum is an indication of liver malfunction [32]. Other medical roles of XO in humans have been recently postulated; in particular, the inhibition of xanthine oxidase, an enzyme releasing hydrogen peroxide, has been proposed as a tool for improving cardiovascular health [33,34], and inhibitors of XO were considered as drugs that could prevent the “cytokine storm” during the SARS-CoV-2 infections [35].



In the present paper, the above-described investigations were extended to include calorimetric and structural studies of PNP complexes with 1,N2-ε2APu (I) and N2,3-ε2APu (II). We chose the wild-type PNP (WT-PNP) and a D204N-PNP mutant. Mutation of Asp into Asn is a substitution of one polar amino acid with another polar amino acid having different properties, namely different pKa for protonation. This mutation still allows for the formation of a hydrogen bond between a ligand and the protein, but proton transfer from the enzyme molecule to the purine ring of a substrate is impossible; thus, this mutation gives insight into the mechanism of catalysis.



Additionally, we explored the kinetic and structural aspects of XO interaction with fluorescent ligands. The aim of the presented work was to elucidate kinetic, structural, and mechanistic aspects of these non-typical enzymatic activities of PNP and XO and to present their possible applications.



The crystal structure of bacterial PNP complexed with ligands is known [36,37], but to the best of our knowledge, no tri-cyclic substrate was analyzed this way. Here, we present the structure of crystals of E. coli PNP with the “non-linear” substrate (II) and analyze its possible mechanism of activity.



To check the interaction of 1,N2-ε2APu (I) and N2,3-ε2APu (II) with xanthine oxidase, spectroscopic and calorimetric measurements were performed. They showed that 1,N2-ε2APu (I) proved to be a much better substrate for XO than the isomeric II, with reaction rates comparable to those of the natural substrates, xanthine and hypoxanthine, and affinities in the low micromolar region. The kinetic parameters allowed direct applicability of the XO assay based on 1,N2-ε2APu (I) oxidation to the analysis of bovine milk. XO activity in milk reflects the “thermal history” of the milk, or milk-derived samples, since this enzyme is relatively sensitive to elevated temperatures, applied during the pasteurization process [38]. This feature is important for quality control.



Attempts to obtain XO crystals in complex with etheno derivatives were unsuccessful, despite the fact that the conditions described in [39,40] were mirrored and modifications were introduced. Nevertheless, calorimetric data confirmed the formation of tight complexes between both tri-cyclic substrates and XO.



The results of our study allow for a better understanding of the properties of purine metabolism enzymes and help to determine the feasibility of using fluorescent etheno derivatives of 2-aminopurine base as markers of the activity of these enzymes.




2. Results


2.1. Purine Nucleoside Phosphorylase


PNP catalyzes reversible phosphorolysis of purine nucleoside as shown in Scheme 2. The properties of two PNP variants (trimeric and hexameric) are described in review papers [18].
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Scheme 2. Basic reactions catalyzed by xanthine oxidase (upper panel, [41]) and purine nucleoside phosphorylase (lower panel, [18]). 






Scheme 2. Basic reactions catalyzed by xanthine oxidase (upper panel, [41]) and purine nucleoside phosphorylase (lower panel, [18]).
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2.1.1. Interaction of WT PNP and D204N-PNP with Etheno Derivatives of 2APu


In the previous paper [17], we described the substrate properties of two fluorescent etheno derivatives of 2-aminopurine: N2,3-ε2APu and 1,N2-ε2APu. Only N2,3-ε2APu is a substrate for the enzyme from a calf spleen, while both compounds are ribosylated using R1P as a ribose donor and bacterial E. coli PNP as a catalyst. 1,N2-ε2APu reacts slowly with Km < 10 μM and relative Vmax(rel)~1 (relative to guanine ribosylation rate, Vmax(rel) = 100, under identical conditions), while N2,3-ε2APu reacts rapidly (Km = 12 μM, Vmax(rel) = 20). When the mutant D204N-PNP with Asp204 replaced by Asn204 was chosen as a catalyst, the obtained data for N2,3-ε2APu was similar to the WT PNP (Km = 12 μM, Vmax(rel) = 30).



Analysis of UV and NMR spectra of products led to the conclusion that, in all cases, the predominant ribosylation site is N2, rather than N9, yielding 1,N2-ε2APu-N2-β-D-riboside or N2,3-ε2APu- N2-β-D-riboside, respectively [17].



To investigate the cause of such non-canonical ribosylation, we crystallized the following complexes of E. coli PNP with etheno derivatives of 2-aminopurine: WT PNP-N2,3-ε2APu, WT PNP-1,N2-ε2APu, D204N-PNP-N2,3-ε2APu, and D204N-PNP-1,N2-ε2Apu, and solved their structures.



All obtained protein–ligand complexes crystallized in the space group P6122, with half of the hexamer in the asymmetric unit (3 monomers marked A, B, C). The active hexamer is formed by the symmetry operations (two-fold axis). Dimers forming a hexamer are marked A-C, A’-C’, and B-B’, where ’ denotes monomers from the adjacent asymmetric unit (Figure 1b).



We introduced the concept of a closed and open conformation of active sites of this enzyme and their role in catalysis in [36]. The hexameric molecule of PNP from E. coli can be described as a trimer of dimers (Figure 1a). In the apo form, all monomers are in the open conformation, but upon phosphate ion (one of the substrates) binding, part of them adopts a closed conformation, forming asymmetrical open-closed dimers (Figure 1b, violet/green subunits indicates closed/open conformation, respectively). In the open conformation, helix H8 (amino acids 214–236) forms a single continuous segment, leaving the entrance to the active site pocket wide open and resulting in the loose binding of ligands. However, in the closed conformation, helix H8 is divided into two segments (H8: 214–219 and H8’: 223–236), separated by a γ-turn, with the H8 part of the helix moved towards the entrance of the active site, partially closing it and resulting in the ligands being bound more tightly (Figure 1c).



The key role in the catalysis of natural enzyme substrates is played by Asp204, which is protonated, and by Arg217. In the open conformation, the ligands are bound, and Asp204 forms a hydrogen bond with N7 of the purine ring, but due to a large distance between Asp204 and Arg217, the reaction does not take place. Closing of the active site is a necessary step in catalysis; it brings Arg217 closer to Asp204 and enables the formation of a hydrogen bond between these residues, with deprotonation of Asp204 and protonation of N7 of the purine ring, which initiates catalysis.




2.1.2. Interaction of 1,N2-ε2APu with WT PNP and D204N-PNP from X-ray Diffraction


In the structures of WT PNP-1,N2-ε2APu and D204N-PNP-1,N2-ε2APu, the ligand molecule could not be modeled in any of the active sites, despite the fact that the electron density blobs are present in all active sites close to the Asp204 or Asn204 side chains, respectively. Both structures, WT PNP and D204N-PNP, are very similar and thus can be described together. In both complexes, only the open active site conformation is observed. A phosphate ion (or a sulfate ion from the crystallization liquid) is bound in all of them, in a typical position, where it can form hydrogen bonds with Arg43* (from a neighboring subunit in a dimer) and Arg87, whereas Arg24 points away from the active site. In subunit B of both complexes, in the place usually occupied by the purine ring, there is an array of small electron density blobs fitting well with few water molecules. In subunits A and C (forming one dimer), blobs have shapes similar to the tested ligand but they are too small to fit in a 1,N2-ε2APu molecule (Figure 2). This most likely indicates that the ligand binds only in a small number of protein molecules and may explain the low Vmax(rel) of enzyme reaction previously obtained in kinetic measurements [24].




2.1.3. Interaction of N2,3-ε2APu with WT PNP and D204N-PNP from X-ray Diffraction


In the WT PNP-N2,3-ε2APu and D204N-PNP-N2,3-ε2APu structures, the ligand is bound in all subunits, as the electron density in the appropriate region of the active site is in this case unambiguous (Figure 3). In both structures, there is one subunit in the closed (chain A) and two subunits in the open (chains B and C) active site conformations; thus, an active hexamer is composed of two asymmetric open–closed dimers (A-C, A’-C’) and one symmetric open–open dimer (B-B’). In all active sites, a phosphate ion (or a sulfate ion from the crystallization liquid) is bound in a typical position, at a hydrogen bond distance from Arg43* (from the neighboring subunit) and Arg87, while in the active sites with the closed conformation, also from Arg24. As there is no pentose in the N2,3-ε2APu molecule, in the case of the WT enzyme, this part of the active site is occupied by glycerol, which was used as a cryoprotectant. In the case of the D204N enzyme, small electron density blobs observed in this part of the active site were modeled with a few water molecules. The orientation of N2,3-ε2APu in the active site cannot be determined unambiguously as, at this resolution, the electron density blob is symmetric.



In the case of the WT PNP, the orientation differs in the closed and open active site conformations, whereas in the structure of the D204N enzyme, the orientation is identical in all active sites (Figure 3).



In the closed active site conformation of the WT complex, N2,3-ε2APu can be modeled in an orientation where a hydrogen bond between Asp204 and N9 of the ligand is possible but, in this orientation, ribosylation would occur at N7. In the second possible orientation, C11 of the ligand is at a hydrogen bond distance from Asp204; thus, the hydrogen bond cannot be created, but ribosylation would occur on N2, which, indeed, predominantly occurs as described in Section 2.1.1 (see also Scheme 3a,b).



