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ABSTRACT: Coenzymes are involved in ≥30% of enzymatic reactions and likely predate enzymes, going back to prebiotic 

chemistry. However, they are considered poor organocatalysts, and thus their pre-enzymatic function remains unclear. Since metal 

ions are known to catalyze metabolic reactions in the absence of enzymes, here we explore the influence of metal ions on coenzyme 

catalysis under conditions relevant to the origin of life (20-75 °C, pH 5-7.5). Specifically, Fe or Al, the two most abundant metals in 

the Earth’s crust, were found to exhibit substantial cooperative effects in transamination reactions catalyzed by pyridoxal (PL), a 

coenzyme scaffold used by roughly 4% of all enzymes. At 75 ºC and 7.5 mol% loading of PL/metal ion, Fe3+-PL was found to be 90-

fold faster at catalyzing transamination than PL alone and 174-fold faster than Fe3+ alone, whereas Al3+-PL was 85-fold faster than 

PL alone and 38-fold faster than Al3+ alone. Under milder conditions, reactions catalyzed by Al3+-PL were >1000 times faster than 

those catalyzed by PL alone. Pyridoxal phosphate (PLP) exhibited similar behavior to PL. Experimental and theoretical mechanistic 

studies indicate that the rate-determining step in the PL-metal-catalyzed transamination is different from metal-free and biological 

PL-based catalysis. Metal coordination to PL lowers the pKa of the PL-metal complex by several units and slows the hydrolysis of 

imine intermediates by up to 259-fold. Coenzymes, specifically pyridoxal derivatives, could have exhibited useful catalytic function 

even before enzymes.

Introduction 

Catalysis is central to life’s processes and must have played a 

role dating back to its roots in prebiotic chemistry.1–4 Amongst 

the various entities implicated in biological catalysis, cofactors 

such as metals,5 metal ions,6 and small organic molecules 

(coenzymes)7,8 are the simplest and are, therefore, among the 

most likely to have appeared early in chemical evolution.9 

Cofactors are involved in over 60% of known enzymatic 

mechanisms,10 and coenzymes are employed by over 30% of 

enzymes.11 Metals and metal ions have been found to promote 

a wide variety of metabolic reactions in the absence of enzymes, 

a finding that sheds light on the potential prebiotic origins of 

metabolism.12 Coenzymes, working independently or with 

metal ions, could also have played an important role in prebiotic 

chemistry.13–15 However, only a few experimental 

investigations on the nonenzymatic catalytic properties of 

coenzymes have been carried out in such a context.16 

Coenzymes based on the pyridoxal scaffold, such as pyridoxal 

phosphate (PLP) and pyridoxamine (PMP), along with their 

vitaminic precursor pyridoxal (PL), represent a relevant case 

study for the potential role of coenzymes in prebiotic chemistry. 

They are widely used (~4% of known enzymes17) in a variety 

of biological reactions,18 including in the transamination of 

amino acids and keto acids,19 which is a central process in the 

biosynthesis of nearly all amino acids. PLP is essential in the 

co-catalysis of biological transamination because it couples two 

reversible half-reactions. In the first half-reaction, PLP accepts 

an amino  

 

Scheme 1. Key steps of the enzymatic transamination of Glu to 

Ala, catalyzed by alanine aminotransferase (ALT) and the 

coenzymes pyridoxal-5’-phosphate (PLP) and pyridoxamine-5’ 

phosphate (PMP). 

group from an amino acid to form the corresponding keto acid 

and PMP under catalysis from an aminotransferase enzyme. In 

the second half-reaction, PMP transfers an amino group to an 

incoming keto acid to form the new amino acid and reform PLP, 

again with the help of aminotransferase (Scheme 1). Little is 

known about the catalytic potential of the pyridoxal scaffold for 

transamination in prebiotic chemistry before enzymes (Figure 

1). The nonenzymatic transamination of amino and keto acids 

can hardly be avoided since it occurs spontaneously with some 

substrates20 and is readily catalyzed by some metal ions21 

through a mechanism that we have recently studied in detail.22 

We wondered whether cooperation between metal ions and PL 

or PLP may have accelerated or enabled new prebiotic 

transamination reactions. In support of this idea, mechanistic 



 

studies have demonstrated that half-reactions involving the 

pyridoxal scaffold can occur in the absence of enzymes23–34 and 

are, in some cases, accelerated by metal ions.24,35,31 However, 

inhibition by some metals has also been observed,36 and thus 

merging these two independent half-reactions (cf. Scheme 1) 

into a productive process using catalytic quantities of PL or 

PLP, such that it might have relevance for prebiotic chemistry 

has so far proven elusive. Here we surveyed 18 of the most 

Earth-abundant metal ions and found that catalytic quantities of 

PL dramatically accelerate the Fe3+ and Al3+ catalyzed 

transamination between keto acids and amino acids. The rate 

acceleration is most pronounced for these specific metals, 

which happen to be the most abundant in the Earth’s crust. 

Mechanistic studies provide evidence for synergistic catalysis 

between metal and PL and place the emergence of PLP at an 

early stage of abiogenesis. This finding is in agreement with 

conclusions made from cladistic analysis of metabolic 

pathways,37 and from in-silico analysis of autocatalytic 

metabolic networks in LUCA38,39 or a minimal autotrophic 

metabolism.40 Our study constitutes a rare example in which 

coenzymes are shown to act as catalysts for metabolic reactions 

in the absence of enzymes and provides a framework for future 

studies of cooperative effects between metals and coenzymes. 

Results and discussion 

Baseline reactivity of PL and metal ions. We first studied the 

transamination of glutamic acid (Glu) with pyruvate (Py) which 

affords α-ketoglutarate (KG) and alanine (Ala). KG and Py are 

intermediates of the prebiotically relevant 

(r)TCA and glyoxylate cycles,12,41–45 and are two of the 

universal metabolic precursors to other classes of 

biomolecules.46 Glu and Ala are two of the most common 

prebiotic amino acids.47 For initial studies, pyridoxal (PL) was 

chosen over PLP due to its simpler structure, its higher 

similarity with reported prebiotic syntheses from ammonia and 

glyceraldehyde,48 and its greater robustness (Figure S1). 

