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Abstract. Life has evolved on Earth with electromagnetic radiation (light), fermentable organic
molecules, and oxidizable chemicals as sources of energy. Biological use of thermal energy has not
been observed although heat, and the thermal gradients required to convert it into free energy, are
ubiquitous and were even more abundant at the time of the origin of life on Earth. Nevertheless,
Earth-organisms sense thermal energy, and in suitable environments may have gained the capability
to use it as energy source. It has been proposed that the first organisms obtained their energy by a first
protein named pF; that worked on a thermal variation of the binding change mechanism of today’s
ATP synthase enzyme. Organisms using thermosynthesis may still live where light or chemical energy
sources are not available. Possible suitable examples are subsurface environments on Earth and in the
outer Solar System, in particular the subsurface oceans of the icy satellites of Jupiter and Saturn.

Keywords: thermal energy, origin of life, exobiology, prebiotic chemistry, thermosynthesis, heat
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Introduction

Life on Earth uses light and a range of chemical substances as energy sources. Po-
tentially a much broader range of energy sources is available, however. Organisms
can sense thermal energy (Viswanath et al., 2003), pressure, touch, stretch, move-
ment of water and air, gravity, electric and magnetic fields (Schmidt-Nielsen, 1990),
as well as a wide range of chemical substances. These stimuli generate responses
through membrane transductions, either by altering the conductivities of ion gates
that result in transmembrane potential changes, or by initiating metabolic changes
through secondary messengers (Schulze-Makuch and Irwin, 2002, 2004). Due to its
ubiquity, thermal energy (heat) seems especially advantageous as an energy source.

The Kelvin-Planck principle states the impossibility of the conversion into work
of heat from a single source — i.e. without a heat sink — by a cyclic process
(Zemansky, 1968). Free energy gain from heat requires a thermal gradient, which
is available in many environments. Examples are volcanic hot springs, tidal ponds
(Lathe, 2004, 2005), hydrothermal vents on the bottom of the ocean, some at mod-
erately high temperatures (Russell and Hall, 1997; Kelley et al., 2001), and many
interfaces, where algae presence is often conspicuous (Round, 1981) such as at
rock-air and snow-air interfaces. Thermal cycling occurs in tidal ponds and in con-
vection cells. Obviously, just like any heat engine, biological free energy gain from
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a thermal gradient (“thermosynthesis”) is compatible with the laws of thermody-
namics. The use of thermal energy is especially attractive in dark and nutrient-poor
environments, i.e. where alternative energy sources are absent (Schulze-Makuch
and Irwin, 2002, 2004). The use has also been considered in theoretical models for
the emergence of the chemiosmotic machinery, the basis of both photosynthesis
and respiration (Muller, 1985, 1993, 1995, 1996, 2003, 2005; Muller and Schulze-
Makuch, 2006). Here, we discuss the possibilities that thermal energy provides to
life and its origin.

The Early Earth Environment

The early environment in which life originated on Earth is not known. Little rock
evidence remains from the earliest times, but conclusions can be drawn based on
comparative planetology and our understanding of geological processes. The cra-
tering record of the Moon, Mars, Venus, Mercury and the size distribution of the
asteroids imply that about 3.9 to 3.8 Ga ago the early Earth must have been subject
to an intense meteorite bombardment that lasted 10 to 150 million years (Strom
et al., 2005). The impacts would have inhibited the accumulation of an ocean and
the sustained development of life (Nisbet and Sleep, 2001). If life originated before
this Late Heavy Bombardment (LHB), it could have persisted only deep inside
the crust. Several researchers (Kompanichenko, 1996; Stetter, 1998) favor a hy-
perthermophilic origin of life, based on the rooting of the universal tree of life in
the hyperthermophilic organisms, of which many are found near the hydrother-
mal vents on the ocean floor (Takai et al., 2001). High temperatures are however
detrimental to organic synthesis reactions, and the hyperthermophilic last common
ancestor may have been a survivor from a meteorite impact that almost sterilized
the Earth.

