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Life is an energy releasing chemical reaction. At the heart of 
all chemical processes in cells there resides a main chemical 
reaction that allows environmentally available compounds to 
react in such a way that the free energy released during their 
reaction is not lost as heat but is harnessed instead, typically 
in the form of ATP, which can be hydrolyzed in a way that al-
lows thermodynamically sluggish reactions of metabolism to 
go forward. Looking at life as a heavily interconnected energy 
releasing reaction that requires catalysts for rate acceleration 
can impact the way we view its origin. 

Among microbiologists there is a long tradition of thought 
that the first cells were anaerobes, that they could endure 
the harsh conditions on the early Earth and that they were 
autotrophs, that is, that they satisfied their requirements 
for carbon from CO2 alone [1]. In 1910, the Russian biolo-
gist Constantin Mereschkowsky concluded that the first cells 
were probably anaerobes that had the ability to survive tem-
peratures near the boiling point of water and that were able 
to synthesize proteins and carbohydrates from inorganic 
compounds without the help of chlorophyll [2]. That was a 
surprisingly very modern view, in particular given what was 
known at the time about the chemistry of life, namely almost 
nothing. In 1910 there was Darwin’s excellent and increasing-
ly accepted theory about how organisms change over time, 
but the issue of what actually goes on in cells, what those 
reactions are and how they are catalyzed was completely 
obscure. For comparison, in 1910, physicists had full blown 
relativity, chemists had good working models for atoms and 
bonds, huge successes with synthetic dyes and new materi-
als like bakelit, while biologists were still seriously discussing 
the concept of protoplasm, the notion that the matter of living 
beings is organized differently from inanimate matter and is 
furthermore bestowed with a special power, a vis vitalis, that 
distinguishes it from other kinds of matter and that makes 
it alive. Why were biologists so far behind? Biology is really 
hard. That is mainly because cells are very small and so di-
verse in nature. And if we give them substrate, they grow. For 
example, if we give an Escherichia coli cell with a doubling 
time of 20 minutes enough substrate, the culture will grow so 
as to outweigh the Earth in two days. No other form of matter 
does anything vaguely similar. What is life [3]? It is unique in 
its properties but it is still a chemical reaction. 

Today we know that cells are made of the same matter as 
everything else, they operate because they have a network of 
roughly 1000 reactions that supply the building blocks of life 
and that organize those building blocks into polymers that make 
up the cell. Life is an exergonic chemical reaction and life is 
organized as cells. By dry weight, a typical cell (a unit of life) is 
made of about 50 % protein, 20 % RNA, 3 % DNA, ca. 10 % sac-
charides and cell wall, ca. 10 % lipids and some metabolites. 
The cell contains about 10,000 ribosomes, which make the 
proteins, and the process of protein synthesis consumes about 
75 % of the biosynthetic ATP budget [4] with the proteins mainly 
serving as enzymes that catalyze the reactions that make more 
of the ribosomes that make more of the proteins that make 
more of the cell, etc., in what sometimes seems like an end-
less chicken and egg problem designed to frustrate scientists 
trying to understand life’s origin. Cells self-organize matter into 
likenesses of themselves. The self-organization property of cells 
is not obvious. For Schrödinger, the self-organization aspect 
seemed to counter the concept of entropy [3]. But that is not the 
case, as Hansen et al. [5], who measured the entropy change in 
cells during growth for decades, succinctly explained. The meas-
ured entropy changes during cellular growth are always zero or 
close to zero because “cells are organized in a spontaneous pro-
cess” [5, p. 1843]. That is, if a cell has what it needs to grow, it 
organizes environmentally available components into more of 
itself as an effortless byproduct of the exergonic growth process. 

That only works, however, because the reactions in a cell are 
catalyzed by enzymes, which, once synthesized, spontaneous-
ly fold by themselves into the right conformation [6]. Without 
enzymes as catalysts, many of the reactions in a cell would 
be more than 10 orders of magnitude slower than without the 
enzyme. If only one essential reaction of a cell is 10 orders of 
magnitude slower than the others, the doubling time for growth 
changes from about 20 minutes to about 150,000 years. In a 
general sense, the function of enzymes is to catalyze reactions 
in the cell so that they all take place at about the same rate 
[7], a rate that is fast enough that the metabolic intermediates 
do not diffuse into the environment or spontaneously decay. 
As emphasized by Wolfenden though [7], some biological reac-
tions, if left uncatalyzed, are 105 times faster at 100 °C than 
at 25 °C, which is a new line of support for the old idea [2] of 
an origin of life at high temperatures.  

