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Nucleic acid derived organic phosphorus (Po) is an important source of plant available P when degraded to inorganic phosphate (P(V)i). It is known that when nucleic acids or components are adsorbed on mineral surfaces, the enzymatic degradation is hindered or delayed. Thus, understanding adsorption/desorption mechanisms of nucleic acids and their derivatives are key to assess the biogeochemical pathways of Po cycling. Here we report adsorption mechanisms of adenosine-5′-monophosphate (AMP) on hematite, a common iron oxide mineral, under various solution properties using macroscopic and in situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopic probes. The effects of citrate, mimicking organic acids from roots exudates, and the influence of P(V)i, representing inorganic fertilizer application, were also evaluated on the release of adsorbed AMP under various solution properties. The results suggested that AMP adsorbed with the hematite surface via the phosphate moiety, N7 atom and the π electron systems of the adenine moiety. The presence of citrate significantly decreased the AMP adsorption, which was also corroborated by the negative phosphate IR bands in the results of AMP and citrate competitive adsorption experiments monitored by in situ ATR-FTIR probe. Like citrate, P(V)i also reduced AMP adsorption on hematite. Our findings suggest a potential novel pathway of nucleic acid derived Po cycling in the soil environment.
Keywords: nucleotide, organic phosphate, adsorption, adenosine-5′monophosphate, citrate
INTRODUCTION
It has been recognized that there are only finite reserves of inorganic phosphorus (Pi) in geologic rock phosphate deposits (Alewell et al., 2020). Thus, studies on cycling of organic forms of P and mineralization to inorganic phosphate (P(V)i) have been conducted extensively since 1900s (Potter and Benton, 1916; Bower, 1949; Greaves and Wilson, 1970; McLaren et al., 2015; Haygarth et al., 2018; McLaren et al., 2020). The amount of organic P (Po) in the soil ranges from about 29 to 65% of the total soil P (Harrison, 1987; Berg and Joern, 2006). Nucleic acids and derivatives constitute a significant portion of the soil Po and can be converted to plant available P(V)i (Bower, 1949; Greaves and Wilson, 1970; Bowman and Cole, 1978; Levy-Booth et al., 2007; Parikh et al., 2014).
Free or dissolved nucleic acids and their derivatives are rapidly degraded in soil to P(V)i (Greaves and Wilson, 1970; Levy-Booth et al., 2007). However, the general observation by many researchers revealed that when nucleic acid or its components were adsorbed on the soil minerals, the enzymatic degradation was hindered (Bower, 1949; Greaves and Wilson, 1970; Romanowski et al., 1991; Khanna and Stotzky, 1992; Cai et al., 2006; Pedreira-Segade et al., 2016). For example, Bower (1949) indicated that P(V)i production decreased from 90 to 16% when nucleic acid and nucleotides were adsorbed on soil minerals.
Thus, many researchers studied the retention mechanisms of nucleic acids and derivatives on soil minerals to improve the understandings on the biogeochemical pathways of Po cycling (Berg and Joern, 2006; Levy-Booth et al., 2007). In general, the macroscopic adsorption studies and in situ ATR-FTIR investigations indicated that various nucleic acids and derivatives have large affinities for the iron oxide minerals and the main modes of surface complexation were via phosphate moiety (Omoike and Chorover, 2004; Parikh and Chorover, 2006; Cleaves et al., 2011; Schmidt and Martinez, 2017; Sit et al., 2020). Iron oxides are known sinks for inorganic P (V) as well; therefore, a competitive adsorption scenario can be envisioned, but not evaluated in detail under environmentally relevant conditions. Recent study by Sit et al. (2020) evaluated the effects of adsorbed P(V)i on nucleotide adsorption on nanosized hematite and proposed that nucleotide adsorption could be greatly affected by the preadsorbed P(V)i. In addition, the authors noted minor release of preadsorbed P(V)i upon adsorption of deoxy-AMP (dAMP) on nano-hematite. However, the concentrations of P(V)i used in their study were in the range of 300 μM, relevant to groundwater conditions, but not suitable for soil pore water, in which soluble P(V)i concentration was thought to be less than 100 µM (Hinsinger, 2001; Barreto et al., 2020a). This is also supported by the thermodynamic calculation using MINTEQ (Gustafsson, 2014), in which a positive saturation index of P-mineral can be predicted at pH > 7.5 in the presence of other dissolved cations (i.e., dissolved Ca2+ as low as 20 µM) at dissolved P(V)i greater than or equal to 300 µM.