Heat from endogenic sources and impacts shaped Earth early in its history.
Shortly after its accretion, Earth differentiated into a liquid metallic core, a mantle
boundary layer of high-pressure silicate mineral phases, upper mantle, magma
ocean, thin komatiitic crust, and convecting steam atmosphere. The first crust
formed and cooling of the steam yielded the first oceans. Subduction of water-
rich oceanic crust initiated arc volcanism and transferred water, carbonates, and
sulfates to the mantle. The core dynamo initiated and the magnetosphere emerged.
Finally, a thick continental crust accreted and subduction of hydrated oceanic crust
yielded the mantle boundary layer and the lower mantle (Schulze-Makuch et al.,
2005a).

The earliest preserved rocks date from the early Archaean, nearly 4 Ga ago.
Proposed bacterial fossils in 3.5 Ga old rocks (Schopf, 1993; Schopf and Packer,
1987) have been reinterpreted as non-biologic kerogen artifacts (Brasier ef al.,
2002). The presence of life is however also indicated by isotopic evidence (Rosing,
1999) and fossils (Schulze-Makuch et al., 2005b) at about the same or slightly
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later time. Life therefore emerged when the heat flux on Earth was large, possibly
during or shortly after the LHB, which supports the notion that given the proper
materials, physical conditions, and flow of energy, matter will self-organize to life
(Morowitz, 1968; Goodwin, 1994; Kauffman, 1995). The atmospheric haze from
massive outgassing and impact residues may have prohibited an early biological
role for light as a primary energy source, whereas convection cells could have
enabled thermal energy to take on this role.

Thermal Energy as an Energy Source for Life

Radioactivity produces the heat that drives the processes in the interior of planetary
bodies. On Earth this heat keeps the outer core liquid, establishes a protective
magnetic field, and drives plate tectonics. Radiogenic heat would be available even
on “run-away” planets ejected from star systems and drifting in interstellar space.
Tidal flexing also yields heat, as seen on lo, the planetary body in the Solar System
with the highest volcanic activity. Every star emits radiation that is converted into
heat upon absorption on the surface of a planet. All these heat sources result in
thermal gradients that thermotrophic organisms could harvest.

Schulze-Makuch and Irwin (2002, 2004) have suggested a mechanism for the
biological use of thermal energy based on heat storage, making use of the high heat
capacity of water (about 4.2 kJ/kg x K). The Carnot ratio of a heat engine equals the
ratio of the temperature difference in the engine and the absolute temperature; the
maximal free energy that the engine can yield equals the product of the Carnot ratio
and the entered thermal energy. Assuming the cell mass of 107!? g of microbes
on Earth (Madigan et al., 2000), and a water vacuole comprising one tenth of
this mass, the available stored thermal energy during cooling this vacuole by 1°C
is 2.5 x 10%eV (4.2 x 10713]). After multiplication with the Carnot ratio of
1°K/278°K, a potential free energy gain of about 9,000eV (1.4 x 10713 J) follows
for a temperature decrease from 5 to 4 °C (Schulze-Makuch and Irwin, 2002); upon
larger decreases the potential free energy gain increases proportionally. Thus, a
heated vacuole would provide a huge amount of energy that could be tapped by an
organism when needed. For a large cell such as the giant pantropical algae Valonia
macrophysa (Shihira-Ishikawa and Nawata, 1992), which contains a water vacuole
of about 10 g, the potential yield is close to 1.

Here, we distinguish four types of thermotrophs based on specific energy har-
vesting strategies that could live on a thermal gradient near a vent structure (black
smoker or hydrothermal mound) (Figure 1). The energy transduction mechanism
could involve membrane proteins that generate high-energy metabolites through
temperature-dependent conformational changes.

