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Prebiotic Metabolism: Production by Mineral Photoelectrochemistry of a-Ketocarboxylic Acids in the Reductive Tricarboxylic Acid Cycle Marcelo I. Guzman and Scot T. Martin



Abstract



A reductive tricarboxylic acid (rTCA) cycle could have fixed carbon dioxide as biochemically useful energystorage molecules on early Earth. Nonenzymatic chemical pathways for some steps of the rTCA cycle, however, such as the production of the a-ketocarboxylic acids pyruvate and a-ketoglutarate, remain a challenging problem for the viability of the proposed prebiotic cycle. As a class of compounds, a-ketocarboxylic acids have high free energies of formation that disfavor their production. We report herein the production of pyruvate from lactate and of a-ketoglutarate from pyruvate in the millimolar concentration range as promoted by ZnS mineral photoelectrochemistry. Pyruvate is produced from the photooxidation of lactate with 70% yield and a quantum efficiency of 0.009 at 158C across the wavelength range of 200–400 nm. The produced pyruvate undergoes photoreductive back reaction to lactate at a 30% yield and with a quantum efficiency of 0.0024. Pyruvate alternatively continues in photooxidative forward reaction to a-ketoglutarate with a 50% yield and a quantum efficiency of 0.0036. The remaining 20% of the carbon follows side reactions that produce isocitrate, glutarate, and succinate. Small amounts of acetate are also produced. The results of this study suggest that a-ketocarboxylic acids produced by mineral photoelectrochemistry could have participated in a viable enzyme-free cycle for carbon fixation in an environment where light, sulfide minerals, carbon dioxide, and other organic compounds interacted on prebiotic Earth. Key Words: Origin of life—Prebiotic chemistry—Photoelectrochemistry—Zinc sulfide—Reductive tricarboxylic acid cycle—Pyruvate—Lactate—a-Ketoglutarate—Photooxidation—Photoreduction. Astrobiology 9, 833–842.



1. Introduction



T



he reductive tricarboxylic acid (rTCA) cycle, which is alternatively called both the reverse Krebs cycle and the reductive citric acid cycle (Fig. 1), has been proposed as a plausible metabolic pathway of CO2 fixation at the time life originated (Wachtershauser, 1990). A nonenzymatic rTCA cycle might have functioned as an autocatalytic network of chemical reactions able to provide and self-sustain the biosynthetic pathways essential for life to originate (Wachtershauser, 1993; Morowitz et al., 2000; Smith and Morowitz, 2004). Zhang and Martin (2006) and Guzman and Martin (2008) showed that several difficult chemical steps of the rTCA cycle can be successfully driven by mineral photoelectrochemistry with the use of colloidal ZnS semiconductor particles. Photo-generated conduction-band electrons and valence-band holes of semiconductors can drive strongly endoergic reduction and oxidation reactions, respectively (Fig. 2) (Hoffmann et al., 1995).



A candidate early Earth environment for these reactions can be formulated by adapting the conditions of today’s shallow-water hydrothermal sea vents to geochemical conditions in the past (Fig. 3). Ultraviolet light penetrates into the water, interacting with carbon dioxide, organic molecules, and semiconductor sulfide minerals. Widespread occurrence of colloidal ZnS (sphalerite) and other semiconducting minerals in suspension or deposited in shallow sediments is expected for early Earth (Guzman and Martin, 2008). Several of the metabolites involved in the rTCA cycle, such as the a-ketocarboxylic acids pyruvate and a-ketoglutarate, are difficult to obtain by conventional chemical routes, at least in part because the required steps are highly endoergic. A major challenge for understanding the origins of life is, therefore, to establish chemical routes for the production of a-ketocarboxylic acids. Wachtershauser (1990) originally proposed theoretically that pyruvate and a-ketoglutarate were produced in a series of thermal reactions with pyrite;
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FIG. 1. The rTCA cycle. The rectangle encloses the species of the rTCA cycle. Reactions labeled I were studied by Zhang and Martin (2006) and Guzman and Martin (2008). Reactions labeled II are reported in the present study. Labels a and b indicate reactions having high and low yields, respectively. however, more recent experimental work has shown that these reactions do not occur with pyrite. Lactate oxidation to form pyruvate, coupled to sulfur reduction, is endoergic by þ9.56 kJ mol 1 (Kalapos, 2002). Reactions at high temperature (2508C) and pressure (50–200106 Pa) of alkyl (nonyl) thiol and formate with iron sulfide have very low yields (i.e., 0.05% acetate and 0.07% pyruvate) (Cody et al., 2000). We report herein on the kinetics and the yield of the anaplerotic-like reactions lactate to pyruvate and pyruvate to a-ketoglutarate in the millimolar concentration range, as promoted by ZnS photoelectrochemistry.