Citrate, a common organic acid detected in high concentrations in the root zone, is known to promote desorption of mineral bound P(V)i (Hinsinger, 2001; Johnson and Loeppert, 2006; Barreto et al., 2020a). In fact, the concentrations of citrate in the root exudates can rise upto mM level in some cases (Jones et al., 1996). Although a great many studies are conducted to decipher the surface complexation mechanisms of citrate promoted desorption of P(V)i adsorbed on soil minerals (Geelhoed et al., 1998; Geelhoed et al., 1999; Barrow et al., 2018; Barreto et al., 2020a), little is known about the effects of citrate on nucleic acid derived organic P desorption from the mineral surfaces. Thus, nucleotide adsorption on minerals and subsequent desorption by organic acids could potentially unravel a novel biogeochemical pathway of soil organic P cycling.
In order to evaluate the potential retention and release mechanisms of small nucleotides, here we propose to study the adsorption mechanisms of adenosine-5′-monophosphate (AMP) on a common soil iron oxide mineral, hematite, under various solution properties using macroscopic and in situ attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopic experiments. In addition, we evaluated the effect of citrate on the AMP adsorption on hematite. To assess the effects of anthropogenic inorganic anions added with fertilizers, we also studied the effects of P(V)i on the adsorption mechanism of AMP on hematite. The importance of AMP is unique in the sense that not only does AMP constitute a fundamental building block of nucleic acids, but it is also an intermediate of biochemical pathways of ATP (adenosine-5′-triphosphate) production. In addition, a recently published study (Klein et al., 2019) indicated that the abiotic dephosphorylation mechanism was negligible for AMP. Thus, the retention and release mechanisms of AMP on hematite will reveal potential abiotic mechanisms of Po cycling.
MATERIALS AND METHODS
Materials
Adenosine-5′-monophosphate (AMP) was purchased from Sigma-Aldrich and stored at −20°C. A fresh stock solution of AMP was always prepared. Milli-Q water (18.2 MΩ cm) was used for all the experiments. Commercial hematite was purchased from Fisher Scientific (catalog number 50-901-14645) and used as received. All other chemicals used were of analytical or high-performance liquid chromatography (HPLC) grade.
ATR-FTIR Experiments
The in situ ATR-FTIR experimental system with flow cell attachment was explained in detail in the supporting documents (SI) and in our earlier studies (Rakshit et al., 2013; Rakshit et al., 2017; Anuo et al., 2021). The adsorption mechanism of IR active solutes at the solid mineral-water interface was successfully probed in the past using similar in situ ATR-FTIR experiments. The detailed principles can be found in the literature (Hug and Sulzberger, 1994; Hind et al., 2001; Lefèvre, 2004; Hinkle et al., 2015). For AMP time series spectra, a freshly prepared AMP stock solution was added to a 500 ml reaction vessel to achieve a 10 µM initial concentration. The pH was controlled at∼ 5.0 ± 0.04. The incremental IR bands were recorded until no enhancement of the IR signal was noticed (∼2 h). For comparing the IR bands of the hematite adsorbed AMP spectrum with that of aqueous AMP spectrum, a 100 µM AMP was dissolved in carbonate-free (Ar purged for 2 h) 0.01 M NaCl solution inside an anaerobic glove box (Coy laboratory products, Grass Lake, MI) at pH 5.0 ± 0.04. Then an aliquot of the aqueous AMP was spread on a Ge-HATR (horizontal ATR, Pike Technologies, Madison, WI) cell and a spectrum was collected. Before collection of this spectrum, carbonate-free 0.01 M NaCl solution at the same pH value was spread on the Ge-HATR cell to collect background spectrum. The sample chamber is Ar purged to avoid interference of CO2. The collected aqueous spectrum was normalized against the highest IR band in the range of 800–1,800 cm−1 to avoid the differences in relative intensity factors in the hematite adsorbed AMP spectrum collected at the similar solution properties. Owing to low detection of IR bands originated from aqueous AMP spectrum, some studies have used significantly greater concentrations (i.e., mM level) of aqueous AMP compared to the adsorption experiments (Sit et al., 2020). However, the intermolecular H-bonding and self-association of AMP could potentially complicate the interpretations while comparing with adsorbed spectrum. Thus, in our study only the 100 µM AMP was used.