In cells, the catalysts are enzymes. What are enzymes? En-
zymes are of course proteins, and as Höxtermann [8] explained, 
the word ‘enzyme’ comes from Kühne (1876), whose original 
passage is this: “Hr. W. Kühne berichtet über das Verhalten 
verschiedener organisirter und sog. ungeformter Fermente. 
Um Missverständnissen vorzubeugen und lästige Umschrei­
bungen zu vermeiden schlägt Vortragender vor die ungeform­
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ten oder nicht organisierten Fermente, deren Wirkung ohne 
Anwesenheit von Organismen und ausserhalb derselben erfol­
gen kann, als Enzyme zu bezeichnen. — Genauer untersucht 
wurde besonders das Eiweiss verdauende Enzym des Pank­
reas, für welches, da es zugleich Spaltung der Albuminkörper 
veranlasst, der Name Trypsin gewählt wurde.“ [9, p. 190]

It is fair to say that catalysts were essential at origins, because 
without catalysts too many chemical reactions of life are just 
too slow. How many enzymes were essential at origins? That 
seems like a difficult question, but we can get an estimate by 
looking at life itself. If we look at metabolism across prokaryotic 
cells using a comparative (top-down) approach, we can see 
that, starting from H2, CO2 and NH3, there are only about 400 
reactions that lead to the synthesis of the 20 main amino acids, 
the 4 main nucleotides of DNA and RNA and the ca. 18 cofac-
tors that are common to all cells [10]. By estimating the change 
in Gibbs free energy across those reactions in the biosynthetic 
direction, we found that 97 % of those reactions are exergonic 
in the direction of cell synthesis. That is, the core metabolic 
network of chemolithoautotrophs comprises a set of exergonic 
reactions [11]. Fine, the microbiologist might say, it cannot be 
any other way, really, because otherwise life would not work to 
begin with. But that set of 400 reactions gives us insight into pri-
mordial metabolism because it was present in the last universal 
ancestor of all cells, LUCA (Figure 1). Note that the reactions are 
conserved but not all of the enzymes are conserved, as some 
of them have arisen multiple times in evolution. Ah, the reader 
might think, could it be some of the reactions are older than the 
enzymes that catalyze the reactions? Yes, exactly [1]. 

What are the oldest reactions in metabolism? Arguably, the 
oldest are those that led to the incorporation of CO2 into organ-
ic compounds. Together with the team of Harun Tüysüz at the 
Max Planck Institute for Coal Research in Mülheim, an expert 
for heterogeneous catalysis, and Prof. Karl Kleinermanns from 
Düsseldorf, an expert for the physical chemistry of surface re-
actions, Dr. Martina Preiner recently set out to test the idea 
that the central backbone of microbial metabolism is simul-
taneously the evolutionary starting point of metabolism [12], 
and that its primordial reaction sequence could have arisen 
from purely mineral-catalyzed reactions of H2 and CO2 under 
conditions of a hydrothermal vent. We found that using either 
awaruite (Ni3Fe) or magnetite (Fe3O4) as the sole catalyst, both 
of which are minerals that naturally occur and are naturally 
formed in H2 producing hydrothermal vents, H2 and CO2 in 
water are converted into large amounts of formate, acetate 
and pyruvate [13] overnight at 100  °C in glass vials placed 
in a small laboratory reactor. The reactions also worked with 
greigite as the catalyst (Fe3S4) and in some experiments we 
obtained methane. Without the catalysts no products were ob-
tained. Trivial, the physical chemist might say, simple surface 
chemistry. For the biologist, though, what we see is that the 
ancient core of microbial carbon and energy metabolism spon-
taneously unfolds in front of our eyes, overnight at 100 °C in 
a simulated hydrothermal vent on the laboratory bench (Fig-
ure 2). Maybe the reactions of central metabolism are more 
natural than one might think. Recent work by other groups has 
shown that an increasingly large number of reactions germane 
to central metabolism can be catalyzed by simple metals, ei-
ther in the solid phase or in solution [14].
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Fig. 1: Scheme representing the hypothetical evolution of life’s building blocks 
starting from H2 and CO2 in serpentinizing hydrothermal vents (see [10]).

Fig. 2: Image of a stainless-steel high-pressure bioreactor used for origin of 
life experiments at the Institute for Molecular Evolution at HHU Duesseldorf. 
Image credit: Jessica Wimmer.
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Was there a massive transition in early chemical evolution from 
metals to proteins? Nobody will ever know for sure because no-
body was there. But the data as they are coming in at present sug-
gest that catalyzed chemical reactions with natural similarity to 
metabolism are the starting point for the evolution of everything 
else in biological systems because metabolism supplies the parts 
(chemical precursors) that make up the machine (the cell). 