The first type of proposed thermotroph, which contains the mentioned water
vacuole, is warmed when the whole organism moves into the vicinity of a hy-
drothermal vent (Schulze-Makuch and Irwin, 2004). When it moves away again,
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Figure 1. Four types of thermotrophs that could be present near a black smoker or hydrothermal
mound structure. Areas within the organisms where the thermal gradient is tapped are marked in grey.
In the first type of thermotroph the whole organism moves in and out of the vicinity of the structure,
and free energy is gained when the exterior of the organism has cooled while its vacuole is still hot.
The other three types remain attached, they either move the warmed up vacuoles within the cell, they
allow cooling water enter the cell and let it heat up, or they let the unattached end of the cell move
back and forth within the thermal gradient.

it could float in the colder ocean, using the buoyancy of the warm vacuole, and
harvest the free energy present in the internal thermal gradient between the vacuole
and the surrounding cell. The other three types are sessile, and remain with one end
anchored to the surface of the structure.

The second type of thermotroph is a filamentous organism that spans the thermal
gradient between the hot structure and the cold ocean. Near the structure it takes up
hot water in a vacuole, and then gains free energy while the vacuole moves inside
the cell to the cooler distal part (Schulze-Makuch and Irwin, 2004).

The third type takes up cold ocean water in a vacuole or cavity, and ejects it again
when it has warmed up; as a result the anchored area of the organism is thermally
cycled. This vacuole or cavity is not unlike the cavity of today’s sponges, barnacles
or mussels which is used in the filtering of water in order to obtain food, and may hint
toward evolutionary trajectories. Interestingly, mussels are still commonly found
near vent structures today (Van Dover and Lutz, 2004).

The fourth type of thermotroph is a filamentous organism that has its distal
end moving freely in the cold ocean water, similar to the giant tubeworms present
today in this environment (Van Dover and Lutz, 2004). If the heat flux through
the vent structure and the flow of the ocean water that cools its exterior were con-
stant, the resulting thermal gradient would be constant as well, and perhaps not
adequate to gain sufficient energy over microscopic distances. However, the heat



THERMAL ENERGY AND THE ORIGIN OF LIFE 181

flux will vary on time scales as short as minutes (Tivey et al., 2002), and the water
flow will be turbulent. The laminar boundary layer will be thin at places, because
the structure’s exterior surface will not be smooth. Significant thermal fluctua-
tions near the surface are therefore expected, especially at summits of microscopic
roughness that stick out above the boundary layer (e.g., Gundersen et al., 1992).
These thermal fluctuations would be added to the fluctuations resulting from move-
ment due to variation in body shape or length. The described summits constitute
prime niches for this type of thermotroph, which can be compared to an organism
that ‘filters’ temperature fluctuations from water, and may share important char-
acteristics of a direct progenitor of water filtering organisms such as the sessile
protist ciliate Vorticella with its long, quickly contractable stalk (Moriyama et al.,
1998).

Thus, organisms can be envisioned that use natural heat sources for biological
energy needs. A prime candidate niche for thermotrophs is Europa’s subsurface
ocean (Spohn and Schubert, 2003), where volcanic vents if present would add to
the tidal heat that may create large convection cells. Even on Earth, life based on
thermal energy may exist deep inside the crust, near hydrothermal vents on the
ocean floor, or in other environmental niches.

Thermosynthesis may have arisen later in evolution, and could be an example
of the proposed second genesis of unknown life (Davies and Lineweaver, 2005).
The synthesis of adenosine triphosphate (ATP) requires a proton gradient across
a membrane. Since most sensory transductions are mediated by cell membranes,
the emergence during evolution seems possible of membrane mechanisms that
transform heat into high-energy covalent bonds, either directly or indirectly by
coupling to ion pumps. These molecular heat engines would produce the same ATP
as contemporary ATP synthase. The fact that such engines have gone unreported
on Earth may only reflect the absence of a need for them on Earth today. On
other worlds, where light energy is not available, natural selection is expected
to favor the evolution of cellular mechanisms for transducing alternative forms
of energy into free energy that organisms can use (Schulze-Makuch and Irwin,
2002).

