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Abstract: The origin of life has previously been modeled by biological heat engines driven
by thermal cycling, caused by suspension in convecting water. Here more complex heat
engines are invoked to explain the origin of animals in the thermal gradient above a
submarine hydrothermal vent. Thermal cycling by a filamentous protein ‘thermotether’ was
the result of a temperature-gradient induced relaxation oscillation not impeded by the low
Reynolds number of a small scale. During evolution a ‘flagellar proton pump’ emerged that
resembled Feynman’s ratchet and that turned into today’s bacterial flagellar motor. An
emerged ‘flagellar computer’ functioning as Turing machine implemented chemotaxis.
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1. Introduction

Thermosynthesis involves the idea of biological heat engines that work on thermal cycling (Figure
1). In previous studies the notion was applied in models for the origin of life and the origin of
photosynthesis [1-8], i.e., the origin of plants. In these studies the required thermal cycling was the
effect of suspension in convecting water such as present in volcanic hot springs.
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Figure 1. The previously proposed thermosynthesis mechanism based on a thermal
variation of the binding change mechanism. (a) During chemiosmosis—a partial process of
both respiration and photosynthesis—the key biological energy carrier ATP is generated
inside the F; moiety of the ATP Synthase enzyme. Bound ADP and phosphate form tightly
bound ATP. When protons cross the membrane from high to low electric potential in the F,
moiety of ATP Synthase, their free energy is transduced (crooked arrow) to the F; moiety
of ATP Synthase, causing the bound ATP to be released. (b) It is proposed that in the first
protein (FP) the release of similarly formed bound ATP was effected by thermal unfolding.
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Large multicellular animals (metazoans) suddenly emerge in the fossil record of the late
Proterozoic [9-16], right after a series of extensive glaciations, ‘Snowball Earths’ [17-19] that date
from 750-550 Ma (Million years ago). Here we present the first in a series of studies that explains the
origin of animals by thermosynthesis; a preliminary version of the follow-up paper describing the
emergence of the Ediacaran animals is available [20]. The thermosynthesizing ancestors of the animals
would have lived, not on convection, but on the thermal gradient between cold ocean water and hot
submarine hydrothermal vents [20,21]. These ancestors may have done so rather early, in the
Archaean, 3,235 Ma, since fossils from that time already suggest the occurrence of protein
conformational changes driven by a thermal gradient [22]. It is hypothesized that shape oscillations
sustained ATP synthesis at a time of a global glaciation. The first cell organelle with this capability
was a protein ‘thermotether’ that in the thermal gradient performed a relaxation oscillation [23] caused
by reversible low-temperature (~0 °C) unfolding, also called ‘cold denaturation’ (Figure 2) [24,25].
Merger of parts of ATP Synthase with the type-III protein export complex [26] then yielded a flagellar
proton pump (Figure 3) that resembled.

A Feynman ratchet [27-29]. The bacterial flagellar motor [30] evolved from the flagellar pump
when it reversed at the end of a global glaciation, after protons pumped by respiration had again
become available. We end by considering the emergence of computers similar to Turing machines [31]
from flagellar motors.

Thermosynthesis draws heavily on chemiosmosis, the ubiquitous mechanism of ATP
synthesis [32-36]. Although widely used in explaining physiological phenomena, application of
chemiosmosis to the modelling of evolution and the origin of life is still rare [37].
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Figure 2. A thermotether that works on a relaxation oscillation in a thermal gradient is
combined with the First Protein, yielding an ATP generator that works on a thermal
gradient. In the thermal gradient above a hydrothermal vent, the thermotether performs a
relaxation oscillation: while warm it folds, but as the relaxed folded and relaxed unfolded
proteins have different shapes, the new conformation is under strain. It cannot
instantaneously relax to the new equilibrium shape. After relaxation by expansion, the
thermotether comes in contact with the cold ocean water and cools. Cold denaturation sets
in, which changes the conformation. The protein is again first in strain, and then relaxes,
this time by contraction, to a shape in which it is in thermal contact with the hydrothermal
vent. An attached FP that works on cold denaturation (instead of on the 4ot denaturation
process shown in Figure 1) enables the synthesis of ATP from the thermal cycling caused
by the thermotether oscillating in the thermal gradient.
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Figure 3. Overview of the proposed evolution of flagellum-based heat engines that worked
on a thermal gradient. As the processes occur in a dissipative thermal gradient, they
concern applications of non-equilibrium thermodynamics. (a) In a bacterium carried along
by convection above a hydrothermal vent a proton pump P was driven by thermal
cycling [4]. The resulting proton gradient drove ATP Synthase and the uptake of nutrients
by H'/nutrient symport (syn). Since the mechanism does not require sunlight, it could have
worked during a global glaciation. (b) A filamentous protein 7 was attached to a
hydrothermal vent, which permitted thermal cycling caused by temperature fluctuations on
the surface of a hydrothermal vent. By turning into a thermotether, the filamentous protein
permitted free energy gain from a constant vent temperature as well. (¢) The proton pump
combined with the thermotether to form a flagellar pump (F'Pump). (d) After the end of a
global glaciation, addition of the respiratory chain to the bacterial membrane enabled
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proton pumping by respiration while electrons moved from reductant to oxidant. Following
disconnection of the flagellum from the hydrothermal vent, the flagellar pump functioned
as flagellar motor (FM) while the proton flow through the flagellar pump reversed. (e)
Proton pumping by the flagellar ratchet (FR) could be sustained by (1) a thermal difference
between the flagellum and the stator in the flagellar motor, but also by mechanical
movement of the flagellum due to (2) non-thermal fluctuations or even (3) a steady flow.
(f) Emergence of today’s bacterial flagellar computer (FC) in a bundle of flagella. One
flagellum temporarily interrupts the cooperative functioning of the bundle, causing
‘tumbling’, a random change in direction. The frequency of tumbling is determined by
chemoreception; chemoreceptors modify Che-Y proteins, which in turn affect the resetting
delay of the FC. Such a flagellar motor resembles the Turing machine. (g) Instead of using
protons, the eukaryotic flagellum works on ATP. It emerged upon symbiosis of (1) an
ATP-yielding bacterium with (2) a host that descended from a flagellated bacterium in
which the flagellar bundle had acquired an enclosing membrane and the flagella had been
replaced by microtubules. The data processing capability of the eukaryotic cell (the
‘eukaryotic computer’) descended from the bacterial flagellar computer.
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Here we give a general introduction to a series of papers on the emergence of animals. We
moreover consider thermosynthesis at hydrothermal vents early in the Proterozoic. The following
studies will consider (1) the emergence of the Ediacaran organisms at hydrothermal vents during the
late Proterozoic, (2) the Cambrian explosion, and (3) physiological effects of the temperature in
today’s animals.

2. Background
2.1. Simple Heat Engines

In physics and engineering the notion of a heat engine is well established. Many types have been
described. The working substance can be a solid, liquid, vapour or a gas [38]. In addition to the
familiar steam engine and the somewhat less familiar Stirling gas engine, heat engines have been
constructed or proposed based on many principles, including temperature-dependent electric [39-42]
and magnetic polarization [43], and shape memory of a metal [44]. Rubber is derived from a biological
material produced by plants. It contracts with the temperature [45] and heat engines based on rubber
[46-48] are of interest since proteins such as collagen, fibroin and elastin contract in the same way [49-
51]. More generally, almost any temperature-dependent material characteristic seems applicable in a
heat engine.

Heat engines such as the gas turbines that sustain jet propulsion and drive electric power generators
are complex in their construction of advanced materials [52] because of the benefit of closely
approaching, at maximal temperature difference, the optimal Carnot efficiency. Complexity is,
however, not inherent to heat engines. The convection cell, in which the rotating fluid does mechanical
work, demonstrates that a heat engine can even be self-organizing. Convection is a ubiquitous and
important process. Ultimately, most of the order in the Universe is derived from convection. Carnot
[38] already observed:

To heat . . . are due the vast movements which take place on the Earth,

and convection indeed sustains the weather in the atmosphere, the ocean currents in the hydrosphere,
the plate tectonics in the lithosphere, and may sustain the geodynamo in the Earth’s core that generates
the Earth’s magnetic field [53-55].

The previously proposed thermosynthesis processes invoked to explain the origin of life made use
of convection in volcanic hot springs. The thermosynthesis processes considered in this study and the
following ones are based on relaxation oscillations in the thermal gradient between a submarine
hydrothermal vent and the ocean. This gradient derives from two grand convection cells. The heat
source, the vent, is the result of the large convection cells in the Earth’s mantle that drive plate
tectonics [56], and the heat sink, the cold ocean water, results from the thermohaline circulation in the
ocean [57]. In a large convection cell, warm ocean currents move along an erratic wind-driven path
[58] along the ocean’s surface from the tropics to convergence zones near the poles where the water
cools, becomes more dense, sinks, and returns along the ocean floor—passing by the hydrothermal
vents—to the tropics where upwelling occurs.

Simple but inefficient heat engines are of little interest to engineering but may still be of use in
biology. A low efficiency is not a drawback when the heat source is freely available low grade heat.
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Since the middle of the nineteenth century there have been several proposals for the application of heat
engine mechanisms to the life sciences [59-62], especially for muscle [63]. For this organ the
application fails [64,65]. The absence of detectable thermal gradients in muscle is incompatible with a
heat engine mechanism given the muscle’s known high efficiency. This incompatibility does not,
however, contradict the emergence of muscle or of other organs from a heat engine.

In physics a heat engine is defined as a system that performs mechanical work with simultaneous
heat transport from high to low temperature. In this study a system is also called a heat engine when
heat transport down a thermal gradient is accompanied by the generation of a high free energy
substance such as ATP.

Work is readily interchanged with kinetic energy. A relaxation oscillation can be driven by a
change in temperature that causes a shape change that disconnects the thermal contact—which caused
the temperature change in the first place (Figure 4). Bimetal is a combination of (1) invar, an alloy
(FeNi36) that does not expand with the temperature [66], and (2) an alloy that does. Car signalling
lights are an application of a similar relaxation oscillation. Light emission stops when an electrical
current is interrupted by an electrical contact broken by a bending of the bimetal, the result of the
temperature increase caused by the current: the current switches itself off after it was switched on.

