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Summary

Hydrogen (H2) has powered microbial metabolism for roughly 4 billion years. The recent 

discovery that it also fuels geochemical analogs of the most ancient biological carbon fixation 

pathway sheds light on the origin of metabolism. However, it remains unclear whether H2 

can sustain more complex nonenzymatic reaction networks. Here, we show that H2 drives 

the nonenzymatic reductive amination of six biological ketoacids and glyoxylate to give the 

corresponding amino acids in good yields using ammonium concentrations ranging from 6 to 150 

mM. Catalytic amounts of nickel or ground meteorites enable these reactions at 22°C and pH 8. 

The same conditions promote an H2-dependent ketoacid-forming reductive aldol chemistry that 

co-occurs with reductive amination, producing a continuous reaction network resembling amino 

acid synthesis in the metabolic core of ancient microbes. The results support the hypothesis that 

the earliest biochemical networks could have emerged without enzymes or RNA.
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We show a metabolism-like continuous chemical reaction network driven by H2 and catalyzed by 

nickel. Starting from glyoxylate and oxaloacetate, the nonenzymatic reaction network generates 

ketoacids by reductive aldol chemistry and converts them to hydroxy acids and amino acids. Six 

biological ketoacids and glyoxylate are converted to the corresponding amino acids using nickel or 

meteorites as catalysts. The results support the hypothesis that the earliest biochemical networks 

could have emerged without enzymes or RNA.
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Introduction

Metabolic theories for the origin of life postulate that core microbial metabolism was 

pre-figured by naturally occurring reactions that became faster and more specific with the 

advent of enzymes.1–8 Dating at least as far back as the last universal common ancestor 

(LUCA), anabolic biochemistry was driven by H2 gas produced by the Earth’s crust9,10 and 

was built from CO2, NH3, H2S, and phosphate, using reactions conserved in archaea and 

bacteria that use the acetyl CoA pathway for carbon and energy metabolism.11–13 In these 

anaerobic chemolithoautotrophs, carbon enters metabolism when H2 reduces CO2 to C1–C6 

carboxylic acids and ketoacids via the acetyl CoA pathway and the incomplete reverse 

Krebs cycle,14 while nitrogen enters metabolism as ammonia via the reductive amination of 

α-ketoglutarate to glutamate (Figure 1A)15 and subsequent transaminations.16 In autotrophs 

using the acetyl CoA pathway, H2 is the sole source of electrons for both carbon and 

nitrogen assimilation.

We and others have argued that a complex synthetic reaction network must have 

operated uninterrupted to support growth and evolutionary mechanisms, which, in turn, 

constrains the extent to which that reaction network could change.1–8 Consequently, 

metabolites supporting multiple pathways, key classes of chemical transformations, and 

energetic aspects of the primordial self-organized chemistry are expected to remain 

preserved in biological metabolism. In line with these predictions, several nonenzymatic 

reaction networks bearing similarities to metabolic pathways have been uncovered over 

the past 8 years, narrowing the gap between prebiotic chemistry and ancient microbial 

metabolism.5,17–19 However, although each of these pathways, or segments thereof, are 

continuous in isolation, chemical incompatibilities have thus far prevented their combination 

into larger continuous reaction networks. Experimental demonstrations of larger continuous 

prebiotic synthetic reaction network that are congruent with early biochemistry are thus 

critical to advancing our understanding of the origin of life.

Heterogeneous metal-catalyzed hydrogenation represents a textbook class of workhorse 

reactions in synthetic and industrial chemistry and has been used for the reduction of alkenes 

and ketones and for the reductive amination of ketones with ammonia, even in water.20–22 

Hydrogen (H2) is continuously produced by serpentinization in hydrothermal vents and 

hydrothermal fluids typically contain 1–15 mmol/kg of dissolved H2.23 Given the poor 

solubility of H2 in water, these H2 concentrations are not so different to hydrogenation 

reactions in synthetic organic chemistry carried out in water at H2 pressures of <10 

bar.24 Given the robustness of metal-catalyzed hydrogenation, the high relevance of H2 

to metabolism and to ancient microbial ecosystems, and H2’s geological relevance, it is 

perhaps surprising that until recently hydrogenation has rarely been exploited experimentally 

to understand the origin of metabolism. Analogs of core carbon fixation pathways have 

recently been demonstrated to be driven by H2, using transition metals under mild conditions 