However, PL and PLP afforded very similar rates in control 

experiments (Figure S2). Cu2+, Ni2+, V5+, Fe3+, and Al3+ were 

chosen as primary metal catalysts due to their  

 

Figure 1. Nonenzymatic transamination systems relevant to 

prebiotic chemistry (R = CH2OH or CH2OPO3H-). 
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Figure 2. Relative initial rates (vrel) of transamination of glutamic acid to alanine. Conditions: Glu (45 mM), Py (30 mM), PL(P) (0 or 7.5 

mol%), metal salt (0 or 7.5 mol%), sodium acetate/acetic acid buffer (1 M, pH 6), 75 °C, 1-7 days. [Ala] determined by calibrated 1H NMR 

after quenching of aliquots. Initial rates were determined by the slope of the least square linear regression analysis (LR) of time-concentration 

profiles. Relative rates vrel are expressed relative to metal-free standard conditions with PL (7.5 mol%) and EDTA (3.75 or 7.5 mol%). a 

conducted under inert atmosphere (N2).



 

relevance to prebiotic transamination reactions (Cu, Ni, V),22 

their importance in biology (Fe), or their environmental 

abundance (Fe, Al).49 The reactions of Glu with Py were studied 

through the initial rate (vini) of Ala formation (taken to up to 

around 10% conversion (based on Py), or, when a more 

complete reaction profile was obtained, the appropriate linear 

region). As transamination is under thermodynamic control, a 

theoretical maximum of 19.4 mM of Ala could form under the 

chosen conditions.22 However, as many processes (such as 

catalyst degradation, product inhibition, reactant/product 

degradation) can prevent the theoretical equilibrium from being 

reached, aliquots were subsequently withdrawn every day for a 

period of 5 to 7 days to record the highest Ala concentration 

observed ([Ala]max) after the determination of initial rates. 

Studying the reactions of Glu (45 mM) with Py (30 mM) under 

catalysis from PL (7.5 mol%, 2.25 mM) or from a metal ion (7.5 

mol%, 2.25 mM) at pH 6 and 75 °C allowed us to compare the 

metal-free PL catalysis to the metal-only catalysis in a 

convenient timeframe. A 1 M acetate buffer was chosen due to 

the high solubility of metal acetate salts. Reactions were 

analyzed by 1H NMR after the removal of metals by 

precipitation at high pH, which resulted in good separation of 

the characteristic doublet of the Ala -CH3 resonance. KG and 

Ala were typically the major products (see the file 

Supplementary Procedures, Kinetic Data, and DFT 

Computations (PDF) for details). At this early stage, we 

learned, as others before us,24 that PL catalysis is extremely 

sensitive to trace metal ions. High purity reagents and solvents 

were needed to ensure reproducible results in metal-free 

reactions. Furthermore, the metal chelator EDTA was routinely 

added as an inhibitor of trace metals in metal-free reactions. 

Under this first set of standard conditions, the comparison of 

PL-only against metal-only catalysis showed that PL (vini = 0.77 

± 0.03 µM∙min-1, vrel = 1) is significantly outcompeted by simple 

metal ions (Figure 2). Indeed, the reactions catalyzed by Cu2+ 

(vrel = 10.9 ± 1.2) and V5+ (vrel =52.9 ± 5.1) proceeded with 

significantly higher rates than those catalyzed by PL or PLP. 

Reactions catalyzed by Ni2+ (vrel = 1.5 ± 0.1) and Al3+ (vrel = 2.2 

± 0.2) are both faster than Fe3+ (vrel = 0.5 ± 0.1). The 

concentrations of [Ala]max recorded over several days illustrates 

the consequences of such rate differences: Cu2+ and V5+ reached 

[Ala] = 14 mM after 3 and 1 days, respectively, whereas PL 

only reached [Ala] = 3 mM after more than 5 days (Figure S2). 

In light of the faster rates provided by Cu2+ and V5+ ions, it is 

hard to see the benefit of PL or PLP in the absence of a co-

catalyst.  

Metal-PL co-catalysis. A complete separation of PL- and 

metal-catalyzed processes is unlikely under realistic prebiotic 

conditions. For instance, Fe and Al account for roughly 14% of 

the Earth’s crust, which is a greater portion than all other metals 

combined. Furthermore, the acidic pH of the early oceans would 

have favored mineral weathering.50 Building on earlier research 

on stoichiometric PL to PM transamination,24,31,36 we postulated 

that the presence of metal ions might also be advantageous 

when using PL in catalytic amounts. Therefore, we 

systematically screened 18 of the most abundant metals in the 

Earth’s crust and evaluated their effect on PL-catalysis. 

Monovalent Na+ and K+ were found to be catalytically inactive 

and were thus used as counterions.  

 

 

Table 1: The effect of buffer and pH on relative rates of 

PL, metal, and metal-PL catalysis. 

 

entry Cat1 Cat2 pH Buffer (M) 
vini

a 

(µM/min) 

vrel
b
  

(PL) 

1c PL - 6 NaOAc (1) 0.77 1c 

2 PL - 6 NaCl (1) 0.077 1 

3 - Cu2+ 6 NaCl (1) 0.34 4 

4 - V5+ 6 NaCl (1) 7.65 99 

5 - Fe3+ 6 NaCl (1) 0.080 1 

6 - Al3+ 6 NaCl (1) 0.25 3 

7 PL Fe3+ 7 NaCl (1) 14.9 193 

8 PL Fe3+ 6 NaCl (1) 15.8 206 

9 PL Fe3+ 5 NaCl (1) 14.6 189 

10 PL Al3+ 7 NaCl (1) 14.8 192 

11 PL Al3+ 6 NaCl (1) 18.5 240 

12 PL Al3+ 5 NaCl (1) 23.7 308 

13 PL - 6 NaPi (0.5) 3.3 1 

14 PL Fe3+ 6 NaPi (0.5) 32.2 10 

15 PL Al3+ 6 NaPi (0.5) 13.5 4 

16 PL Al3+ 6 MES (0.25) 38.6 n.d 

Initial rates of alanine formation, catalyzed by PL (0 or 7.5 

mol%) and/or metal salts (0 or 7.5 mol%). a Initial rates (vini) 

were determined by the slope of the least square linear 

regression analysis of time/concentration profiles determined 

by 1H NMR after quenching of aliquots. b Initial rate relative 

(vrel) to PL-only catalysis. c Metal-free PL data from Figure 2. 