For understanding the effects of pH on the adsorption mechanisms of AMP on hematite, initially a 10 µM AMP was equilibrated on the hematite deposit at pH 5.0 ± 0.04 until a stable IR band was obtained and no spectral changes were observed. Then the pH was gradually increased in the range of 5–9. For each incremental pH value, the IR band that resulted from the final equilibrated AMP was recorded. To identify the spectral change upon increase of pH value, raw spectra were subtracted from the pH five spectra and stacked as difference spectra.
For competitive adsorption experiments of AMP with citrate and P(V)i, 10 µM AMP was equilibrated with the hematite deposit at pH 5 (±0.04) and ionic strength 0.01 M NaCl until a final spectrum was obtained. After that, 100 µM citrate was added and the resultant IR bands due to citrate adsorption and AMP desorption were recorded. Two types of difference spectra were plotted to evaluate the desorption of AMP upon addition of citrate. Time series difference spectra were obtained by subtracting the spectrum at a particular time with the spectrum immediately before (i.e., t2-t1, where t2 is the second time point and t1 is the first time point). Negative IR bands associated with these spectra were analyzed for the evidence of desorption of AMP. Final difference spectra were obtained by subtracting the final equilibrated spectrum of AMP + citrate with AMP only. Similar competitive adsorption experiments with 1 µM AMP and 10 µM citrate were also conducted. For P (V), 10 μM P(V) was added to the final equilibrated reaction mixture of 10 µM AMP, then the spectra were collected until equilibrium was reached. Then a 100 μM P (V) was added to the reaction mixture and the final equilibrium AMP + P(V) spectrum was recorded. The difference spectrum was obtained by subtracting AMP + either 10 or 100 μM P final equilibrated spectrum with AMP only spectrum.
Batch Adsorption Experiments
The pH envelope of AMP, AMP + citrate, and AMP + P(V) were conducted following the adsorption edge experimental methods described elsewhere (Essington and Stewart, 2016; 2018).Briefly, 1 g L−1 hematite was pre-hydrated in a 1 L reaction vessel using 0.01 M NaCl solution under anaerobic conditions in a glove box (Coy laboratory product, Grass Lake, MI) for 24 h. Next, the reaction vessel was placed on a magnetic stirrer outside the glove box and continuously purged with Ar. A pH electrode was inserted in the reaction vessel to monitor the pH changes. All solutions were Ar purged prior to use to remove CO2. A similar set up for control experiments without hematite was prepared. To begin the pH envelope experiment, first the pH was controlled at 5.0 ± 0.05 using small additions of 0.1 M NaOH or HCl. Then an aliquot of fresh stock solution of AMP was added to the reaction vessel to reach 10 µM. The suspension was allowed to equilibrate for 1 h after addition of AMP stock. Preliminary kinetic study indicated that the adsorption did not increase significantly after 24 h equilibration. After the equilibration period (1 h), the suspension pH was recorded and 10 ml of the suspension was removed, centrifuged, and filtered using a 0.2-µm syringe filter. The filtrate was analyzed for AMP using UV-VIS spectrophotometer (Lambda 650, Perkin Elmer, Shelton, CT) at 260 nm wavelength (Feuillie et al., 2013; Pedreira-Segade et al., 2016). A portion of the filtrate was also analyzed for total phosphorus in ICP-OES (iCAP 7,400, Thermo Electron, West Palm Beach, FL) to corroborate the UV-VIS measurements. Generally, a good agreement (∼10% variability) was obtained (data not shown). The pH value of the suspension was then raised to the next value and allowed to equilibrate for 1 h and the suspension was removed. This process was continued until pH 9. For competitive adsorption experiments, the stock solutions of AMP and citrate or P(V) were added together and a similar procedure as above was followed. The final concentrations of AMP and citrate or P (V) were 10, and 100 µM.