(22°C–25°C, near-neutral pH).25–27 In the case of the acetyl CoA pathway, the reaction 

of H2 with CO2 (25 bar, 2:3 ratio) to generate formate, acetate, and pyruvate occurred at 

100°C25 or at room temperature using the mineral awaruite (Ni3Fe) as a catalyst.26 For the 

reverse Krebs cycle, it was shown that Ni (10 mol%) supported on SiO2-Al2O3, platinum 

group metals (1 mol%), or even ground meteorites could create the right conditions for H2 
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(1–10 bar) to drive the sequence of reactions converting oxaloacetate to succinate at room 

temperature.27 However, it remains unknown whether H2 can enable the synthesis of more 

complex ketoacids and their reductive amination to amino acids under common conditions. 

Previous reports on prebiotic reductive amination have used stoichiometric iron species as 

the reducing agent,28–30 rather than H2, and relied on relatively high31 concentrations of 

ammonia, ranging from 375 mM28 to 1.5 M.29 Alternatively, a stepwise reductive amination 

of ketoacids to amino acids has been reported using a Bucherer-Bergs reaction with cyanide 

and ammonia at 20°C, followed by decarboxylative hydrolysis of the resulting hydantoin 

at 80°C.32 However, in contrast to H2, cyanide is never directly used in metabolism and is 

toxic to aerobic and anaerobic organisms due to its strong binding to a broad spectrum of 

metalloenzymes.33 Even specialized organisms that have evolved to grow when cyanide is 

a limiting nutrient degrade it to CO2 and ammonia before the latter can be assimilated34; 

thus, its relevance to metabolic origins is questionable. Here, we report that using Ni/SiO2-

Al2O3 (10 mol% Ni) or platinum group metal catalysts (1 mol%), H2 drives reductive 

amination of ketoacids using quantities of ammonia as low as 6 mM. We show that, under 

the same conditions, H2 is able to drive the synthesis of higher ketoacids through reductive 

aldol reactions, analogous to the function of the reverse Krebs cycle, without consuming 

organic reducing agents.35,36 Finally, we demonstrate that these two H2-driven processes can 

co-occur to produce a continuous reaction network that is strikingly similar to the core of 

ancient metabolism.

Results And Discussion

Reductive amination of pyruvate

To identify inorganic catalysts that could promote prebiotic reductive amination reactions, 

we performed catalyst screening for a wide spectrum of metals known for hydrogenation 

or reductive amination in synthetic chemistry.20,37 Homogeneous and heterogeneous forms 

of Earth-abundant metals found in biology were evaluated, such as Fe, Ni, and Co. 

Additionally, rarer platinum group metals, such as Ru, Rh, Pd, Ir, and Pt21,38 were also 

evaluated because trace elements not currently used as catalysts by biology may still 

potentially be relevant to initiate the origins of life.39 We first assayed the reductive 

amination of pyruvate to alanine using mild conditions for the screening protocol: 5 equiv 

of NH4
+, 22°C, water at pH 7–8, and 5 bar of H2 in the presence or absence of bicarbonate 

(supplementary excel file, Table S1). Alternatively, formate (5 equiv) was screened as 

a reducing agent. After 24 h, the yields were determined by quantitative 1H NMR by 

integrating against dimethyl sulfone (DMS) as an internal standard (see Table S1 for the full 

screen). Under H2 at pH 8, in the presence of bicarbonate, Ni/SiO2-Al2O3 (10 mol% Ni, 320 

ppm; hereafter referred to as Ni) and Pd/C (1 mol% Pd, 32 ppm; characterized as a mixture 

of Pd/C and PdO/C [Figures S72 and S73]; hereafter referred to as Pd) produced alanine in 

yields ranging from 18% to 40%, accompanied by the carbonyl reduction product lactate in 

5%–15% yield and approximately 38 mM of formate derived from bicarbonate reduction40 