Pi: pyrophosphate, MES: 2-(N-morpholino)ethanesulfonic 

acid, n.d.: not determined. 

Equimolar amounts (7.5 mol%) of PL and metal salts were used 

in each reaction, and the initial rates (vini) wererecorded by 1H 

NMR as before. By plotting the observed rate relative to the rate 

observed with metal-free PL-catalysis (vrel), two groups of 

metals were identified as particularly interesting (Figure 2). The 

first group of metals (Cu2+, Ni2+, V5+) displayed modestly 

increased rates of catalysis in the presence of PL compared to 

the PL-only and metal-only controls. Metals in this group were 

also previously reported as the most active in metal-only 

catalyzed transamination.22 In the case of PL + Cu2+, the initial 

rate was nearly 100-fold faster than with PL alone but was only 

10-fold faster than with Cu2+ alone. A second group of metals 

(Fe3+, Al3+), working together with PL, displayed more striking 

rate acceleration compared to the metal-only catalysis. Metals 

in this group were not particularly effective in metal-only 

controls and were highly earth- abundant. The Fe3+-PL system 

was 90-fold faster than with PL alone and 174-fold than with 

Fe3+ alone. The Al3+-PL system was 85-fold faster than with PL 

alone and 39-fold faster than with Al3+ alone. The [Ala]max 

observed after 5 to 

 



 

Table 2: rates of PL and metal-PL catalysis at pH 5 

 

entry Cat1 Cat2 T (°C) AcOH (M) 
vini

a  

(µM/min)
 

vrel
b
  

(PL) 

1 PL - 50 0.25 0.013 1 

2 PL Fe3+ 50 0.25 5.22 402 

3 PL Al3+ 50 0.25 6.57 496 

4 PL Al3+ 35 0.25 2.73c 1045c 

5 PL Al3+ 20 0.25 0.47c NRd 

6 PL Al3+ 35 1 2.20 307 

7 PL Al3+ 20 1 1.04 NRd 

Initial rates of alanine formation, catalyzed by either PL (5 mol%) 

and/or metal salts (0 or 5 mol%). a Initial rates (vini) determined by 

least square linear analysis of time/concentration profiles, 

determined by 1H NMR after quenching of aliquots. b Initial rate 

relative (vrel) to PL-only catalysis. c Reaction conducted with 10 

mol% of catalyst(s). d No reaction was observed for metal-free 

PL-catalysis. 

7 days were generally consistent with the observed initial rates, 

apart from Ni2+, which afforded [Ala]max similar to Fe3+ (Figure 

S2). The strong increase in reaction rate for the Fe3+-PL and 

Al3+-PL systems makes them competitive with Cu2+-PL and 

V5+-PL. This is particularly important in the prebiotic context, 

as Fe and Al are the two most abundant metals in Earth’s crust 

(5-6% and 8%, respectively), while Cu and V are relatively 

scarce (0.006 % and 0.012 %, respectively).49 These less 

abundant metals would therefore have been less likely to 

interact with PL or its analogs in a prebiotic context. Overall, 

these results show that the PL scaffold is able to amplify the 

catalytic power of the two most common metals on Earth (Fe, 

Al) and of rarer metals (Cu, Ni, V), whereas only the latter are 

capable catalysts on their own.  

Buffer effects. We next set out to explore the reactivity 

landscape of the synergistic Fe3+-PL and Al3+-PL systems under 

various conditions (Table 1). When the reaction was conducted 

in saline solution (1 M NaCl) instead of in 1 M acetate/acetic 

acid buffer, a pH drift of around 0.5 units could be observed, as 

the reactants and products had a small buffering effect on the 

reaction. In several instances, at pH values of 5, 6, and 7 and at 

75 °C, an even stronger acceleration was found for the metal-

PL tandem (entries 7-12) compared to metal or PL alone 

(entries 2,5,6). Both Fe3+-PL and Al3+-PL exhibited rate 

accelerations from 189-fold (Fe3+, pH 5, entry 9) to 308-fold 

(Al3+, pH 5, entry 12) faster than PL-only catalysis. In the saline 

solution, only the environmentally scarce V5+ led to substantial 

reaction rates (>1 µM.min-1) and yields in the absence of PL co-

catalysis (entry 4), highlighting the practical need for co-

catalysis with PL on the timeline of life’s emergence. Next, we 

evaluated other buffers that are commonly used by biochemists 

(phosphate, MES (2-(N-morpholino)ethanesulfonic acid), 

cacodylate, acetate, formate, and lutidine). Buffers are used in 

studies of prebiotic chemistry to ensure reproducibility and to 

gain mechanistic insight, although some lack relevance to the 

early Earth. In addition to controlling the pH, buffers can 

influence the reaction through general acid-base catalysis (GA-

BC) or by coordinating the metal.51 At a high concentration of 

500 mM, phosphate buffer is typically expected to interact 

strongly with metals, potentially leading to inhibition. 

