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1. Effect of Explicit Water on Reaction Energetics: 

The presence of water molecules surrounding the reaction center can modulate reaction dynamics 

by altering hydrogen-bonding patterns and stabilizing transition states, thereby influencing both 

the energy profiles and activation barriers. To quantitatively evaluate these effects, explicit water 

molecules were positioned in the spatial vicinity of the reactive centers in the coordinate files of 

each reactant–product pair. Incorporation of a single water molecule into the reaction environment 

led to an average reduction in activation barrier of 9.5 kcal.mol-1, with approximately 77 % of all 

reactions exhibiting lower barriers compared to their uncatalyzed counterparts (Fig. S1). Analysis 

by mechanistic class revealed that Cleavage (–13.7 kcal.mol-1), Hydrolysis (–12.8 kcal.mol-1), 

Dehydration (–12.4 kcal.mol-1), and Hydrogenation (–9.0 kcal.mol-1 ) reactions showed the largest 

catalytic enhancement, consistent with water’s ability to mediate proton transfer in transition states. 

Cyclization (–7.0 kcal.mol-1) and Carboxylation (–4.8 kcal.mol-1) reactions were less affected. 

This underscores the crucial role that water plays in facilitating biochemical reactions, and this has 

been observed in other studies. (1)  
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2. Kinetic Data: 

Table S1 presents the SMILES representations of the reactions, along with their corresponding 

free energies of activation and free energy values, calculated at a reference temperature of 298.15 

K, presented in the main text Figure 2. These kinetic parameters were employed for the kinetic 

analysis. The computational cost of the simulations was assessed by tracking the number of DFT-

level gradient calls (GCs). (2)  Notably, while direct comparisons are challenging due to 

differences in the level of theory and reporting, AIMD simulations typically require approximately 

10 picoseconds to converge reactions, resulting in roughly 104 DFT calls. (3) In contrast, our 

 

Figure S1: Comparison of Non-catalyzed vs Water Catalyzed barriers. The water molecule present 
in the vicinity of the reaction centers enables the transfer of one or several protons to or from water 
molecules in the TS and has a significant impact on the reaction energetics and decreases the barriers 
on an average by 9.5 kcal.mol-1.  
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YARP-based approach can achieve convergence with two orders of magnitude fewer 

computationally expensive DFT gradient calls. This significant reduction in computational cost 

underscores the efficiency of the YARP method, making it a valuable tool for exploring complex 

biochemical reactions. 

Table S1: Reactions and Kinetic Parameters  

S.No Reaction Smiles ∆𝑮‡ 

kcal.mo

l-1 

∆𝑮 

kcal.m

ol-1 

Gradient 

Calls 

1 O=C(C(CC(O)=O)=O)O.[H][H]>>OC(C[C@@H](O)C(O)=O)=O 46.3 14.4 8 

2 OC(C[C@@H](O)C(O)=O)=O>>OC(/C=C\C(O)=O)=O.O 35.0 2.8 12 

3 O=C(C(CC(O)=O)=O)O.[H][H]>>O=C1C[C@@H](O)C(O1)=O.O 23.4 -6.2 11 

4 OC(C[C@H]1OC1(O)O)=O>>OC(C[C@@H](O)C(O)=O)=O 18.0 4.9 21 

5 OC(/C=C\C(O)=O)=O.[H][H]>>OC(CCC(O)=O)=O 45.4 -26.5 6 

6 OC(CCC(O)=O)=O.[H][H]>>OC(CCC(O)=O)O 66.2 6.7 7 

7 OC(CCC(O)=O)O>>O=CCCC(O)=O.O 33.5 -7.2 6 

8 O=CCCC(O)=O.O=C=O>>OC(CCC(C(O)=O)=O)=O 74.5 -8.4 11 

9 O=CCCC(O)=O.O=C=O>>O=C[C@H](CC(O)=O)C(O)=O 67.3 18.3 28 

10 O=CCCC(O)=O.O=C=O>>O=CCC(C(O)=O)C(O)=O 69.7 23.8 31 

11 O=CCCC(O)=O.O=C=O>>O=CCCC(OC(O)=O)=O 61.7 26.6 7 

12 O=CCCC(O)=O.O=C=O>>O=COC(CCC(O)=O)=O 67.1 18.0 6 

13 O=CCCC(O)=O.O=C=O>>OC(CCC1OC(O1)=O)=O 54.2 25.1 6 

14 O=CCCC(O)=O.O=C=O>>O=CCCC1(OC(O1)=O)O 53.9 37.6 8 

15 OC(CCC(C(O)=O)=O)=O.O=C=O>>OC(CC(C(C(O)=O)=O)C(O)=O)=O 47.1 23.7 70 

16 OC(C/C=C(C(O)=O)\O)=O.O=C=O>>OC(OC(CCC(C(O)=O)=O)=O)=O 43.1 27.4 16 
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17 OC(C[C@H](C(C(O)=O)=O)C(O)=O)=O.[H][H]>>OC(C[C@@H](C(O)