2. Materials and Methods 2.1. Preparation of colloidal ZnS suspensions Colloidal ZnS suspensions were prepared at 208C by mixing 240 mL of 52 mM ZnSO4 with 240 mL of nominally 52 mM Na2S and using dropwise addition while stirring and continuously purging with ultrahigh-purity argon gas. Stock solutions of 200 mM ZnSO4 (zinc sulfate heptahydrate, EM Science, Germany, 99.5% assay) and saturated Na2S (EMD chemicals, 98% assay), kept in an O2-free environment, were employed. Argon-purged ultrapure Millipore water (18.2 MO cm) was



FIG. 2. Photodriven reduction and oxidation reactions on colloidal semiconductor particles. Example 1: Photoreduction of carbon dioxide to formate using a conduction-band (CB) electron is shown; the corresponding oxidation of HS by a valenceband (VB) hole is shown. Example 2: Photoreduction of pyruvate to lactate and photooxidation of lactate to pyruvate.
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FIG. 3. Candidate environment of early Earth, illustrating the role of ZnS mineral photoelectrochemistry in driving the rTCA cycle. Inspired from Tarasov (2006).



836 used. The sulfide concentration in the stock solution of Na2S was determined at 1:100 dilution in a 50% sulfide antioxidant buffer with a sulfide ion selective electrode (Thermo Electron Corporation, Model Orion 94-16) for potentiometric titration with a 0.1 M Cd(NO3)2 standard (cadmium nitrate tetrahydrate, Fluka purum). The sulfide antioxidant buffer was prepared from 80 g NaOH, 35 g ascorbic acid, and 67 g disodium ethylene diamine tetraacetic acid in 1000 mL water. Zhang et al. (2007) reported on the particle size distribution and on the particle structure for colloids prepared by this method. 2.2. Photochemistry experiments The colloidal suspensions for the photochemistry experiments were prepared just prior to use. Solid sodium pyruvate (Sigma-Aldrich ReagentPlus, 99%) or sodium lactate (Fluka puriss, 99%) was added to 480 ml of the colloidal ZnS suspensions. The addition of 1.6 mL Na2S stock solution as valence-band hole scavenger also prevented any adventitious O2. The suspension pH was adjusted to 7 with drops of concentrated H2SO4 (EMD Chemicals, 98.0% assay), or 1 M NaOH, and finally ultrapure water was used to adjust the volume to 500 mL. The adjusted Na2S concentration in the prepared suspension was 8 mM, and the loading of ZnS particles was 2.3 g L 1. The excess Na2S served both to scavenge the valence-band holes present in the ZnS particles during the course of the photoreaction and to eliminate any adventitious O2 that entered the reactor. The photochemical apparatus (ACE Glass, Vineland, NJ) consisted of a 500 mL glass reaction vessel outfitted with a water jacket held at 288 K (Neslab RTE-111). A 450 W medium-pressure ultraviolet mercury arc lamp was inserted in a quartz immersion well in the center of the reaction vessel. The prepared ZnS suspension with reactants was sealed inside the vessel and subsequently purged with ultrahighpurity CO2 (99.99% IGO Gases, MA) until the pH decreased to 7.0. The suspension was stirred throughout the irradiation. The light intensity from 200 to 400 nm (7.410 6 einstein s 1) was measured by actinometry with potassium iron(III) oxalate (Kuhn et al., 2004). 2.3. Analysis of reactants and products After irradiation for a selected time period, 1.0 mL of suspension was withdrawn from the reaction vessel through a septum and passed through a 0.2 mm syringe filter to remove the ZnS particles (IC Acrodisc 25 mm syringe filters, 0.2 mm pore size; Pall Corporation). The identities and the concentrations of the reaction products in the filtrate (including also residual reactants) were determined by ion chromatography. A Dionex ICS-3000, equipped with an IonPac AS11-HC analytical column (4250 mm), an IonPac AG11-HC guard column (450 mm), an ASRS-ULTRA(II) (4 mm) suppression system, and a conductivity detector, was used. A carbonatefree eluent of 100 mM NaOH was prepared from a 50.3% solution of sodium hydroxide (Fluka puriss) and ultrapure Millipore water. A sodium-hydroxide gradient separation was applied, in which a mobile phase of 2.5 mM NaOH was used for 2 min followed by a linear increase of 3.0 mM min 1 up to 54.0 mM NaOH. The final concentration was held for 5 min. Chemical species were identified by matching to the retention times of pure standards. Concentrations were ob-