Figure 4. Relaxation oscillations in a thermal gradient based on shape changes with the
temperature. In the upper cartoon the working solid is permanently connected at one end to
a hot reservoir while the other end is free and intermittently connects to the cold reservoir;
in the lower cartoon the working solid is permanently connected to the cold reservoir and
the free end intermittently connects to the hot reservoir. In both systems an expansion due
to a temperature change results at the free end in a thermal contact that opposes the
temperature change, yielding an oscillation in shape and temperature.
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2.2. The Chemiosmotic Mechanism

Are biological heat engines possible? If a biological heat engine could be imagined, the well known
adaptability of life, as shown by its versatility in using many chemical energy sources [67], would
make it plausible that at least a few organisms could make use of this physical energy source as well.

Figure 5. Basic principles of chemiosmosis. During both photosynthesis and respiration
protons are pumped across a biomembrane, which stores the free energy generated. The
ATP Synthase enzyme transduces the free energy of this Proton Motive Force (PMF) into
the free energy of ATP (Figure 1).

-------------------
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In life, the ATP molecule is the energy currency. Almost all ATP is generated by the chemiosmotic
mechanism, the biological energy conversion process that sustains both respiration and
photosynthesis [34-36]. Its machinery consists of enzymes and a biomembrane. The electrical potential
difference across this biomembrane is part of the energy transduction process (Figure 5). During
respiration, electrons move from a reductant to an oxidant while simultaneously protons are pumped
across a membrane; during photosynthesis, electrons excited by light also drive proton pumping. The
free energy of protons at the high electrical membrane potential is transduced by the ATP Synthase
enzyme into ATP while the pumped protons fall back through the membrane to the lower potential.

The AGy atp of ATP synthesis is 30 kJ/mol [68], and depends strongly on the pH and concentration
of Mg2+. The ADP and ATP concentrations are also highly variable; the in vivo AGatp therefore can
also vary strongly, and can be as high as 50 kJ/mol [69]. These values correspond to electrical
membrane potential differences of

AY| = AGarp/ F =310, resp. 520 mV (1)

where F' is Faraday’s constant. A value that we will use for numerical estimates is 360 mV [70]. A
difference in pH across the membrane, ApH, can drive ATP synthesis too (a process driven by a
difference in pH is endothermic [71], just as the entropy rising step in the T-S cycle of a heat engine).
A combination of ApH and AW also works, and is called the ‘electrochemical proton gradient across
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the membrane’, symbol Ap; another name for the combination is ‘proton motive force’, abbreviated
as PMF.

During the transduction by chemiosmosis of AY into ATP, protons cross the membrane. The
H'/ATP ratio number » has been named the ‘coupling ratio’ [72]; an extensive literature deals with the
coupling ratio, for recent studies see Toei et al. [73], Tomasek and Brusilow [74] and
Steigmiller ef al. [75]. The minimal membrane potential AW, for ATP synthesis at a ratio n equals:

AY, =AY, / n )

At a potential lower than AW, the enzyme can only function as a pump that sends protons across the
membrane at the cost of ATP (Figure 6). Assuming the just mentioned value of 360 mV, A¥; becomes
120 mV for n = 3, and A¥s becomes 72 mV for n = 5.

Figure 6. I — V curve of a simple ATP Synthase. The magnitude and direction of the proton
current (‘I’) through ATP Synthase depends on the PMF (‘V’) and the proton:ATP ratio
under which the enzyme operates. At low PMF the enzyme works as a proton pump and
consumes ATP, at high PMF it generates ATP.
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Figure 7. Net dissipation of ATP (‘futile cycle’) when two ATPases with different
stochiometries are operating simultaneously, one as ATP Synthase (forwards), the other as
ATPase (backwards). At the mixing potential E,, the ATP yielded by the forward current
equals half the ATP consumed by the pump current.
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Different proton translocating enzymes have a different value for n: the cell uses ATPases with a
low n value to acidify cell organelles, for instance for digestion of food. When a membrane contains
two ATP Synthases active with different ratios (in Figure 7, n = 1 and 2), the result is a net dissipation
of ATP (discussed for Ca’" ATPases with different n values [76]). The membrane potential then
assumes a value between the equilibrium potentials of the two n values. This dissipative process has
been called a ‘futile cycle’ [77]. In the V-ATPase of the plant vacuole membrane the coupling ratio
can vary from 4 to 2 as the AY increases [74]. The variation has been attributed to a variable intensity
of dissipative proton transport through the ATP Synthase (‘slip’ or ‘intrinsic uncoupling’) that would
not affect ATP synthesis / hydrolysis [78]. The F,F;-ATP Synthase in mitochondria and chloroplasts
functions at higher ratios, 3 to 5; much higher values ~20 have however also been reported [79-81].

The ATP Synthase enzyme contains two moieties, the membrane bound F, part and the water-
immersed F; part [82]. The F, part contains the translocator of the protons across the membrane. The
F, part is itself composite, containing three a and three B subunits that alternate in a ring. The a and
subunits are similar, the difference being that whereas the nucleotides on the a subunit cannot be
exchanged with the medium, the nucleotides on the  subunit can: here the ATP is synthesized (or,
conversely, hydrolysed during the reverse process). The ATP synthesis occurs by Boyer’s [83]
‘binding change mechanism’. The bound ADP and phosphate spontaneously form ATP in the local dry
conditions [84]. This ATP remains strongly bound. In the energy transducing step, the bound ATP is
released when protons move through F, from one side of the membrane to the other (Figure 1a).

2.3. Thermosynthesis Based on Convection (TSC)

Many heat engines involve thermal transitions, and ATP-generating biological heat engines could
plausibly involve thermal transitions in the proteins and membranes that sustain chemiosmosis. More
specifically, the thermal transition would concern the thermal unfolding of the protein ATP Synthase
[4] or the thermotropic phase transition of the lipid membrane [3]. Thermal cycling would be due to
the circulation of the fluid in a convection cell. The previously proposed two heat engines work on this
thermal cycling, ‘Thermosynthesis by Convection’ (TSC). The mechanisms have been applied in
models for the origin of life [4-5] and the emergence of photosynthesis [5,6,85,86].

During the origin of life, the proposed mechanism of the first protein (FP) is a thermal variation of
the binding change mechanism of ATP Synthase [84] that has been called ‘protein-associated
thermosynthesis’ (PTS) (Figure 1). Thermal cycling would have caused the FP to synthesize by
‘enzymatic promiscuity’ [87-91] several high-energy condensation products: in addition to ATP and
other nucleoside triphosphates, phospholipids, randomly constituted peptides and RNA' [4,5]. The FP
would reverse reactions similar to the hydrolysis of amide and P-O bonds supported by the
promiscuous enzyme aminopeptidase P [92]. The contemporary enzyme most closely related to the FP
would be the B subunit of ATP Synthase.” Today, ATP Synthases still show high [93,94] and low
temperature unfolding [95].

A key distinction between the FP and almost all regular enzymes (ATP Synthase is an
exception [96]) is that whereas regular enzymes catalyse both the forward and backwards reaction, and
diminish the free energy, the proposed ancient FP during thermal cycling generated a stable high
energy product. Just as in ATP Synthase today [96], some partial steps of the FP must have been



Entropy 2009, 11 472

irreversible in order to avoid the decay of the high energy product by the reverse reaction [4], a
regulation that would have been controlled by the temperature. This kinetic irreversibility should be
distinguished from the assumed conformational reversibility during thermal cycling of the FP. During
some partial processes of the thermal cycle the conformational changes would have been irreversible,
but at the end of the thermal cycle the original conformation would have been regained (this
conformational reversibility contrasts with the irreversibility of thermal denaturation of many
proteins).

In the second heat engine mechanism, a change in coupling ratio was synchronized with variation in
the dipole potential of the biomembrane during a thermotropic phase transition in the membrane [3].
This ‘membrane-associated thermosynthesis’ (MTS) is a proposed progenitor of bacterial
photosynthesis, with as an intermediate link a mechanism based on a light-induced dipole potential
effected by light-dark cycling [6,85,86]. An early ATP Synthase would have been able to vary the
coupling ratio, for instance with the temperature. By (1) pumping protons across the membrane at a
high coupling ratio and low potential (say 5 protons at a cost of 1 ATP molecule), (2) letting a physical
process (temperature change, light absorption) increase the membrane potential by evoking a dipole
layer with a high enough dipole potential, and (3) letting protons fall down at low coupling ratio and
high potential (say 1 ATP per proton), net ATP could be won (in this example, 5 — 1 = 4 ATPs)
(Figure 8). A variability of the coupling ratio in present day ATP Synthase is consistent with the
frequent experimental difficulty of establishing an integer value for it [75].

Figure 8. 4 fluctuating membrane PMF (or voltage) permits ATP gain, either from two
different ATP Synthases with a different proton-ATP ratio, or from a single ATP Synthase
with a variable proton ATP ratio. At high PMF and low proton:ATP ratio, more ATP is
synthesized from the forward current than is later consumed by the pump current at low
PMF and high proton:ATP ratio when the same charge is pumped again across the
membrane. The activity of the concerned enzymes must be properly regulated (switched on
and off) by the PMF in order to avoid the dissipation shown in Figure 7.
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An organism carried along by a convective current is passively moved, and photosynthesis may
have emerged when the effects of a light gradient in the convection cell added on to the effects of the
thermal gradient [6]. Compared to photosynthesis and respiration, thermosynthesis such as by PTS has
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a low power, since a single FP yields only one ATP molecule per thermal cycle. The cycle time of a
rotation convection cell is expected to be in the range of seconds or longer. The turnover time of FP
would be much larger than the turnover time of today’s ATP Synthase during photosynthesis or
respiration, which can be as low as ~10 ms [32]. The power (energy produced per unit time) of these
last two processes is therefore much higher than the power of thermosynthesis, clearly a selective
advantage. On the other hand, the light and food they require are not always and have not always been
available at all places and at all times, in particular not during the winter near the Poles at high
latitudes and, at all latitudes, during the global glaciations of the Archaean and the Proterozoic.