(15% yield based on the initial quantity of bicarbonate) (Figure 1B, entries 1 and 2). The 

latter result shows that reductive amination, carbonyl reduction, and bicarbonate reduction 

can occur concurrently in water. In the case of the Pd catalyst, reducing the pressure of H2 

to 1 bar instead of 5 bar gave similar yields but over longer reaction times (Table S1, entry 
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88). The observation of formate in the Pd-catalyzed experiment prompted us to investigate 

whether formate might also act as a reducing agent via transfer hydrogenation.41 This was 

found to be the case only for Pd, where formate (5 equiv) in the absence of H2 yielded 53% 

alanine and 2% lactate (Figure 1B, entry 2). For the Ni catalyst, no reduction was observed 

in the absence of H2, even in the presence of formate. No reduction occurred in the absence 

of metal catalysts (Table S1). For the reactions described above, the reaction pH of 7–8 

resulted from the presence of bicarbonate or formate in 5-fold excess compared with the 

ketoacid. However, for either metal catalyst, when the reaction pH was manually adjusted, 

increased pH values generally favored amino acid formation whereas decreased pH values 

favored hydroxacid formation (Tables S3 and S4).

Lower ammonia concentrations

Previous reductive aminations involving metals in a prebiotic chemistry context28–30 have 

used ammonia in high concentrations31 and in vast excess compared with the ketoacid (≥ 

100 equiv; 375 mM to 1.5 M ammonia). Although we used only 5 equiv of ammonia 

(150 mM) in our preliminary experiments, the high yields prompted us to test lower 

concentrations of ammonia. Indeed, when 6 mM of ammonia was used with 30 mM of 

pyruvate, alanine was obtained in up to 44% yield with Pd and up to 17% with Ni (yields 

relative to ammonia, Figure 1B, entries 3 and 4). This concentration of ammonia is 62 to 250 

times lower than the previous reports. Although one might argue that the benefit of needing 

a lower ammonia concentration is offset by the need for an environment concentrated in a 

particular metal, we note that ammonia is a stoichiometric reagent whereas the metals are 

catalysts. Even though natural mechanisms exist for the generation42–44 and concentration45 

of ammonia, this concentration mechanism would need to operate continuously to enable the 

chemistry. In contrast, because the metal is a catalyst, its local concentration needs to only 

happen once to initiate the chemistry.

Meteorites as representative natural catalysts

These results suggested that simpler catalysts that are not man-made might also suffice. 

Because earthly geological samples from the time around life’s origin no longer exist, 

and because modern geological samples may have been influenced by life, we elected to 

investigate iron meteorites as catalysts. Iron meteorites are representative of some of the 

objects that impacted Earth early in its history and are rich in Ni (up to 33%) and, in some 

cases, platinum group metals (Rh, Pt, and Pd in ppm amounts).46–53 The catalytic properties 

of iron meteorites in the context of prebiotic chemistry have been described before.54,55 

It is not our intent here to invoke a prebiotic scenario involving meteorites but rather 

to investigate whether ancient heterogeneous geological samples, rather than man-made 

catalysts, can enable similar reactivity. Beyond meteorites, roughly 220 tonnes of metallic 

Fe-Ni arrives each year on the Earth in finely powdered form as cosmic dust.56 Perhaps most 

importantly, tiny metallic Ni particles are found in hydrogen-rich hydrothermal vents.57 

Samples of ten representative iron meteorites whose compositions have already been studied 

in detail (11–18 mol% Ni; ppm amounts of Rh and Pd)46,52,53,58 were purchased and 

processed into a micro-powder for reproducibility and a larger surface area (Figure S74). 

Elemental analysis of representative particles of ground meteorite particles was performed 

by energy-dispersive X-ray spectroscopy (EDX) (Figure S75; Table S23). The samples were 

Kaur et al. Page 5

Chem. Author manuscript; available in PMC 2024 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



tested as catalysts (3 mg) under the H2/HCO3
− conditions described above. In all cases, 

amino and hydroxy acids were obtained. For example, the Aletai meteorite (18 mol% Ni)58 

gave alanine in 24% yield and lactate in 43% yield (Figure 1B, entry 5; for other meteorites, 

see Table S1). Importantly, control experiments without H2 did not produce any reaction 

products, demonstrating that the meteoritic metals do not act as reductants (Table S1).