GUZMAN AND MARTIN tained from calibration curves. Standards included sodium pyruvate, sodium lactate, a-ketoglutaric acid disodium salt, (Fluka purum, 98%), sodium acetate (Fisher, 99%), glutaric acid (Aldrich, 99%), succinate (succinic acid disodium salt hexahydrate, Fisher Scientific, 97%), isocitrate (isocitric acid trisodium salt, MP Biomedicals, Inc., 97%), glyoxylic acid (sodium salt monohydrate, Fluka purum, 99%), and formate (formic acid sodium salt, Acros Organics, 99%). The first round of analyses of filtrate was followed by a second round after 1:25 dilution and spiking with a-ketoglutarate. Quantum efficiency is the ratio of the rate of product formation (M s 1) to the incident light intensity (einstein s 1). Reaction yield was calculated as the actual carbon-normalized yield of a product divided by its maximum theoretical yield. For carbon normalization, a stoichiometry coefficient of 1 was used for pyruvate and lactate and of 2 for a-ketoglutarate, glutarate, succinate, and isocitrate. 3. Results 3.1. Conversion of lactate to pyruvate Figure 4 shows the photoelectrochemical loss of lactate and the corresponding production of pyruvate and other products in the presence of ZnS colloid. Upon irradiation, 1.2 mM lactate begins to disappear, with the simultaneous appearance of pyruvate (Fig. 4A). The corresponding oxidative half-reaction is as follows:



O



OH O O lactate



–



O– + 2 H+ + 2 e–



(1)



O pyruvate



Pyruvate is produced from the oxidation of lactate (Reaction 1) in 70% yield and with a quantum efficiency of 8.710 3 at 158C for the wavelength range of 200–400 nm. Experiments were conducted in triplicate, and the results in Fig. 4 show a typical time series. The shown standard deviations correspond to the analytical uncertainties of the methods. The results of the experiments and the controls summarized in Table 1 confirm that the majority of the pyruvate production is by the mechanism of heterogeneous photoelectrochemistry. Pyruvate production from lactate is observed in the experiment, as expected. Controls A through D and Control G, which show that the reaction proceeds also in the absence of the sulfur-based hole scavenger and in the absence of carbon dioxide or sodium bicarbonate (i.e., CO2 · produced by conduction-band electrons is not required), demonstrate that pyruvate production occurs by the scavenging of valence-band holes. Control E conducted in the absence of ZnS colloid shows that the homogeneous oxidation of lactate in the presence of light, sodium sulfide, and carbon dioxide contributes to no more than 35% of the pyruvate produced heterogeneously in the experiment. The results represented in Table 1 and Fig. 4 show that other products in addition to pyruvate are also observed. The time series of the concentration of a-ketoglutarate (Fig. 4B) follows that of pyruvate with a time delay, which suggests that pyruvate continues reaction to a-ketoglutarate. The peak yield of a-ketoglutarate is 45%. The time series of the concentrations of isocitrate, glutarate, and succinate (Fig.
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FIG. 4. Conversion of lactate to pyruvate. Time series are shown of the concentrations of lactate, pyruvate, a-ketoglutarate, isocitrate, succinate, glutarate, acetate, and formate. Conditions: 2.3 g L 1 ZnS mineral, 1.2 mM initial lactate, 2 mM HS valence-band hole scavenger, 1 atm CO2, pH ¼ 7.0, l > 200 nm, and 288 K.