RESULTS AND DISCUSSION
Adsorption Mechanism of Adenosine-5′-Monophsophate on Hematite
Adsorption of 10 µM AMP on a hematite coated ZnSe HATR cell at a fixed pH (5.0 ± 0.04) and ionic strength (I = 0.01 M NaCl) indicated rapid growth of IR bands at locations 1,648, 1,605, 1,579, 1,480, 1,425, 1,378, 1,337, 1,305, 1,250, 1,215, 1,121, 1,075, and 990 cm−1 (Table 1). This type of IR band enhancement is due to the surface interactions of AMP on the hematite coated ATR crystal and suggests that adsorption occurred either via the outer-sphere (OS) mode or via H-bonding (Müller and Lefèvre, 2011). For inner-sphere bonding, the IR bands would be shifted or indicate significant change of shape in the spectrum of hematite adsorbed AMP compared to the aqueous AMP spectrum under similar solution properties (Müller and Lefèvre, 2011). Alternatively, many researchers conducted the adsorption experiment at varying ionic strength and evaluated the changes in IR band absorbance for identifying the inner-sphere mode of binding (Müller and Lefèvre, 2011).
TABLE 1 | Infrared bands for adenosine-5′-monopshophate from the literature and this study.
[image: Table 1]To understand the nature of the surface interaction of AMP with hematite, the final hematite adsorbed AMP spectrum was stacked on top of aqueous AMP spectrum collected at the similar solution properties (pH ∼5 and I = 0.01 M NaCl). The spectra were normalized in the 1800–800 cm−1 wavenumber range with respect to the highest IR band (Figure 1A). There are two main portions of AMP that interact with the hematite surface to cause IR band vibrations: i) the N-atoms and π electrons in the purine ring system and ii) the phosphate moiety (Tajmir-Riahi and Theophanides, 1983; Östblom et al., 2005; Kundu et al., 2009; Klein et al., 2019). Past IR spectroscopic studies with metal complexation by AMP indicated that when the N7 atom of the purine ring system had bound with metal ions, the IR bands originating from N7C8-H bending and N7-C8 stretching caused some shifts or intensity change in the 1,506 and 1,479 cm−1 IR bands (Tajmir-Riahi and Theophanides, 1983; Tajmir-Riahi et al., 1986). For complexation of ATP (adenosine-5′-triphopshate) with trivalent metal cation [Fe (III)], researchers (El-Mahdaoui and Tajmir-Riahi, 1995) suggested that Fe(III)-ATP coordination by N7 atom in the purine ring caused an intensity increase and shift of the 1,477 cm−1 IR band. In our study, the IR band at 1,465 cm−1 of aqueous AMP spectrum most likely shifted due to change in N7-C8 stretching in the hematite adsorbed AMP spectrum to 1,480 cm−1, suggesting strong surface interactions of AMP with hematite using the N7 atom (Table 1; Figures 1A,B). Many researchers indicated the possible binding of adenine and derivatives on solid surface through the exocyclic -NH2 group as well (Giese and McNaughton, 2002; McNutt et al., 2003; Yamada et al., 2004; Östblom et al., 2005). Generally, -NH2 scissoring modes in the purine ring of adenine and derivatives appear in the range 1,620–1,655 cm−1 (Tajmir-Riahi and Theophanides, 1983; El-Mahdaoui and Tajmir-Riahi, 1995; Giese and McNaughton, 2002; Kundu et al., 2009; Sit et al., 2020). A strong band at 1,648 cm−1 did appear in the IR spectrum of AMP adsorbed on hematite at pH 5 (Figure 1A). The change of this -NH2 scissoring band in the adsorbed AMP spectrum could not be assigned to surface complexation of AMP on hematite because the aqueous AMP (100 µM) spectrum indicated a large interference from carbonate or water band in this region. For divalent and trivalent metal binding to AMP and ATP, this -NH2 scissoring mode has not been assigned to metal-NH2 interaction, instead it was speculated as an indication of indirect cation-H2O–NH2 binding (Tajmir-Riahi and Theophanides, 1983; El-Mahdaoui and Tajmir-Riahi, 1995). Other IR bands (1,425, 1,378, 1,337, and 1,305 cm−1) in the hematite adsorbed AMP spectrum can be attributed largely due to the change in five and six membered ring deformations (Santamaria et al., 1999; Giese and McNaughton, 2002; Östblom et al., 2005). Surface complexation of AMP via N7 would cause a change in electron distribution on the N7-C8-N9 of the five membered ring, whereas binding via exocyclic -NH2 would cause a difference in electron delocalization in the six membered ring. Thus, these IR bands originating from various ring deformations are corroborating the surface complexation of AMP via the N7 atom of the five membered ring and exocyclic -NH2 group.