For the WT PNP-N2,3-ε2APu complex, in the active sites with the open conformation, the ligand is “flipped” (Figure 3 and see also Scheme 3c,d). In principle, the ligand can be again fitted into the electron density blob in two orientations. In one of them, a hydrogen bond can be created between Asp204 and N7 of the ligand; thus, ribosylation would occur on N9, while in the second one, N2 would be at a hydrogen-bonding distance but then ribosylation would occur on C11, which is impossible.



In the case of the D204N-PNP-N2,3-ε2APu complex, the orientation of the ligand in all subunits, regardless of the active site conformation, is like in the closed active site of the WT PNP, thus pointing to the ribosylation site either at N7 or N2.




2.1.4. Interaction of 1,N2-ε2APu and N2,3-ε2APu with WT PNP by Isothermal Titration Calorimetry


To check why the 1,N2-ε2APu (I) reacts, albeit slowly, with E. coli PNP, yet is not clearly observed in the crystallographic structure of the enzyme, we performed calorimetric titrations of the enzyme with both etheno derivatives of 2-amino purine. The results are presented in Figure 4. Several independent titrations performed for each ligand were analyzed globally using the ITCsy (version 1a) software. This method allows fitting simultaneously and directly one global model to all experimental data, and can provide significantly more detailed and precise information about molecular interactions, binding affinity, and enthalpy than other programs [43].



For both ligands, the one-binding-site model is sufficient to describe the obtained ITC data (Figure 4). An attempt to fit a different, two-site model failed, because, in the case of the N2,3-ε2APu, no fit convergence was obtained, while for the 1,N2-ε2APu, the discrepancies between the data and the fitted curve are greater than those for the one-binding-site model.



Finally, for the N2,3-ε2APu (II), we obtained Kd = 36.16 μM, with the asymmetric confidence intervals (29.33–45.89) μM, while for 1,N2-ε2APu, Kd is larger than 3.5 mM, c.a. 100 times, as that observed for the N2,3-ε2APu.





2.2. Xanthine Oxidase


2.2.1. Attempt to Crystallize Xanthine Oxidase


Xanthine oxidase is the second enzyme of the purine metabolism for which we decided to check the substrate activity of 1,N2-ε2APu, and N2,3-ε2APu, and details are described in the following sections. As for PNP, we also tried to characterize interactions in solution by isothermal titration calorimetry and the structure of complexes by X-ray studies. However, despite a number of crystallization conditions screened, based on the data from the literature [39,40], we have so far been unable to obtain crystals that scatter X-rays with a resolution good enough to obtain the structure of the complexes. The best crystals obtained are presented in Figure 5.




2.2.2. Isothermal Titration Calorimetry


As N2,3-ε2APu (II) binding to XO was not accompanied by a clear change in fluorescence and we were not able to confirm ligand–enzyme binding using other methods (crystallography, fluorescence titrations), we decided to use isothermal titration calorimetry to characterize interactions of both compounds with XO. The obtained results are presented in Figure 6.



Measurements for 1,N2-ε2APu (I) were performed at a protein concentration of 458.42 μM. It appears that the dissociation constant is very low, c.a. 2.2 nM, as estimated by fitting the one-binding-site model (Figure 6), which indicates strong binding. However, the ligand binding process seems to be complicated, and consists of both exo- and endo-thermal steps, making it difficult to interpret these data.



Although measurements for N2,3-ε2APu (II) were performed at a lower enzyme concentration (~80 μM), the situation looks similar, namely the endo- and exothermic processes were again observed. The Kd value was estimated at 7.5 nM.



Although calorimetric titrations were repeated many times, with increasingly longer intervals between injections, even up to 15 min, the system did not reach equilibrium, suggesting the existence of some other very slow process accompanying the binding. In addition, as Kd values are so small, we expected to obtain better titration curves with significantly lower protein concentration in the calorimetric cell, but surprisingly, the binding is not visible in those conditions either (see exemplary data in Supplementary Data S1).



Thus, it can be seen that both ligands bind to the enzyme, but the obtained dissociation constants are estimates only. Therefore, we decided to focus on detailed characterization of the properties of the ligands as substrates of xanthine oxidase.




2.2.3. Purified Enzyme Reactions—Spectral Effects and Reaction Kinetics


We have screened both isomers of etheno-2-aminopurine, 1,N2-ε2APu (I), and N2,3-ε2APu (II) (Scheme 1), for activity against a commercial XO from bovine milk using absorbance as well as fluorescence detection. Of these, in contrast to PNP, 1,N2-ε2APu was found to be the best and also highly fluorogenic substrate (Figure 7). HPLC analysis of the reaction mixture (Figure 8) shows that essentially one product is created and no subsequent reaction(s) are observed. This is in line with the clear-cut isosbestic points observed on UV spectra (Figure 7a,c).



The enzymatic oxidation rate of (I) at pH 7 and temperature 25 °C is comparable to that of the xanthine oxidation rate in the same conditions (see Section 2.2.5). At higher concentrations (>40 μM), a marked substrate inhibition is observed for 1,N2-ε2APu (I), as documented below (Section 2.2.5), analogous to that observed for xanthine, particularly at pH 7 [44].



A highly fluorescent N2,3-ε2APu (II) isomer is only a weak substrate for bovine XO, with a reaction rate at least 10-fold slower than that observed for substrate (I). The main product of this reaction is also intensely fluorescent, but its emission spectrum does not differ markedly from that of the substrate (see Table 2 and Supplementary Data S4), making fluorimetric assay of the reaction difficult. We have therefore focused on the properties of 1,N2-ε2APu (I) as the optimal fluorogenic substrate of XO.




2.2.4. Identification of the Product of the 1,N2-ε2APu Oxidation


Oxidation of 1,N2-ε2APu (I) can lead to three different products (Scheme 4).



To identify the product(s) of enzymatic oxidation of (I), catalyzed by the bovine XO, HPLC analysis of the final reaction mixture was performed with absorbance and fluorescence detection (see Figure 8a,b). It reveals one main and one minor (<5%) product. The elution was initially (15 min) isocratic, followed by a 10 mM phosphate buffer-methanol gradient of 1–25%. The main, intensely fluorescent product was eluted at ~27 min. By analogy with xanthine, we tentatively identify this product as (Ia) (Scheme 4). The minor, non-fluorescent peak at ca. 32 min has been identified as 1,N2-etheno-guanine (Ib).



Identification of the oxidation products of 1,N2-ε2APu (I) was based on the comparison of their absorption and fluorescence spectra at various pH with the reference samples described previously [16,17]. The spectral characteristics of all substrates and products are summarized in Table 2. We were able to isolate only less than 5 milligrams of the main product due to extensive substrate inhibition of the enzyme and the resultant poor yields of reactions conducted on a larger scale. The electronic spectra of the products are pH-dependent, with spectrophotometrically estimated pKa values given in Table 2. At pH 7, the main product seems to be spectrally inhomogeneous, with an emission spectrum somewhat dependent on excitation wavelength. We ascribe this effect to prototropic tautomerism (probably N7H-N9H). At pH > 9, both absorption and fluorescence excitation spectra are markedly shifted towards the red, with little change in the emission spectrum. The excitation spectra are in line with the UV absorption. The fluorescence yield of the reaction product at pH 7 is 0.30–0.34, and therefore among the highest recorded for nucleobase derivatives [1,3].




2.2.5. Optimization of Oxidation Reaction Conditions


The largest relative fluorescent increase during 1,N2-ε2APu (I) and N2,3-ε2APu (II) oxidation are observed for excitations at 310–320 nm and fluorescence monitored at ca. 400 nm, where ~1000% signal increase is observed for a completed reaction (see previous section).



To optimize substrate concentration and pH of the applied buffer(s) for the XO oxidation of 1,N2-ε2APu (I) and N2,3-ε2APu (II), we measured pH-activity dependence of the reaction, with results illustrated in Figure 9. As can be seen, oxidation of the optimal substrate (I) progresses smoothly both at pH 7 and 9.5, although the pH dependence is somewhat different for various substrates (Figure 9b). In all instances, the optimal excitation wavelength for 1,N2-ε2APu (I) is 310–320 nm, provided that substrate concentration is <20 μM (due to the inner filter effect, which can be neglected at these concentrations).



As shown in Figure 9, the oxidation reaction does not obey the Michaelis–Menten model, as previously documented for xanthine [44], but at pH 9.6, the kinetics is more regular, and the apparent Km, ~8 μM, can be calculated for substrate I (Figure 9a). At pH 7, the apparent Km can be estimated to be less than 4 μM, and the maximum rate is observed at concentrations 10–15 μM (Figure 9b). Optimal substrate concentrations are therefore 10–15 μM at pH 7 and ~40 μM at pH 9.2. Preliminary estimations show that the sensitivity values at pH 7 and 9 are comparable.




2.2.6. XO Activity in Milk


To check the applicability of the proposed assay involving 1,N2-ε2APu (I) and N2,3-ε2APu (II) for food analysis, we examined bovine milk samples (known to be a rich source of XO), with the results shown in Figure 10, below.