4B, 4C) are further delayed, which suggests that they are further-generation products that possibly originate from a common intermediate. Their respective maximum yields are 11%, 5%, and 12%, which are significantly lower than those of pyruvate and a-ketoglutarate. Acetate is also produced in minor quantities, plausibly as an oxidation product from lactate, pyruvate, or some of the other reaction products. Significant concentrations of formate are also observed, which can be explained by a reduction pathway. Formate is the main product of the radical anion CO2 · that is formed by



electron transfer to CO2 from the conduction-band of ZnS (Zhang et al., 2007), as verified by the results of Control J. On the basis of the observed concentrations, there is stoichiometric balance between the valence-band holes consumed by lactate and HS and the conduction-band electrons consumed by carbon dioxide to produce formate. The back reaction of pyruvate to lactate (Reaction 2) was also studied (data not shown). For an initial pyruvate concentration of 1.2 mM in a suspension of ZnS particles, pyruvate returns to lactate in 30% yield and with a quantum
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GUZMAN AND MARTIN Table 1. Experiments and Controls for Reactions Labeled IIa and IIb in Figure 1 to Demonstrate the Heterogeneous Photoelectrochemical Generation of Products Pi Variables



Observations CO2



Ri



Saturated Bubbling HCO3



a-KG



YES YES YES YES NO



YES



YES



NO



YES YES YES YES YES YES



YES YES YES YES NO YES



NO NO YES YES YES YES



YES YES YES YES YES YES



NO NO NO NO NO YES



YES YES YES NO YES YES



YES NO NO NO YES YES



YES YES NO YES YES



YES NO YES YES YES



YES NO YES YES YES



YES YES YES NO NO



NO NO NO NO YES



NO NO YES YES YES
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YES YES



hn Experiment (Figure 4) Control Aa Control Ba Control C Control D Control Ec Control F (Figure 6) Control G Control H Control I Control J Control K (Figure 5) Control L
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Pi IA
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NO NO NO NO YES
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Experiments were carried out in the presence of one or more of, as indicated by table entries, ultraviolet irradiation hn, ZnS colloid, sulfurbased hole scavenger ST, reactant Ri, saturated or continuously bubbled carbon dioxide CO2, and sodium bicarbonate HCO3 . Also indicated are whether products Pi were detected or not. Key: LA, lactate; PA, pyruvate; a-KG, a-ketoglutarate; IA, isocitrate; GL, glutarate; SA, succinate; Ac, acetate; FA, formate; and GA, glyoxylate. a Dark color developed after 15 min. b Lower levels. c White precipitate developed after 15 min. d Traces. e Much lower levels. f Pyruvate was consumed. g Formate and glyoxylate were produced from the direct photolysis of lactate.



efficiency of 2.410 3. The results shown in Fig. 4 thus represent a net process of forward and backward reactions.



As for the controls discussed previously for Reaction 1, a set of controls (cf. Table 1) also establishes that Reaction 3 proceeds by heterogeneous photoelectrochemistry. Unlike Reaction 1, the controls confirm that there is no direct homogeneous photochemistry for Reaction 3 (i.e., production of a-ketoglutarate in the absence of ZnS). In addition to a-ketoglutarate, other products are also observed. Lactate is produced from the reduction of pyruvate (Reaction 2 and Fig. 5B). Isocitrate, glutarate, succinate, acetate, and formate are also produced (Fig. 5B–D). The sum of total measured carbon compounds is conserved (Fig. 5E), which indicates that all major products are accounted for. Total carbon on a pyruvate-source basis is calculated as 1 (a pyruvate þ b lactate þ c acetate) þ 2 (d a-ketoglutarate þ e glutarate þ f succinate þ g isocitrate), where the coefficients a to g are the measured concentrations.



OH



O



O–



O– + 2 e– + 2 H+



(2)



O lactate



O pyruvate



3.2. Conversion of pyruvate to a-ketoglutarate Figure 5 presents results that show the photoelectrochemical loss of pyruvate and the corresponding production of a-ketoglutarate and other products in the presence of the ZnS colloid. Upon irradiation, 1.1 mM pyruvate begins to disappear, followed by the appearance of a-ketoglutarate after a delay of approximately 30 min (Fig. 5A). For the stoichiometry of Reaction 3, pyruvate is converted to a-ketoglutarate with a yield of 50% and a quantum efficiency of 3.610 3.



