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Abstract: The debate on the temperature of the environment where life originated is still inconclusive.
Metabolic reactions constitute the basis of life, and may be a window to the world where early life was
born. Temperature is an important parameter of reaction thermodynamics, which determines whether
metabolic reactions can proceed. In this study, the scale of the prebiotic metabolic network at different
temperatures was examined by a thermodynamically constrained network expansion simulation. It
was found that temperature has limited influence on the scale of the simulated metabolic networks,
implying that early life may have occurred in a relatively wide temperature range.

Keywords: origin of life; metabolism; network expansion simulation; temperature; thermodynamics

1. Introduction

The temperature of the environment where life originated has elicited a long-term
debate. Previous genome sequence-based studies on this issue reached inconsistent results
(detailed in the Discussion) [1–7]. New perspectives are needed to address this issue.
Metabolism-first world theory suggests that the origin of metabolism was earlier than
the appearance of the genetic system and organic catalysts such as enzymes [8–11]. The
feasibility (thermodynamics) and rates (kinetics) of the reactions that make up metabolism
networks are associated with temperature. Therefore, studying the effects of temperature
on metabolic reactions and networks may shed more light on the environmental conditions
for the origin of life.

The network expansion algorithm has been used to trace the evolutionary history hid-
den in modern metabolism networks [12–15]. Using this method, Goldford et al. extracted
a phosphorus-independent subset from the full KEGG metabolism, which represented
a biosphere-level primitive metabolic network [13]. This network exhibited ancient fea-
tures, such as the enzymes and protein folds belonging to the speculative last universal
common ancestor (LUCA) proteomes, and thus was considered as a “metabolic fossil”.
They also showed that thermodynamics is an important limiting factor for the scale of
the metabolic network. Interestingly, Goldford et al. found that in standard conditions,
a thioester pantetheine instead of phosphates (pyrophosphate or acetyl-phosphate) can
significantly alleviate the thermodynamic bottleneck of the expansion of the metabolic
network, though the latter is a more common energy source in modern metabolism. Gold-
ford et al. suggested that the phosphorus-independent network provides a solution to
the “phosphorus problem”, which was caused by the low solubility and reactivity of
Earth’s main phosphate source—apatite [16]. This network also supports the previously
proposed thioester world theory, which proposed that in the very early stage of life’s origin,
thioesters played multiple important roles in prebiotic metabolism [17]. Recently, based on
their phosphorus-independent network, Goldford et al. investigated the impact of several
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environmental factors on metabolism and found that temperature has a relatively limited
influence on the scale of the metabolism network [14].

Nevertheless, phosphorus is an essential element of life and several possible prebiotic
phosphorus sources have been proposed [18]. Phosphite, which is more soluble and has
higher reactivity than apatite [16], can be generated from volcanic activity [19] or extrater-
restrial schreibersite [20]. Another effective phosphorylating agent, polyphosphate, can also
be generated in volcanic regions [21]. Phosphite and polyphosphate can be directly used in
the synthesis of biomolecules [20,21], or be first converted to orthophosphate in plausible
prebiotic environments [22]. Based on these findings, in a recent study [15], we constructed
a phosphate-dependent network using Goldford et al.’s method. The obtained phosphate-
dependent network could be as ancient as the phosphorus-independent counterpart and
could synthesize ribose, which implies a connection between the metabolism world and the
RNA world. Moreover, several phosphorylated intermediates such as glucose 6-phosphate
can play the same role as thioester, significantly alleviating the thermodynamic bottleneck
of network expansion. It is thus intriguing to explore how temperature affects the scale of
this simulated phosphorus-dependent network.

2. Materials and Methods
2.1. Data Sources

The metabolism reactions and compounds were downloaded from the KEGG reac-
tion database (release: 84.0) [23]. The Gibbs free energy of reactions were calculated by
eQuilibrator [24,25].