We found that XO activity is readily detectable in 100- to 200-fold-diluted bovine milk samples using the presented method utilizing 1,N2-ε2APu (I). Although the turbidity of this solution is considerable (extinction amounts to ~0.8 per 1 cm pathlength at 300 nm), the fluorescence signal is readily observable, and the reaction concludes within ~30 min (Figure 10), with the final signal remaining stable for at least 2 h. Conventional right-angle instrumental setup and semi-micro cuvettes with a 4 mm optical path for excitation pathway were used, and the scattering did not interfere with the fluorescence and the rate calculations, although the fluorescence signal was reduced by ~50% (see Methods section and Figure 10, upper panel). Reproducibility of the bovine milk assay (at pH 7, time intervals of 2 min) was better than 10% (based on 3 repeats).



The unprocessed milk was more active than the commercial samples (Figure 10c), while no activity was found in the coffee whitener or yogurt samples. The milk XO activity was fairly stable for several days, when milk was stored at 5 °C, and freezing milk for 30 min did not abolish this activity. By contrast, boiling the milk sample for 15 s reduced the XO activity by ca. 90% (Figure 10c).



The linearity check of the XO assay is presented in Appendix A (Figure A1).




2.2.7. Enzyme Inhibition and Competition with Xanthine


To confirm the identity of the activity observed in milk samples as XO activity, we conducted kinetic experiments, with (I) as a substrate, in the presence of increased concentrations of oxipurinol, a well-known strong inhibitor of XO [45,46], or in the presence of the non-fluorescent substrate, xanthine. Better results were obtained at pH 7, where the inhibitory effect was stronger.



The effect of adding oxipurinol on the kinetics of the oxidation of (I) by 200-fold diluted milk is shown in Figure 11. As pointed out in the literature [45], this inhibition is biphasic, with the apparent inhibition constant changing from ~1.5 μM at the start to less than 0.7 μM after 15 min of the reaction (Figure 11), and milk pre-incubation with the inhibitor had little effect.



In both, the purified enzyme and milk samples, competition with xanthine was also evident, although the observed inhibitory effect was stronger for the purified enzyme (apparent inhibition constants 3 μM vs. 10 μM). The reason for this difference is not known (a possible explanation is a genetic polymorphism [27]), but the presented results indicate that the reaction is almost totally quenched by xanthine in both cases, indicating that XO is the only enzyme responsible for the fluorogenic oxidation process in bovine milk.



Attempts were also made to determine oxidation of (I) by pork liver homogenate, but in this case, oxidation did not lead to a fluorescent product (see Appendix B, Figure A2).



HPLC analysis of the milk-catalyzed reaction is given in Supplementary Data S2.






3. Discussion


Fluorescent markers are important and sensitive tools for studying enzyme activity. Labels that react specifically with individual proteins are sought. Measurable fluorescence in a sample indicates the presence of active biomolecules and its intensity can give information about the concentration and/or activity of these objects.



In the present paper, we have examined two etheno derivatives of 2-aminopurine: 1,N2-etheno-2-aminopurine (1,N2-ε2APu, I) and N2,3-etheno-2-aminopurine (N2,3-ε2APu, II), both with good fluorescent properties. These compounds were previously [17] shown to exhibit substrate properties towards two key enzymes of purine metabolism—purine-nucleoside phosphorylase (PNP) and xanthine oxidase (XO)—and in the case of PNP, the riboside of (II) was successfully applied to detect PNP activity in human blood [24]. However, the mechanism of this interaction(s) remained unknown.



We therefore attempted to co-crystallize the new substrates with purified enzymes: PNP from E. coli and XO from bovine milk. This was partially successful, as complexes of the wild-type PNP and its D204N mutant were obtained with only the “non-linear” substrate (N2,3-ε2APu, II) bound. The values of dissociation constants estimated from the ITC experiments may explain these results, as in the case of the “linear” derivative (1,N2-ε2APu, I), Kd is in the millimolar range, while that for the N2,3-ε2APu (II) is 36.16 μM (with the asymmetric confidence intervals of 29.33–45.89 μM). Previously, we concluded that the predominant ribosylation site is N2 [17], rather than N9 typical for the natural substrates. From the X-ray diffraction on a protein crystal, we observe N2,3-ε2APu (II) in the active site of the enzyme, but its orientation cannot be determined unambiguously as the electron density blob is symmetric (Scheme 3, Section 2.1.3).



Due to the symmetry of the electron density assigned to the ligand, we are unable to determine exactly how the ligand binds to the Asp204, which is the key catalytic residue. Depending on the arrangement of the molecule, Asp204 can interact with N7 (Scheme 3c), N2 (Scheme 3d), or N9 (Scheme 3a), while in the last orientation, a carbon atom is present against Asp204 (Scheme 3b), and formation of a strong hydrogen bond is not possible. Accordingly, ribosylation would occur at positions N9 (Scheme 3c), N7 (Scheme 3a), and N2 (Scheme 3b), or no ribosylation would be observed (Scheme 3d). Comparison with the data from the enzymatic synthesis conducted in solution suggests that only variant (3b) is likely realized, but still, the detailed reaction pathway is unclear. Alternative reaction schemes, not involving Asp204, were proposed for some purine analogs a few years ago [47] and we cannot exclude their role in this non-typical ribosylation.



In the case of 1,N2-ε2APu (I) molecule, in subunits B of both complexes (WT-PNP and D204N-PNP), in the place usually occupied by the purine ring, there is only an array of small electron density blobs fitting well with a few water molecules. In subunits A and C (forming one dimer), the blobs are too small to fit in a 1,N2-ε2APu molecule (Figure 2). We therefore conclude that the affinity of PNP to (I) is probably low and that the ligand binds only in a small number of protein molecules in the crystal. This was confirmed by the isothermal titration calorimetric data for (I), Kd is higher than 3.5 mM, while for (II), Kd = 36.16 μM (with nonsymmetrical confidence intervals 29.33–45.89 μM); hence, binding is 100 times better than that of 1,N2-ε2APu.



Attempts to obtain crystals of xanthine oxidase complexes with 1,N2-ε2APu, as well as with N2,3-ε2Apu, were not successful. A possible explanation was proposed by Hille [27], who pointed to a marked genetic heterogeneity in the bovine population as a source of this problem (finally successfully resolved).



For both compounds, isothermal calorimetric titration data are complicated, but allow estimation of the dissociation constant, Kd. In both cases, it is less than 1 μM, hence, it is difficult to decide which compound is a better marker.



Direct kinetic experiments with purified bovine XO (Section 2.2.3, Section 2.2.4, Section 2.2.5, Section 2.2.6 and Section 2.2.7) and two etheno-2AP isomers indicated that in both cases the oxidation products are strongly fluorescent, but (I) is definitely a better substrate, with reaction rates only slightly lower than those of the natural substrates like xanthine (Figure 9). Moreover, the emission spectrum of the oxidation product of (II) does not differ markedly from that of the substrate (see Supplementary Data S4), making any quantitative determination of activity difficult. By contrast, oxidation of (I) leads to a reasonable (~10-fold) increase in fluorescence near 400 nm (Figure 7).



Oxidizing enzymes like XO usually do not lead to highly fluorescent reaction products and known fluorimetric assays for XO are rare and rather laborious [48,49], so this simple assay may be useful, as it offers potentially high throughput.



The kinetics of XO catalyzed reaction is non-classical, showing the apparent substrate inhibition [44], especially evident at pH 7, and somewhat less marked at pH 9 (see Figure 9a). For this reason, it is difficult to isolate the fluorescent product in quantities sufficient for crystallization, hence, its identification as (Ia) remains uncertain.



We have shown that the fluorimetric assay for XO based on (I) as a substrate may be applied to milk and dairy food analysis, which is difficult for spectrophotometry due to milk turbidity. But even 100-fold diluted bovine milk shows very good XO activity, which decays upon thermal treatment (Figure 10) and is sensitive to XO inhibitors or competitors (Figure 11). The sensitivity of this assay is then comparable to the older resazurin–resorufin assay [50,51], based on fluorimetric detection of the produced hydrogen peroxide. Optimal conditions for the milk assay are pH 9, initial concentration of the substrate ca. 40–50 μM, and temperature ~30 °C. Fluorescence increase should be monitored at 400 nm with excitation at 310–320 nm.



Potential clinical applications of this method (e.g., determination of XO activity in blood serum, plasma, or other body fluids, which may prove useful for diagnostics of liver and cardiovascular diseases [30,32]) should be examined.



Other applications of the presented assay are possible but require a thorough examination of a variety of XO or XDH isoforms, as reported in various organisms [52]. Extension to the intracellular xanthine dehydrogenase would be interesting, but possible interference by other oxidizing enzymes like aldehyde oxidase and cytochromes remains unknown.




4. Materials and Methods


4.1. Enzymes, Chemicals, and Food Samples


Commercially available xanthine oxidase (XO, Sigma grade IV, suspension in aqueous NH4Cl, ~0.3 U/mL, 11 mg protein per mL) from bovine milk was used to screen the tri-cyclic nucleobase analogs (see Scheme 1) as possible XO substrates (or inhibitors). The enzyme suspension was diluted 10-fold in 5 mM phosphate buffer, pH 7, containing 0.5 mM EDTA, and stored in a refrigerator. This diluted enzyme was stable for more than 1 month. For individual screening of the potential substrates, the stock solution was further diluted 100–500-fold.