Reductive amination of glyoxylate and α-ketoacids

To test the substrate specificity of the reactions, we explored reductive amination of 

glyoxylate and the α-ketoacids that generate amino acids in metabolism. Under our standard 

conditions, the Ni, Pd, and Aletai meteorite catalysts were found to be compatible with 

glyoxylate and six different biological α-ketoacids (pyruvate, α-ke-toglutarate, oxaloacetate, 

α-ketoisocaproate, α-ketoisovalerate, and α-keto-β-methylvalerate) to give a mixture of 

the corresponding amino acids (glycine, alanine, glutamate, aspartate, leucine, valine, and 

isoleucine) and hydroxyacids (Figure 2). In the case of the Ni and meteorite catalysts, the 

product mixture was obtained in 6%–84% yield in a roughly equal ratio of amino- and 

hydroxyacids. In the case of the Pd catalyst, the product mixture was obtained in 52%–88% 

yield with >5:1 selectivity favoring the α-amino acid over the α-hydroxy acid in almost 

all cases. When formate (5 equiv) was used as a reducing agent instead of H2/HCO3
−, the 

Pd catalyst delivered the amino acids with similar yields and selectivity (Table S9; Figures 

S43–S48). In the absence of the catalyst, no reduction products were observed (Tables S8 

and S10; Figures S36–S42 and S49–S54).

Reductive aldol chemistry of ketoacids under H2

Having found a general H2-driven reductive amination of α-ketoacids under potential 

prebiotic conditions, we asked whether α-ketoacids can be simultaneously generated and 

converted to amino acids as in metabolism, but using these catalysts rather than enzymes. 

Recently, Fe2+ or phosphate was shown to catalyze reductive aldol chemistry, derived from 

the reaction of pyruvate or oxaloacetate with glyoxylate to form a series of α-ketoacids, 

including α-ketoglutarate, in functional analogy to the reverse Krebs cycle.35,36 The 

chemistry involves an initial aldol reaction to form maloyl formate and dehydration to form 

fumaroyl formate. The reduction of the alkene moiety of fumaroyl formate, using glyoxylate 

hydrate as the reducing agent, yields α-ketoglutarate, which then undergoes a second aldol 

reaction generating isocitroyl formate, followed by dehydration to give aconitoyl formate 

(Figure 3, circle 2 [rTCA cycle homolog]).

Although the aldol condensation chemistry is easy and proceeds even without catalysis 

at 22°C, the reduction of fumaroyl formate using glyoxylate requires higher temperatures 

(50°C–70°C) and an excess of Fe2+ (200 mol%) or phosphate (500 mol%).35,36 We tested 

whether H2 rather than glyoxylate hydrate might also drive the key reduction step under 

the same conditions discovered for reductive amination, allowing the two processes to 

operate simultaneously. First, we aimed to establish whether the reductive aldol chemistry 

could be driven by H2 in the absence of ammonia. Indeed, simply mixing oxaloacetate 

and glyoxylate under the standard Ni- or Pd-catalyzed conditions (22°C, water at pH 7–8 

and 5 bar of H2 in the presence or absence of bicarbonate, 72 h) allowed us to detect 

and quantify all the expected products of the reductive aldol chemistry shown in Figure 
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3, circle 2 (maloyl formate, fumaroyl formate, α-ketoglutarate, isocitroyl formate, and 

aconitoyl formate); pyruvate derived from spontaneous decarboxylation of oxaloacetate; 

and hydroxyacids derived from carbonyl reduction of the α-ketoacid starting materials and 

intermediates (glycolate and lactate). 1H NMR of a representative crude reaction mixture for 

the Ni-catalyzed process reveals the spectrum shown in Figure 4A. Assuming the reaction 

network stoichiometries described in Figure 3, the 9 compounds derived from oxaloacetate 

accounted for ~62% total yield with respect to the oxaloacetate employed, with one further 

product derived only from glyoxylate (glycolate) comprising an additional 23% yield with 

respect to glyoxylate. Using the Pd catalyst, the same products accumulated using either 

H2/HCO3
− or formate (Tables S12 and S15; Figures S58 and S63); malate could additionally 

be observed with Pd. In the absence of catalyst, the initial products of aldol condensation, 

maloyl formate, and fumaroyl formate, were still observed but not the products downstream 

of the reduction of fumaroyl formate (Tables S17–S20; Figures S66–S69). The reaction 

network was not studied at higher temperatures because oxaloacetate decarboxylates to 

pyruvate under such conditions.