The Origin of Life

The above model introduces the principle of use of thermal energy by a hypothet-
ical organism, and describes how such an organism could function in a natural
environment. It does not address the question of the origin of this organism. This
origin, however, may involve the conversion of heat into free energy during thermal
cycling as well.

The chemiosmotic machinery (Cruz et al., 2005) drives ATP synthesis during
both respiration and photosynthesis (Figure 2). Chemiosmosis takes place in chloro-
plasts in plants during photosynthesis and in mitochondria, the site of respiration
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Figure 2. The chemiosmotic machinery of ATP synthesis. During both respiration and photosynthesis
protons are pumped across a membrane. The resulting difference in potential across the membrane
permits the synthesis of ATP by the ATP synthase enzyme while the protons fall back.

in many organisms including ourselves. During respiration, the free energy of the
electrons that move from reductant to oxidizer is transduced into the free energy
of a membrane while the protons are pumped across the membrane, which be-
comes charged. The ATP synthase enzyme transduces the membrane voltage to
ATP while protons fall back through the membrane. The enzyme consists of two
parts, the F, part through which the energized protons move, and the F; part, the
site of ATP synthesis. During photosynthesis, ATP synthase functions similarly; the
difference between photosynthesis and respiration is that in the former the protons
are pumped during light absorption whereas in the latter they are pumped during
oxidation.

The chemiosmotic machinery comprises many proteins and is quite complex,
even in the most simple bacterial photosynthesizers. How did this complexity
emerge? A scaffolding of simpler machines is proposed that worked on thermal
cycling and not on respiration or photosynthesis. According to our hypothesis,
thermosynthesis produced ATP as contemporary photosynthesis and respiration
do, but with much less power because the turnover time of the machinery equaled
the long thermal cycle time of the convection current.

Just as a steam engine, thermosynthesis involves phase transitions: the ther-
motropic phase transition increases the mobility of membrane molecules. By a
change in dipole potential (Clarke, 2001), this transition may change the poten-
tial of an asymmetric biomembrane (Muller, 1993). Although this change has not
been directly observed in biomembranes, similar dipole potential changes during
the thermotropic phase transition across lipid monolayers at the water/air interface
have been observed (MacDonald and Simon, 1987; Muller, 1993). The changes can
easily reach 100 mV, not much lower than the proton motive force of about 150 mV
across the membrane that drives ATP synthesis today (Cruz et al., 2005).
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A thermosynthesis ancestry of bacterial photosynthesis is supported by the heat
uptake and release that occurs during electron transfer within the bacterial pho-
tosynthetic reaction center. The reduction of the Q4 quinone causes an entropy
decrease that accounts for the free energy gained from the absorbed photon. Upon
electron transfer to the Qg quinone the entropy and enthalpy increase again (Case
and Parson, 1971; Callis et al., 1972; Arata and Parson, 1981a,b, 1982), just as
during the power stroke in a heat engine.