2.4. The Fire: Hydrothermal Vents

After their discovery in 1977 [99], a role of hydrothermal vents in the origin and evolution of life
was proposed [100,101]. The temperature in black smoker gases leaving the hydrothermal vents can be
as high as 350 °C [99]; recently [102] a temperature above the critical temperature of seawater, at 298
bar, 407 °C [103,104], was reported. The at first sight appealing idea that large biomolecules could be
formed within the black smokers is however incorrect, since these molecules decompose long before
they reach a temperature of 350 °C; even amino acids are unstable at these high temperatures [105].

Due to the thermohaline circulation [57], the water at the bottom of the ocean is just a few degrees
above freezing, which results in a large thermal gradient in the boundary layer of the water flowing
over the hydrothermal vent. This large thermal gradient decreases with distance to the vent; smaller
thermal gradient must be present as well. Moreover, some hydrothermal vents and mounds show
maximal temperatures much lower than 350 °C [106,107]. Although temperatures around 100 °C may
still be too high to start life [108]:

RNA and DNA are clearly too unstable to exist in a hot prebiotic environment.

Today’s organisms can live at such a temperature, and it follows from rRNA sequences that the last
common ancestor of all living organisms lived at such a high temperature of ~100 °C [109].

Sites of lower temperature (~80 °C) at hydrothermal vents / mounds have been proposed as sites for
prebiotic reactions that generate the substances required for the origin of life [110-113]. However, this
temperature of ~80 °C 1is still high enough to destabilize nucleic acids. Only a temperature below
freezing point is conducive to the formation of stable bases of nucleic acids [114].

Whereas some researchers favour a hot origin of life [100,115,116], other origin-of-life researchers
favour a cold one [117,118]. Thermosynthesis suits as bridge for the gap between the seemingly
antithetic hot and cold origins since it involves convection, which requires a thermal gradient, i.e., both
a high and a low temperature. More generally, the thermosynthesis theory invokes dynamic
temperatures as key agent: the origin of life would have required ‘thermal turmoil’. The heat produced
by episodic meteorite impacts must have made the surface temperature of the early Earth far from
static.

2.5. The Ice: Glaciations on the Early Earth

In order to understand early global glaciations we consider what determined Earth’s surface
temperature in the past. Initially it must have been very high due to the heat released during the
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gravitational collapse that formed the Earth 4,5 Ga. Thereafter, gravitation remained a large heat
source during intermittent meteorite impacts; the impact that resulted in the formation of the Moon
must have remelted the Earth’s surface [119]. The formed Moon was itself hit by meteorites several
times around 4.3 Ga, and the Earth cannot have escaped this Late Heavy Bombardment [120-122].
Large impacts sterilized the Earth [123], but ejecta thrown out into space may have contained
organisms that returned life to the planet after they fell back’ during clement conditions [124,125].

Between large impacts the Earth’s surface temperature was the result of a balance between the heat
coming in by solar radiation and the heat going out due to Terrestrial radiation. The latter is
diminished when infrared radiation emitted at the Earth’s surface is absorbed by greenhouse gases
such as methane, CO, and water vapour [126].

The early Sun was ~30% less bright than today [127] due to a lower internal temperature caused by
a higher hydrogen/helium ratio [128]. The early Earth may therefore have been cold and covered with
ice [129-131]. Again, frequent meteorite impacts may have melted this ice [129]. On the other hand the
early Earth may have been kept warm by the greenhouse gas methane [132] produced by early
methanogens that gained free energy from the reaction [133]

H, + CO, - CH4 + H,O 3)

The evidence available in the geological record diminishes as one goes back in time, and it seems
hard to decide on a hot or a cold ocean before 3 Ga [134,135]. Early global glaciations have been dated
at ~2.9 Ga [136] and ~2.2 Ga [137] and may have been due to a loss of methane. Because of the
constant loss of hydrogen to interplanetary space the Earth’s atmosphere must steadily have become
less reducing [138]. Oxygen may have been generated by cyanobacteria that possibly emerged at
2.8 Ga [139], i.e., after the 2.9 Ga glaciation. The oxygen concentration in the atmosphere became
significant between 2.45 and 2.32 Ga [140]. The first fossils attributed to the eukaryotes have been
dated around 1.8 Ga [141], after the 2.2 Ga glaciation, and it is proposed that their progenitors lived
during the glaciations on thermosynthesis by the mechanisms described hereafter.

The dark bottom of the ocean may have remained reducing long after 2.2 Ga [142,143]. In that case
there would often have been no means of primary production by photosynthesis and chemosynthesis in
organisms on top of hydrothermal vents at the bottom of the ocean, and often no alternative to
thermosynthesis as primary producer. It is often claimed that the thermal gradient of a hydrothermal
vent is a potential biological energy source and that it in particular may have driven the origin of
life [100,101]:

. .. heat derived from the hydrothermal cooling of newly-emplaced oceanic crust
provides the energy source for converting inorganic precursors into
organic compounds.

The gradient may similarly have been a biological energy source during global glaciations. Such
biological use of heat as an energy source requires specific biochemical pathways and physiological
adaptations, which remain to be identified. The world around us should be explored for these
pathways and adaptations that may still be extant but would have remained concealed. They may
however also have gone extinct, in which case they would require theoretical and conceptual
development.
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In addition to the biological heat engines proposed by this author, few other biological heat engines
have been proposed. Sidney Fox drew attention to the role of heat as an energy source during the
synthesis of proteinoids from amino acids [116], but nowadays most origin of life investigators seem
to consider his approach a dead end in origin of life research; for an exception, see Bahn ez al. [115]. A
role of heat during the unfolding of ATP Synthase that results in ATP release by the binding change
mechanism [145] and during photosynthesis [61] has been proposed by other authors, who did not
recognise that the underlying mechanism must concern a heat engine. Matsuno has proposed several
heat engine mechanisms [146,147] and has experimentally investigated quenching of a high-
temperature chemical equilibrium in a simulation of a hydrothermal vent [148].

In this and following studies we consider in detail heat engine mechanisms based on the
chemiosmotic machinery and apply them in models that permit life to survive and evolve at
hydrothermal vents in the absence of photosynthesis and respiration.

3. Between Fire and Ice: Thermosynthesis in a Thermal Gradient (TSG)
3.1. Thermal Fluctuations on the Surface of a Hydrothermal Vent

Since convection above it is plausible, a hydrothermal vent was a suitable niche for early
thermosynthesizers that lived on TSC. Convection is self-organizing, and arises in a fluid subject to a
temperature gradient when the upward force due to buoyancy—in turn due to the density difference
caused by the gradient—overcomes the friction caused by the viscosity of the fluid. Being carried
along by convection does not cost an organism energy.

Geysers such as Yellowstone’s well known ‘Old Faithfull” demonstrate the periodicity of physical
processes in volcanic areas; they are good examples of relaxation oscillations [23]. Near a
hydrothermal vent thermal cycles with large amplitudes can be expected due to a similar pulsation in
the ejected fluids [149]. An additional agent of temperature variation could be turbulence in the water
flowing over the vent.

The proposed scenario for the emergence of the thermotether starts with a sessile thermosynthesizer
that benefited from these temperature fluctuations upon attachment to the hydrothermal vent.
Thermosynthesis in a thermal gradient (TSG) is characterized by ATP generation without the organism
being moved by convection.

3.2. Emergence of the Thermotether: a simple Relaxation Oscillator

A fluid flow can be characterized by the Reynolds number Re, the ratio of inertial and viscous
(frictional) forces:

Re=vLp/np=vLv (4)

where v is the speed of the fluid, L a relevant length, p the fluid density, # the fluid viscosity, and
v = n/p the dynamic viscosity of the fluid [150].

The flow adjacent to the surface of a rigid object is laminar and the flow in the bulk of the fluid
turbulent. The area of laminar flow is called the boundary layer, and when the object and the fluid are
at different temperatures, this boundary layer comprises most of the temperature difference. The
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boundary layer at the interface between the ocean and a hydrothermal vent is expected to contain a
similar thermal gradient.

The edge between the boundary layer and the bulk fluid is not sharp, which makes the thickness 6
of the boundary layer a somewhat loosely defined notion. In the case of a plate parallel to the flow the
relation & ~ x/N Re has been given, where x is the distance to the edge of the plate, and Re the Reynolds
number (Figure 9) [151]. The boundary layer therefore starts thin. For Reynolds numbers of 10*-10°,
the boundary layer thickness at 1 cm from the edge of the plate would consequently be
10°-10° m, i.e., 10-100 pm.

Figure 9. Boundary layer above a plate in a flowing fluid. The flow is laminar within a
distance 0 from the plate; & increases with the distance x to the edge of the plate.

boundary layer:

vHe
edge

Proposed mechanism of the thermotether Because active movement in a viscous fluid is dissipative,
it would cost an organism of the size of say 1 pum much energy to move inside the boundary layer
[150]. For a smaller organism, movement becomes even more difficult because of the lower value of
the Reynolds number: below the scale of bacteria all movement is strongly overdamped [152], and
instigating active biological movement on this scale seems impossible. But in general, biological
phenomena start small—either during the life cycle of the organism or during speciation—and then
increase in size. How did active biological movement emerge when it could not start small? This study
proposes: Active biological movement emerged upon the ‘kinetic takeover’ by life of movement that
resulted from thermal conformation changes driven by relaxation oscillations in the thermal gradient
above a hydrothermal vent.

In the proposed scenario the vent-attached microorganism acquired a flexible tether [153] that
permitted the microorganism to move at random in the medium near the vent. This random movement
enhanced the amplitude of the experienced thermal cycling, which increased the free energy generated
by thermosynthesis.

In the next evolutionary step the flexible tether turned into a self-actualized protein engine that
cyclically changed conformation in the thermal gradient by making use of cold denaturation, the
unfolding of a protein at low temperature around the freezing point of water [23,25].

When the so defined ‘thermotether’ extended into the cold beyond the boundary layer it contracted
due to the unfolding. After shortening, it found itself near the hot substrate, and extended again. At no
cost of free energy for the organism, this relaxation oscillation thermally cycled the FPs that the
organism contained, thus enabling these to generate ATP. The thermotether, a long (~um scale)
filamentous protein, had taken over the role of convection. This relaxation oscillation requires a
delayed adaption by the protein to the equilibrium conformation at the local temperature; the delay
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may be due to the time required for diffusion in conformational space [154] and may also be associated
to co-movement of water with the protein [155].