Combining reductive aldol chemistry and reductive amination

With common H2- or formate-driven conditions in hand for reductive amination and for 

the α-ketoacid-generating reductive aldol reactions, we explored the possibility of linking 

these processes into a continuous reaction network in a single environment—as it occurs 

in real metabolism. Previous work has indicated that they are mutually incompatible. For 

example, metallic Fe and hydroxylamine convert ketoacids to amino acids but disrupt 

Fe2+-promoted ketoacid formation via reductive aldol chemistry.35 Likewise, Al3+-catalyzed 

transamination converts ketoacids to amino acids but could not be carried out in the presence 

of phosphate-mediated reductive aldol chemistry.36 However, simply mixing oxaloacetate 

and glyoxylate under the standard Ni- or Pd-catalyzed conditions, but in the presence of 

ammonium bicarbonate (22°C, water at pH 7–8 and 5 bar of H2, 72 h), allowed us to 

detect all the expected products of the reductive aldol chemistry (maloyl formate, fumaroyl 

formate, α-ketoglutarate, isocitroyl formate, and aconitoyl formate); pyruvate derived from 

spontaneous decarboxylation of oxaloacetate; hydroxyacids derived from carbonyl reduction 

of the α-ketoacid starting materials and intermediates (glycolate, lactate, and malate), as 

well as three amino acids (glycine, aspartate, and alanine). The amino acids formed in 

the one-pot experiment notably include glycine and aspartate, whose carbon frameworks 

become incorporated into purines and pyrimidines, respectively, during biosynthesis.

A 1H NMR of a representative crude reaction mixture in the presence of Ni catalyst is 

shown in Figure 4B, accounting for ~37% total yields of products. Reaction yields of all 

products were determined by quantitative 1H NMR integrating against dimethyl sulfone as 

an internal standard at pH 8, with the exception of aspartate, which was detected by gas 

chromatography-mass spectrometry (GC-MS) (Table S14; Figures S61 and S62, supporting 

information). The Pd catalyst, using H2/HCO3
− or formate as a reducing agent, generated 

the same products in a comparable combined yield, with a slightly different distribution 

across the various compounds (Tables S11 and S13; Figures S55–S57, S59, and S60). In 

this case, aspartate was detected in roughly 5% yield by 1H NMR. Compared with the 

experiments carried out in the absence of ammonia, its presence gave rise to several side 
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reactions, particularly in the case of Ni catalysis. Products beyond those described in Figure 

3 could be observed by NMR or GC-MS analysis but could not be identified. Compared 

with the Pd catalyst, the Ni catalyst furnished a wider range of products of biological 

interest, including glutamate, hydroxyketoglutarate, and alanine. Similar reactivity was 

observed when the experiments were scaled up 10-fold, although the initial decarboxylative 

aldol reaction was slower in this case (Tables S21 and S22; Figures S70 and S71).

Conclusions

In summary, we have shown that H2 in the presence of suitable metal catalysts under 

simple, aqueous, low ammonia conditions can drive amino acid synthesis via reductive 

amination of ketoacids under the same conditions needed for complex ketoacid synthesis 

via hydrogenative aldol chemistry and carbonyl reduction. Working together in a single pot 

without further intervention from the experimenter, the resulting reaction network emulates 

interconnected biosynthetic pathways at the heart of microbial metabolism, relying on 

H2
59,60 or formate61,62 to drive reductive reactions and on ammonium as a nitrogen source. 