Nevertheless, we found that the co-catalyzed reactions still 

outperformed the metal-free PL reaction (Table 1, entries 14-

15). A nitrogen-based buffer, MES, was also compatible with 

metal-PL catalysis (entry 16). It is clear from these observations 

that the buffer is not innocent in this reaction: the pH, the buffer 

pKa, and the buffer structure all influence the outcome of the 

reaction in intricate manners. To understand the true influence 

of pH on the reaction, it is necessary to deconvolute pH effects 

from buffer effects using a pH-rate analysis. 

pH-rate analysis of Al-PL catalysis. Linear correlations 

between initial rate (vini) and buffer concentration were 

observed in four buffers at different pH values that, taken 

together, cover the pKa range of 3-7.5. A representative plot is 

given in Figure 3a, with all plots given in Figure S6. From each 

of these plots, an initial rate (v0
ini) at a hypothetical zero buffer 

concentration could be extrapolated and plotted as a function of 

pH to afford the buffer-independent pH-rate profile shown in 

Figure 3c. Between pH 3 and 7.5, the profile shows a maximum 

around pH 6.5, a value consistent with the geochemical 

environment of the early Earth.52,53 It should be noted that, in 

our case, buffers can also influence the outcome of the reaction 

due to their coordinating abilities. Detailed, quantitative 

mechanistic analysis of the obtained pH-rate profile is therefore 

challenging, but it can still be used to illustrate the general 

behavior of the Al-PL system toward pH, independently of the 

buffer. Buffers are necessary to ensure reproducibility but often 

lack prebiotic plausibility and can significantly influence 

reactions. For example, the buffer-independent rate calculated 

at pH 5 (v0
ini = 4.9 ± 0.1 µM.min-1) is significantly lower than 

the one observed in 250 mM acetate buffer at the same pH 
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Figure 3. a: correlation between [buffer]tot and initial rates. b: 

buffers used. c: pH-initial rate profile from the measurement of 

buffer independent buffer independent initial rates (v0
ini, µM.min-

1). 



 

Al-PL: y = -7.79x + 19.14
R² = 0.99

Fe-PL: y = -8.07x + 19.64
R² = 0.98

PL: y = -11.46x + 24.31
R² = 0.97

-12

-10

-8

-6

-4

-2

0

2.7 2.8 2.9 3 3.1

ln
(v

in
i)

1/T (x 103·K-1)  

Figure 4. a: Standard conditions used for mechanistic studies. b: 

Arrhenius plot. c: Apparent activation energies. 

6.1 ± 0.1 µM.min-1). Conversely, the buffer-independent rate 

calculated at pH 7 (v0
ini = 6.0 ± 0.1 µM.min-1) is higher than the 

observed rate at the same pH in 250 mM lutidine buffer (v250
ini 

= 5.3 ± 0.3 µM.min-1, Table S1). Since buffer effects can serve 

as mechanistic probes, we searched for conditions suitable for 

mechanistic analysis. 

Identification of conditions suitable for mechanistic studies 

of metal-PL co-catalysis in transamination. We focused our 

mechanistic studies on Al3+ and Fe3+ because their natural 

abundance is far higher than other active metals. Acetate buffer 

was chosen due to the prebiotic relevance of carboxylic acids42 

and the linear effect of its concentration on observed rates. A 

pH of 5 was chosen because it provided ample buffering ability 

and adequate signal separation in 1H NMR. The loading of PL 

and the metal co-catalyst was reduced to 5 mol% (1.5 mM), 

resulting in a metal concentration of roughly 82 ppm for Fe and 

40 ppm for Al. Such concentrations are within an order of 

magnitude of those found in natural water samples.54 A 

temperature of 50 °C was chosen as the standard, which is in 

the range thought to be representative of Earth’s mean 

temperatures in the Hadean era.52,53 Under these standard 

conditions, the reaction of Glu (45 mM) with Py (30 mM) 

produced an even larger rate acceleration compared to PL alone: 

400-fold for Fe-PL (Table 2, entry 2) and nearly 500-fold for 

Al-PL (Table 2, entry 3). At 35 °C, Al-PL was >1000-fold faster 

than PL alone (Table 2, entry 4). At 20 °C, products could not 

be observed without metal co-catalysis even after one 

 month (Table 2, entry 5). The effect of PL on metal catalysis 

was more significant at lower buffer concentrations (see entry 

4 vs. entry 6). Finally, we found that the catalysis of 

transamination by the metal-PL system is not limited to the Glu 

to Ala transformation. In 1H NMR experiments, we observed 

significant transamination of glutamate, aspartate, alanine, 

valine, leucine, iso-leucine, serine, and, to a lesser extent, 

threonine, to glycine at room temperature in less than 48 h under 

standard conditions (Table S2). These findings emphasize the 

benefits of metal-PL co-catalysis of transamination under 

conditions potentially relevant to the origin of the metabolic 

network. 

Arrhenius analysis. An Arrhenius analysis readily explains the 

temperature effect noted above. Under standard mechanistic 

conditions (Glu 45 mM, Py 30 mM, PL 5 mol%, Al/Fe 0 or 5 

mol%, NaOAc/HOAc 250 mM, pH 5), initial rates (vini) were 

recorded between 50 to 90 °C. Plotting ln(vini) vs. 1/T afforded 

an Arrhenius plot from which the apparent activation energy 

(Eapp) can be calculated (Figure 4b). In multistep mechanisms 

such as transamination, Eapp reflects the contributions of all 

steps exercising a degree of rate control (DRC) on the system.55 

In this way, metal-PL co- catalysis was found to cause a 

decrease of apparent activation energy Eapp of around 30 

kJ·mol−1 for Al-PL (64.8 ± 2.0 kJ·mol−1) and Fe-PL (67.1 ± 3.2 

kJ·mol−1) compared to PL-only (95.3 ± 6.6 kJ·mol−1, Figure 4c). 