2.2. Thermodynamically Constrained Network Expansion Simulation

The thermodynamically constrained network expansion simulation method has been
described in detail in previous studies [13,15]. In brief, firstly, all KEGG metabolic reactions
were downloaded and vague and unbalanced reactions were filtered out. The remaining re-
actions and their compounds constituted the background metabolism pool, which included
7376 reactions and 6460 compounds (Table S1). Secondly, the network expansion was
started with a seed set of compounds that are considered to have existed on the primitive
Earth. The seeds used in the phosphate-dependent network expansion were the same as
in our previous study [15], which included water, dinitrogen, carbon dioxide, hydrogen
sulfide, ammonia, acetate, formate, and glucose 6-phosphate. The first eight compounds
are considered to have been abundant on prebiotic Earth and should participate in primi-
tive biochemical reactions [13–15]. Glucose 6-phosphate is a phosphorylated intermediate
from glycolysis which was speculated to be prebiotically synthesized [26,27]. Our previous
study showed that glucose 6-phosphate can significantly alleviate the thermodynamic
bottleneck. Without this compound, the network obtained by thermodynamically con-
strained expansion contained only dozens of metabolites [15]. In the thioester-dependent
network expansion, glucose 6-phosphate was replaced by pantetheine. Note that Goldford
et al. proposed that pantetheine can function as CoA thioesters [13]. Therefore, CoA and
acetyl-CoA were also added into the seed set. Thirdly, the products of thermodynamically
reachable reactions from the background metabolism pool enabled by available substrates
were iteratively added into the compounds set until no new reactions or compounds could
be produced.

Previously, the thermodynamically accessible standard of a reaction at 25 ◦C was
defined as Gibbs free energy below 30 kJ/mol [13,15]. However, this standard is not
appropriate at other temperatures. In this work, we calculated the lowest reaction free
energy at the boundary of the physiological range of metabolite concentrations, referring
to Goldford et al.’s recent study [14]. Briefly, the free energy of every reaction at different
temperatures (∆G′) was calculated using the following equation:

∆G′ = ∆G
◦ ′ + RTln ∏i asi

i (1)
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where ∆G
◦ ′ is the Gibbs free energy under standard molar conditions, which was estimated

by the eQuilibrator program using a group contribution method [24,25]. ∆G
◦ ′ is affected by

pH, ionic strength, and also by the concentration of free Mg2+ (pMg) for some reactions like
ATP hydrolysis [25]. These conditions were set as follows: pH = 7.0, ionic strength = 0.1 M,
and pMg = 0.0, which is the same as our previous study [15]. R is the ideal gas constant,
T is the temperature, ai is the activity of metabolite i (represented by the metabolite’s
concentration), and si is the stoichiometric coefficient for metabolite i in a certain reaction.
For all reactions, the reactant and product concentrations were set to 0.1 M and 10−6 M,
respectively. These two values are considered to be the upper and lower bounds of the
concentration of metabolites under physiological conditions. The water activity was set to
1 M, which is an essential assumption of eQuilibrator [24,25]. Reactions with positive free
energy were removed from the background metabolism pool. About 40% of the biosphere-
level metabolic network reactions had no accurate free energy estimation (3122/7376). The
background metabolism pools including and excluding these reactions were both analyzed
in this study. The free energy data of the reactions can be found in Table S2.

It should be noted that the change in Gibbs free energy (∆G) contains two components:
entropy change (∆S) and enthalpy change (∆H). However, data of ∆S are not available
for most reactions so it was not taken into account when using eQuilibrator to calculate
∆G in different temperatures [24,25]. This simplification may cause some reactions to be
incorrectly defined as thermodynamically favored.

3. Results

All chemical reactions are constrained by the thermodynamic rules. A reaction with
a positive standard change in Gibbs free energy (∆G > 0) cannot proceed spontaneously.
In modern organisms, these uphill reactions are usually coupled with exergonic reac-
tions such as ATP hydrolysis to become energetically favorable. However, such stably
coupled reaction systems may not have been available on primitive earth [28]. There-
fore, the thermodynamic constraints could be an important limiting factor for primitive
metabolism [13–15].