The keys to this hydrogenation chemistry are heterogeneous metal catalysts based on Ni (10 

mol%) or Pd (1 mol%). Either metal supplies the catalytic function of over a dozen enzymes 

and their associated cofactors at the core of microbial metabolism. The reactions occur at 

ambient temperature, at near-neutral pH, and with H2 as the reductant under mild aqueous 

conditions relevant to geochemical H2 synthesis in hydrothermal systems9 and metabolic 

origin.13

The observation that meteorite samples catalyze amino acid synthesis substantially 

strengthens the case for natural minerals being able to promote reactions central to microbial 

metabolism.3–5,9,25 The meteorite samples shown to be active were 11–18 mol% Ni, 

whereby their heterogeneous composition does not allow us to attribute this reactivity to 

a particular metal, or mixture of metals, or to exclude a role for trace metals. Ni is common 

in meteorites,63 in H2-producing hydrothermal vents,25,64 and in the active site of enzymes 

involved in the acetyl CoA pathway,65 whereas platinum group metals like Pd are rare in 

the environment and lacking in enzymes altogether. In our attempts to combine ketoacid 

generation with reductive amination, Ni also furnished a wider spectrum of biologically 

relevant products than did Pd. Although Ni has more appeal in these regards, it may be 

premature to entirely dismiss platinum group metals as prebiotic catalysts because they are 

active even at ppm levels and are, in nature, locally concentrated in amounts many orders 

of magnitude higher than their average abundance in the Earth’s crust.27 For example, Pd 

has been found in certain samples of pentlandite in concentrations of up to 11 wt.%.66 In 

this work, we found no reactions that were specifically dependent upon Pd, as they could 

all be catalyzed by Ni, though sometimes in lower yields. The Ni-catalyzed conditions 

identified in this study are relevant to environments with high natural concentrations of H2, 

including hydrothermal vents that generate H2 through serpentinization and underground 

caverns that collect and concentrate H2 produced by water radiolysis deeper in the Earth’s 

crust. Each of these processes is thought to have generated 1011 mol of H2 per year 

during the pre-Cambrian era.67 Importantly, H2 is not released uniformly throughout 

the planet but is focused through specific environments like hydrothermal vents, where 

H2-breathing organisms still live today. Complementing Ni catalysis, the Pd-catalyzed 
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conditions identified in this study can either rely on H2 or enable transfer hydrogenation 

from formate. Taken together, these two metals offer a complementary range of conditions 

where hydrogenation or transfer hydrogenation might become prebiotically relevant. Various 

sources of energy and catalysis have been proposed as the driver of early chemical evolution. 

The reactions reported here generate ketoacids of the rTCA cycle and seven biological 

amino acids in correspondence to the reactions comprising central microbial metabolism 

with no need for peptides, RNA, cofactors, metal sulfides,68 organosulfides,69 cyanides,70 or 

ultraviolet light.71 This study supports the idea that the core of microbial metabolism, fed by 

pyruvate synthesis,25,26 could have arisen from metal-catalyzed reactions of CO2, H2O, and 

NH3, fueled by geochemical H2 (or formate) in darkness.

Experimental Procedures

Resource availability

Lead contact—Requests for further information and resources should be directed to and 

will be fulfilled by the lead contact, Joseph Moran (moran@unistra.fr).

Materials availability—All materials generated in this study are available from the lead 

contact.
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Highlights

Continuous H2-driven abiotic metabolism-like reaction network

Ketoacid-forming reductive aldol chemistry co-occurring with reductive amination

Mild conditions (pH 8, 22°C) with catalytic amounts of nickel or ground meteorites

Low ammonium concentrations 6–150 mM
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The Bigger Picture

The “metabolism-first” hypothesis for the origin of life suggests that life grew out of a 

geochemical reaction network that resembled the core of microbial metabolism. Recent 

experiments show that subsets of such a network could be recreated without enzymes, 

but they operate under distinct conditions and are rarely powered by the reducing agents 

used by biology, such as hydrogen gas. A major challenge is to identify conditions 

where multiple metabolic subnetworks can work together as a coherent whole. We report 

that nickel catalysts allow hydrogen gas to drive reactions analogous to amino acid 

biosynthesis and the reverse Krebs cycle under common mild conditions. The reactions 

collectively resemble the core of microbial metabolism and occur together in one pot 

without human intervention.
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Figure 1. Amino acid synthesis
(A) Core biological carbon fixation pathways and amino acid biosynthesis driven by H2.