The capability of making use of a static thermal gradient opened up areas at a larger distance from
the vent as habitat, where fluctuating temperatures were absent. It would have been advantageous
when the length of the thermotether increased so that it spanned the entire thermal gradient across the
boundary layer. Because of the linear increase of the boundary layer with the distance to the edge
(Figure 9) the thermotether could gradually increase in size and the organism its distance to the
edge [156] during evolution.

The presence of a thermotether supposes export of synthesized proteins through the cell membrane.
The involved translocation capability must be old. It has been proposed that a first ribosome worked
on thermal cycling [4,5], and this may also have been true for the first protein exporter. Today, export
makes use of translocon protein complexes [157]. Hereafter protein export will be associated with the
type III secretion machine; the related hollow bacterial flagellum can internally transport monomers of
its constituting protein to its tip [158-162].

Implications There have been few studies of heat engines consisting of protein. It has been
proposed that a macroscopic engine constructed of collagen that operated on a salt concentration
difference also would work on a temperature difference [163].

Any spatially extended biological structure could have functioned as a thermotether, even an entire
organism could. Filamentous structures that may be microfossils are ubiquitous and date back as far as
3.5 Ga[164]. Moreover, [165]:

. .. all of the microfossils associated with ancient hydrothermal deposits reported to date are
filamentous.

These filamentous fossils resemble today’s prokaryotic cyanobacteria, but it has been recognized
that this morphology does not imply a photosynthetic physiology [166]. Fossils of long filaments
(0.5-2 um wide, up to 300 um long) are also found near the 3,235 Ga old remains of hydrothermal
vents [22]. The filaments may even have been caught frozen while functioning as thermotether [22]:

Perhaps most significantly, the changes in preferred orientation of filaments in different areas .
.. may indicate behavioural variations in different micro-environments, a distinctly biological
feature. Similar patterns are evident in modern microbial mats . . . and hot-spring
communities . . . indicating a biotic tropism or taxis in response to a gradient or fluctuation in a
salient ecological parameter.

Today’s hydrothermal vents could be explored for the presence of organisms with thermotethers,
and the ubiquitous filamentous organisms especially [165] investigated for TSG capability. Organisms
can live on the oxidation of basalt [167] and respirers may easily win the competition with
thermosynthesizers where the water of the ocean is oxygenated. Such competition may be absent near
those hydrothermal vents where the natural water is anoxic: examples are intermediate depths of the
ocean near the Pacific coasts of the Americas, of Namibia and in the Black Sea, Baltic Sea and the
Arabian Sea [168]. Here large filamentous bacteria are common. In many of these places organisms
that respire will use oxidants different from oxygen, such as sulphate, but in some places a redox
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equilibrium that would impede all respiration is plausible that would give room for
thermosynthesizers. If present day TSG organisms could be found, their isotopic footprints such as
their *C/'*C ratio should be determined. An isotopic footprint distinct from photosynthesis could link
TSG to the oldest fossils, which show very low *C/"*C values (~—30%o) [169].

Life started small. During TSC there is no evolutionary driving force towards larger size. On the
contrary, being small has the advantage of a fast heat exchange between the organism and its local
environment. Moreover, due to the small size moreover no internal transport mechanisms are
needed [170]. Nowadays not all bacteria are small. In high-nutrient media, where there is no diffusion
limitation, very large bacteria exist. In the gut of tropical fish bacteria as large as 80 x 600 um are
reported [170]. In TSG a large size has the advantage that a larger part of the thermal gradient is
spanned. Most interestingly, hydrothermal vents [171-174] and low-oxygen areas of the ocean [168]
contain today some of the largest bacteria known.

The quickly-contracting spasmoneme of the protist Vorticella rotates during its Ca®" induced
contraction [174]. Such an effect of Ca®" can be interpreted as a lowering of a thermal transition
temperature, i.e., as a way to mimic an increase in temperature while the temperature remains
constant [85]. The relationship between temperature-induced contraction and rotation suggests the
possibility of modelling the emergence of the rotating bacterial flagellar motor in terms of the
thermotether as well.

4. The Flagellar Motor, the Flagellar Pump, the Flagellar Ratchet and the Flagellar Computer

Heat dissipation by heat conduction in a thermal gradient is intrinsic to the thermotether. The
proposed oscillating thermotether is therefore related to non-equilibrium thermodynamics [175,176],
just as thermoelectricity, thermal diffusion and the thermal diffusion potential. Requiring only two
components, the thermotether and the B subunit of ATP Synthase, the free energy generating
machinery is simple, but the energy conversion efficiency—the ratio of the free energy produced by
TSG and the heat transported from high to low temperature—can only be very low. In an early
thermotether-based organism there was room for improvement towards higher efficiency, larger
complexity and use of smaller thermal gradients.

Movement by protein conformational changes driven by thermal cycling is not subject to
impediment by a low Reynolds number. In contrast, it is hard to account for the overdamping of
motion on the molecular scale in models that do not make use of thermal cycling [152]. In our model,
the thermally induced thermotether folding/unfolding would occur concomitantly [177] with
binding/unbinding of nucleotides in the subunits of the F; moiety during reversible ATP hydrolysis
and synthesis. Although the thermotether as a whole must function irreversibly, some partial processes
can have approached reversibility during evolution.

Previous studies [4,5] demonstrated that invoking thermal cycling opens up new possibilities in the
modelling of early evolution. We now consider additional constructs derived from the thermotether: a
second model for ATP Synthase, and models for the emergence of the ‘flagellar pump’, the flagellar
motor, and the ‘flagellar ratchet’, a biological analogue to Feynman’s ratchet mechanism [27]. The
information processing capabilities of a bacterium can be related to the flagellar motor, and the
obtained ‘flagellar computer’ is compared to the Turing machine [31].
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4.1. Emergence of ATP Synthase in a Thermal Gradient

A previous study has given a scenario for the emergence of an ATP Synthase with a temperature-
dependent H'/ATP ratio: Figures 7 and 8 in reference [4]. In the scenario a proton translocator is added
to a progenitor of the a subunit in F;, and this translocator is pushed/pulled across the membrane
during conformational transitions in the a subunit between strong and loose ATP binding (Figure 10).
A variation in membrane thickness [178] with the temperature, plausible during a thermotropic phase
transition in the membrane, occludes a proton binding site of the translocator during part of the thermal
cycle. This occlusion leads to the pumping of protons, and the resulting proton gradient permits the
import of nutrients. The addition to the proton pump of the  subunit that could exchange nucleotides
yields an ATP Synthase with a temperature-dependent variable H' /ATP ratio as pictured in Figure 8.
Figure 3b shows how the combination of a proton pump and ATP Synthase generates ATP.

Near the surface of high-temperature hydrothermal vents the pH is low, near low-temperature vents
the pH is high [179]. From a steep pH gradient free energy can be gained in a simple way. An ATP
Synthase-containing vesicle that was cycled between two different pHs could generate ATP by what
we call the ‘Jagendorf mechanism’: after the internal pH has equilibrated with the external pH, a
decrease in external pH after a movement driven by the thermotether results in ATP synthesis [180]
(Figure 11).

The pH gradient may also have played a role during the emergence of the thermotether and ATP
Synthase. The protein unfolding temperature typically depends on the pH [181], and a thermotether
can gradually have gained the ability to oscillate in a combination of a thermal and pH gradient, and
eventually to oscillate in a pH gradient only.

Figure 10. Previously proposed mechanism for a proton pump that worked on thermal
cycling. During a thermal cycle a thermotropic phase transition caused variation in the
thickness of a biomembrane, which occluded a proton binding site in a protein that was
translocated across the membrane. The translocation was driven by conformational
changes in an FP between strong and loose nucleotide binding. From [4].
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Figure 11. Proposed Jagendorf mechanism. Near a hydrothermal vent a pH gradient is
present. During a thermotether driven oscillation the external pH of a cell will therefore
vary. ATP could be gained from this pH variation, when ATP Synthase is only active at
high temperature, with the cell near the vent: ATP is synthesized while protons enter the
cell. These protons leave again later by conduction through the cell membrane, when the
cell is at its largest distance from the vent, where the external pH is high.
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Figure 12. 4 proton pump based on the thermotether. Instead of using a variation in
biomembrane thickness as in Figure 10, a conformational change is invoked in a proton-
translocating protein resembling the thermotether. This protein, which also resembles the ¢
subunit in ATP Synthase, was anchored in the periplasm. (a) — (b) At low temperature,
the acid residue A-H loses its proton to the periplasm. The proton has been transported.
The base residue B stays behind. (b) — (c¢) The temperature increases. The cold-denatured
protein folds, but it cannot instantaneously assume its equilibrium shape — its
(compression) strain is indicated by the asterisk. (c) — (d) While the protein extends, the
base residue B is positioned in front of the inner proton channel leading to the cytoplasmic
space. (d) — (e) At high temperature the base residue B is protonated along the proton
channel from the cytoplasm: the acid residue A-H is formed. (e) — (f) The temperature
decreases. Unfolding at low temperature yields a strained protein in tension. (f) — (g). The
cycle closes when the protein relaxes to its cold-denatured equilibrium state. The acid
residue A-H moves in front of the proton channel leading to the periplasm side, and the

cycle is closed.
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The second scenario for the emergence of a proton pump with the same components as ATP
Synthase is based on the recently found aqueous proton channels through ATP Synthase’s subunit a;
these lead to the proton carrying Asp-61 residue in the ¢ subunit of F, [182,183], which can undergo a
conformation change [184,185]. The F, moiety of ATP Synthase contains 10-15 of these ¢
subunits [185]. In the second scenario the conformation change drives a proton pump (Figure 12), just
as in the first scenario described in Figure 10. No use is made of occlusion by membrane thickening:
the key step is performed by proteins instead of by lipids.