[image: Figure 1]FIGURE 1 | (A) (Upper Panel) Time series in situ ATR-FTIR spectra of 10 µM AMP adsorption on hematite at ionic strength of 0.01 M NaCl and pH 5.0 ± 0.04. The t0-tfinal indicates approximately the time interval of collecting first and the last IR spectra after addition of AMP in the reaction mixture. The Y axis is indicating the absolute value of the IR absorbance. The inset is a representative of chemical structure of AMP. (B) (Lower Panel) Final equilibrated spectrum of 10 µM AMP stacked on top of aqueous AMP spectrum collected at similar pH (5.0 ± 0.04) and ionic strength values. Both spectra were normalized with respect to the highest IR band in the 1,800–800 cm−1range to compare. Dotted lines are connecting the IR bands related to aqueous AMP spectrum.
Alternatively, many researchers found that adenine (or adenine moiety in AMP) can interact with a metal surface using the purine π electron system when the adenine orients in a flat conformation (Koglin et al., 1980; Kim et al., 1986; Suh and Moskovits, 1986; Yamada et al., 2004; Kundu et al., 2009). Indeed, the binding mode or orientation of adenine or the adenine portion of the AMP on a solid surface is controversial (Harroun, 2018). However, some inferences can be drawn based on the IR band change or enhancements in the hematite adsorbed AMP spectrum in our study. Researchers (Kim et al., 1986) observed in surface enhanced Raman scattering (SERS) study of adenine and AMP on silver (Ag) sol that relative intensity of the 1,338 cm−1 peak was enhanced when adenine and AMP oriented flat on the Ag surface. This 1,338 cm−1 band had been assigned to adenine ring vibrations in literature both in infrared and Raman spectroscopic studies. A parallel orientation of AMP adsorbed on ferrihydrite has been supported by a recent molecular modeling study as well (Klein et al., 2019). In Figure 1A, the enhancement of 1,337 cm−1 IR band in the hematite adsorbed AMP spectra was clear compared to the aqueous AMP band. Thus, it is likely that in our study at pH 5, AMP also interacted directly with hematite using the purine π electron system. However, a conclusive molecular orientation cannot be deduced based on only infrared results.
Due to the complexities of the interpretations of the surface interactions of the adenine portion of AMP, many published studies attributed the important surface interactions of nucleic acid molecules and derivatives with oxide minerals mainly to the phosphate moiety attached to the ribose sugar and nucleobases (Parikh and Chorover, 2006; Lü et al., 2017; Schmidt and Martinez, 2017; Klein et al., 2019; Sit et al., 2020). For surface complexation of AMP and derivatives on iron oxides (Parikh and Chorover, 2006; Hammami et al., 2016; Klein et al., 2019) or aqueous complexation with the di- and trivalent metals(Tajmir-Riahi and Theophanides, 1983; El-Mahdaoui and Tajmir-Riahi, 1995), the 1,150–900 cm−1 region in the IR spectroscopy is assigned to the vibrations of the phosphate group. In our study, a strong IR band at 990 cm−1 indicated growth in the time series spectra (Figure 1A). This IR band most likely shifted from 1,007 cm−1 IR peak in the aqueous AMP spectrum (Figure 1B). These findings are consistent with the appearance of an IR band in this region due to P-O-Fe stretching (ν) vibrations originating from surface complexation of AMP on iron oxides (Parikh and Chorover, 2006; Klein et al., 2019; Sit et al., 2020). The broad IR band at 1,121 cm−1 and the shoulder at 1,075 cm−1 in the adsorbed AMP spectrum can be assigned to P-O stretching vibrations (El-Mahdaoui and Tajmir-Riahi, 1995; Omoike and Chorover, 2004; Parikh and Chorover, 2006; Klein et al., 2019), which most likely shifted from 1,112 to 1,092 cm−1 in the aqueous AMP spectrum (Figures 1A,B).
pH Envelope
The infrared (IR) spectra of hematite-adsorbed AMP at different pH values (5–9) were presented in Figure 2A. The raw spectra were stacked to identify the changes in IR band due to variations of pH values. Below this, a series of difference spectra were presented by subtracting the raw spectra of adsorbed AMP at pH 5 from the other pH values (6, 7, 8, and 9) (Figure 2B). These difference spectra would identify the changes in IR bands when pH was increased from 5 to 9. Since, in our macroscopic experiments, we have observed an overall decrease in AMP adsorption on hematite upon increasing pH, negative bands associated with difference spectra can suggest the change of surface interactions of AMP functional groups at varying pH values (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) (Upper Panel) Final equilibrated in situ ATR-FTIR spectra of 10 µM adsorbed AMP on hematite at pH 5–9. Raw spectra were stacked on each other to visually observe the differences in IR bands, including the absorbance value. (B) (Lower Panel) Difference spectra of subsequent pH increments obtained from subtracting pH 5 spectrum form all other spectra. Thus, Diff pH (9–5) means pH 5 spectrum was subtracted from the final equilibrated adsorbed AMP spectrum on hematite at pH 9.