On early Earth, lactate and pyruvate were not present in isolated pure forms (as studied in Sections 3.1 and 3.2) but



O



O 2



3.3. Conversion of a mixture of lactate and pyruvate
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+ CO2 + 4 H+ + 4 e–



(3)
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FIG. 5. Conversion of pyruvate to a-ketoglutarate. The organic sum is on a pyruvate basis (see Section 3.2). Conditions as indicated for Fig. 4 but for 1.1 mM initial pyruvate in place of lactate.
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GUZMAN AND MARTIN Although Reactions 4a and 4b formally show carbon dioxide as a product, the actual one-carbon species can include lessoxidized species, such as CO, HCHO, or CH3OH (e.g., coupled to a half-reaction such as CO2 þ 4Hþ þ 4 e ? HCHO þ H2O). Our analytical methods do not discriminate among these possible one-carbon products. In addition to pyruvate and a-ketoglutarate as major products, side reactions produce minor amounts of isocitrate, glutarate, and succinate. The time series of concentrations of glutarate and succinate track that of a-ketoglutarate (Figs. S5 and S6). The implication is that glutarate originates from the reduction of a-ketoglutarate and succinate from the oxidative decarboxylation of a-ketoglutarate. Isocitrate production is observed in Controls A through G and K through L. Production in Controls A through G suggests that isocitrate forms mainly not by heterogeneous photoelectrochemical reaction but rather by homogeneous photochemistry involving the sulfur-based hole scavenger.



rather as mixed solutions. Figure 6 therefore presents results showing the chemical changes in a mixture initially of lactate and pyruvate during the irradiation of a ZnS colloid. Upon irradiation, the concentrations of lactate (initially 0.58 mM) and pyruvate (initially 0.45 mM) begin to decrease. Figure 6A shows that the concentration of lactate decays more rapidly than that of pyruvate. The explanation is that, although pyruvate is consumed by multiple pathways producing a-ketoglutarate, isocitrate, glutarate, and succinate (Fig. 6B, 6C), it is contemporaneously produced from the oxidation of lactate. Other observed products include acetate (minor) and formate (major) (Fig. 6D). The sum of organic carbon on a pyruvate basis is also conserved (Fig. 6E) by using a stoichiometry of 1 (a pyruvate þ b lactate þ c acetate) þ 2 (d a-ketoglutarate þ e glutarate þ f succinate þ g isocitrate). 4. Discussion In colloidal suspensions, oxidation and reduction sites can exist close to each other (i.e., on the same particle), which potentially allows molecules adsorbed on the surface to undergo novel reaction pathways. Our results show that excited-state species present at the surface of the irradiated semiconductor mineral can promote anaplerotic-like conversion of lactate to pyruvate (Reaction 1) and pyruvate to aketoglutarate (Reaction 3). The fate of some of the produced pyruvate is to undergo reduction, returning to lactate (Reaction 2). Alternatively, some of the pyruvate continues in oxidation steps to form a-ketoglutarate (Reaction 3). Side reactions, photopromoted by the excited-state species present at the surface of the irradiated semiconductor mineral, also form isocitrate, glutarate, succinate, acetate, and formate. Comparison of the time series of reactant and product concentrations for the experiments of Figs. 4 through 6 shows that the concentrations of lactate and pyruvate track one another (cf. correlation plots in Figs. S1 and S2). The relationship follows a first-order kinetics scheme of a parent species reacting to form a first-generation product. The time series of the concentration of a-ketoglutarate similarly tracks that of pyruvate as a first-generation product (Fig. S3). As expected, the time series concentration of a-ketoglutarate therefore follows that of lactate as a second-generation product (Fig. S4). The production of a-ketoglutarate can proceed by several pathways from pyruvate, including disproportionation of two pyruvate molecules or the coupling of one pyruvate molecule and one lactate molecule:
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The experimental observations of this study demonstrate feasible abiotic pathways for the production of the aketocarboxylic acids that are necessary to run the rTCA cycle. These a-ketocarboxylic acids also serve as biosynthetic precursors of several amino acids and purines (Nelson et al., 2000). The consecutive Reactions 1 and 3 represent a type of disproportionation pathway that has been proposed as evolutionarily relevant (Von Kiedrowski et al., 1991; Terfort and Von Kiedrowski, 1992; Lehman, 2008). On early Earth, these photoelectrochemical pathways could have been linked and working simultaneously and complementarily with other cycles, such as an iron-manganese carbon fixation mechanism (Hartman, 1992), together providing reaction pathways relevant to an autotrophic origin of life (Allwood et al., 2006). For initial life occurring inside a protocell (Szostak et al., 2001), perhaps the initial carbon fixation occurred there through the rTCA cycle, using minerals as precursors of enzymes. The next level of evolution would involve polymerization reactions (Hartman, 1975; Shapiro, 2006). In addition to energy storage, the rTCA cycle also provides molecules useful for the synthesis of more complex molecules, such as sugars and lipids, that serve many purposes in modern biology (Wachtershauser, 1993; Morowitz et al., 2000; Smith and Morowitz, 2004). The implication, however, is that the molecules pulled out of the cycle for the synthesis of other molecules must be compensated by the
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5. Conclusions
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FIG. 6. Chemical conversions in an irradiated lactate-pyruvate mixture. The sum of organic carbon on a pyruvate basis is also conserved (see Section 3.3). Conditions as indicated for Fig. 4 but for 0.45 mM initial lactate and 0.58 mM initial pyruvate instead of 1.2 mM initial lactate.