A significant pH difference across a membrane is common, and is concentrated across it, as protons
freely diffuse in water but not through a lipid membrane.* A ¢ subunit that oscillates on a pH gradient
across a biomembrane (Figure 12) could have evolved from a thermotether adapted to oscillating in
this pH gradient. This mechanism may still play a role in today’s ATP Synthase: the strain generated
in the ¢ subunit would release the tightly-bound ATP in the F; moiety, constituting the conformational
energy transduced from F, to F; depicted in Figure 1a.

It is proposed that the flagellar pump emerged during evolution when similar proton-transferring
proteins attached to a protein export apparatus, and caused this apparatus to pump protons and later to
rotate, or, in a slight twist of this idea, that the protein export apparatus itself extended and started to
function as a thermotether and later as flagellum.

4.2. Today’s Flagellar Motor

Before we consider the emergence of the flagellar motor [187], we sketch its structure (Figure 13)
and function. It consists of many proteins and is still the subject of extensive research, since:

‘... we do not know how the motor actually works . . . * [30]. Although its present day functioning
has not yet been completely resolved, we already model its emergence.

The motor is important. In Escherichia coli the flagellin protein FliC of the rotating helical filament
comprises 8% of the bacteria’s total protein [188]. During the growth of the flagellum, monomers of
FliC move through the hollow flagellum to its tip by an ATP dependent process [189,190]. This
movement is similar to protein export and we already referred to the large resemblance of the core of
the flagellar motor to the type III protein export apparatus [162-166]. The Flil component of the
flagellar motor [191] is homologous to the a and B subunits of ATP Synthase [30].

The rotation rate is several hundred Hz [30], about the same turnover frequency as ATP Synthase.
Effecting movement does not require a particular shape of the flagellum. At low Reynolds numbers,
anything rotating will do [150]:

The interesting question is not how they swim. Turn anything — if it isn’t perfectly
symmetrical, you’ll swim.
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Figure 13. Today’s flagellar motor (E. coli) and some of its proteins. The rotating
flagellum has a length of ~1 pm. The flagellum consists of a hook and a filament of FliC
monomers; growth occurs by addition of FliC monomers that have moved through the
hollow flagellum to the tip. The transport apparatus sends the FliC monomer across the
cytoplasmic membrane. EM pictures show several rings in the cell wall. The P-ring in the
peptidoglycan is associated with the stator of the motor and is connected to the
MotA/MotB protein complex. The MotB protein contains the residue involved in proton
translocation and is part of the MS-ring in the inner membrane. The C-ring consists of the
FliM and FIliN proteins. The FliG-FliM-FIiN complex implements inversion of

rotation direction.
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A key question in the emergence of the motor is therefore the origin of torque, which is associated
with the proton-translocating MotA/MotB proteins that are anchored to the cell wall. FliG couples the
MotA/MotB proteins on the stator to the rotor. Whereas bioenergetic processes as a rule are driven by
ATP, the motor is driven by the PMF, just as ATP Synthase [192]. It has already been mentioned that
when the PMF consists of a ApH, ATP synthesis by ATP Synthase is endergonic [71], and this is true
for the flagellar motor as well [193].

Another important question is the mechanism of the control of the directed movement. During
chemotaxis the bacterium ‘runs’, i.e., swims steadily in one direction; then it ‘tumbles’, performs
rotation diffusion, and then ‘runs’ again in another direction. When the new direction is advantageous,
the next ‘tumble’ is delayed, otherwise it is advanced [194]. Flagella in E. coli are bundled and move
as a whole. Tumbling occurs when a single flagellum upsets the bundle by temporarily switching
between rotating clockwise (CW) and counter clockwise (CCW), ‘as viewed along a filament from its
distal end toward the cell body’ [30]. The ‘switch complex’ consists of FliG, FliM and F1iN [195,196].
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4.3. The Flagellar Pump

Proposed emergence Microorganisms are easily tethered to substrates by their flagella [187]. In the
proposed model for the emergence of the flagellar motor, its progenitor was a flagellar proton pump
that worked on thermal cycling (Figure 3c). The protons generated ATP when they returned through an
ATP Synthase. Proton translocation may have been assisted by torque generated in the thermotether
during thermal cycling; rotation in one direction would have been obtained by connecting a ratchet and
pawl, or in short, a ratchet (Figure 14) to the flagellum that functioned as axis.

Figure 14. (a) Asymmetry in a ratchet-and-pawl mechanism. Sliding of one surface over
another is permitted in one direction only. A pawl sticking out from inside the top surface
falls into an asymmetric notch in the bottom surface. (b) The inclined plane inside the
notch can push the pawl back when the lower surface moves to the right with respect to the
upper surface. (c) When the surfaces moves in the opposite direction, the vertical plane
inside the notch catches the pawl, and halts further movement to the left.
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The first flagellar pump may have contained parts taken from ATP Synthase when this acted as
proton pump: multiple proton-donating units (a subunit), and multiple proton translocators (¢ subunit)
would have been attached to the inner surface of the ring that functioned as a stator and evolved into
today’s MotA/MotB protein (Figures 15 and 16) with its Asp-32 residue that carries the translocated
proton. The MotA/MotB protein combination indeed shows conformational changes [197-199] during
proton translocation and could have applied torque to the type III protein export apparatus [161] that
constituted the rotor.

Thermotaxis is common in bacteria; some move towards a heated wire [200]. E. coli aggregates in a
thermal gradient [201]. It should be observable whether microorganisms that show thermotaxis
towards a heated wire attach their flagellum to it and pump protons while the flagellum oscillates in
the
thermal gradient.

4.4. Switch to Isothermy: Emergence of the Flagellar Motor

The model for the emergence of the flagellar motor starts with a dissipative system: while heat
moves from high to low temperature in a thermal gradient, oscillations driven by the thermal gradient
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in protein subunits enable a flagellar pump to function. During a glaciation, evolution maximized the
efficiency of the flagellar pump, which initially was very low but eventually reached reversibility, at
least for some partial steps of the mechanism—the pumping mechanism being an intrinsically
dissipative process, overall reversibility was out of reach.

The return of reductants and oxidants generated by photosynthesis after the end of the glaciation
again enabled regular proton pumping by respiration. It could have been effected by endosymbiosis
with a respirer or by the formation of a chimera involving a respirer. Proton pumping by the flagellar
pump then became redundant; instead, the newly available protons caused the pump to reverse and to
co-adapt it as the flagellar motor. Upon disconnection of the tether from its substrate, it started to
function as a flagellum while contracting and rotating (Figure 3d, Figure 17).

Figure 15. Overview of the proposed flagellar pump, a progenitor of the flagellar motor.
During the thermal cycling sustained by the thermotether the MotB protein takes up
protons from the cytoplasmic side of the membrane and sends them across the membrane
(details are given in Figure 16). Thermal cycling may in addition have rotated a ratchet that
assisted in the back-and-forth translocation of the MotB protein. It moreover may have
occluded the entry to the inner proton channel in the MotA protein.
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Sequence data show that [202]:

core components of the bacterial flagellum originated through the successive duplication and
modification of a few, or perhaps, even a single, precursor gene.

and

The earliest proteins are proximate to the cytoplasmic membrane with later proteins situated
distally, first spanning the outer membrane and then giving rise to structures (i.e., the hook,
junction, filament, and capping proteins) that extend outside of the bacterial cell. Thus, the
flagellum represents a case whereby its order of assembly recapitulates its evolutionary history.



Entropy 2009, 11 485

Figure 16. Cycle of the proposed flagellar pump. Proton translocation involves the MotB
progenitor protein. Ratchet-and-pawls have been added to the mechanism of the proton
pump described in Figure 12. The MotB protein is anchored to the peptidoglycan
membrane in the periplasm and the moving ‘pawl’ is situated in the cytoplasm. (a) — (b)
At low temperature, the acid residue A-H loses its proton to the periplasm through the
outer proton channel in the MotA protein; the base residue B remains. (b) — (c) The
temperature increases. The cold-denatured MotB folds and assumes a strained (asterisk)
compressed configuration. (¢) — (d) MotB lengthens. The base residue B moves in front of
the inner MotA proton channel that leads to the cytoplasm. The pawl hits the sliding plane
of the notch in the ratchet, pushing the ratchet to the left. (d) — (e) Still at high
temperature the base residue B of the extended and folded MotB protein is protonated from
the cytoplasm side along the proton channel, forming the acid residue A-H. The pawl
pushes the ratchet so far to the left that it occludes the proton channel. The ratchet halts
when the pawl hits the vertical plane inside the notch. (e¢) — (f) The temperature decreases.
Unfolding at low temperature yields a strained MotB protein in tension that contracts.
(f) — (a) The cycle closes when the MotB protein relaxes to its cold-denatured equilibrium
state. The residue with the base residue B is positioned in front of the proton channel
leading to the periplasm. The ratchet has lost contact with the pawl and can diffuse freely
in both directions.
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At low temperature CW is the preferred state, at high temperature CCW [203,204]. This study
interprets this temperature effect as a possible relic of the flagellar pump. Its flagellum/thermotether
rotated CCW upon contraction after a temperature decrease and CW upon expansion after a
temperature increase. When the flagellar pump reversed, and started to function as a flagellar motor
driven by the PMF, this would have caused the flagellum to change orientation as well, i.e., to rotate
CW at low temperature and CCW at high temperature.
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Figure 17. Proposed cycle of today’s flagellar motor. The cycle is the reverse of the cycle
of the flagellar pump. In addition, the MotB protein undergoes conformational change by
protonation instead of by a temperature change. (a) — (b) The base residue B takes up a
proton from the periplasm and forms the acid residue A-H. (b) — (c) The MotB protein
folds and assumes a strained, compacted conformational state, indicated by the asterisk.
(c) — (d) MotB expands. The acid residue moves in front of the inner channel of the MotA
protein. The pawl makes contact with the sliding plane in a notch of the ratchet, forcing the
ratchet to the left until the pawl collides with the vertical plane in the notch of the ratchet.
(d) — (e) The acid residue A-H of the extended and folded protein deprotonates along the
inner proton channel. (e) — (f) MotB unfolds, first to a strained conformation. The base
residue B is positioned in front of the outer proton channel. The pawl loses contact with the
sliding plane of the notch in the ratchet. The ratchet can diffuse freely. (f) — (a) The cycle
closes when MotB relaxes to its cold-denatured, unfolded equilibrium state. The residue
with the base residue B is positioned in front of the proton channel leading to the
periplasm.
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4.5. The Flagellar Ratchet and Feynman’s Ratchet