Existing organisms were found to survive from−25 ◦C to over 120 ◦C. Planococcus halocryophilus
Or1, a bacterium isolated from the salty water veins of high Arctic permafrost, can remain
metabolically active at−25 ◦C [29]. Hyperthermophilic archaea Methanopyrus kandleri strain
116 can proliferate at 122 ◦C [30]. Therefore, we simulated the expansion of the phosphate-
dependent and thioester-dependent networks at the temperatures from −25 ◦C to 150 ◦C.
Using Goldford et al.’s method [14], we calculated the ∆G of the metabolic reactions at
−25 ◦C, 0 ◦C, 25 ◦C, 50 ◦C, 75 ◦C, 100 ◦C, 125 ◦C, and 150 ◦C, respectively. As shown in
Figure 1, from −25 ◦C to 150 ◦C, the scales of both phosphorus- and thioester-dependent
networks only exhibit slight increases, regardless of whether the reactions include accurate
free energy estimation or not.

When including the reactions without accurate free energy estimation, the scale of
the phosphate-dependent network obtained at −25 ◦C is close to the thermodynamically
constrained network constructed in our previous study (360 vs. 338 metabolites) [15].
At this temperature, this network is mainly composed of reactions that participate in
glycolysis, the tricarboxylic acid (TCA) cycle, and carbon fixation, which supply the basic
carbohydrates and energy to living systems. They can also produce eight proteinogenic
amino acids (Figure 2A, Table S3). The reactions that are only thermodynamically feasible
at temperatures higher than −25 ◦C provide 17 new metabolites (Table S3). Seven of these
metabolites are involved in the amino acid metabolism, but none of them are proteinogenic
amino acids. The other metabolites generated at higher temperatures are scattered across
different pathways. When excluding the reactions without accurate free energy estimation,
the network keeps the functions mentioned above, and the temperature increase has no
significant influence on these functions (Figure S1A, Table S3). The thioester-dependent
networks can produce two more proteinogenic amino acids but lack glycolysis-related
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carbohydrates. These functions are also not greatly influenced by the change in temperature
(Figure 2B and Figure S1B, and Table S3).

Life 2021, 11, 738 4 of 10 
 

 

 
Figure 1. The scale of thermodynamically constrained networks at different temperatures. The figure shows the number 
of metabolites of the networks at different temperatures. (A) Including the reactions without accurate free energy estima-
tion; (B) excluding the reactions without accurate free energy estimation. The green lines represent the phosphate-depend-
ent networks, while the yellow lines represent the thioester-dependent networks. With the increase in temperature, the 
scales of the networks increase slightly. 

When including the reactions without accurate free energy estimation, the scale of 
the phosphate-dependent network obtained at −25 °C is close to the thermodynamically 
constrained network constructed in our previous study (360 vs. 338 metabolites) [15]. At 
this temperature, this network is mainly composed of reactions that participate in glycol-
ysis, the tricarboxylic acid (TCA) cycle, and carbon fixation, which supply the basic car-
bohydrates and energy to living systems. They can also produce eight proteinogenic 
amino acids (Figure 2A, Table S3). The reactions that are only thermodynamically feasible 
at temperatures higher than −25 °C provide 17 new metabolites (Table S3). Seven of these 
metabolites are involved in the amino acid metabolism, but none of them are proteino-
genic amino acids. The other metabolites generated at higher temperatures are scattered 
across different pathways. When excluding the reactions without accurate free energy es-
timation, the network keeps the functions mentioned above, and the temperature increase 
has no significant influence on these functions (Figure S1A, Table S3). The thioester-de-
pendent networks can produce two more proteinogenic amino acids but lack glycolysis-
related carbohydrates. These functions are also not greatly influenced by the change in 
temperature (Figures 2B and S1B, and Table S3). 