This reduction in activation energy causes the relative rate of 

metal-PL catalysis to increase compared to PL-only catalysis as 

temperatures decrease, as would be expected for any catalytic 

pathway offering a lower Eapp. This effect illustrates how 

catalysis can favor specific processes over others within more 

complex reaction networks.3 

Mechanistic studies. Understanding the synergistic effect of 

metal-PL catalysis on transamination requires identifying the 

rate-determining states of the cycle.56 The energy difference 

between the resting state (RS) and the rate-determining 

transition state (RDS) represents the highest barrier to 

overcome and thus determines the overall kinetics. 

Transamination catalyzed by aminotransferases follows a 

“Ping Pong Bi-Bi” mechanism, in which two substrates, an 

amino- and a keto acid, afford two products, their respective 

keto- and amino acid, with the catalyst shuttling between two 

unbound states, PL and pyridoxamine (PM). Nonenzymatic PL-

catalysis of transamination occurs by a mechanism that follows 

the same elementary steps.34 As observed by 1H NMR for the 

Al-PL 

 

 

Figure 5. Simplified representation of the catalytic cycle illustrating the key steps of the generally accepted “Ping-Pong Bi-Bi” type 

mechanism, adapted for Al-PL catalysis (R = CH2CH2COO- or Me).  



 

catalyzed reaction,57 or in crystal structures of Fe with PL,58 

metals co-catalyze the reaction by forming chelates with the 

imines formed between PL and amino acids (AA). As Fe3+-PL 

catalysis led to a complex kinetic profile that furthermore could 

not be investigated by in-situ NMR due to the paramagnetism 

of Fe3+ (Figure S10), we focused our further study on Al-PL 

catalysis. Because of the symmetry of the process, it is useful to 

represent the catalytic cycle as a series of identical elementary 

steps between PL and PM (Figure 5, illustrated with Al3+ as 

metal). From PL, imine formation between the Al and PL 

catalysts and Glu affords the aldimine Al-PL-Glu (step 1a). 

Deprotonation of the AA C2-H position gives the intermediate 

Al-PL-KG (step 2a), and protonation yields the ketimine Al-

PM-KG (step 3a). Finally, hydrolysis provides KG and the Al 

and PM catalysts (step 4a), which can further react with Py in 

the reverse order (4b-3b-2b-1b) to provide the second product, 

Ala, and regenerate the Al and PL catalysts. To start our studies, 

we first set out to obtain a more complete reaction profile. In 

our initial investigations, we only monitored Ala formation 

since, by definition, at least one equivalent of KG must be 

formed for each equivalent of Ala detected. However, the 

concentrations of Ala and KG may not be equal at all times 

since PL must participate in the deamination of Glu, increasing 

the observed concentration of KG. We first investigated the 

reaction of Glu (45 mM) with Py (30 mM) at pH 5 

(HOAc/NaOAc 250 mM, I = 0.3 M (NaCl)), catalyzed by Al-

PL (5 mol%) by in-situ 1H NMR at 50 °C (Figure 6). Significant 

differences in the concentrations of Ala and KG (up to about 

0.2 mM) were found at the beginning of the reaction: a short 

pre-steady state burst of KG formation can be seen, along with 

a longer induction period for Ala (around 20 min for KG against 

50 min for Ala). A steady state was then established 
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Figure 6. Time-concentration profile of Al-PL catalysis. Initial 

rates were determined from the time-concentration profiles of three 

independent in-situ 1H NMR runs by linear regression between 0.2 

and 1.5 mM product concentrations.  

around [KG] = 0.5 mM and similar rates of formation of KG 

and Ala were observed for the rest of the time frame studied (up 

to 600 min), representing roughly 40% conversion (Figure 6). 

Initial rates measured from three independent runs show vini
Ala 

= 6.26 ± 0.14 µM·min-1 and vini
KG = 6.00 ± 0.12 µM·min-1, in 

good accordance with the previously obtained value from the 

manual sampling of the reaction (Table 2, entry 3). Thereafter, 

only Ala was followed, reaching close to 10 mM concentration 

after about 5000 min. This reaction profile can be contrasted by 

the one obtained under identical conditions when Al-

pyridoxamine (PM) was used instead of Al-PL as a starting 

point for catalysis (Figure 7). Here, a larger difference is 

observed between the rates of formation of Ala vs. KG during 

the pre-steady state regime (vini
Ala = 19.5 ± 0.9 µM·min-1 

compared to vini
KG = 5.9 ± 0.2 µM·min-1 when measured 

between 0.02 and 0.5 mM). This difference in the pre-steady 

state regime explains the significant (≅ 1 mM) difference in the 

steady state concentrations of [Ala] and [KG] observed when 

PM is used as the pre-catalyst (Figure 6 and 7, Δ([KG]-[Ala])). 

More importantly, it shows that the rate-determining states of 

the catalytic cycle are located in the forward sequence of 

reactions (i.e., Glu to KG), with the overall rate of the system 

limited by KG production. Reaction progress kinetic analysis 

(RPKA) was used to verify whether the Al-PL pair acts as a true 

catalyst and does not simply modify the equilibrium of the 

reaction.59 First, catalyst deactivation was ruled out by 

performing “same-excess” experiments, where the catalyst is 

added to a mixture of substrates and products (Glu, Py, KG, and 

Ala) representative of a reaction at 10% conversion (3 mM).60 

The time profiles of the “same-excess” and standard 

experiments overlapped, indicating that negligible deactivation 

or product inhibition occurs (Figure 8a). Next, “different-

excess” experiments were conducted.61 Reactions under 

standard conditions but with different catalyst loading (Al-PL: 

5, 10, and 15 mol%) were performed. As no catalyst 

deactivation was previously observed, the catalyst 

concentration was assumed to be constant throughout the runs, 

allowing for a variable time normalized analysis (VTNA) of the 

reaction order in Al-PL.60 The excellent overlay obtained for a 

partial order of 1 in Al-PL (1:1, denoted as t[Al-PL]1) over the 

whole studied timeframe demonstrates that Al-PL is a true 

catalyst and does not modify the equilibrium constant of the 
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Figure 7: Time-concentration profile of Al-PM catalysis, 

determined by in-situ 1H NMR. Rates under steady state (vste) were 

determined between 2 and 3 mM of Ala. 
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Figure 8. Investigation of the Al-PL catalyst. a: “same-excess” 

investigation of catalyst deactivation/inhibition. b: VTNA of the 

reaction order in catalyst, for a partial order of 1 in [Al-PL]. 