Recombinant wild-type and D204N mutant of E. coli PNP and wild-type calf spleen PNP were expressed in E. coli and purified according to the procedures described earlier [53,54].



The syntheses of 1,N2-ε2APu (I) and of the isomeric N2,3-ε2APu (II) were described previously, and the purity of the compounds was confirmed by HPLC and NMR analysis [17]. Mass spectra of both compounds and NMR data are presented in Supplementary Material S5 (Table S1 and Figure S1). Xanthine, oxipurinol, and 2-aminopurine (2APu), as well as chloroacetic aldehyde (50% aqueous solution), were from Sigma-Aldrich. All buffer constituents were of analytical grade and did not contain fluorescent contaminants.



Purification of XO substrates by re-crystallization from water, and their subsequent enzymatic oxidation, was followed by chromatographic separation by HPLC (Shimadzu Corp.), with UV-absorbance and fluorescence detectors. Semi-preparative C-18 (Kromasil) column was eluted by 10 mM phosphate buffer-methanol gradient (typically 3–8%). Analytical HPLC was performed analogously, with a small-size analytical column and gradient extended to 1–25%.



Milk samples were from Mlekovita (Wysokie Mazowieckie, Poland), and pork liver from commercial food stores. Milk samples were analyzed within 24 h of milking (unprocessed sample) or at least 7 days prior to the expiration date (commercial milk samples).



The liver homogenate was prepared as described in Appendix B.




4.2. Crystallization, Data Collection and Structure Determination


Crystals of E. coli PNP in a ternary complex with phosphate (sulfate) and the chosen ligand (1,N2-ε2APu or N2,3-ε2APu) were obtained by the hanging-drop vapor diffusion method. For crystallization, storage buffer (50 mM Tris/HCl buffer pH 7.6) was exchanged for a 10 mM citrate solution, pH 7.0. Drops with the WT E. coli PNP contained 60 mg/mL (2.3 mM) of the protein, whereas those containing D204N mutant were 40 mg/mL (1.6 mM). Ligand molar concentration was at least 2 times higher than the protein molar concentration (5 mM and 3 mM of each ligand for WT-PNP and D204N-PNP, respectively). The drops were set up at 18 °C by mixing 1.1 μL of protein–ligand complex in a 1:1 ratio with 1.1 μL of the reservoir buffer (100 mM citrate buffer pH 5.2 and 5.4, 14–20% ammonium sulfate) and allowed to equilibrate against the reservoir buffer. The crystals with half of the hexamer in the asymmetric unit appeared as hexagonal rods (space group P6122) after 1–2 weeks and remained stable for long periods. Crystals were soaked in cryoprotectant solution containing 30% glycerol prior to flash freezing in liquid nitrogen.



Data were collected at beamline P11 operated by EMBL Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany), courtesy of Elżbieta Nowak, Laboratory of Protein Structure, International Institute of Molecular and Cell Biology, Warsaw. Data were obtained by rotation with Δφ = 0.1°, with a single crystal. Data collection and refinement parameters for the structures are summarized in Appendix C, Table A1. The data were integrated using XDS (version Feb 5, 2021) software [55]. All structures were solved by the molecular replacement using the ccp4/phaser (version 2.8.3) software [56] and structure 4TS9 of E. coli PNP [57] as a model. The structures were refined with ccp4/Refmac [58] and COOT [59], and the finalization of structures for deposition was performed with phenix.refine [60]. Composite omit electron density maps (mFo-DFc) were calculated with phenix.composite_omit_map software from the Phenix Suite version 1.21.1.5286 [60]. Figures of crystallographic structures were prepared with PyMOL (Schrödinger, New York, NY, USA).



For XO crystallization, a commercially available protein (X4500, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was used. Since it turned out that the sample was not electrophoretically pure, it was further purified by size exclusion chromatography (SEC) using the Superdex 200 (Cytiva) column (see Supplementary Data S3). Fractions of the highest purity and activity were used for setting crystals. Crystallization was carried out by the hanging- and sitting-drop vapor diffusion methods, at 18 °C. Droplets were prepared by mixing 1.0–10 μL of the apo-protein or a complex with one of the ligands with crystallization solutions at various proportions. The tested conditions were based on data available in the literature [39,40], and were as follows: 7.5–40 mg/mL XO, 100 mM potassium phosphate buffer pH 6.0–8.0, PEG 4000 4–15% w/v, glycerol 30%, PEG 8000 10–15% w/v, crystallization solution contained also 0.2 mM EDTA, 1 mM sodium salicylate, and 5 mM DTT. Small, irregular, not well-diffracting crystals were obtained only for the apo-protein in conditions with 12–14% PEG 8000, pH 6.5.




4.3. Enzyme Kinetics, Inhibition and Competition with Xanthine


Spectral measurements were applied to perform standard control of the enzyme activity and to follow the kinetics of the enzymatic reactions. Steady-state emission spectra were measured on a Varian Eclipse instrument (Varian-Australia), with a typical spectral resolution of 2.5 or 5 nm, and UV absorption spectral measurements were performed on a Cary 5000 (Varian) thermostated spectrophotometer. Emission spectra determinations and fluorimetric assays were typically performed in semi-micro cuvettes with a pathlength of 4 mm to diminish the inner-filter effect. Quantum yields and fluorescence decay times of the substrates and products of the enzymatic reactions were measured as described previously [17].



Kinetic analysis of enzymatic processes was performed according to standard methods, as described in our previous papers [15,16,17,24]. Substrate concentrations and reaction rates were determined spectrophotometrically using known extinction coefficients (Table 1). In fluorimetric assays, rates were calculated using the following Formula (1):


  v =    d c   d t    =    d F   d t    ·      C   0     ∆ F     



(1)




where C0 is the initial concentration of the substrate, ΔF is the total fluorescence change during the reaction, and dF/dt is the fluorescence change in time. For slow reactions, ΔF was determined after the addition of purified XO in an amount sufficient to complete the oxidation of the substrate in the sample or measured independently.




4.4. Calorimetric Titrations


For PNP from E. coli and milk XO, the measurements were carried out with the ITC200 (MicroCal/Malvern Panalytical, Malvern, United Kingdom, ) at 25 °C, with 22 injections per titration, in 50 mM phosphate buffer pH 7.6 and 50 mM potassium phosphate buffer with 1 mM TCEP pH 8.0, respectively. Samples of protein were dialyzed into the appropriate buffer and filtrated with 22 μm pore filters.



Commercially available XO (X4500, X4875, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany and 38418, Serva Electrophoresis, Heidelberg, Germany) in the form of ammonium sulfate suspension was used. Protein suspension was centrifuged (10 min, 10,000 RPM), and the pellet was re-suspended in 50 mM potassium phosphate buffer with 1 mM TCEP pH 8.0.



In the case of 1,N2-ε2APu (I), the powder was dissolved in the same buffer in which the protein was dialyzed, while in the case of N2,3-ε2APu (II), the stock of 9.5 mM concentration was diluted with a buffer the protein was dialyzed in. All samples were degassed for at least 0.5 h prior to measurement. Thermograms were integrated with the NITPIC (version 1.3.0) software [61]. For each pair of enzyme–ligand, the experiments were performed in series, from two to four titrations, with varying protein concentration (thus varying Wiseman coefficients) and varying final ligand/protein concentration ratio, and were analyzed globally with the ITCsy (version 1a) software using the software-implemented models [43]. The simplest, one-binding-site model of association, P + L ↔ PL, and a more complicated model, assuming the presence of two unknot equivalent binding sites, P + L ↔ PL + L ↔ PLL, were tested. For each experiment, a ligand-buffer titration was performed and subtracted from the ligand–protein titration.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms251910426/s1.





Author Contributions


Conceptualization, A.S.-W., M.N., J.W., A.B., and B.W.-K.; methodology, A.S.-W., M.N., J.W., A.B., and B.W.-K.; software, A.S.-W.; investigation A.S.-W., M.N., and J.W.; validation and formal analysis, A.S.-W., M.N., J.W., and B.W.-K.; resources, A.S.-W., M.N., J.W., A.B., and B.W.-K.; writing—original draft preparation, A.S.-W., M.N., J.W., A.B., and B.W.-K.; writing—review and editing, A.S.-W., M.N., J.W., A.B., and B.W.-K.; visualization, A.S.-W. supervision, M.N., A.B., and B.W.-K.; funding acquisition, A.S.-W., M.N., A.B., and B.W.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This paper was funded by the internal grant of the University of Warmia and Mazury in Olsztyn (internal grant #17.610.011-110) from the University of Warsaw project IDUB PSP-501-D111-20-0004316 and the Polish Ministry for Science and Higher Education grant 501-D111-01-1110102. Protein purification was conducted in the NanoFun laboratories, ERDF Project POIG.02.02.00–00-025/09, X-ray diffraction studies and ITC titrations were performed in the Laboratory of Biopolymers, ERDF Project POIG.02.01.00–14-122/09, while some ITC measurements were carried out in Crystallochemistry Laboratory, Faculty of Chemistry, University of Warsaw. X-ray data collection was performed at the beamline P11 operated by EMBL Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Structures described in this paper are deposited in PDB and accession numbers are 9FPE for complex WT PNP with N2,3-ε2APu and 9FXE for complex D204N-PNP with N2,3-ε2APu. Structures of both enzyme variants with 1,N2-ε2APu, and all other data are available upon reasonable request.