We compare the flagellar pump with Feynman’s ratchet mechanism for a primitive heat engine [27]
(Figure 18). Both the flagellar pump and the Feynman ratchet (1) generate free energy from a
temperature difference and contain (2) a structure interacting with the medium (the flagellum resp. the
vane), (3) an axle, and (4) a rotor and stator. One difference is that in the pump the axle cyclically
contracts, whereas in Feynman’s ratchet the axle is rigid. Another difference is that the MotA/MotB
proteins in the stator of the flagellar pump are thermally cycled, whereas the pawls in the stator of
Feynman’s ratchet undergo isothermal fluctuations.
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Figure 18. Feynman's ratchet. The device invokes a ratchet-and-pawl combination in a
thought experiment that tries to circumvent the Second Law of thermodynamics [27]. A set
of vanes undergoing fluctuating forces due to thermal movements of a gas is connected by
an axle to a ratchet-and-pawl. Since the ratchet would only be able to turn in one direction,
the axle would turn in one direction as well, and lift the weight at no cost of free energy.
Further analysis shows however that the pawl has a finite chance to jump, which would
cause the ratchet to fall back. The Second Law remains valid. When the temperature of the
vanes is higher than the temperature of the ratchet, the device can however perform
external work and lift the weight. It then works as a heat engine. Feynman pointed out that
the vanes are set in motion when the vanes have a lower temperature than the ratchet-and-
pawl. The hot pawl frequently jumps over the barrier during fluctuations and then forces
the ratchet to rotate in a direction opposite to its regular rotation.

reservoir

| |

at top I |
temperature I—ﬁ :vane:s |
| |

t

reservoir ratchet [
at bottom | /f\

temperature spring |

of pawl l

weight

The flagellar pump including its host, the bacterium, is thermally cycled as a whole. In contrast, a
thermal gradient is present across the ‘flagellar ratchet’, a theoretical device that is an analogue to
Feynman'’s ratchet. The MotB protein could be thermally cycled just as in Figure 4. The modifications
required for the flagellar pump are:

1. the flagellum must have a higher temperature than the stator/rotor;

2. the thermal fluctuations in the torsion of the flagellum must not become excessively damped
during their transfer along the flagellum to the rotor/stator (note that energy transfer by changes in
torsion is a plausible means of conformational energy transfer between the F, and F; parts of ATP
Synthase as well);

3. the MotA/MotB ‘pawl’ must undergo significant entropy-decreasing fluctuations in its
conformation. Such  entropy-decreasing fluctuations have been observed in small
macromolecules [205,206].

The flagellar ratchet has several interesting properties. It resembles the recently proposed
theoretical ‘Brownian gyrator’ [207] that rotates in a thermal gradient. Moreover, a sessile organism
with a flagellar ratchet could gain free energy not only when the flagellum has a higher temperature
than the stator, but also when the flagellum is subject to non-thermal fluctuations or ‘noise’ (Figure
19). It might even function as a turbine in the presence of a constant current (Figure 3g),” a
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phenomenon that will not occur under the objective of a microscope, because (just as a thermal
gradient) the required current is absent there.

Figure 19. The flagellar ratchet. Feynman’s ratchet-and-pawl mechanism can function as a
heat engine (Figure 18). It is proposed that when the flagellum of a flagellar motor has a
higher temperature than the rotor/stator combination, it can similarly to Feynman’s ratchet
function as a heat engine, which is called a ‘flagellar ratchet’. The difference with the
flagellar pump is that the pump is thermally cycled as a whole whereas the ratchet is not
cycled, and works on the thermal gradient. The free energy gained is used to pump protons
across the cytoplasmic membrane. The ratchet could not only work on thermal fluctuations
in the flagellum, but also on non-thermal fluctuations, including a constant current.

DIy

peptidoglycan

periplasm
cytoplasmic membrane

<

cytoplasm

The flagella of many extant microorganisms could be part of a flagellar ratchet. Sessile organisms
in environments with a local strong current are considered good prospects. Macroscopic algae such as
Laminaria that grow in tidal currents [208] may have emerged from large flagellar ratchets by the
acquisition of chloroplasts. Use of flagellar ratchets is an alternative to heterotrophy as energy source
in colourless algae [209].

Until the Cambrian, when grazers appeared, the ocean floor was covered with filamentous
organisms [210]. Some of these filamentous organisms may, similar to the flagellar ratchet, have
gained free energy from the current flow above the ocean floor. In the same way, sessile organisms on
the ocean floor of the Jovian moon Europa could, as previously proposed [211], by means of their
flagella gain free energy from the uptake of warm vent water in large vacuoles or from the current in
the surrounding water. With the flagellum sticking out in the warm vacuole or the moving ocean water,
the flagellar ratchet could support both mechanisms.

Other environments of interest include the human body. Near heart valves the flow rate of the blood
must be especially high. Because of their pathogenicity, the fastidious bacteria that cause
endocarditis [212] are prospects for the presence of a flagellar ratchet. A stimulation of their growth by
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the current flow should be experimentally observable; a dependence could explain their fastidiousness
and localization on the valve.

The reversed flagellar ratchet When in Feynman’s ratchet the pawls have a higher temperature than
the vanes, the pawls set the vanes in motion [27]. A high temperature of the MotA/MotB proteins
could similarly cause the flagellum to rotate. This ‘reversed flagellar ratchet’ must be distinguished
from the flagellar pump or the flagellar motor. The organism would not change position—to profit
from the thermal gradient it has to remain sessile. When a collection of reversed flagellar ratchets is
present on the surface of a cell, a circulation in the water around the collection will be induced. The
water circulation required for filter feeding [213] may have emerged from such a collection above a
biofilm of microorganisms on top of a submarine hydrothermal vent.

Previously proposed thermal and Brownian ratchets Several studies have been published [215] on
‘thermal ratchets’ and ‘Brownian ratchets’, notions also derived from Feynman’s ratchet. Therein the
ratchet is compared to a periodic potential, and the pawl to a particle moving in this potential [27].
There is some overlap with the ideas presented in this study, although the relevant biochemical context
in these previous studies consists of filamentous proteins such as actin or tubulin, the linkage of
monomers yielding the spatial periodicity. Some studies investigate the effect of thermal
cycling [216-219], similar as proposed here for the flagellar pump. These notions may be relevant for
the emergence of contractile proteins and molecular motors.

4.6. The Flagellar Computer and the Turing Machine

A flagellated bacterium such as E. coli senses its environment and reacts to it by changing its
direction of movement [194]: this information collection and processing, followed by action,
demonstrates its cognition capability. A bacterium is a computer. Because the flagellar motor contains
all the proteins involved in chemotaxis [30], we consider whether the novel point of view given by
thermosynthesis permits an explanation of the emergence and the mechanism of the ‘flagellar
computer’. ATP Synthase, the flagellar pump and the flagellar ratchet could generate the free energy
that a computer in practice requires® [220].

First we consider clocks and temporal periodicity—computation involves repetitive activity.
Periodic phenomena must have played a key role during the origin of life [4]. Moreover, any complex
and composed system will require synchronization of its parts, which can be implemented by a clock.
In today’s personal computer, for example, the high-frequency alternating voltage generated by a
piezoelectric crystal functions as the clock that synchronizes the parts. A previous study [85] proposed
that early thermosynthesizing organisms similarly used thermal cycling to synchronize spatially
separated cellular activities. Later in evolution, periodic Ca**-inflow would have taken over this role of
thermal cycling in effecting internal cellular synchrony [85].

It seems most natural to associate gear-containing and dissipative clocks with complex, highly
damped rotating devices such as ATP Synthase and the flagellar motor. One flagellar motor complex
in a bundle of active flagellar motors could start to function as ‘flagellar clock’ or flagellar computer,
when contact with the other active flagellar motors forces it to rotate and to drive the escapement of
a clock.”
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The ratchet in Figure 15 has the same shape as the crown wheel of a verge escapement [223]
(Figure 20a). Here the axis of the verge is parallel to the plane of the ratchet. In the anchor escapement
the axes of the anchor and the rotor are parallel (Figure 20b). In a flagellar motor a similar back and
forth movement could occur and might be coupled to a biological clock. Several authors have
proposed escapement mechanisms in biological motors [224-226]. Chemotaxis involves the delay or
acceleration of tumbling. It is plausible that the emergence of the bacterial flagellar computer started
by the similar delay or acceleration of a flagellar clock.

A Turing machine is a theoretical, mathematical device first used to investigate the limits of
algorithms, or more generally, of mathematics itself [31,227]. It is imagined to consist of (1) a paper
tape—infinite in both directions—that can be read, written on and be moved forwards and backwards
by (2) the head, which can assume a finite number of states, including an initial state, and (3) a table,
that—using as input only the current head state and the symbols on the tape directly under the head—
allows the head to write on the tape and move over it, in addition to changing its own state. Turing
machines can be used to calculate many (but not all [31,227,228]) transcendental numbers such as e
and 7.

Figure 20. The verge and anchor escapements. Escapements are applied in clocks. In the
verge escapement the teeth of a rotating crown wheel periodically lift a pallet connected to
the verge; the other pallet then impedes the movement of the teeth at the other end of the
verge. In this way the sought-for periodic back-and-forth motion is induced. In the anchor
escapement the anchor performs a back-and-forth motion as well, the difference being that
here the rotation axis of the anchor is parallel to the axis of the escape wheel. Similar
mechanisms may be operating in rotating biomolecular devices such as ATP Synthase and
the flagellar motor, permitting them to function as clocks as well.

a. Verge escapement b. Anchor escapement
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Turing proved that it is possible to obtain a description on paper tape of any Turing machine that
can calculate a certain transcendental number, so that a special Turing machine, the ‘Universal Turing
Machine’ (UTM), can calculate this transcendental number using this description on the tape.
According to the Church-Turing thesis [229], theoretical computers based on different principles still
have the same calculation ability as the UTM, which, because of this universality, constitutes a
suitable reference. Physical devices based on the UTM have had a spectacular success in the nowadays
ubiquitous electronic computer.
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Many physical implementations of Turing machines have been proposed, but many are also
impractical because of low calculation speed. They may take many cycles to halt, which leads to the
notion of a ‘Turing tar-pit’ [230]:

Beware of the Turing tar-pit in which everything is possible but nothing of interest is easy.