reaction, which otherwise would have resulted in divergent 

profiles (Figure 8b). The order of 1 also shows that higher-order 

complexes that have been observed previously57 and studied 

here by DOSY, UV, and HRMS (Figure S13-16) are likely not 

kinetically relevant. Accordingly, the overlaps obtained when 

performing VTNA using a 1:2 Al/PL ratio (Al = 1.5 mM, PL = 

3 mM) for an order of 1 in Al (t[Al]1) and an order of ½ in PL 

(t[PL]1/2) suggests a 1:1 Al-PL complex as the active catalyst 

(Figure S17).  

Kinetic isotope effects. Having established the true catalytic 

nature of the Al-PL pair and that the rate-determining states are 

included in the transformation of Glu to KG, we set out to study 

each step individually. The most convenient step to investigate 

in the forward direction is arguably step 2, the deprotonation of 

the C2-H position of imines derived from Glu. Indeed, kinetic 

isotope effects (KIE) can readily be evaluated by in-situ NMR 

using DL-glutamic acid-2,4,4-d3. Thus, KG concentrations 

were monitored using either Glu (60 mM) or Glu-2,4,4-d3 (60 

mM) under otherwise identical conditions. Figure 9 shows 

negligible differences in observed KG concentrations. Rates 

under steady state confirmed the absence of KIE: vH/vD = 1.00 

± 0.02. The absence of a KIE indicates that step 2a is not rate 

determining. Furthermore, for the reaction starting  
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Figure 9. Kinetic isotope effects on KG formation and H/D 

exchange in Al-PL catalysis. Conditions from Figure 4a, with 60 

mM of Glu or Glu-2,4,4-d3.  

from Glu-2,4,4-d3, we were able to follow the C2-D D/H 

exchange velocities by monitoring the formation of Glu-4,4-d2. 

The much higher concentrations and observed rates of Glu-4,4-

d2 formation compared to downstream products (vini
Glu-d2 = 39.6 

± 1.3 µM·min-1) indicate the highly reversible character of step 

1 and step 2, and thus neither can be rate-limiting. Identical 

vH/vD values were found when Ala formation was monitored 

under the same conditions (Figure S18). KIE were also 

determined at other pH values by the method of initial rates 

(following [Ala]): KIEs very close to 1 were observed at pH 4 

(vini
H/vini

D = 0.96 ± 0.04) and pH 6 (vini
H/vini

D = 1.08 ± 0.03). 

These results demonstrate that neither step 1, imine formation, 

nor step 2, deprotonation, can be rate-limiting. The RDS for the 

Al-PL catalyzed reaction is, therefore, different than the RDS 

for the metal-free PL catalyzed reactions, where strong primary 

KIEs were reported in the stoichiometric transamination of PL 

to PM under pseudo-first order conditions (kH/kD > 2).33,62 This 

change in RDS is likely due to the acidification of the C2-H 

proton under Al complexation (Figure S19). A parallel can also 

be made with enzymatic transamination, although the 

interpretation is more complex. For instance, the significant 

KIEs (kH/kD ~ 2)63,64 reported for several aspartate 

transaminases were later interpreted as being part of a multi-

RDS mechanism,65 a situation where enzymes are optimized by 

evolution to achieve similar reaction barriers across a catalytic 

cycle.66 

Investigation of the resting state. Two steps might potentially 

be rate-determining: step 3a, protonation, and step 4a, 

hydrolysis. Occurring further down the catalytic path, they can 

be investigated through their effect on the overall kinetics, 

which requires identifying the catalytic resting state. We thus 

studied the species in solution across four independent reactions 

(three reactions initiated from Al-PL, one reaction initiated 

from Al-PM) to determine their mean concentrations at steady 

state. Representative 1H NMR spectra are shown in Figure 10. 

At pH 5, the species  



 

 

Figure 10. a: Representative evolution of catalyst species under 

standard conditions when followed by 1H NMR. b: Species 

repartition under steady state with [PL]+[PM]+[Imines]tot = 100%. 

The standard deviation over four independent runs is given in 

parentheses. 

distribution at steady state was found to be 41% PL, 21% PM, 

and 37% Al-imine complexes (corresponding to 21% aldimines 

and 16% ketimines). Among the Al-imine complexes, the 

kinetically relevant monomeric complex (1:1:1 Al-PL-Glu) is 

the major species, with oligomeric aldimine complexes 

(AlxPL2AA2) accounting for 10-20% of the species depending 

on the pH and buffer environment. Further quantitative 

determination of all present imines was not possible due to the 

high number of species and peak overlap. As PL is the major 

species (41%), and because we have shown that PL is in fast 

equilibrium with the aldimines, a portion of the 21% of 

aldimines must be involved in the PL ⇋ Al-PL-Glu equilibrium. 