Nucleotides are the basic components of RNA and constitute the cofactors of many 
proteins, so they are of great significance in the origin of life [31]. As there is no phospho-
rus in the thioester-dependent networks, it is obviously impossible for them to synthesize 
nucleotides (Figures 2B and S1B). In fact, they cannot even synthesize ribose (Table S3). 
The phosphate-dependent networks can generate ribose 5-phosphate (KEGG ID C00117) 
at all tested temperatures, which is a precursor required for the synthesis of nucleotides 
(Table S3). Moreover, ribose 5-phosphate can be further phosphorylated to 5-phosphori-
bosyl diphosphate (PRPP) through KEGG reaction R01049, which is necessary for both 
purine and pyrimidine synthesis (Figure S2). Under a physiological condition, ATP pro-
vides the phosphate group and energy for the reaction. ATP is located at the end of one 
branch of the KEGG nucleotide synthesis pathway. Therefore, ATP cannot be used in a 
reaction that is located at the upstream end of the pathway, which prevented the phos-
phate-dependent networks from expanding along this path. However, there may be other 
ways to achieve the phosphorylation of ribose 5-phosphate. In fact, glucose-6-phosphate 
hydrolysis can provide phosphate and energy. We constructed such a reaction: ribose 5-
phosphate + 2 glucose 6-phosphate => PRPP + 2 glucose. Under the substance concentra-
tion condition used in the network expansion simulation, this reaction is thermodynami-
cally favorable even at −25 °C (with a free energy of −33.56 kJ/mol), implying that glucose-

Figure 1. The scale of thermodynamically constrained networks at different temperatures. The figure shows the number of
metabolites of the networks at different temperatures. (A) Including the reactions without accurate free energy estimation;
(B) excluding the reactions without accurate free energy estimation. The green lines represent the phosphate-dependent
networks, while the yellow lines represent the thioester-dependent networks. With the increase in temperature, the scales of
the networks increase slightly.

Nucleotides are the basic components of RNA and constitute the cofactors of many
proteins, so they are of great significance in the origin of life [31]. As there is no phospho-
rus in the thioester-dependent networks, it is obviously impossible for them to synthe-
size nucleotides (Figure 2B and Figure S1B). In fact, they cannot even synthesize ribose
(Table S3). The phosphate-dependent networks can generate ribose 5-phosphate (KEGG
ID C00117) at all tested temperatures, which is a precursor required for the synthesis of
nucleotides (Table S3). Moreover, ribose 5-phosphate can be further phosphorylated to
5-phosphoribosyl diphosphate (PRPP) through KEGG reaction R01049, which is necessary
for both purine and pyrimidine synthesis (Figure S2). Under a physiological condition,
ATP provides the phosphate group and energy for the reaction. ATP is located at the
end of one branch of the KEGG nucleotide synthesis pathway. Therefore, ATP cannot
be used in a reaction that is located at the upstream end of the pathway, which pre-
vented the phosphate-dependent networks from expanding along this path. However,
there may be other ways to achieve the phosphorylation of ribose 5-phosphate. In fact,
glucose-6-phosphate hydrolysis can provide phosphate and energy. We constructed such
a reaction: ribose 5-phosphate + 2 glucose 6-phosphate => PRPP + 2 glucose. Under the
substance concentration condition used in the network expansion simulation, this reaction
is thermodynamically favorable even at −25 ◦C (with a free energy of −33.56 kJ/mol),
implying that glucose-6-phosphate may play a role like ATP and facilitate the phosphate-
dependent network to generate the nucleotides.