842 continual addition of carbon feedstock to the cycle. On early Earth, an abiotic pathway that originated with the fixation of carbon dioxide would have been essential for this purpose. Figure 3 depicts a pool of carbon dioxide linked to the central rTCA cycle. Both thermal energy that is released by photodriven steps of the rTCA cycle and further photochemical reactions (e.g., photoreduction of CO2 on ZnS) can pull carbon feedstock into the cycle. For example, the results of this study show that the direct production of pyruvate from lactate has a yield of 70%. An important aspect to emphasize is that ZnS was used in this study both for oxidation and reduction reactions. Although ZnS is especially effective for reduction (i.e., a highly reducing conduction-band electron), in the context of early Earth many other common minerals (e.g., TiO2) could have participated in the oxidation reactions. Therefore, the new oxidative pathways of this study, demonstrating the formation of a-ketocarboxylic acids, could have occurred on many early-Earth minerals, of which ZnS is just one example. In summary, colloidal photoelectrochemistry possibly had an active role on early Earth for converting and cycling small organic compounds essential for the origin of life (Zhang et al., 2004, 2007; Zhang and Martin, 2006; Guzman and Martin, 2008). Energy from ultraviolet sunlight, catalysis by semiconductor minerals, and organic compounds could have interacted in a synergistic way in the prebiotic environment, promoting reactions otherwise unviable, and allowed fixation of carbon dioxide, which eventually evolved into metabolism as we know it today. Supporting Information Available Figures S1–S6. Time-series plots of reactant and product concentrations, including pyruvate to lactate, pyruvate to a-ketoglutarate, and lactate to a-ketoglutarate. Acknowledgments M.I.G. is the recipient of a Postdoctoral Fellowship from the Harvard Origins of Life Initiative. This study is supported by the National Aeronautics and Space Administration under Grant NNX07AU97G issued through the Office of Space Science. Abbreviation rTCA, reductive tricarboxylic acid. References Allwood, A.C., Walter, M.R., Kamber, B.S., Marshall, C.P., and Burch, I.W. (2006) Stromatolite reef from the early Archaean era of Australia. Nature 441:714–718. Cody, G.D., Boctor, N.Z., Filley, T.R., Hazen, R.M., Scott, J.H., Sharma, A., and Yoder, H.S. (2000) Primordial carbonylated iron-sulfur compounds and the synthesis of pyruvate. Science 289:1337–1340. Guzman, M.I. and Martin, S.T. (2008) Oxaloacetate-to-malate conversion by mineral photoelectrochemistry: implications for the viability of the reductive tricarboxylic acid cycle in prebiotic chemistry. Int. J. Astrobiology 7:271–278. Hartman, H. (1975) Speculations on origin and evolution of metabolism. J. Mol. Evol. 4:359–370.
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