Acknowledgments


We sincerely thank Goran Mikleušević for developing the procedure to obtain recombinant E. coli PNP wild-type and D204N mutant. WT enzymes used in the experiments described here were obtained by Joanna Cieśla (Warsaw School of Technology, Faculty of Chemistry). We are indebted to Elżbieta Nowak (Laboratory of Protein Structure, International Institute of Molecular and Cell Biology, Warsaw) for collecting data for E. coli PNP complexes with 1,N2-ε2APu and N2,3-ε2APu, and to former students of the Faculty of Physics, the University of Warsaw, Monika Krystian, Daria Matczak and Karolina Pachocka, for help in crystallization of these complexes and first refinement rounds of their structure. We thank Maria Winiewska-Szajewska for MS spectra measurements and Krzysztof Krawiec for help in obtaining the NMR spectra.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could influence the work reported in this paper.





Appendix A


Linearity of the Proposed Assay of XO


Linearity of the fluorimetric XO assay (in logarithmic scale) for enzyme concentrations 10−6 to 10−4 U/mL was analyzed (Figure A1). For higher enzyme concentrations, the reaction is very rapid; therefore, milk samples must be diluted at least 100-fold to be analyzed properly (see above, Section 2.2.3). For optimal substrate concentrations (5–50 μM), the reproducibility of the procedure is better than 5% (based on three repeats).
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Figure A1. Linearity check of the oxidation rate of 1,N2-ε2APu (I) by the purified bovine milk XO, at pH 7. Substrate concentration was 10 μM, fluorescence was excited at 310 nm. 






Figure A1. Linearity check of the oxidation rate of 1,N2-ε2APu (I) by the purified bovine milk XO, at pH 7. Substrate concentration was 10 μM, fluorescence was excited at 310 nm.
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Appendix B


Substrate I Oxidation by Liver Homogenate


To assess the degree of specificity of the proposed assay, we decided to check if the liver homogenate, containing a mixture of various oxidizing enzymes, including cytochromes and aldehyde oxidase, known to be active for N-heterocycles [62,63], can potentially interfere with the fluorimetric procedure involving (I) as a substrate.



As can be seen in Figure A2, the substrate (I) is rapidly (t1/2~5 min) degraded by the 100-fold diluted pork liver homogenate (the concentrated homogenate contained ca. 0.5 g chopped pork liver per 2 mL of buffer). However, no fluorescence increase was recorded during this reaction, and the reaction rate was virtually insensitive to 15 μM oxipurinol. Most likely, neither XO nor its intramolecular variant (xanthine dehydrogenase) is involved in this reaction. Spectral analyses show that the main product was, in this case, the non-fluorescent 1,N2-etheno-guanine (Ib), while oxidation by XO most likely leads to the fluorescent product (Ia).



We therefore conclude that the fluorimetric procedure is fairly selective towards XO and minor amounts of other oxidizing enzymes do not interfere with the proposed XO fluorimetric assay, particularly in bovine milk samples. Potential clinical applications of this method (e.g., determination of XO activity in blood serum, plasma, or other body fluids) should be examined.
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Figure A2. Fluorescence changes recorded during the process of oxidation of 1,N2-etheno-2-APu (I) by pork liver homogenate (see text for details). Fluorescence was excited at 310 nm, time intervals were 5 min. Homogenate background is indicated by black dotted curve, and reaction endpoint given in red. 
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Appendix C


Data Collection and Refinement Parameters for the Crystal Structures of WT PNP and D204N-PNP with N2,3-ε2APu




 





Table A1. Data collection and refinement parameters for the structures obtained for WT PNP and D204N-PNP complexes with N2,3-ε2APu. The structures were solved by the molecular replacement using the ccp4/phaser software and the structure 4TS9 of E. coli PNP as a model.






Table A1. Data collection and refinement parameters for the structures obtained for WT PNP and D204N-PNP complexes with N2,3-ε2APu. The structures were solved by the molecular replacement using the ccp4/phaser software and the structure 4TS9 of E. coli PNP as a model.





	
PDB ID

	
WT

	
D204N




	

	
9FPE

	
9FXE




	
Data collection




	
Space group

	
P 61 2 2

	
P 61 2 2




	
Cell dimensions

	

	




	
a, b, c (Å)

	
120.28, 120.28, 239.41

	
120.53, 120.53, 239.21




	
α, β, γ (°)

	
90.0 90.0 120.0

	
90.0 90.0 120.0




	
Resolution (Å)

	
48.03–1.60 (1.63–1.60) *

	
47.9–2.12 (2.196–2.12)




	
No. of observations

	
5,469,130 (275,823)

	
2,391,009 (201,004)




	
No. unique reflections

	
134,561(6595)

	
59,360 (5825)




	
Rmerge

	
0.170 (3.915)

	
0.29 (3.43)




	
Rmeas

	
0.172 (3.963)

	
0.299 (3.481)




	
Rpim

	
0.037 (0.831)

	
0.0455 (0.587)




	
CC1/2

	
1.000 (0.840)

	
0.999 (0.589)




	
Mean I/σ(I)

	
16.8 (1.3)

	
15.24 (1.15)




	
Completeness (%)

	
100.0 (100.0)

	
97.46 (100.00)




	
Multiplicity

	
40.6 (34.7)

	
40.3 (34.5)




	
Wilson B-factor

	
23.33

	
38.38




	
Refinement




	
Resolution (Å)

	
48.03–1.6 (1.657–1.6)

	
47.9–2.12 (2.196–2.12)




	
Rwork/Rfree

	
0.18/0.20

	
0.21/0.23




	
No. reflections all/free

	
134,438/6675

	
57,889/2794




	
Protein residues

	
711

	
711




	
Number of nonhydrogen

atoms

	

	




	
protein

	
5406

	
5391




	
ligands (N2,3-ε2APu, SO4, glycerol)

	
78

	
51




	
water

	
504

	
180




	
Ramachandran

	

	




	
favored (%)

	
97.73

	
96.03




	
allowed (%)

	
2.27

	
3.40




	
outliers (%)

	
0.00

	
0.57




	
Clashscore

	
1.55

	
2.30




	
RMSD bonds (Å)

	
0.007

	
0.007




	
RMSD angles (°)

	
0.95

	
0.88








* high-resolution bin in parentheses.














References


	



Leonard, N.J. Etheno-substituted nucleotides and coenzymes: Fluorescence and biological activity. Crit. Rev. Biochem. 1984, 15, 125–199. [Google Scholar] [CrossRef] [PubMed]

	



Leonard, N.J. Adenylates: Bound and unbound. Biopolymers 1985, 24, 9–28. [Google Scholar] [CrossRef] [PubMed]

	



Sinkeldam, R.W.; Greco, N.J.; Tor, Y. Fluorescent analogs of biomolecular building blocks: Design, properties, and applications. Chem. Rev. 2010, 110, 2579–2619. [Google Scholar] [CrossRef]

	



Wilhelmsson, M.; Tor, Y. Fluorescent Analogues of Biomolecular Building Blocks: Design and Applications; John Wiley & Sons: New York, NY, USA, 2016. [Google Scholar]

	



Jahnz-Wechmann, Z.; Framski, G.R.; Januszczyk, P.A.; Boryski, J. Bioactive fused heterocycles: Nucleoside analogs with an additional ring. Eur. J. Med. Chem. 2015, 97, 388–396. [Google Scholar] [CrossRef] [PubMed]

	



Jahnz-Wechmann, Z.; Framski, G.R.; Januszczyk, P.A.; Boryski, J. Base-modified nucleosides: Etheno derivatives. Front. Chem. 2016, 4, 19–29. [Google Scholar] [CrossRef]

	



Wang, D.; Shalamberidze, A.; Arguello, A.E.; Purse, B.W.; Kleiner, R.E. Live-cell RNA imaging with metabolically incorporated fluorescent nucleosides. J. Am. Chem. Soc. 2022, 144, 14647–14656. [Google Scholar] [CrossRef]

	



Xu, W.; Ke Min, C.; Kool, E.T. Fluorescent nucleobases as tools for studying DNA and RNA. Nat. Chem. 2017, 9, 1043–1055. [Google Scholar] [CrossRef]

	



Michel, B.Y.; Dziuba, D.; Benhida, R.; Demchenko, A.P.; Burger, A. Probing of nucleic acid structures, dynamics, and interactions with environment-sensitive fluorescent labels. Front. Chem. 2020, 8, 112. [Google Scholar] [CrossRef]

	



Dziuba, D.; Didier, P.; Ciaco, S.; Barth, A.; Seidel, C.A.M.; Mély, Y. Fundamental photophysics of isomorphic and expanded fluorescent nucleoside analogues. Chem. Soc. Rev. 2021, 50, 7062–7107. [Google Scholar] [CrossRef]

	



Saito, Y.; Hudson, R.H.E. Base-modified fluorescent purine nucleosides and nucleotides for use in oligonucleotide probes. J. Photochem. Photobiol. C Photochem. Rev. 2018, 36, 48–73. [Google Scholar] [CrossRef]

	