A noticeable change can be identified with the IR band at 1,648 cm−1 for the subtracted spectra of pH 9 from pH 5, suggesting a change in -NH2 scissoring mode (Figure 2B). Interpretation of the change of the IR band at this location upon variations in pH is somewhat complicated. In addition, owing to the presence of overlapping IR bands of water and carbonate in this location, clear identification is difficult. However, some inference can be made about the change of the -NH2 scissoring mode: i) pKa of the N1H+ of AMP is approximately around 3.96 (Smith et al., 1991; Budnyak et al., 2021); however, there are many tautomeric forms possible in which N7H+ and N3H+ can also be protonated at that pH value (Fonseca Guerra et al., 2006; Verdolino et al., 2008). Thus, at pH < ∼ 4 the lone pair of electrons on exocyclic -NH2 would be less available due to delocalization in the N10-C6-N1H+ system (Ref. AMP structure in Figure 1A). When the pH is raised above 4, the lone pair of electrons on -NH2 would be delocalized in a different way. Thus, a change in -NH2 scissoring and hence the change in the IR band is expected.
ii) The change of -NH2 scissoring is also expected when the extent of surface complexation by this exocyclic -NH2 group would increase upon increasing pH. However, a straightforward interpretation may not be possible because the wet chemical data suggested that overall adsorption of AMP decreased with increasing pH (Figure 3). iii) the intra- and intermolecular H-bonding in AMP would vary as the pH increases above pKa ∼4.0.
[image: Figure 3]FIGURE 3 | Macroscopic adsorption % of AMP on hematite as a function of pH at ionic strength (I = 0.01 M NaCl) without any other adsorbates (AMP only) or with competitive adsorption of either inorganic phosphate (P(V)i) (AMP after 100 μM P(V)i added) or citrate (AMP after 100 µM citrate added) [AMP]0 [Phosphate]0, and [Citrate]0 represent initial concentrations of added adsorbate in the reaction mixture. Error bars represent standard deviation of three replicates.
Increasing pH indicated changes in IR bands consistent with changes in electron delocalization in the five and six membered rings (1,425, 1,378, 1,337, and 1,305 cm−1), and change in the nucleophilic character of the N7 center (1,480 cm−1). Negative IR bands at these locations were most prominent in the pH (9-5) difference spectrum (Figure 2B), indicating at higher pH the purine ring vibrations have reduced. Interestingly, on analyzing the difference spectra of pH (9–5), a negative band at 1,337 cm−1 was observed (Figure 2B). In our earlier discussions on the mechanisms of AMP adsorption on hematite at pH 5, it was noted that a strong IR absorbance in this region was assigned to adenine skeletal ring vibration and a likely indication of molecular orientation of the adsorbed AMP. Thus, on increasing pH, the AMP molecule could have different orientation on the surface (i.e., flat at pH 5 and perpendicular at pH 9). However, this evaluation is confounded by the fact that there is desorption of AMP from the hematite surface when pH is raised (Figure 3). Thus, the decrease in the 1,337 cm−1 IR band can also be related to lower amount of AMP adsorption on hematite.
The pKa of the phosphate moiety in AMP is around 6.46 (Smith et al., 1991; Budnyak et al., 2021). Thus, increasing the pH above this pKa value would change the surface interactions of the phosphate moiety. Major changes in the IR bands due to P-O-Fe and P-O vibrations were noticed at locations of 990 and 1,121 cm−1, which drastically became negative above pH 7 (i.e., the difference spectra of pH (8–5) and pH (9–5)). This is consistent with our macroscopic adsorption data (Figure 3) and P(V) adsorption on iron oxide minerals, in which increasing pH decreases P(V) adsorption (Goldberg and Sposito, 1984; 1985). Due to the large and broad negative band in 1,121 cm−1 region in the difference spectrum, interpretations of the negative band at 990 cm−1 is somewhat complicated.