This increasingly directs our attention to the evolution of cata-
lysts. As one series of events we can imagine a sequence in cat-
alytic evolution starting with inorganic mineral catalysts in the 
solid phase first [13], followed by inorganic catalysts like Fe(II) in 
solution [14], followed by the simplest kinds of organocatalysts 
in solution such as amino acids [15], with an additional step 
in complexity coming in the form of cofactors like NADH [16] 
and finally peptides capable of interacting with these catalysts 
coming last. With each step, increases in rate and specificity 
emerged that could have contributed to the formation of auto-
catalytic networks [17]. Life arose within about 500 million years 
of the Earth’s formation whereby the first cells had ribosomes 
and enzymes [18]. Starting from such simple chemical reac-
tions, and those recently reported by the groups of Oliver Trapp 
[19] or Thomas Carell [20] in Munich, life eventually learned to 
make enzymes. In the 4 billion years since life’s origin, nature 
has apparently been unable to improve upon the basic principle 
of the enzyme as the currency of catalytic function (Figure 3). 
But that does not mean that fundamental improvement is not 
possible. With the help of modern mining and chemical technol-
ogies, humans have learned to access the catalytic activity of 
elements that nature does not use. Elements such as rutheni-
um, palladium, iridium, and platinum allow chemists to explore 
catalytic properties that nature never harnessed.

It is noteworthy that modern cofactors have no chiral atoms 
at their catalytically active moieties [21], suggesting that chi-
rality might have been introduced into metabolism relatively 
late, by randomly arisen, handed catalysts. How so? There are 
about 1.8 · 1018 tonnes of carbon on Earth, or about 1047 car-
bon atoms. That is roughly enough carbon to make all possible 
random peptide sequences 30 amino acids long using 20 D 
and L amino acids of avg. 5 carbon atoms each, if all the car-
bon was all available at one single place on earth. There is not 
enough carbon on Earth to keep handed catalysts from arising. 
If peptides could arise in evolution, chiral catalysts very quickly 
became an unavoidable product, by pure chance. Handed cat-
alysts naturally lead to the accumulation of more handed cat-
alysts, so that we do not strictly need to resort to enantiomeric 
excesses in space in order to account for the chirality of life. Ca-
talysis need not have evolved in the sequence of steps outlined 
in Figure 3, but had it done so, we would be able to recognize 
that imprint in the metabolism and enzymes of modern cells. 

References

[1]	 William F. Martin: Older than genes: the acetyl CoA pathway and 
origins, Frontiers in Microbiology 2020 11, 817.

[2]	 Constantin Mereschkowsky: Theorie der zwei Plasmaarten 
als Grundlage der Symbiogenesis, einer neuen Lehre von der 
Entstehung der Organismen, Biologisches Centralblatt 1910 
30, 278 – 288; 289 – 303; 321 – 347; 353 – 367. (English 
translation in: Klaus V. Kowallik, William F. Martin: The origin 
of symbiogenesis: an annotated English translation of Mere-
schkowky’s 1910 paper on the theory of two plasma lineages. 
Biosystems 2021 199, 104281).

[3]	 Erwin Schrödinger: What is Life?: The physical aspect of the 
living cell, Michigan, The University Press 1944.

[4]	 Jessica L. E. Wimmer , Karl Kleinermanns , William F. Martin: 
Pyrophosphate and irreversibility in evolution, or why PPi is not 
an energy currency and why nature chose triphosphates, Fron­
tiers in Microbiology 2021 12, 759359.

[5]	 Lee D. Hansen, Richard S. Criddle, Edwin H. Battley: Biological 
calorimetry and the thermodynamics of the origination and evolu-
tion of life, Pure and Applied Chemistry 2009 81, 1843 – 1855.

[6]	 Christian B. Anfinsen, Edgar Haber, Michael Sela, Frederick 
H. Jr. White: The kinetics of formation of native ribonuclease 
during oxidation of the reduced polypeptide chain. Proceedings 
of the National Academy of Sciences of the United States of 
America 1961 47, 1309 – 1314. 

[7]	 Richard Wolfenden: Benchmark reaction rates, the stability of 
biological molecules in water, and the evolution of catalytic power 
in enzymes, Annual Review of Biochemistry 2011 80, 645 – 667.

[8]	 Ekkehard Höxtermann: A comment on Warburg’s early under-
standing of biocatalysis, Photosynthesis Research 2007 92, 
121 – 127.

[9]	 Wilhelm Kühne: Über das Verhalten verschiedener organisirter 
und sogen. ungeformter Fermente. Verhandlungen des natur- 
historisch-medicinischen Vereins zu Heidelberg, Neue Folge 
1876 1, 190 – 193.

[10]	 Jessica L. W. Wimmer, Andrey do Nascimento Vieira, Joana C. 
Xavier, Karl Kleinermanns William F. Martin, Martina Preiner: 
The autotrophic core: An ancient network of 404 reactions con-
verts H2, CO2, and NH3 into amino acids, bases, and cofactors, 
Microorganisms 2021 9, 458. 

Inorganic catalysts (solid phase)

Inorganic catalysts (aqueous phase)

Small organic catalysts (organocatalysis)

Larger organic catalysts (cofactors)

Enzymes (soft matter solid phase)

Elements that life does not use

Origin of life

4 Billion more
years of tinkering

Origin of Earth

Fig. 3: Schematic evolution of catalysts over from the origin of Earth to date. At 
Earth’s origin, inorganic catalysts existed in solid phase, changing to aqueous 
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phase. While this process took 0.5 billion years, after another 4 billion years 
until now catalysts being utilized by nature did not evolve further. 
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