Thermal unfolding of proteins constitutes a second relevant phase transition,
applicable to the ATP synthase enzyme. In the ‘binding change mechanism’ the
F; part of ATP synthase binds ADP and phosphate in the dry enzymatic cleft and
forms tightly bound ATP. This synthesis occurs without energy input and without
involvement of covalent intermediates (Boyer, 1993). The ATP is released upon a
relay of conformational energy from F, (Figure 3a), which in turn obtains the energy
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Figure 3. Binding change mechanisms, (a) in the binding change mechanism of F1-ATP synthase as it
functions today, tightly bound ATP is spontaneously formed from tightly bound ADP and phosphate.
This tightly bound ATP is released upon a conformational energy transfer from the F, part of the
enzyme, (b) the thermal cycle of convection synchronized with the enzyme cycle of pF; in the
proposed primordial “temperature-induced binding change mechanism.” The proposed pF; enzyme
could bind ADP and phosphate (bottom); when bound, these substrates were in equilibrium with
strongly bound ATP (left). In pF; this strongly bound ATP was released by a thermal unfolding at
high temperature (top). The unfolding of the protein at high temperature takes up heat, the folding at
the low temperature releases it. Similar primordial condensation reactions driven by thermal-cycling
are proposed for other substrates during the origin of life: the reactions include other phosphorylations
and the synthesis of peptide bonds.
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from proton transfer across the membrane. F is itself composite and contains three
a-subunits and three S-subunits, the site of ATP synthesis (Abrahams et al., 1994).
Binding of nucleotides such as ADP and ATP increases the thermal unfolding
temperature (T) of ~330°K of the enzyme by about ~7.5°K (AT). The heat (AH)
required for unfolding the subunits is ~6.8 eV (660 kJ mol~!) (Wang et al., 1993;
Villaverde et al., 1998). Today’s ATP synthase is a large, complex, efficient and
well regulated enzyme (Oster and Wang, 2000) that must have undergone a long
evolution from much simpler progenitors.

The proposed primordial progenitor consisted of a single protein that worked as
heat engine during thermal cycling. Being the direct progenitor of the S-subunit of
F;,ithas been named pF; (Muller, 1995). Similar to the binding change mechanism,
pF; formed strongly bound ATP from ADP, but it released this ATP by thermal
unfolding (Figure 3b). The maximum free energy that this heat engine can produce
equals

AH(AT/T)=0.16 eV (15 kI mol™}),

calculated from the values for the contemporary ATPsynthase given above. This
15 kJ mol~! is the right magnitude for the synthesis of a phosphodiester or peptide
bond. For an early pF, the values of AH and AT may have been more favorable,
resulting in a higher free energy gain.

The simplicity of the pF; mechanism can be further applied. In modeling the
origin of life one strives for parsimony in enzymes and enzyme mechanisms (Benner
et al., 1989). Whereas today’s enzymes are highly substrate specific, it has been
proposed that primordial enzymes were not, and that they had wide specificity at
the cost of low reaction rate (Black, 1970). Today, NTPases that contain the P-loop
sequence present in F; still account for 10-18% of the predicted gene products
in the sequenced prokaryotic and eukaryotic genomes (Iyer et al., 2004), and thus
the universal presence of these short P-loop sequences is consistent with a simple,
generally phosphorylating pF; as a first enzyme. It is assumed that pF; in addition
to broadly specific phosphorylations also could condense amino acids and peptides
to new peptide bonds.

This generalization to peptide bond synthesis is based on a similarity between
phosphoanhydride bonds—such as in ATP—and peptide bonds. Only in water
do proteins and nucleic acids have a higher free energy than their constituent
monomers. Under dry conditions the free energies are equal (DeMeis, 1989; Muller,
1995). The binding change mechanism makes use of this equality to synthesize the
strongly bound ATP from strongly bond ADP in the dry enzymatic cleft of ATP
synthase. Peptide bond synthesis in the enzymatic cleft of pF; would occur by the
same mechanism of local dehydration.

Regular chemical reactions result in a loss of free energy. They are exergonic. In
contrast, thermosynthesis effects the endergonic synthesis of high-energy products,
which considerably simplifies the modeling of primordial metabolism, as less or
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shorter metabolic pathways are needed. The general primordial energy generating
mechanism is thus identified as the binding of a substrate in a dehydrated local
environment, followed by its conversion into a product with similar free energy in
that local environment, but a higher free energy in water. The higher free energy
makes direct release impossible. By using a thermal cycle for the release, a simple
mechanism is obtained for the conversion of thermal energy into free energy by a
single protein machine that indeed performed ‘dehydrating condensation reactions
in aqueous solution’ (Calvin, 1969). The simple metabolism, carried by a single
enzyme, permits a model for the emergence of the genetic machinery that is simple
as well (Muller, 2005).