Competitive Adsorption of AMP and Citrate on Hematite
Drastic reduction of AMP adsorption on hematite was noticed at all experimental pH values (5–10 range) after the addition of citric acid (Figures 3, 4). About 60% of the AMP adsorption on hematite was decreased at pH 5- to 8 when citrate was present (Figure 3). These results are consistent with those studies that evaluated the effects of organic acids in influencing the desorption of P(V)i from oxide minerals (Geelhoed et al., 1998; Geelhoed et al., 1999; Hinsinger, 2001; Johnson and Loeppert, 2006; Barreto et al., 2020a). Release of AMP upon citrate addition was also corroborated by the in situ ATR-FTIR experiments, in which the time series difference spectra indicated the negative IR bands at locations of 1,121 and 990 cm−1 (Figure 4B). In our earlier discussions of AMP adsorption mechanisms on hematite at pH 5, these two IR bands were assigned to P-O and P-O-Fe stretching vibrations. Thus, negative peaks at these locations are indicative of desorption of phosphate moiety of AMP. A recent study (Barreto et al., 2020a) reported similar negative IR bands in the range 900–1,200 cm−1 corresponding to P(V) desorption upon accumulation of citrate on the hematite surface.
[image: Figure 4]FIGURE 4 | (A) (Upper Panel) Time series in situ ATR-FTIR spectra of adsorbed AMP and citrate at pH 5 ± 0.04. The time difference between first and last collected spectra is ∼ 2 h. (B) (Middle Panel) Difference IR spectra (obtained by subtracting the spectra collected after and before citrate addition) representing the resultant IR bands due to adsorption of citrate and concomitant desorption of AMP. The negative IR bands are indicating the weakening of the IR bands associated with adsorption of AMP. Dotted lines are connecting the new IR bands representing the adsorption of citrate on hematite. (C) (Lower Panel) Final equilibrated IR spectra of only adsorbed AMP and adsorbed (AMP + Cit) (when citrate added) were stacked in between the difference spectrum (Diff obtained from subtracting the AMP spectrum from the AMP + Cit spectrum).
Adsorption of citrate on the hematite surface in this work can also be seen by the IR band enhancements in the time series spectrum (Figures 4A–C). However, the interpretations are complicated by the overlapping IR bands of AMP in the same locations. It is unlikely that IR bands from AMP in the 1,800–1,200 cm−1 spectral region would increase upon addition of citrate in the system and is further supported by wet chemical data (Figure 3), in which a 60% reduction of adsorption was noticed at pH 5. Thus, the enhancement of the IR bands in the 1,800–1,200 cm−1 spectral region most likely originated from citrate adsorbing on hematite. In fact, the locations and shapes of the major IR bands (i.e., ∼ 1,570, 1,395, and 1,260 cm−1) resulting from adsorbed citrate on hematite in the absence of AMP (Supplementary Figures S1, S2) resembled the difference spectra (Figure 4C), further supporting citrate adsorption on hematite during the desorption of adsorbed AMP from hematite.
Aqueous citric acid has three pKa values in the range of 3.13, 4.76, and 6.40 (Lackovic et al., 2003; Yeasmin et al., 2014). Thus, at pH∼ 5, the majority of the citrate ions would be in the monoprotonated, divalent anionic form. Earlier studies investigating citrate aqueous speciation using IR spectroscopy indicated that fully deprotonated citrate (citrate3-) has prominent IR absorption bands at 1,570 and 1,390 cm−1, which were assigned to asymmetric (νas COO−) and symmetric (νs COO−) C-O stretching, respectively (Lackovic et al., 2003; Lindegren et al., 2009; Barreto et al., 2020a). The weak and broad feature ∼1,230–1,320 cm−1 in the solution spectra had been assigned to C-OH bending (∼1,280 cm−1) and C-H rocking of the citrate skeleton originating from CH2 groups (∼1,255 and 1,295 cm−1) (Noerpel and Lenhart, 2015; Barreto et al., 2020a) When citric acid is adsorbed on iron oxides, researchers observed that the asymmetric (νas COO−) stretching band of the solution spectrum at ∼1,570 cm−1 was shifted to a lower wavenumber (1,550 cm−1 for goethite and ferrihydrite; 1,562 cm−1 for hematite in this study) and became broader due to structural distortion of carboxylate groups resulting from surface interactions (Lackovic et al., 2003; Yeasmin et al., 2014; Barreto et al., 2020a). Similar to Barreto et al. (2020b) the symmetric (νs COO−) C-O stretching band appeared to split into 1,395 and 1,435 cm−1 in the hematite adsorbed citrate spectrum at pH 5 (Figures 4A–C and Supplementary Figure S1). However, the IR band at 1,435 cm−1 could be due to -CH2 bending mode as well (Mudunkotuwa and Grassian, 2010). Detailed evaluation of citrate binding mode on hematite is not a principal focus of this study and has already been published by many researchers. Here, in the discussion above it is demonstrated that the citrate strongly adsorbed on the hematite surface and concomitant desorption of AMP was evident from both wet chemical and in situ ATR-FTIR data (Figures 3, 4).