Halting is neither assured nor predictable [31,228]. Physical devices with computation capabilities
different from the Turing machine may also be useful [231].

It follows from statistical mechanics that data storage of a bit such as on the paper tape and in the
head of a physical implementation of a Turing machine cannot be 100% accurate [232]. More
generally, errors are inherent to computer systems. According to Von Neumann [233]:

Error is viewed, therefore, not as an extraneous and misdirected or misdirecting accident, but as
an essential part of the process under consideration—its importance in the synthesis of
automata being fully comparable to that of the factor which is normally considered, the
intended and correct logical structure.

Our present treatment of errors is unsatisfactory and ad hoc. It is the author’s conviction,
voiced over many years, that error should be treated by thermodynamic methods, and be the
subject of thermodynamical theory, as information has been, by the work of L. Szilard and C.E.
Shannon.

Whereas for the Turing machine it is assumed that errors during processing are absent—it is after
all a logical, theoretical device—errors are significant in practical computers, and must especially have
been significant in the first biological computers. Although Danchin [234] claims that the cell is a
Turing machine, several differences between biological computation systems and Turing machines
have been recognized [231]:

Turing computation, designed computation, is about halting, computability and universality; it
is symbolic, discrete and closed (pre-defined); it is deterministic and sequential (in the sense
that probabilistic or parallel variants provide no additional computation power); . . . its
calculations are exceedingly fragile to small changes or errors. On the other hand, biological
computation, found computation, is about not halting (halting equates system death); it is
(mostly) nonsymbolic, continuous and open (constantly adapting and evolving due to the
continual flow of matter, energy and information through the system); it is essentially
stochastic and massively parallel; . . . and is robust to many classes of errors.

We consider the Turing machine at least partly applicable over the whole size range of organisms,
from microorganisms such as bacteria to macroscopic organisms like ourselves that have a brain. Key
questions on biological computers then concern their specifics: How do they work, where are they
located in the cell, how are programs physically realized, how did the machines evolve, what
constitutes the difference between Turing and biological computation? Previous investigators have
analysed the link between the flagellar computer and Turing machines only in general terms [235], and
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the extensive literature on the link between the Turing machine and the human brain that starts with
Turing [31] himself gives little anatomical specifics.

Correspondences between the flagellar motor and the Turing machine exist of:

1. the ring of 26 MotA/MotB combinations in the flagellar motor can be linked to the paper tape; a
similar number of switch complexes (FliG/FIliM/FliN combinations) is present. The conformational
state of a MotA/MotB combination or switch complex would stand for one bit. The motor is also able
to read these conformational states while it turns: data can therefore be stored and read;

2. the switch complex can be linked to the Turing machine’s head,

3. the head states to the current PMF, the conformations of the switch complex (CCW and CW),
and the conformations of the flagellum—in addition to the CCW and CW state, additional changes in
its shape are observed as well [204]. The state of tumbling is linked to the Turing machine’s initial
state;

4. the mechanical interaction between the proteins of the flagellar motor would implement the table.

It is consequently postulated that in a bacterium the functions of information processing, storage
and action during chemotaxis are implemented by a flagellar computer of which the structure—but not
the function—is identical to the flagellar motor. During a run, a single flagellar ratchet in a rotating
bundle of flagellar motors functions as flagellar computer, with the rest of the rotating bundle forcing
the ratchet/computer’s rotation. The ratchet writes down in its set of MotA/MotB proteins the state of
the environment during the run, as indicated by the absence of the CheY-P protein. When the number
of set MotA/MotB proteins in the ratchet reaches the threshold, the system (1) resets these proteins (cf.
the ‘initial state’ of a Turing machine), (2) tumbles, and (3) starts another run.

Chemotaxis demonstrates that alternatives in computing to the Turing machine are possible and that
nature has discovered them.® Proposed mechanisms for the flagellar computer could be confirmed by
observation and experiment, in which conformational states of proteins are tracked by fluorescence or
thermocoloration [236].

In addition to overcoming hardware and software errors, automated semi-periodic resetting
overcomes the halting problem of the Turing machine. The name ‘reset machine’ is proposed for a
computer with this reset capability. 4 regular reset should be seen not as a rough method—such as
effected by a Windows user on a personal computer—for correcting hardware or software errors, but
as a characteristic of a computer architecture that differs from the Turing machine. The reset machine
accords with the recently formulated requirements for novel computing paradigms [237].

The model leaves open how the program is stored physically in the reset machine, and how it is
reloaded. Moreover, a reset machine will function in a way different from a Turing machine, or even a
regular computer: it is a distinct kind of automata. Upon a reset, data may have to be saved in stored
memory. This may introduce errors in stored memory, and such damage may become significant in the
long run, causing a kind of aging.

Webre et al. [194] attribute to a bacterium that performs chemotaxis a ‘bacterial nanobrain’ situated
at the site of the membrane receptors, instead of in the flagellar motor. Additional types of signal
transduction, and more complex phenomena, on longer timescales, have also been interpreted as
indicating prokaryotic intelligence [238-240].

A related issue is the demonstrated presence in microorganisms of several types of memory
different from regular DNA expression [241,242]. One could speak of computing when this memory is
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not simply the result of hysteresis of a non-linear reaction to environmental conditions, but can also be
actively set by the organism. In a bacterium a network or maybe even a hierarchy of such, slightly
coupled, data processing mechanisms may be present in addition to the bacterial flagellar computer.

4.7. Emergence of the Eukaryotic Cell

Until the nineties the large difference between the prokaryotic and the eukaryotic cell seemed
conceptually insurmountable, but then many attributes considered typical of eukaryotes were also
found in prokaryotes. Vellai and Vida [243] list the nucleus, cytoskeleton, mitosis-supporting
apparatus, internal membrane, linear chromosome, introns, eukaryotic-gene regulation, multiple
genomes and large size. Remaining attributes characteristic of eukaryotes are identified as (1) an
energy-producing cell organelle, (2) endocytosis capability, and (3) an ~100,000 times larger genome:
whereas prokaryotes genomes typically contain 0.6-9.5 million bases, eukaryotic genomes start at
140,000 million bases. The large difference in the flagellar motors can be added [244,245] to these
characteristics. The bacterial flagellar motor works on the PMF, whereas the larger eukaryotic flagellar
motor works on ATP. The rotating bacterial flagellum may be present on its own, or be part of a
bundle. The ‘bundle’ of 9 + 2 microtubules inside the eukaryotic flagellum bends, a mechanism that
may more easily scale up, as there seems to be a lower chance of entanglement of the longer
microtubules.’

Figure 21. Proposed emergence of muscle from a thermotether inside a cell. Figure 2
depicts free energy gain from a thermotether outside a cell. A thermotether with an ATP
generating FP attached to it operating inside a cell is also easily imagined. Reversal of such
a system could lead to the emergence of muscle when an ATP-consuming FP evolved into
myosin and the thermotether into actin.
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The emergence of muscle can be explained similar to the emergence of the bacterial flagellar motor.
A global glaciation again yielded the long evolutionary time required for the emergence of a
thermosynthesis driven process that started with a thermotether moving back-and-forth in the thermal
gradient inside a cell (Figure 21). FPs attached to this internal thermotether generated condensation
products such as ATP and GTP. Partial steps of the dissipative mechanisms of these proteins reversed
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at the end of the glaciation. The thermotether/FP combination would have turned into the actin/myosin
couple of muscle. The source of the ATP required for muscle would have been respiration.

The bacterial flagellar motor runs on protons pumped by the respiratory chain, which is situated in
the cytoplasmic membrane, the only membrane in the prokaryotic cell. In the bacterium, respiration
generates the free energy for both the flagellar motor and for metabolism. The demands of these two
systems may conflict. Their separation seems advantageous and feasible by endosymbiosis of the
progenitor of the ATP-producing mitochondrion [248]. The ancient host of the mitochondrion, a
subject of extensive debate in the biological literature [249,250], is thus identified as a
flagellated bacterium.

By this endosymbiosis a division of labour was obtained that has remained present in organisms
until today. The host transports substances to and from the mitochondria, which in turn generate the
ATP with which the host runs this transport. A key aspect of the evolution of animals then concerns
the evolution of transport. It would have started simple by a flagellar motor that ran on ATP, and
would have ended with our own complex systems for circulation, locomotion, and food and oxygen
uptake.

The mechanism of the prokaryotic flagellar ratchet proposed above is based on the rotating
prokaryotic flagellum. The progenitor of the non- or less rotating eukaryotic flagellum may, in a
thermal gradient, have generated ATP by a similar thermally induced bending: this progenitor would
have constituted a eukaryotic flagellar ATP-generator that corresponded with the prokaryotic flagellar
pump. Today’s eukaryotic flagellum comprises several microtubule/dynein couples, and can be
compared to a bundle of bacterial flagellar motors enclosed in a membrane (Figure 3f). The growth of
microtubules by addition of the tubulin monomer resembles the growth of the bacterial flagellum by
the addition of the FliC monomer to the flagellum’s tip.

Emergence of an ATP-generating eukaryotic flagellar ratchet analogous to the proton-pumping
bacterial flagellar ratchet seems feasible. Because of its bending it would resemble the invar-based
circuit breaker used in car signalling lights mentioned in Section 2. The notion should be kept in mind
when investigating choanoflagellates and the similar choanocytes present in sponges. Protist ciliates
connected to a substrate show quick contractions of the tether/stalk even in the absence of a thermal
gradient, which hints at the presence of a ratchet [174].

Another prospect for the theoretical eukaryotic flagellar ratchet is the observed flagellar cilium with
its whip-like movement [251]. When present in a boundary layer it may span a thermal gradient. The
flagellum’s tip would have been thermally cycled during its movement, which therefore may have
sustained a thermal relaxation oscillation. This mechanism may apply to the cilia in the bronchi of the
lung where the temperature of inhaled air differs from the body temperature.