=O)[C@@H](O)C(O)=O)=O 

56.5 -6.2 8 

18 OC(C[C@@H](C(O)=O)[C@@H](O)C(O)=O)=O>>OC(C/C(C(O)=O)=

C/C(O)=O)=O.O 

42.2 -8.0 8 

19 OC(C[C@@H](C(O)=O)[C@@H](O)C(O)=O)=O>>O=C1OC([C@H]([

C@H](O)C(O)=O)C1)=O.O 

32.5 1.3 11 

20 OC(C[C@@H](C(O)=O)[C@@H](O)C(O)=O)=O>>O=C2OC([C@@H]

(O)[C@@H](C(O)=O)C2)=O.O 

31.9 -2.9 11 

21 OC(C/C(C(O)=O)=C/C(O)=O)=O.O>>OC(C(O)(CC(O)=O)CC(O)=O)=

O 

40.7 -1.6 7 

22 OC(C(O)(CC(O)=O)CC(O)=O)=O>>O=C(C(CC(O)=O)=O)O.CC(O)=O 57.0 -1.9 8 

23 OC(C(O)(CC(O)=O)CC(O)=O)=O>>O=C1OC(CC(O)(C(O)=O)C1)=O.O 44.5 1.3 11 

24 OC(C(O)(CC(O)=O)CC(O)=O)=O>>OC(C[C@]1(CC(OC1=O)=O)O)=O

.O 

38.8 11.9 16 

25 OC(C(O)(CC(O)=O)CC(O)=O)=O>>OC(C[C@]1(C(O)=O)CC(O1)=O)=

O.O 

42.7 9.4 12 

26 OC(C(O)(CC(O)=O)CC(O)=O)=O>>OC(CC1(OC1(O)O)CC(O)=O)=O 48.6 30.6 32 

 

3. High pH Reaction Network: 

All species within the main rTCA cycle are mild to strong Brønsted acids, with pKa values ranging 

from 2 to 6, and are therefore expected to exist predominantly in their deprotonated forms under 

high-pH aqueous conditions. (4) Transition state optimization was conducted on reactions within 

this deprotonated network to evaluate kinetic accessibility. Despite extensive search efforts, only 

one transition state was discovered, corresponding to the hydrogenation of 2-oxoglutarate to 

succinate. While this reaction is thermodynamically favorable (ΔG = –23.1 kcal.mol-1), it proceeds 
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through a high-energy transition state with an activation barrier of ΔG‡ = 55.2 kcal.mol-1. Notably, 

the activation barrier is comparable to that of the non-deprotonated analog shown in Fig. 2, 

suggesting that deprotonation has minimal impact when the charged moieties are spatially distal 

from the reaction center. This is consistent with the expectation that reactions involving direct 

participation of deprotonated carboxyl groups will be more sensitive to charge effects, whereas 

deprotonated sites separated by two or more bonds from the reactive center exert a smaller 

influence on the barrier. (5) 

 

No other anionic transition states were converged for other steps within the main cycle, precluding 

a complete kinetic comparison and limiting mechanistic insight across the network. These failures 

are likely due to limitations of the GFN2-xTB method employed during the low-level search phase. 

(6)  This method uses a multipole expansion to approximate electrostatic interactions, which 

inadequately stabilizes highly charged anions, resulting in poor convergence behavior. Over 200 

conformers were sampled in these cases, more than the ~10 used for other reactions, yet no 

transition states were located. Future efforts will explore alternative levels of theory during the 

initial transition state localization to improve convergence rates for reactions involving highly 

charged intermediates, which has shown success in other systems. (7)  
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4. Additional Reactions of Interest: 

Two additional pathways converged that highlight the formation of intermediates chemically 

adjacent to the reverse tricarboxylic acid (rTCA) cycle (Fig. S3). Reaction 1 yields glyoxylic acid 

and oxalate from isocitrate via a concerted bond rearrangement, with an activation barrier (ΔG‡) 

of 78.0 kcal.mol-1 and a moderately free energy change (ΔG) of –5.3 kcal.mol-1. Reaction 2 forms 

pyruvic acid and formic acid from glycolic acid and acetic acid. The reaction proceeded through a 

higher energy-constrained ring-like transition state with a barrier of 93.0 kcal.mol-1 and a reaction-

free energy of –3.9 kcal.mol-1. These reactions highlight kinetically accessible known rTCA-

adjacent metabolites. (8–10) 