Discussion

The ubiquity of thermal energy and thermal gradients in the Universe makes it
plausible that somewhere organisms use it as an energy source. On Earth thermal
gradients and thermal cycling are also ubiquitous, but biological use has not been
observed. Possible causes are:

1. for astill to be discovered reason, biological use of thermal energy is impossible;
2. the use is possible, but did not arise on Earth because light as energy source was
common, directly usable and more powerful;
. the use does occur on Earth today but has not been observed;
4. the use has occurred on Earth in the past, but thermotrophs have lost the com-
petition to chemotrophs and phototrophs.

(98]

Arguments in support of (4) include the binding change mechanism of today’s
ATP synthase, and the widespread role of thermal cycling in germination, propa-
gation and cell division (Muller, 1985), a part of the life cycle of many organisms.
These are clear possible relics of a role of thermal cycling during the origin of
life. Use of thermal energy may have been the stepping stone to photosynthesis
and chemosynthesis, which then outcompeted thermosynthesis or pushed it into a
few niches. Such natural selection is well known for species competing for limited
resources (Conway Morris, 2003). This development is also supported by the en-
vironmental history of Earth, which started with sunlight being blocked by a haze
and a temperature of the Archean ocean between 55 and 85°C (Knauth, 2005), and
ended in today’s — for photosynthesizers and for us — more benign planet.

Organisms using thermal energy as primary energy source may also still be
present in niches such as Earth’s crust, of which the exploration is just starting.
Hydrothermal vents and mounds on the ocean floor are prime prospect habitats
for thermosynthesizers, because of their large temperature differences with the
surrounding cold ocean water.

Thermal energy is an especially suitable option for life on planetary bodies where
other energy sources are limited. One suitable niche may be convection currents
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within planetesimals in the early Solar System (Young et al., 2003). Other prime
niches are today’s ice-covered oceans of the moons of the outer Solar System such as
Europa, Ganymede, and Titan (Spohn and Schubert, 2003). Large convection cells
and internal cycling can be expected in these oceans due to endogenic activity and
tidal stresses from the gravitational interaction with the central planet. Planetary
bodies such as Venus, Mars, Io, and Triton should however also be considered.
Any planetary body with endogenic heat, convecting fluids on its surface or in its
subsurface is a potential abode of life based on thermal energy, even “run-away”
planets or a planet such as Neptune with its interior liquid water ocean (Hubbard,
1984).

The absence of an accepted model for the origin of life makes it hard to point
to places in the Universe where life may have arisen. Planets are generally con-
sidered habitable based on the possibility of photosynthesis, which needs sunlight.
Alternative biological energy sources can however be imagined (Schulze-Makuch
and Irwin, 2004). The removal of the requirement of sunlight for the origin and
evolution of life significantly increases the number of potential environments where
life could have arisen and where it still may be present, both in the Solar System
and beyond (Muller, 2003).

Thermosynthesis may be detectable by either a top down method, applying
thermal cycling to present day organisms, or by a bottom up method, applying it to
model systems for the origin of life, such as clay with adsorbed biomolecules, lipid
vesicles, and extraterrestrial material. Living on thermal cycling may be proven in
the absence of nutrients and in the dark. The synthesis of high energy compounds
during thermal cycling might be demonstrated using radioactive tracers such as *?P
or '*C, or similar sensitive detection methods.

Conclusion

Given the ubiquity of thermal gradients and thermal cycling today and in the early
Solar System, it would not be surprising if organisms have evolved that use it.
Obstacles for a biological use of thermal energy as principal energy source, such as
the low free energy gain in a cyclic thermal process seem surmountable. The use of
thermal energy as a primary energy source and as a predecessor of photosynthesis
could resolve many of today’s open questions in regard to the origin of life.
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