Movement driven by the temperature difference across the base of the cilium can also be imagined:
by analogy to the reversed prokaryotic flagellar ratchet one derives the notion of the reversed
eukaryotic flagellar ratchet,' in which the high temperature of the cilium would drive the movement
of the eukaryotic flagellum.

Eukaryotic complexity The task of resolving how the complex information processing and control
occurring in the eukaryotic cell are physically implemented seems daunting. The unknown structure of
a complex system may however be obtained by modelling its evolution: establish how it functioned in
the beginning and then consider the later additions. Man-made complex systems such as
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airplanes—including their components such as jet engines—or computers (mainframe or personal) can
be understood from their function. In contrast, it may be difficult to understand complex structures by
the properties of their parts because of the redundancy in the numerous physicochemical properties
that a part can have: the relevance of the properties of a part can only become clear from its function.

DNA [252,253], RNA [254] and proteins [255,256] can be used for in vitro non-biological
computation. We consider an evolutionary path from a prokaryotic reset to a eukaryotic reset machine.
If in addition to in vitro computation, in vivo computation by biological macromolecules could be
demonstrated, the hardware involved would plausibly descend from the bacterial flagellar computer.
The eukaryotic computer may then, also plausibly, be found near the flagellum, i.e. underneath the
basal body of the eukaryotic cilium and near the pair of centrioles in the middle of the centrosome
[257]. The cilium oscillates [258,259], and could therefore function as the clock of a computer. Recent
studies indicate a central role in the control of the cell [260-262], including tumour suppression
[263]."" Jekely and Arendt [264] state:

The evolution of the motile cilium was a major innovation during eukaryogenesis that, in
synergy with endomembranes, phagocytosis, mitochondria and novel genome organisation,
triggered the rapid diversification of the eukaryotes.

The proposed descent of the eukaryotic cilium from the bacterial flagellar motor contrasts with the
notion that it was a eukaryotic innovation [264]:

Both autogenous and symbiotic scenarios have been put forward to explain the evolutionary
origin of the cilium. Autogenous scenarios propose that the cilium evolved by the duplication
and divergence of pre-existing components of the eukaryotic cell whereas in symbiotic
scenarios, the merger of a motile Spirochete and a host cell is thought to have given rise to the
organelle.

Several physical models for the function of the microtubules in the cilium have been proposed.
Some invoke classical conformational changes in tubulins [265-268], others invoke quantum processes
including quantum computation [265-267]. Some models comprise temperature-dependent
conformational transitions [268]. The structures used in these models may be easily linked to the
prokaryotic and eukaryotic flagellar computers proposed here.

The animal brain, a biological computer based on the action potential of the cell membrane of the
neuron, differs substantially from the flagellar computer. A following study [20] gives a model, based
on the thermal diffusion potential [269], for the emergence of the nerve in a hydrothermal vent later in
evolution at the onset of the Cambrian. Nerve-based computing would have been an add-on to an
already functional eukaryotic flagellar computer that made use of the cilium.

Timing This study identifies macroevolution with global glaciations during which life would have
fallen back to thermosynthesis. Tentatively, the 2.9 Ga glaciation is associated with the emergence of
the prokaryotic flagellar motor. Good dates for the first reported eukaryote fossils are 1.8 Ga [141] and
2.1 Ga [270] and their emergence is associated with the preceding global glaciation of 2.2 Ga. During
the next global glaciations—the Snowball Earths of the late Proterozoic that start at 0.7 Ga—Ilarger
versions of the thermotether and novel thermosynthesizing organs based on different relaxation
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oscillations would have emerged that supported movement of larger volumes of water. These novel
organs will be the subject of following studies.

5. Discussion
We agree with Simon’s statements [271]:

Biology’s subject matter thus consists of a class of naturally occurring machines, machines that
are assumed to be descended from primitive protomachines, the original progenitor of which
was self-assembled.

and

Whether or not abiogenesis, the spontaneous and natural formation of living systems from
inanimate materials alone, is explicable in terms of physical theory, it clearly cannot be
explained in terms of biology.

Many notions used here indeed have their origin outside biology, in physics and engineering. While
comparing machines to organisms, Simon further observed:

It is essential to almost all man-made machines that they introduce nonholonomic constraints,
such as ratches, relays, switches and escapements.

This study demonstrates that ratchets also may have played a role during evolution, in the
emergence of cell organelles, especially those involved in energy conversion and movement.

A key problem in biophysics is the question of how life during evolution overcame the
overdamping of movement on the atomic scale [151,153]. The proposed solution, the thermotether,
may have worked in the past in a thermal gradient, and may still be operating in thermal gradients in
the world around us.

Additional support is given to the notion that during its origin and early evolution, life did not move
actively but was carried along by convection currents. Later the thermal gradients near hydrothermal
vents permitted the emergence of directed motion based on simple relaxation oscillations that
overcame the damping due to a small size [20]. These processes gave thermosynthesizers a selective
advantage during global glaciations and when these glacials ended, the reappearance of photosynthesis
and respiration yielded the required energy for movement by mechanisms based on reversal of the
previously acquired processes evolved from relaxation oscillations.

In contrast to the standard Darwinian scenario for evolution, which assumes small incremental
changes, the newly proposed scenario permits large changes: a mechanism for
macroevolution driven by glaciations is obtained [272-275]. Environmental fluctuations would have
accelerated evolution [276,277]. Martin [278] has stated on the mechanism of the emergence of the
eukaryotic nucleus that:

A fundamental problem that is common to all ideas regarding the origin of the nucleus is that
the underlying mechanism has to be plausible enough to have actually occurred, but at the same
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time so unlikely that it has only occurred once in four billion years . . .This problem is severe. .
.. It is the main reason that they are all coupled to a rare event in evolution, for example the
origin of phagotrophy, a karyogenic symbiosis that occurred only in the eukaryotic lineage, or
the origin of mitochondria. . . .

Such rare evolutionary events are therefore explained here by macroevolution driven by long-
lasting geological cycles of glacials and interglacials.

This study further increases the large explanatory power [279] of thermosynthesis. Seemingly
disparate notions such as evolution, macroevolution, chemiosmosis, hydrothermal vents, global
glaciations, heat engines, non-equilibrium thermodynamics, Feynman’s ratchet-and-pawl mechanism,
the bacterial flagellar motor and the eukaryotic cilium are combined in a unifying scenario that is
verifiable by observation and experiment. The linkage of the flagellar motor to the Turing machine
could have far-reaching consequences for the understanding of life: computation capability may be a
key attribute of the so difficult to define living state [235]. Just as today’s complex airplane can be
understood as the result of the addition to a simple airplane of components that improve its function,
the complexity of the eukaryotic cell may become understood as the result of the addition of specified
components to a bacterial flagellar computer.

All theoretical modelling is easily called speculative, and this is in particular true for the modelling
of the origin of life. The application of the notion of thermosynthesis to astrobiology [87] has been
called ‘science fiction’ [280]. This author does not agree. Given the important role of heat engines in
physics and engineering, and the absence of a reason that would preclude a similar role in biology, it
follows that biological heat engines are possible and even plausible. They may not have been observed
because biologists have not looked for them—most are unfamiliar with the possibility, and it is in
general difficult for the eye to see what is not already in the mind. The absence of progress in solving
the problem of the origin of life means that a fundamental idea has probably been overlooked, and
there have been calls for ‘open-mindedness’ in this context [271]. The overlooked idea is not
necessarily complex but may instead be simple. Biological heat engines functioning in a convection
cell or in a thermal gradient are most suitable candidates for the overlooked fundamental idea that can
explain the origin of life.

6. Conclusions

A simple theoretical cell organelle, the thermotether, is described that allows a microorganism to
sustain a relaxation oscillation that generates free energy in the thermal gradient above a submarine
hydrothermal vent. This thermotether may have played a key role during early evolution. A modified
thermotether that worked on a pH gradient instead of on a thermal gradient is a plausible progenitor of
the proton translocation subunits of ATP Synthase and the prokaryotic flagellar motor. The flagellar
pump resembles Feynman’s ratchet-and-pawl mechanism. A model can be given for the emergence of
a Turing-like machine that plausibly functions in prokaryotic and eukaryotic cells. The notion of the
thermotether further enhances the already large explanatory power of thermosynthesis in biology.
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Notes

Thermosynthesis proposes a temporal order for the emergence of the arms of transfer RNA [5] that is
consistent with the order obtained by phylogenetic structure analysis [97].

This protein with its long evolutionary history is still of importance: during cancer it is underexpressed [98].
Ancient organisms ‘put on ice’ in meteorites of terrestrial origin, either in orbit around the Sun or deposited
in repositories on the Moon [144] (especial near the poles in crater interiors shaded from the Sun) or other
celestial objects, could allow the testing of the models presented here. This refutes the objection against
these models that they are in principle untestable.

Biological use of a thermal gradient across a biomembrane has previously been proposed [186], but is
considered less plausible. The temperature difference across a biomembrane can only be small, given its
thickness of a few nm. As the difference between the thermal conductivities of a lipid membrane and water
are expected to be small, a temperature gradient will not become concentrated in the membrane; in contrast,
the high electrical conductivity of water does cause electric fields to be concentrated across the membrane.
Except for its much smaller size, the structure would resemble a wind turbine hanging under a balloon
[214].

Non-dissipative or reversible computing is theoretically feasible [221], but no implementations have yet
been proposed; a quantum computer [222] could also be reversible.

In a clock an escapement converts a rotary motion of the rotor (driven by a spring or weight) into a back-
and-forth motion [223].

Berg [235] has drawn attention to the similarity of tumbling in bacteria and human thinking:
Is a similar strategy fundamental to the operation of our brains? Does the sort of irritability that enables E.
coli to change directions enable us to change our minds? Is there a secret here, learned early in evolution,
that helps us think?

The rotation of the central pair of microtubules observed in several eukaryotes [246,247] may be a relic of
prokaryotic flagellar rotation.

A progenitor of goose-flesh?

In a transformed (tumour) cell the cellular computer could contain a changed program that results in a
differently executed cell cycle: in that case cancer would be associated with a software bug. The difference
between the normal and the transformed cell would then be very small, and hard to exploit by

chemotherapy, as observed.
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