 

 

Figure S2: Hydrogenation of 2-oxoglutarate to succinate in the doubly deprotonated state 
proceeds through a high-energy transition state (ΔG‡ = 55.2 kcal.mol-1) despite a favorable 
overall reaction free energy (ΔG = –23.1 kcal.mol-1). Transition state geometries are shown both 
in the absence and presence of an explicit water molecule. 
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5. 

 

Figure S3: Two reaction pathways 1 and 2 that generate species known to exist adjacent to the 
rTCA cycle chemical space, such as glyoxylic acid, formic acid, and pyruvic acid. 
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5. Autocatalytic effect: 

 

Three additional reactions were identified that form the basis of the acetic acid–oxaloacetic acid 

pericycle, an autocatalytic extension of the reverse tricarboxylic acid (rTCA) cycle (Fig. S4a; TS 

geometries are shown in Fig. S5). (11) Reaction 1 involves the hydrogenation of acetic acid to 

acetaldehyde and water, proceeding with an activation barrier (ΔG‡) of 77.7 kcal.mol-1 and a 

 

Figure S4: Autocatalytic extension of the rTCA cycle through the acetic acid–oxaloacetic acid 
pericycle. (a) The elementary reaction steps leading to oxaloacetic acid formation from acetic 
acid, with calculated reaction free energies and activation barriers. (b) Presents the microkinetic 
simulations of the rTCA cycle including the pericycle. Despite the high kinetic barrier of the 
epicyclic pathway rendering it kinetically hindered, this route was incorporated into the model 
using the lowest-barrier reaction identified from the main rTCA cycle (ΔG = –7.0 kcal.mol-1, 
ΔG‡ = 33.0 kcal.mol-1), allowing assessment of its potential contribution to overall network flux. 
(c) Visualization of the cumulative flux analysis of the whole network. Each link connecting the 
molecular species corresponds to a reaction involving those species and the width and the color 
(shown in the color bar) of the link correspond to the normalized flux. The color of the label 
corresponds to the net inward flux (green) or net outward flux (red) for the respective molecular 
species. (d) The reaction channel with the most dominant cumulative fluxes. The value of the 
cumulative fluxes is given above the arrow. 
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reaction free energy (ΔG) of –1.4 kcal.mol-1. Reaction 2 corresponds to the carboxylation of 

acetaldehyde to pyruvic acid, with a higher barrier of 90.7 kcal.mol-1 and ΔG of 19.3 kcal.mol-1 

Reaction 3 involves the subsequent carboxylation of pyruvic acid to form oxaloacetic acid, with 

ΔG‡ = 87.9 kcal.mol-1 and ΔG = 31.8 kcal.mol-1. The large activation barriers indicate that the 

autocatalytic route remains kinetically hindered under uncatalyzed prebiotic conditions. 

 

Despite the high activation barriers rendering the autocatalytic pathway kinetically unfavorable, 

the potential effect of autocatalysis was examined by incorporating this chemical transformation 

by modifying the barriers to match the lowest-barrier reaction from the main rTCA cycle (ΔG‡ = 

33.5 kcal.mol-1, corresponding to R7 in main text Fig. 2) into the microkinetic model (Fig. S4b). 

The same microkinetic modeling methodology as the main text analysis was followed here. Even 

with this substitution, the cycle remained kinetically hindered, showing limited enhancement in 

overall turnover. Cumulative flux analysis revealed that the main cycle flux was partially diverted 

to an off-target low-barrier reaction, R4, with a flux magnitude of 0.6 mol.m-2.s-1 (Fig. S4c-d). 

Acetic acid formation was notably accelerated, becoming observable in the microkinetic modelling 

as early as 104 s, in contrast to 1010 s in the non-autocatalytic simulations presented in the main 

text. Thus, even if the autocatalytic route were kinetically accessible, it would only marginally 

enhance the formation of specific intermediates and would not overcome the kinetic bottlenecks 

that constrain the rTCA cycle under uncatalyzed prebiotic conditions. 
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Figure S5: Transition-state geometries of the three elementary reactions constituting the acetic 
acid–oxaloacetic acid pericycle in the autocatalytic extension of the rTCA cycle. Each row shows 
the corresponding reactants, products, and optimized transition-state structures. 
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