Tor, Y. Isomorphic Fluorescent Nucleosides. Acc. Chem. Res. 2024, 57, 1325–1335. [Google Scholar] [CrossRef] [PubMed]

	



Singh, H.; Tiwari, K.; Tiwari, R.; Pramanik, S.K.; Das, A. Small molecules as fluorescent probes for monitoring intracellular enzymatic transformations. Chem. Rev. 2019, 119, 11718–11760. [Google Scholar] [CrossRef] [PubMed]

	



Zalejski, J.; Sun, J.; Sharma, A. Unravelling the Mystery inside Cells by Using Single-Molecule Fluorescence Imaging. J. Imaging 2023, 9, 192. [Google Scholar] [CrossRef] [PubMed]

	



Stachelska-Wierzchowska, A.; Wierzchowski, J.; Bzowska, A.; Wielgus-Kutrowska, B. Tricyclic nitrogen base, 1,N6-ethenoadenine, and its ribosides, as substrates for purine-nucleoside phosphorylases: Spectroscopic and kinetic studies. Nucleos. Nucleot. Nucleic Acids 2018, 37, 89–101. [Google Scholar] [CrossRef]

	



Stachelska-Wierzchowska, A.; Wierzchowski, J.; Górka, M.; Bzowska, A.; Wielgus-Kutrowska, B. Tricyclic nucleobase analogs and their ribosides as substrates of purine-nucleoside phosphorylases. II. Guanine and isoguanine derivatives. Molecules 2019, 24, 1493. [Google Scholar] [CrossRef]

	



Stachelska-Wierzchowska, A.; Wierzchowski, J.; Górka, M.; Bzowska, A.; Stolarski, R.; Wielgus-Kutrowska, B. Tricyclic Nucleobase Analogs and Their Ribosides as Substrates and Inhibitors of Purine-Nucleoside Phosphorylases III. Aminopurine Derivatives. Molecules 2020, 25, 681. [Google Scholar] [CrossRef]

	



Bzowska, A.; Kulikowska, E.; Shugar, D. Purine nucleoside phosphorylases: Properties, functions, and clinical aspects. Pharmacol. Therap. 2000, 88, 349–425. [Google Scholar] [CrossRef]

	



Robak, T.; Robak, P. Purine nucleoside analogs in the treatment of rarer chronic lymphoid leukemias. Curr. Pharm. Des. 2012, 18, 3373–3388. [Google Scholar] [CrossRef]

	



Ducati, R.G.; Namanja-Magliano, H.A.; Schramm, V.L. Transition-state inhibitors of purine salvage and other prospective enzyme targets in malaria. Future Med. Chem. 2013, 5, 1341–1360. [Google Scholar] [CrossRef]

	



Bantia, S.; Parker, C.; Upshaw, R.; Cunningham, A.; Kotian, P.; Kilpatrick, J.M.; Morris, P.; Chand, P.; Babu, Y.S. Potent orally bioavailable purine nucleoside phosphorylase inhibitor BCX-4208 induces apoptosis in B- and T-lymphocytes—A novel treatment approach for autoimmune diseases, organ transplantation and hematologic malignancies. Int. Immunopharmacol. 2010, 10, 784–790. [Google Scholar] [CrossRef]

	



Lewis, D.J.; Duvic, M. Forodesine in the treatment of cutaneous T-cell lymphoma. Expert Opin. Investig. Drugs 2017, 26, 771–775. [Google Scholar] [CrossRef] [PubMed]

	



Evans, G.B.; Tyler, P.C.; Schramm, V.L. Immucillins in Infectious Diseases. ACS Infect. Dis. 2018, 4, 107–117. [Google Scholar] [CrossRef]

	



Stachelska-Wierzchowska, A.; Wierzchowski, J. Non-typical nucleoside analogs as fluorescent and fluorogenic indicators of purine-nucleoside phosphorylase activity in biological samples. Anal. Chim. Acta 2020, 1139, 119–128. [Google Scholar] [CrossRef]

	



Virta, P.; Holmstrom, T.; Roslund, M.U.; Mattjus, P.; Kronberg, L.; Sjoholm, R. New nucleoside analogs from 2-amino-9-(β-d-ribofuranosyl)-purine. Org. Biomol. Chem. 2004, 2, 821–827. [Google Scholar] [CrossRef]

	



Kisker, C.; Schindelin, H.; Rees, D.C. Molybdenum-cofactor–containing enzymes: Structure, Mechanism. Annu. Rev. Biochem. 1997, 66, 233–267. [Google Scholar] [CrossRef] [PubMed]

	



Hille, R. Xanthine Oxidase—A Personal History. Molecules 2023, 28, 1921. [Google Scholar] [CrossRef] [PubMed]

	



Day, R.O.; Kamel, B.; Kannangara, D.R.W.; Williams, K.M.; Graham, G.G. Xanthine oxidoreductase and its inhibitors: Relevance for gout. Clin. Sci. 2016, 130, 2167–2180. [Google Scholar] [CrossRef]

	



Battelli, M.G.; Polito, L.; Bortolotti, M.; Bolognesi, A. Xanthine Oxidoreductase in Drug Metabolism: Beyond a Role as a Detoxifying Enzyme. Curr. Med. Chem. 2016, 23, 4027–4036. [Google Scholar] [CrossRef]

	



Bortolotti, M.; Polito, L.; Battelli, M.G.; Bolognesi, A. Xanthine oxidoreductase: One enzyme for multiple physiological tasks. Redox Biol. 2021, 41, 101882. [Google Scholar] [CrossRef]

	



Kim-Shapiro, D.B.; Gladwin, M.T. Mechanisms of nitrite bioactivation. Nitric Oxide 2014, 38, 58–68. [Google Scholar] [CrossRef]

	



Battelli, M.G.; Musiani, S.; Valgimigli, M.; Gramantieri, L.; Tomassoni, F.; Bolondi, L.; Stirpe, F. Serum xanthine oxidase in human liver disease. Am. J. Gastroent. 2001, 96, 1194–1199. [Google Scholar] [CrossRef] [PubMed]

	



Yu, W.; Cheng, J.-D. Uric Acid, Cardiovascular Disease: An Update from Molecular Mechanism to Clinical Perspective. Front. Pharm. 2020, 11, 582680. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchihashi, T. Which is more important, xanthine oxidase activity or uric acid itself, in the risk for cardiovascular disease? Hypertens. Res. 2021, 44, 1543–1545. [Google Scholar] [CrossRef] [PubMed]

	



Lopez-Iranzo, F.J.; Lopez-Rodas, A.M.; Franco, L.; Lopez-Rodas, G. Pentoxifylline, Oxypurinol: Potential Drugs to Prevent the “Cytokine Release (Storm) Syndrome” Caused by SARS-CoV-2? Curr. Pharm. Des. 2020, 26, 4515–4521. [Google Scholar] [CrossRef]

	



Koellner, G.; Bzowska, A.; Wielgus-Kutrowska, B.; Luic, M.; Steiner, T.; Saenger, W.; Stepinski, J. Open and closed conformation of the E. coli purine nucleoside phosphorylase active center and implications for the catalytic mechanism. J. Mol. Biol. 2002, 315, 351–371. [Google Scholar] [CrossRef]

	



Narczyk, M.; Mioduszewski, L.; Oksiejuk, A.; Winiewska-Szajewska, M.; Wielgus-Kutrowska, B.; Gojdz, A.; Ciesla, J.; Bzowska, A. Single tryptophan Y160W mutant of homooligomeric E. coli purine nucleoside phosphorylase implies that dimers forming the hexamer are functionally not equivalent. Sci. Rep. 2021, 11, 11144. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, W.; Han, B.; Zhang, L.; Zhou, P. Changes in bioactive milk serum proteins during milk powder processing. Food Chem. 2020, 314, 126177. [Google Scholar] [CrossRef]

	



Cao, H.; Pauff, J.M.; Hille, R. X-ray crystal structure of a xanthine oxidase complex with the flavonoid inhibitor quercetin. J. Nat. Prod. 2014, 77, 1693–1699. [Google Scholar] [CrossRef]

	



Ishikita, H.; Eger, B.T.; Okamoto, K.; Nishino, T.; Pai, E.F. Protein Conformational Gating of Enzymatic Activity in Xanthine Oxidoreductase. J. Am. Chem. Soc. 2012, 134, 999–1009. [Google Scholar] [CrossRef]

	



Rodrigues, M.V.N.; Corrêa, R.S.; Vanzolini, K.L.; Santos, D.S.; Batista, A.A.; Cass, Q.B. Characterization and screening of tight binding inhibitors of xanthine oxidase: An on-flow assay. RSC Adv. 2015, 5, 37533–37538. [Google Scholar] [CrossRef]

	



Mao, C.; Cook, W.J.; Zhou, M.; Koszalka, G.W.; A Krenitsky, T.; Ealick, S.E. The crystal structure of Escherichia coli purine nucleoside phosphorylase: A comparison with the human enzyme reveals a conserved topology. Structure 1997, 5, 1373–1383. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Piszczek, G.; Schuck, P. SEDPHAT—A platform for global ITC analysis and global multi-method analysis of molecular interactions. Methods 2015, 76, 137–148. [Google Scholar] [CrossRef] [PubMed]

	