Thus, we can conclude that the species involved in the PL ⇋ 

Al-PL-Glu equilibrium comprise the resting state of the 

catalyst. The PL ⇋ Al-PL-Glu equilibrium as the catalyst 

resting state is illustrated by two time-concentration profiles in 

Figure 11, where concentrations of the catalytic species have 

been added to the data presented in Figures 6 and 7. Starting the 

catalysis from PL, the rate of [Im]tot formation is closely related 

to the rate of PL disappearance (Figure 11a). Starting from PM, 

the rate of [Im]tot formation was found to be closely related to 

the rate of PL formation (Figure 11b), further confirming the 

fast equilibrium between PL and its imines. We note that the 

deprotonated intermediate Al-PL-KA, previously identified in 

stoichiometric Al-PL to Al-PM reactions,67 was not detected 

under our catalytic conditions. Taking into account the 

proposed resting state, the reaction should therefore follow pre-

equilibrium approximation kinetics, with rapid and reversible 

step(s) 1a and 2a (Figure 5) preceding the limiting step(s). Thus, 

imine formation (step 1), despite not being rate-limiting, would 

still influence kinetics by regulating the imine available in the 

subsequent slow step(s).68 Such pre-equilibrium kinetics are 

consistent with previous UV-Vis studies on the stoichiometric 

half-reaction of PL to PM in the presence of excess Al3+, where 

it  
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Figure 11. Investigation of the resting state of the catalyst under 

standard conditions, followed by 1H NMR. a: Concentration when 

initiating the reaction from Al-PL. b: Concentrations when 

initiating the reaction from Al-PM. 

was proposed that Al3+ increases rates by increasing imine 

concentration.36 

Investigation of the RDS. The concentrations observed under 

steady state suggest that step 4a, ketimine hydrolysis, is the 

RDS, as only traces of the deprotonated intermediate of step 3a 

were detected. However, the ketimines could not be isolated and 

studied directly because they rapidly tautomerize to aldimines, 

which are 17 kJ·mol-1 more stable by DFT calculations (Figure 

S20). We therefore chose to study the RDS indirectly through 

the influence of acids and bases on the overall catalysis. For 

example, at pH 5-6, the two potentially rate-limiting steps, 

protonation and imine hydrolysis, should be susceptible to 

general acid catalysis (GAC)28 and general base catalysis 

(GBC),69 respectively (Figure 12a). Probing which mechanism, 

GAC or GBC, increases the rate can, therefore, inform us of the 

RDS. To do so, we first established that GAC or GBC were 

operative in the Al-PL system and then showed that the 

considered RDS is indeed accelerated by GA-BC. The 

influence of buffer concentration ([buffer]tot) on the initial rate 

was surveyed over the pH range 3-7.5 using four different 

buffers (see Figure 12b for runs at a buffer concentration of 250 

mM). The linear correlation observed in Figure 12c between vini 

and [buffer]tot at several pH values is characteristic of buffer 

catalysis through GAC or GBC.51 Figure 12c also strongly 

suggests that the Al-PL system is more susceptible to base 

catalysis than to acid catalysis: First, at a constant buffer 

concentration, vini increases with increasing pH across several 

buffers (at [buffer]tot = 250 mM: entry 1 to 8, Figure 12b). 

Second, when comparing two different buffers at pH 5.5 

(cacodylate and acetate, Figure 12c), the buffer with the higher 

pKa (cacodylate) shows higher rates. Third, when the cacodylate 

buffer is compared at pH 5.5 and 6.5 (Figure 12c), higher rates 

and a steeper linear dependence are observed in the latter case, 

where more cacodylate 
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Figure 12. pH- and buffer-rate measurements in the investigation of the RDS. a: Illustration of the mechanism of general acid catalysis 

(GAC) and general base catalysis (GBC). b: Initial rates measurement in 250 mM of the stated buffers (v250
ini) at different pH values. 

Extrapolated initial rates at zero buffer concentration (v0
ini) are determined from the intercept of a least-square linear regression analysis of 

the [buffer]tot-pH profile (the ionic strength was maintained at I ≥ 0.3 with NaCl). c: Initial rates of Ala formation in different buffers at 

different pH values, with least-square linear regression of rates vs. [buffer] total concentration at the stated pH values. All rates are expressed 

in µM·min-1.

anion is present in solution. Finally, higher intercepts of the 

linear regression analysis are found at higher pH values. These 

intercepts represent the rate extrapolated to zero buffer 

concentration (v0
ini), which are the rates of the reaction 

catalyzed by, specifically, H+ and OH- (i.e specific acid-base 

catalysis).70 

Investigation of the resting state in Me2AsOOH buffer. The 

strong influence of base catalysis on the Al-PL system indicates 

that imine hydrolysis is the most likely RDS. To confirm this 

interpretation, we first ruled out that the increased rates simply 

resulted from an increase in the concentration of the 

catalytically active imine (Figure 13). On the contrary, 

following the kinetics in Me2AsOO-H/Na buffer, which 

afforded higher rates than acetate buffer (𝑣𝑖𝑛𝑖
𝐴𝑠  =12.4 µM·min-1 

vs. 𝑣𝑖𝑛𝑖
𝐴𝑐 = 6.6 µM·min-1), indicated a decrease in imine 

concentration (13% vs. 37% in acetate buffer), as well as an 

increase in PL concentration (60% vs. 44% in acetate buffer) 

and little change in PM concentration (26% vs. 23% in acetate 

buffer) at steady state. These  
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Figure 13. Time-profile of Al-PL catalysis in Me2AsOOH buffer 

(pH 5, 250 mM). Initial rates (vini) were determined between 0.5 

and 1.5 mM. Mean steady-state concentrations [C]ste are shown 

between 100-400 min, with standard deviations in parentheses. 

findings are consistent with a PL resting state and rate-limiting 

imine hydrolysis in the conversion of Glu to KG. 

Imine hydrolysis in Me2AsOOH buffer monitored by UV-

Vis spectroscopy. To confirm that buffers with higher pKa 

values accelerate the overall reaction by increasing the rates of 

hydrolysis of the Al-PL imines through GBC catalysis, we 

studied the relevant imines. As previously noted, the substantial 

thermodynamic preference for the aldimine tautomer and the 

fast interconversion between aldimines and ketimines does not 

allow the direct study of the ketimine species. We therefore 

prepared and isolated the Al-PL-Glu and metal-free PL-Glu 

aldimines and studied them by UV-Vis spectroscopy, 

monitoring the pseudo-first order disappearance of their 

characteristic Schiff base absorbance in acetate and cacodylate 

buffers. Representative kinetic runs are shown in Figure 14. The 

increased stability of the metalated imine was evident, with Al-

PL-Glu hydrolyzing 259-fold slower than PL-Glu in acetate 

buffer (250 mM, pH 5, I = 0.3 (NaCl)). The hydrolysis of Al-

PL-Glu was found to be 2.4-fold faster in the higher pKa 

cacodylate buffer compared to acetate buffer (both at pH 5 and 

250 mM), a difference similar to that observed for the full 

catalytic transformation when carried out in those two buffers. 