(B) Reductive amination of pyruvate to alanine: pyruvate (30 mM), catalyst, ammonium, and 

hydrogen source, 1 mL H2O (pH 7–8), 22°C, 24 h. [a]Reaction with ammonium bicarbonate 

(NH4HCO3, 5 equiv, 150 mM, entries 1, 2, and 5) and (NH4HCO3, 0.2 equiv, 6 mM and 

NaHCO3, 0.8 equiv, 144 mM, entries 3 and 4) under H2 pressure (5 bar); [b]Reaction with 

ammonium formate (NH4HCO2, 5 equiv, 150 mM, entries 1, 2, and 5) and (NH4HCO2, 0.2 

equiv, 6 mM and NaHCO2 0.8 equiv, 144 mM, entries 3 and 4) where formate is used as a 

hydride and CO2 source; [c]Aletai meteorite composition for 3 mg ground powder: Ni (18 

mol%), Co (0.01 mol%), Ir, Rh (ppb amounts), and Fe; [d]Alanine yields were calculated 

with respect to 6 mM of ammonia, while lactate yields were calculated with respect to 
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30 mM of pyruvate. [e]Formate yields were calculated with non-quantitative method with 

respect to 150 mM of bicarbonate; [f]Yields and average deviations (when duplicates) were 

determined by quantitative 1H NMR spectroscopy with dimethyl sulfone as an internal 

standard. n.d., not detected; [g]N = 2. For details see Figures S1–S10 and Tables S1 and S2.
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Figure 2. Nonenzymatic reductive amination generates biological amino acids under mild 
conditions
α-ketoacids (0.03 M) are converted to a mixture of α-amino acids and α-hydroxy acids 

upon exposure to H2/NH4HCO3 (5 bars/5 equiv) under catalysis from Pd/C (1 mol% Pd, 

32 ppm relative to substrate), Ni/SiO2-Al2O3 (10 mol% Ni, 320 ppm relative to substrate), 

and Aletai meteorite (3 mg, 18 mol% Ni, 576 ppm relative to substrate) in pH 8 water at 

22°C for 72 h. Percent yields refer to the combined yields of both products, with the amino 

acid/hydroxy acid product ratios given in parentheses. For details see Figures S11–S31 and 

Tables S5–S7.
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Figure 3. A nonenzymatic H2-driven reaction network spanning four different metabolism-like 
subsystems
The reaction network generated from oxaloacetate and glyoxylate with H2 or formate in the 

presence of ammonia (NH4
+) under catalysis from Ni (10 mol% representing 640 ppm) or 

Pd (1 mol%, representing 64 ppm Pd) in pH 8 water at 22°C. Citroyl formate was not always 

detectable by 1H NMR. Glutamate and hydroxy ketoglutarate were not detectable in the 

one-pot experiment.
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Figure 4. Nonenzymatic one-pot experiments in pH 8 water at 22°C starting from oxaloacetate 
(0.06 M), glyoxylate (0.12 M), and H2/HCO3

− (5 bar/ 10 equiv)
(A) 1H NMR of the crude mixture resulting from the reaction of oxaloacetate and glyoxylate 

with sodium bicarbonate (10 equiv), under catalysis from Ni/ SiO2-Al2O3 (10 mol%, 640 

ppm relative to substrate). Reported yields were determined by quantitative 1H NMR (see 

supplemental information, Figure 60; Table S16). 9 compounds of interest were detected in a 

combined yield of ~62% based on oxaloacetate and another 1 compound (glycolate) in 23% 

yield based on glyoxylate, assuming the reaction scheme in Figure 3. Malate was detectable 

by GC-MS (Figure S61). For the reaction with Pd, see Figure 59 and Table S15.
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(B) 1H NMR of the same one-pot experiment in the presence of ammonium NH4
+ 

(NH4HCO3, 10 equiv). Products of interest account for ~37% yield based on oxaloacetate 

with another 2 compounds (glycine and glycolate) accounting for ~3% based on glyoxylate. 

Aspartate was detectable in trace amounts by GC-MS in the case of Ni (Figure S58) but 

could additionally be observed in 5% yield by 1H NMR in the case of Pd (Table S11; Figure 

S51). Control experiments can be found in Tables S17–S20 and Figures S62–S65.
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