Since in the environment, the reported citrate concentrations from root exudates could be as low as 10–50 µM (Hinsinger, 2001), competitive in situ ATR-FTIR adsorption experiments using 10 µM citrate and 1 µM AMP were conducted as well. The results indicated a similar trend (Supplementary Figure S2) to that described above.
Competitive Adsorption of AMP and P(V)i on Hematite
Similar to citrate, P(V)i significantly reduced the adsorption of AMP on hematite in the pH of 5–10 range (Figures 5A–C). Compared to 100 µM citrate, 100 μM P(V)i was less efficient in desorbing AMP at pH 5–6 (Figure 3). However, at higher pH values, P(V)i has either greater (pH ∼ 7) or similar effects compared to citrate. In situ ATR-FTIR data corroborated the desorption of AMP in the presence of P(V)i. The final difference spectrum indicated negative IR bands at locations 1,648, 1,605, 1,579, 1,480, 1,425, 1,337, and 1,305 cm−1 when 100 μM P(V) was added to the system (Figure 5C). These IR bands are representative of interactions of the adenine portion of the AMP molecule and negative IR bands are indicative of lack of interactions. Since the IR bands of AMP at locations 1,121–990 cm−1 has a considerable overlap with the IR bands from P(V)i, negative IR bands at these ranges could not be observed. However, the shapes of the IR bands in the difference spectrum (Figure 5C) at the 1,121–990 cm−1 range resembled the IR bands originating from P (V) adsorption on hematite (Elzinga and Sparks, 2007). Upon further visual inspection of the difference spectrum of 10 μM P(V)i, it became clear that the low intensity broad IR band in the 1,121–990 cm−1 range most likely originated from P(V)i. Interestingly, the negative IR bands in the 1,640–1300 cm−1 range were not observed for 10 μM P(V) additions, indicating the interactions of the adenine portion of the AMP molecule possibly could not be hindered at this level of P(V)i.
[image: Figure 5]FIGURE 5 | (A) (Upper Panel) Time series in situ ATR-FTIR spectra of adsorbed AMP and inorganic phosphate (P(V)i) at pH 5 ± 0.04. (B) (Middle Panel) Final equilibrated IR spectra of only adsorbed AMP and adsorbed (AMP+10 μM P(V)i) (when 10 μM P(V)i was added) were stacked in between the difference spectrum (Diff obtained from subtracting the AMP spectrum from the AMP+ 10 μM P(V)i spectrum). (C) (Lower Panel) Final equilibrated IR spectra of only adsorbed AMP and adsorbed (AMP+100 μM P(V)i) (when 100 μM P(V)i was added) were stacked in between the difference spectrum (Diff obtained from subtracting the AMP final spectrum from the AMP+ 100 μM P(V)i final spectrum).
CONCLUSION
The results presented here contribute significantly to the understanding of nucleic acid based organic P cycling in the environment in the presence of P(V)i (anthropogenic source) and citrate from root exudates. Knowledge of this mechanistic pathway will not only be helpful to understand plant nutrient cycling, but also to model the fate or P(V)i as a pollutant because the desorbed AMP can be degraded easily by microbes to P(V)i, and then either be absorbed by the plant roots or mobilize to sensitive aquatic environments potentially causing eutrophication. In situ ATR-FTIR spectroscopic data presented here supported the mechanisms of novel biogeochemical pathways of small nucleotide desorption from the iron oxide rich soil environment in the presence of co-adsorbing inorganic (P(V)i) and organic (citrate) anions.
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