In modern life, ATP plays multiple roles in metabolism. In the background metabolism
pool used in this study, ATP is the reactant or product of 471 reactions. These reactions
cannot be reached by the network expansion because ATP is not available in the simulation.
In primitive metabolism, other phosphorus-containing compounds with simpler structures
may be more prevalent than ATP, and played similar roles to it in these reactions [32].
As shown in the fictional reaction to synthesize PRPP, their products may be obtained
through reactions that do not rely on ATP. However, the possibility that ATP existed in
the prebiotic world cannot be completely ruled out, because the abiotic synthesis of ATP
from simple inorganic substances may be achieved in the prebiotic environment [33–35].
Therefore, we replaced the glucose-6-phosphate in the “seeds” with ATP and performed
network expansions. The obtained metabolic networks have about 200 more metabolites
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than the phosphorus-dependent networks at the same temperatures. For these ATP-
dependent networks, from −25 ◦C to 150 ◦C, only 24 metabolites were added (including
the reactions without accurate free energy estimation, Table S3), showing a limited influence
of temperature.
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These findings showed that, at least in terms of thermodynamics, the scale and main
functions of the simulated metabolic networks are slightly affected by temperature. The
free energy characteristics (positive or negative) of most reactions do not change within the
examined temperature range (Table S2), so the feasibility of these reactions is not largely in-
fluenced by temperature. These results suggest that, whether it is dependent on phosphate
or thioester, metabolism may have originated in a relatively wide temperature range.

4. Discussion

There are many different opinions on the temperature at the origin of life. Darwin
speculated that the first living organisms evolved in “warm little ponds” [36]. The Miller–
Urey experiment showed that a warm, lightning-filled atmosphere that may have existed
on primitive Earth can produce important biomolecules [37]. Hydrothermal environments
were also “hot” in the area of the origin of life. Terrestrial hydrothermal fields and subma-
rine hydrothermal vents can provide materials, energy, reducing power, and pH gradients,
which may facilitate the synthesis of basic biomolecules [38–40]. Moreover, terrestrial
hydrothermal fields can evaporate water to become dry and get wet by rain, which formed
a natural dry–wet cycle [41]. Dry–wet cycles are very important for the synthesis of nu-
cleotides under metal catalysis [42]. These effects are also significant for the polymerization
of biological macromolecules such as peptides [43,44] and polynucleotides [41,45].

A criticism of the hydrothermal origin of life is that although the structures of most
small molecule metabolites are stable, the high temperature can accelerate their reactions
with other substances, such as water, and thus causes their thermal instability [46]. Miller
and colleagues argued that important metabolites such as ribose and ATP are thermally
unstable, thus life was not likely to originate at high temperatures [47,48]. However, the
meaning of “stable” is relative. Some metabolites in metabolic pools have very short
turnover times. Metabolites that can exist longer than their turnover time in organisms
should have a chance to participate in metabolic reactions as reactants. Based on this princi-
ple, Bains et al. predicted the degradation rates of 63 metabolites at different temperatures
and compared them with the intracellular half-life of these metabolites [46]. As a result,
most of the metabolites were found to be unable to exist longer than their intracellular
half-life at temperatures above 150–180 ◦C. Therefore, Bains et al. suggested that this
temperature range is the upper limit of biochemistry.

Some basic materials for life also can be generated at cold temperatures. HCN poly-
merization may be an important procedure in biomolecule synthesis [49]. However, this
process not likely to occur in warm environments due to the fast hydrolysis of HCN [50].
It has been found that the eutectic freezing of HCN and water at –21 ◦C can concentrate
the former and promote its polymerization [50]. Moreover, eutectic freezing of NH4CN
solutions can generate nucleic acid bases and amino acids [51,52].

In addition to the conditions required for the synthesis of biomolecules, the living
environment of modern organisms can also be used as a clue to explore the temperature
for the origin of life. Previously, thermophilic bacteria and archaea were considered to be
located near the roots of the phylogenetic tree, suggesting that life originated in hot temper-
atures [1–3]. However, in a newer rRNA-based phylogenetic tree of bacteria, mesophilic
species rather than thermophiles are the closest branches to the root, showing that the
thermophiles are latecomers in evolution [4]. Several studies inferred the temperature of
the habitat for the LUCA based on the deduced rRNA GC contents or protein amino acid
compositions, but no agreement has been reached [5–7].