Banach, K.; Bojarska, E.; Kazimierczuk, Z.; Magnowska, L.; Bzowska, A. Kinetic model of oxidation catalyzed by xanthine oxidase—The final enzyme in degradation of purine nucleosides, nucleotides. Nucleos. Nucleot. Nucleic Acids 2005, 24, 465–469. [Google Scholar] [CrossRef]

	



Spector, T.; Willard, W.; Hall, W.W.; Krenitsky, T.A. Human and bovine xanthine oxidases: Inhibition studies with oxipurinol. Biochem. Pharmacol. 1986, 35, 3109–3114. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, G.; Singh, A.; Arora, G.; Monga, A.; Jassal, A.K.; Uppal, J.; Bedi, P.M.S.; Bora, K.S. Synthetic heterocyclic derivatives as promising xanthine oxidase inhibitors: An overview. Chem. Biol. Drug Des. 2022, 100, 443–468. [Google Scholar] [CrossRef]

	



Fateev, I.V.; Kharitonova, M.I.; Antonov, K.V.; Konstantinova, I.D.; Stepanenko, V.N.; Esipov, R.S.; Seela, F.; Temburnikar, K.W.; Seley-Radtke, K.L.; Stepchenko, V.A.; et al. Recognition of artificial nucleobases by E. coli purine nucleoside phosphorylase versus its Ser90Ala mutant in the synthesis of base-modified nucleosides. Chemistry 2015, 21, 13401–13419. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, T.; Moriwaki, Y.; Takahashi, S.; Tsutsumi, Z.; Yamakita, J.; Nasako, Y.; Hiroishi, K.; Higashino, K. Determination of human plasma xanthine oxidase activity by high-performance liquid chromatography. J. Chromatogr. B Biomed. Appl. 1996, 681, 395–400. [Google Scholar] [CrossRef]

	



Murase, T.; Nampei, M.; Oka, M.; Ashizawa, N.; Matsumoto, K.; Miyachi, A.; Nakamura, T. Xanthine oxidoreductase activity assay in tissues using stable isotope-labeled substrate, liquid chromatography high-resolution mass spectrometry. J. Chromatogr. B 2016, 1008, 189–197. [Google Scholar] [CrossRef]

	



Guilbault, G.G. (Ed.) Practical Fluorescence, 2nd ed.; Marcel Dekker: New York, NY, USA, 1990; Chapter 12. [Google Scholar]

	



Zou, Z.; Bouchereau-De Pury, C.; Hewavitharana, A.K.; Al-Shehri, S.S.; Duley, J.A.; Cowley, D.M.; Koorts, P.; Shaw, P.N.; Bansal, N. A sensitive and high-throughput fluorescent method for determination of oxidase activities in human, bovine, goat and camel milk. Food Chem. 2021, 336, 127689. [Google Scholar] [CrossRef]

	



Hille, R.; Hall, J.; Basu, P. The mononuclear molybdenum enzymes. Chem. Rev. 2014, 114, 3963–4038. [Google Scholar] [CrossRef]

	



Mikleuševic, G.; Štefanic, Z.; Narczyk, M.; Wielgus-Kutrowska, B.; Bzowska, A.; Luic, M. Validation of the catalytic mechanism of Escherichia coli purine nucleoside phosphorylase by structural and kinetic studies. Biochimie 2011, 93, 1610–1622. [Google Scholar] [CrossRef] [PubMed]

	



Breer, K.; Girstun, A.; Wielgus-Kutrowska, B.; Staron, K.; Bzowska, A. Overexpression, purification and characterization of functional calf purine nucleoside phosphorylase (PNP). Protein Expr. Purif. 2008, 61, 122–130. [Google Scholar] [CrossRef]

	



Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P.; Evans, P.R.; Keegan, R.M.; Krissinel, E.B.; Leslie, A.G.; McCoy, A.; et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 235–242. [Google Scholar] [CrossRef] [PubMed]

	



Štefanić, Z.; Narczyk, M.; Mikleušević, G.; Kazazić, S.; Bzowska, A.; Luić, M. Crystallographic snapshots of ligand binding to hexameric purine nucleoside phosphorylase and kinetic studies give insight into the mechanism of catalysis. Sci. Rep. 2018, 8, 15427. [Google Scholar] [CrossRef] [PubMed]

	



Kovalevskiy, O.; Nicholls, R.A.; Long, F.; Carlon, A.; Murshudov, G.N. Overview of Refinement Procedures within REFMAC5: Utilizing Data from Different Sources. Acta Crystallogr. D Biol. Crystallogr. 2018, 74, 215–227. [Google Scholar] [CrossRef] [PubMed]

	



Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr D Biol Crystallogr. 2010, 66, 486–501. [Google Scholar] [CrossRef]

	



Afonine, P.V.; Grosse-Kunstleve, R.W.; Echols, N.; Headd, J.J.; Moriarty, N.W.; Mustyakimov, M.; Terwilliger, T.C.; Urzhumtsev, A.; Zwart, P.H.; Adams, P.D. Towards Automated Crystallographic Structure Refinement with phenix.refine. Acta Crystallogr. D Biol. Crystallogr. 2012, 68, 352–367. [Google Scholar] [CrossRef]

	



Scheuermann, T.H.; Brautigam, C.A. High-precision, automated integration of multiple isothermal titration calorimetric thermograms: New features of NITPIC. Methods 2015, 76, 87–98. [Google Scholar] [CrossRef]

	



Beedham, C. Molybdenum hydroxylases as drug-metabolizing enzymes. Drug Metab. Rev. 1985, 16, 119–156. [Google Scholar] [CrossRef]

	



Gajula, S.N.R.; Nathani, T.N.; Patil, R.M.; Talari, S.; Sonti, R. Aldehyde oxidase mediated drug metabolism: An underpredicted obstacle in drug discovery and development. Drug Metab. Rev. 2022, 54, 427–448. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 10426 sch001] 





Scheme 1. Generation of tri-cyclic etheno derivatives of 2-aminopurine base: 1,N2-etheno-2-aminopurine (1,N2-ε2APu, I) and N2,3-etheno-2-aminopurine (N2,3-ε2APu, II) in the presence of aqueous chloroacetic aldehyde. Only one tautomeric form is given for simplicity. 
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Figure 1. (a) Model of the WT PNP hexamer in the apo form (PDB 1ECP [42]) in the P1211 space group with all subunits in the open active site conformation. Symmetries of the molecule are denoted with arrows. (b) Model of the WT PNP molecule in a complex with N2,3-ε2APu in the P6122 space group (PDB ID 9FPE). The asymmetric unit contains half of the hexamer (subunits A, B, C). The subunits in the closed active site conformation are shown in violet. Part of the helix H8 (amino acids 214–236) that changes conformation upon ligand binding and closes the entrance to the active site [37] is shown in red. (c) Comparison of the monomers in the open and closed active site conformations. Direction of the helix H8 movement is shown by the red arrow. (d) A scheme showing conformational changes of the PNP subunit occurring during the process of ligand binding and catalysis. In the open conformation, the ligand is bound, while in the closed conformation, catalysis is performed. 
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Figure 2. Active sites of the WT (green) and the D204N mutant (violet) of E. coli PNP co-crystallized with 1,N2-ε2APu. Omit electron density maps mFo-DFc are shown at 3σ level. In all subunits, active sites are in the open conformation. In both proteins in subunits A and C, belonging to one dimer, some faint electron density blobs are visible below Phe159 side chain, in the place usually occupied by the purine ring of natural nucleoside substrates. These blobs are, however, too small to fit 1,N2-ε2APu in them, yet their shape suggests that in some small fraction of enzyme molecules, the ligand is probably bound. In chains B in both protein variants, only water molecules are found in this region of the active sites. 
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Figure 3. Active sites of the WT (green, left panels) and D204N mutant (violet, right panels) of E. coli PNP hexamer complexes with N2,3-ε2APu. Omit electron density maps mFo-DFc at 3σ level are shown only around this ligand. In both structures, the active site of chain A is in the closed active site conformation, and chains B and C are in the open active site conformation. In all subunits of both protein variants, N2,3-ε2APu is clearly visible in the electron density map. But as the ligand and the electron density blob are symmetric, orientation of the ligand molecule cannot be unequivocally determined. Since in the case of natural substrates, interaction of the substrate with Asp/Asn 204 is crucial for catalysis, here, the ligand is shown in the orientation allowing formation of a hydrogen bond with Asp/Asn204 (both possible orientations and their consequences for catalysis are shown in Scheme 3 and discussed in the text). Bottom panels: aligned structures of the WT-PNP (left panel) and the D204N-PNP (right panel) complexes with N2,3-ε2APu. WT enzyme: subunit A (closed) is yellow, subunit C (open, from the AC dimer) is green, subunit B (open) is cyan. D204N mutant: subunit A is gray, subunit C is red, subunit B is violet. 