We confirmed that this effect is due to buffer catalysis by 

performing the comparison at several buffer concentrations 

(Figure S22). This result highlights the importance of general 

base catalysis in the hydrolysis of metalated imines, a step that 

releases the product. The result also confirms that imine 

hydrolysis, as the product-releasing RDS, and imine formation, 

which increases the concentration of the active catalyst, are both 

capable of influencing the rate of the Al-PL catalyzed reaction.  

Evolutionary considerations. The importance of GA-BC and 

the rate-limiting ketimine hydrolysis in metal-PL catalyzed 

transamination draws interesting parallels with biology and 

suggests a hypothesis for the molecular evolution of 

transamination chemistry. Indeed, the substantial rate 

acceleration observed in metal-PL co-catalysis compared to 

metal-only or PL-only catalysis raises the possibility of an 

intermediary stage between metal-only 
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Figure 14. Pseudo-first order rate constants (kobs) of aldimine 

hydrolysis measured by the decrease of the Al-PL-Glu absorbance 

at 370 nm. a Decrease followed at an absorbance of 410 nm and 

normalized to 1 

and enzyme-PL catalysis. Several mechanistic traits are 

common between metal-PL catalysis and biological 

transamination. First, the susceptibility of the Al-PL system to 

GBC recapitulates prior direct observations of GBC in PLP-

dependent transaminases with exogenous amines.71 GA-BC is 

one of the major mechanisms by which enzymes increase 

reaction rates.51 Second, as for the Al-PL catalyst, mutant 

transaminases in which a single tyrosine residue is missing from 

the active site also display a kinetic profile implicating ketimine 

hydrolysis as the RDS.72 It is therefore conceivable that the 

metal center in metal-PL systems could have pre-organized 

early metal-PL-peptide systems, allowing further improvement 

of reaction rates by GA-BC. Why, then, did nature eventually 

choose to optimize its enzymes for a metal-free transamination 

rather than one co-catalyzed by metals? Our mechanistic 

findings provide a potential answer. Working together with 

PLP, metals allow significant catalyst concentrations to be 

achieved in water and facilitate deprotonation of the imine 

intermediate. However, the superior substrate binding is 

necessarily counteracted by more challenging product release. 

Product dissociation is often one of the most difficult steps to 

optimize under enzyme catalysis.66,73 The global maximum for 

the optimization of enzymatic transamination is, therefore, 

more likely to be found in a reaction without metals. Strong 

metal chelation also reduces the attainable conformations in the 

active site, a limitation not found in present-day transaminases. 

PLP-dependent enzymes of the same evolutionary origin as 

transaminases also catalyze reactions beyond transamination, a 

versatility that is directly related to the free orientation of the 

bonds at the C2-AA carbon.74,75 Such conformational freedom 

would be restricted in metal-PL systems. 

Conclusions 

In summary, PL and metals exhibit a synergistic effect on the 

catalysis of transamination of amino acids and keto acids. The 

combination of PL with the two most common metals on Earth, 

Fe and Al, provides the greatest accelerations. Metal loadings 

of Al3+ up to 2000-fold lower than its content in the Earth’s crust 

provided up to 1000-fold rate acceleration compared to the 

same reaction in the absence of metal. The co-catalytic system 

was effective in a wide range of pH (4-7.5), temperatures (20-

75 °C), and buffers. Less abundant metal ions that were 

previously found to be effective catalysts for transamination in 

the absence of PL (Cu2+, V5+) are also substantially accelerated 

by its presence, though to a lesser extent than Fe3+ and Al3+. 

Experimental and theoretical mechanistic studies indicate that 

the rate-determining step in the PL-metal-catalyzed 

transamination is different from metal-free and biological PL-

based catalysis. Metal coordination to PL lowers the pKa of the 

PL-metal complex by several units and slows the imine 

intermediate’s hydrolysis by up to 259-fold. The formation of a 

metal PL-imine chelate serves to increase the active catalyst 

concentration. The PL-metal system is susceptible to general 

acid-base catalysis and was found to follow the Ping-Pong Bi-

Bi mechanism, both characteristic of the PL-enzyme system. 

This work constitutes a rare example in which coenzymes are 

shown to act as effective catalysts for metabolic reactions in the 

absence of enzymes. In the context of the origin of metabolism, 

this direct chemical evidence is consistent with diverse other 

findings suggesting an early emergence of PL(P) before 

enzymes.37–40 In one of several possible evolutionary 

trajectories, transamination may have initially been catalyzed 

by rare metal ions such as Cu2+ or V5+ in localized environments 

enriched in such metals. However, the production of PL(P) by 

a protometabolism would allow highly abundant metals such as 

Fe3+ and Al3+ to take over this function, releasing the 

dependence of the protometabolism on niche inorganics and 

allowing it to spread to more ubiquitous environments. 

Profiling the metal dependence of other coenzymes with respect 

to their nonenzymatic activity in fundamental biological 

reactions may give insight into the environment in which 

protometabolism first emerged. 
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PLP, pyridoxal-5’-phosphate; PL, pyridoxal; PMP, pyridoxamine-

5’-phosphate; PM, pyridoxamine; AA, amino acid; KA, keto acid; 

Glu, glutamic acid; Py, pyruvate; KG, α-ketoglutarate; Ala, 

alanine; LR, least-square linear regression; STE, steady state; TS, 

transition state; DRC, degree of rate control; RDS, rate-

determining states; RPKA, reaction progress kinetic analysis; 

VTNA, variable time normalization analysis. GA-BC, general 

acid-base catalysis; GAC, general acid catalysis; GBC general base 

catalysis.    
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