The inconsistent results from gene sequence-based studies can be attributed to the
uncertain early life evolution trajectory, which is difficult to properly characterize or
experimentally test [53]. Compared with the genetic system, metabolic reactions may have
an earlier origin and are more common among different species. Therefore, metabolism
could be a window to detect the properties of the earliest life. In this study, the influence
of temperature on metabolism was analyzed in terms of thermodynamics. We found
that whether glucose 6-phosphate or thioester was used to alleviate the thermodynamic
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bottleneck of network expansion, there is no significant difference in the function and scale
of the networks generated at different temperatures. These results imply that the origin of
metabolism could have occurred in a relatively wide temperature range.

Although the thermodynamic data of most biochemical reactions at different tempera-
tures are very scarce, several reactions that are crucial for network expansion may have
this kind of information. To identify these network scale-limiting reactions, the network
expansion was re-performed several times, wherein the reactions from the background
metabolism pool were removed one by one. We found that the deletion of most reactions
did not cause a significant reduction in the generated network, except for a few (Table S4).
When excluding the reactions without accurate free energy estimation, reactions R00874,
R01519, R01538, and R08570 are necessary for maintaining the scale of the phosphate-
dependent network. Without any of these reactions, the network expansion ceased with
up to eighty-nine metabolites. These four reactions are related to glucose metabolism. In
R00874, glucose reacts with fructose to form gluconolactone and glucitol. The other three
reactions are components of the pentose phosphate pathway, which starts with glucose and
generates multiple important metabolites. For the thioester-dependent networks, reaction
R00212 is necessary for network expansion. Without this reaction, the produced networks
contained only dozens of metabolites. In this reaction, acetyl-CoA reacts with formate
and generates CoA and pyruvate. These results showed that certain reactions can indeed
deeply influence the expansion of metabolic networks. We tried to find out more about
their feasibility at different temperatures, but no useful information was found. Further
study on the thermodynamics of these key reactions may provide a better understanding
of the temperature of the environment where life originated.

Thermodynamics is a very fundamental property for chemical reactions. Therefore,
this study may also be meaningful for finding exoplanet life. Based on planetary physical
parameters such as temperature, Lingam and Loeb formulated likelihood functions esti-
mating the possibility of the existence of life on a certain planet [54]. In the calculation,
they referred to the temperature range of the living creatures on Earth (262 to 395 K).
Temperatures beyond this range will lead to a rapid decline in the possibility of life. The
tested temperature range in this study is a bit wider (−25 to 150 ◦C, i.e., 248.15 to 423.15 K).
The present analysis suggests that metabolic networks may originate in this range. In
our simulation, the expansion of metabolic networks does not reject low temperature,
which increases the possibility of life on cold celestial bodies. Primitive metabolism may
occur in the saltwater lakes on Mars, the liquid methane of Titan, or a liquid ammonia
ocean elsewhere.

In addition to the above discussion, the interplays between temperature and other
factors such as the phase change of water (e.g., dry–wet cycle and eutectic freezing, as
discussed above) and redox potential can promote metabolic reactions. In Goldford et al.’s
study, redox potential had a decisive influence on the scale of the metabolism networks [14].
Temperature gradients can cause electrochemical potentials which can be used as a thermo-
dynamic driving force. For example, the high temperature, pressure, and pH of deep sea
alkaline hydrothermal vents elevate the redox potential of H2 oxidation, which can be used
as an electrochemical driving force for the abiotic reduction of CO2 [55,56]. Intriguingly,
temperature may also shape the structure of peptides [57], which could serve as catalysts
in prebiotic metabolism. To date, most studies on the origin of metabolism have not con-
sidered the interactions between temperature and other environmental factors. Goldford
et al.’s study investigated several environmental factors, but they are still independent
of each other. The interplays between temperature and other factors and how they affect
metabolism deserve more in-depth studies. Moreover, the feasibility of chemical reactions
is also dependent on their kinetics. Thermodynamically favored reactions may have high
energy barriers between the reactants and products, which make the reactions unfeasible
in terms of kinetics. In future studies, we will explore the influence of temperature on the
kinetics of key metabolic reactions by calculating the activation energies for the reactions.
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