Figure 3. Active sites of the WT (green, left panels) and D204N mutant (violet, right panels) of E. coli PNP hexamer complexes with N2,3-ε2APu. Omit electron density maps mFo-DFc at 3σ level are shown only around this ligand. In both structures, the active site of chain A is in the closed active site conformation, and chains B and C are in the open active site conformation. In all subunits of both protein variants, N2,3-ε2APu is clearly visible in the electron density map. But as the ligand and the electron density blob are symmetric, orientation of the ligand molecule cannot be unequivocally determined. Since in the case of natural substrates, interaction of the substrate with Asp/Asn 204 is crucial for catalysis, here, the ligand is shown in the orientation allowing formation of a hydrogen bond with Asp/Asn204 (both possible orientations and their consequences for catalysis are shown in Scheme 3 and discussed in the text). Bottom panels: aligned structures of the WT-PNP (left panel) and the D204N-PNP (right panel) complexes with N2,3-ε2APu. WT enzyme: subunit A (closed) is yellow, subunit C (open, from the AC dimer) is green, subunit B (open) is cyan. D204N mutant: subunit A is gray, subunit C is red, subunit B is violet.



[image: Ijms 25 10426 g003]







[image: Ijms 25 10426 sch003] 





Scheme 3. Possible orientations of the N2,3-ε2APu in the active site of E. coli PNP, relative to the catalytic Asp204 (Asn204 in the D204N mutant) residue. The arrow shows a potential glycosylation place, being a consequence of the particular orientation. (a,b) Ligand orientations consistent with the electron density observed in the closed active site conformation of the WT PNP and in the open and closed active site conformations of D204N-PNP, leading to glycosylation at N9 or N2, respectively; however in the orientation shown in (b), the hydrogen bond between Asp204 and the ligand is not possible. (c,d) Ligand orientation is consistent with the electron density observed in the open active site conformation of WT PNP, leading to potential glycosylation at N9 and C11, respectively; however, glycosylation at C11 is not possible and, as in this case, the C atom (not the N atom) would be the glycosylation site. 
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Figure 4. Calorimetric titrations of the E. coli WT PNP with 1,N2-ε2APu (a) and N2,3-ε2APu (b). Data (points), fits of a one-site model (lines) and residuals (lower graphs) are shown. Titrations were performed with the following concentration of the protein in the cell: for 1,N2-ε2APu (panel a), 348.33 µM (brown), 1198.39 µM (orange), 3543.87 µM (green), 3484.83 µM (violet); for N2,3-ε2APu (panel b), 253.86 µM (brown), 474.24 µM (orange). 
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Figure 5. Crystals of XO obtained by mixing 2 μL of 15 mg/mL XO + 5 mM DTT with 2 μL of crystallization solution (14% PEG 8000, 0.2 mM EDTA, 100 mM potassium phosphate buffer pH 6.5). Crystallization was carried out at 18 °C using the hanging-drop diffusion method. Similar crystals were obtained in a few drops of varying protein concentration (7.5–15 mg/mL). The protein was crystallized in the apo form, and soaking crystals with the ligands solution was planned. 
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Figure 6. Results of isothermal calorimetric titrations of XO with N2,3-ε2APu (green) and 1,N2-ε2APu (violet), thermograms (panels a,c), and isotherms (panels b,d). Experimental data (points), curves of the fitted one-binding-site model (lines) as well as residual plots are shown. Titrations were performed at 25 °C, in 50 mM potassium phosphate buffer with 1 mM TCEP pH 8.0, with 84.04 μM and 458.42 μM XO in the cell for N2,3-ε2APu and 1,N2-ε2APu titrations, respectively. 
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Figure 7. UV absorption (a,c) and fluorescence changes (b,d) observed during the enzymatic oxidation of 1,N2-ε2Apu (I) at pH 7 (a,b) and 9.2 (c,d). Fluorescence was excited at 325 nm for pH 7 and at 320 nm for pH 9.2 measurements. Concentrations: ca. 30 μM for absorption and ca. 10 μM for fluorescence detection method; temperature was 25 °C. Time intervals were 2 min (absorption) or 5 min (fluorescence). Black arrows indicate the direction of spectra changes during the reaction. Enzyme (commercial XO from bovine milk) concentration was ca. 0.001 mg/mL. 
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Figure 8. Enzymatic oxidation, catalyzed by the commercial XO from bovine milk, of 1,N2-ε2APu (I). HPLC analysis of the reaction mixture: (a) absorbance at 280 nm; (b) fluorescence at 400 nm. Dashed blue lines: prior to the reaction, solid green lines: after 1 h reaction. 1,N2-ε2APu (I) concentration was 100 μM, the commercial XO enzyme was 2000× diluted. Reaction was run at ca. 25 °C, pH 7.8. 
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Scheme 4. Structure and possible primary products of enzymatic oxidation of 1,N2-ε2APu (I). Note that these products may exist in aqueous solutions in the form of enol keto tautomer, as well as in various ionic forms. 
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Figure 9. (a) Commercial XO from bovine milk activity in 10 mM buffers, pH 7.6 (green circles) and 9.6 (blue squares) at 30 °C, as a function of 1,N2-ε2APu (I) concentration. Michaelis–Menten curves were fitted with Km = 8 μM (at pH 9.2, blue) and 4 μM (at pH 7.6, green), (b) pH dependence of enzymatic oxidation rates for I (1,N2-ε2APu)—green, (II) (N2,3-ε2APu)—red, and xanthine—black squares. Initial rates were measured spectrophotometrically. The commercial enzyme (~0.3 U/mL) was diluted 3000-fold. 
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Figure 10. Observation of XO activity in the 100-fold diluted unprocessed milk sample at pH 7 (a) and 9.2 (b). 1,N2-ε2APu (I) concentration was 40 μM, temperature 30 °C, excitation wavelength 310 nm, time intervals between spectra recordings were 10 min. (c) Time evolution of the fluorescent signal at 400 nm for unprocessed (blue circles) and commercial (magenta squares) milk samples at pH 9.2. Black triangles refer to the commercial sample boiled for ca. 15 s in a microwave oven. 






Figure 10. Observation of XO activity in the 100-fold diluted unprocessed milk sample at pH 7 (a) and 9.2 (b). 1,N2-ε2APu (I) concentration was 40 μM, temperature 30 °C, excitation wavelength 310 nm, time intervals between spectra recordings were 10 min. (c) Time evolution of the fluorescent signal at 400 nm for unprocessed (blue circles) and commercial (magenta squares) milk samples at pH 9.2. Black triangles refer to the commercial sample boiled for ca. 15 s in a microwave oven.



[image: Ijms 25 10426 g010]







[image: Ijms 25 10426 g011] 





Figure 11. Effect of adding oxipurinol (circles) and xanthine (squares) on the rate of oxidation of (I) by XO, as detected by the fluorimetric procedure: (□) purified enzyme, inhibited by xanthine (as a competitor), (■) commercial milk sample, inhibited by xanthine, (●) commercial milk sample inhibited by oxipurinol. Substrate concentration was 10 μM, pH 7, temperature 30 °C. Lines refer to the apparent inhibition constants of 0.7 μM (dotted line), 3 μM (solid line), and 10 μM (dashed line). 
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Table 1. Fluorescence properties of the tri-cyclic nucleoside analogs (etheno derivatives) and their ribosides (neutral forms, compiled from refs. [17,25]).
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Compound

	
Nucleobase

	
Riboside

	
Refs.




	
(Nucleobase)

	
     λ   e m   m a x     [nm]

	
    ϕ    

	
     λ   e m   m a x     [nm]

	
    ϕ    






	
1,N2-ε2APu

	
472

	
0.18 *

	
463 a

	
0.14 a

	
[17]




	

	

	
406 b

	
~0.7 b

	
[25]




	
N2,3-ε2APu

	
406

	
0.73

	
nd a

	
nd a

	
[17]




	

	

	
357 b

	
0.29 b








* Maximum and yield of fluorescence dependent on excitation wavelength; nd—no data. a N9-riboside; b N2-riboside.













 





Table 2. Spectral data for the tri-cyclic substrates of XO, 1,N2-ε2APu (I), and N2,3-ε2APu (II), and the products of their oxidation. Data from [16,17] and this work. Fluorescence was excited at 280 nm. Excitation-dependent data are marked with an asterisk (*).
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Compound

	
pKa

	
Form (pH)

	
UV Absorption

λmax (nm) (εmax)

	
Fluorescence

λmax (nm)

	
Fluorescence Quantum Yield

   ϕ   

	
Fluorescence Decay Time (ns)






	
1,N2-ε2APu (I)

	
5.6; 8.2

	
neutral (6.8)

	
348 (2560)

	
465

	
0.17 ± 0.02 *

	
6.9; 10.3




	

	
anion (11.0)

	
367 (3500)

	
473

	
~0.4

	
nd




	
Main oxidation

product (Ia)

	
5.65; 8.5

	
neutral (7.1)

	
295 (~6000)

	
448

	
0.30 ± 0.03 *

	
nd




	

	
anion (10.5)

	
298 (~5500)

	
450

	
0.34 ± 0.03

	
nd




	
(Ib)

	
~2; 9.5

	
neutral (7.0)

	
287 (9700)

	
-

	
nf

	
-




	

	
anion (11.5)

	
303 (7200)

	
400

	
<0.01

	
nd




	
N2,3-ε2APu (II)

	
~5.0; 9.5

	
neutral (7.1)

	
315 (5600)

	
406

	
0.73 ± 0.05

	
3.8; 8.5




	
Main oxidation product of N2,3-ε2APu

	
nd

	
neutral (7.0)

	
322 (~5000)

	
385

	
>0.5

	
nd








nd—no data; nf—no fluorescence detected.
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