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AsstracT According to models such as panspermia or the Nebula-Relay hypothesis, the

ancestors of life on Earth once lived in molecular clouds. Then what are the energy source

and bioenergetics for such lifeforms? A new bioenergetic mechanism powered by cosmic ray

ionization of hydrogen molecules is proposed and its relation with the origin of chemiosmosis is

also discussed in this paper. Based on this mechanism, the Last Universal Common Ancestor

may be a type of lifeform that utilizes hydrogen molecules as donors of electron transport

chains.
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Introduction

Life’s genetics and biological activity rely
heavily on its bioenergetics which governs the en-
ergy flow of living systems. These include trans-
forming energy, producing and utilizing adenosine
triphosphate (ATP) molecules, etc. These steps
effectively convert chemical energy into ATP, es-
sential for life. On Earth, cellular respiration oc-
curs in two ways: aerobic and anaerobic respira-
tion. Peter D. Mitchell proposed the chemiosmotic
theory in 1961™M and pointed out that ATP syn-
thesis is driven by an electrochemical gradient es-
tablished across the plasma membrane as hydro-
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gen ions (protons) diffuse from areas of high pro-
ton concentration to those of lower concentration.
The energy released through the electron transport
chain maintains the proton concentration gradient
as a proton pump.

The ancestors of Earth’s life might be lived in
molecular clouds according to some models such as
panspermia and Nebula-Relay hypothesis/? which
suggested that the ancestors of Earth’s life may
have originated in Sun’s predecessor planetary sys-
tem and lived in the pre-solar nebula (a molec-
ular cloud where the solar system was formed).

According to the Nebula-Relay hypothesis, life in
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the solar system origins on the planet of the Sun’s
predecessor star through complex physicochemi-
cal interactions which is similar to the abiogene-
sis on Earth(®%. Then, these primitive organism-
s populated in the pre-solar nebula created after
the death of this predecessor star. Compared to
the panspermia theory!®, this model suggests that
homologous lifeforms or their fossils can be found
throughout the solar system. In Ref. [6], the author
found that the ultra-low temperature environment
of molecular clouds might explain the origin of the
chirality of biological molecules.

How would life get enough energy in molec-
ular clouds? What is the bioenergetics for life in
molecular clouds? As proposed in Ref. [2], cosmic
ray (CR) is the primary energy input of molecu-
lar clouds and may also be the source of life there.
CR particles possess a great deal of energy, and
their collisions with molecules in molecular cloud-
s induce the production of lower-energy particles,
thus reducing the potential damage caused by CR.
This paper proposes a new bioenergetics mechanis-
m, which is driven by CR ionization of hydrogen
in molecular clouds. It is worth noting that this s-
cenario applies to all lifeforms in molecular clouds,
not just the panspermia and Nebula-Relay hypoth-
esis.

This paper is organized as follows: In Sec. 2,
the author introduces a bioenergetics mechanism
driven by the CR ionization of hydrogen and ar-
gues that may also be the origination of chemios-
mosis. Possible testing experiments and discussion-

s are summarized in the final section.

2 Cosmic ray and the ionization

of hydrogen molecules

CRs are high-energy particles that travel
through the galaxy or universe at nearly the speed
of light discovered by Victor Hess in 1912. The ori-
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gin of CR in the Milky Way is usually considered to
be the supernova explosion. Otherwise, the source
of ultra-high-energy CRs remains a mystery. The
energy spectrum of CRs is roughly a power law
spectrum with different spectral indices in differ-
ent energy ranges. Precise measurements of the
CR energy spectrum can help us understand the
properties of the cosmic-ray sources, their transi-
tion in the universe and so on. There are already
lots of CR measurement experiments, such as Al-
pha Magnetic Spectrometer!”, Fermi Large Area
Telescopel®!, Payload for Antimatter Matter Ex-
ploration and Light-nuclei Astrophysics®), Dark

r11% Calorimetric Electron

Matter Particle Explore
Telescope and so on.

There are many forms of interaction between
cosmic rays and the interstellar medium. But the
CR ionization of hydrogen is the main interaction
for low-energy cosmic rays in molecular clouds and

it mainly involves the following processes
CR+Hy; — CR+HJ +e,
CR+H, - CR+H+H' +e,
CR+ H; — CR +2H" + 2e,

(1)
(2)
®3)

where CR denotes the charged CR particles and
secondary particles produced by the collision be-
tween CR and molecular cloud, such as protons,
heavy nuclei, electrons, positrons, etc. If the pro-
duced electrons have sufficient energy, it would in-
duce further ionizations of hydrogen molecules as
its relatively short range.

It should be pointed out that the formation of
Hj (i.e. the process in Eq. (1)) is the major pro-
cess and the production rate of electrons per Hy

can be described as!*?

3k (Er)[1 + ¢p(Ey)]oy (Er)dE}

(4)
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where ji(E}) is the number of CR particles per u-
nit area, time, solid angle and energy for CR com-
ponent k, I(Hy) is the ionization potential of the
hydrogen molecule, E,,,, is the maximum energy
considered and o™ is the cross section for ioniza-
tion of molecular hydrogen. The quantity ¢ (Fy)
in the above equation is a correction factor ac-
counting for the ionization of hydrogen molecules

by secondary electrons, which is described as!'?

E

max

1 .
d)k Ek = ion/ P Ek,Eé 0_(13011 Eé dEé,
(B0 = iy o P D

()

where P(Ey, E!) is the probability that a sec-
ondary electron with energy E! is ejected from
the ionization of CR particles with energy F},, and
El

max

is the maximum energy of secondary elec-
tron. More detailed calculations can be found in
Ref. [12].

High-energy photons, such as X-rays and
gamma, rays, can also knock electrons out of hy-
drogen molecules through the photoelectric effect.
Here we do not discuss such processes in this draft.

3 Cosmic ray-driven bioenerget-

ics and the origin of chemios-

mosis

Molecular cloud is a type of interstellar
cloud. And its average density is about 10 — 10*
molecules per cubic centimetre, which is most
commonly molecular hydrogen. The typical tem-
perature of a molecular cloud is about 10-20
Kelvin (Kelvin is a unit of temperature and Cel-
sius = Kelvin—273.15). Although hydrogen’s melt-
ing (boiling) point is 13.99 K (20.27 K), hydrogen
maintains in the gaseous phase because of its low
pressure. We suppose that the molecular cloud life
has a cell-like membrane structure. If the hydrogen

can be enriched in a cell, then the hydrogen pres-
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sure is also enlarged and hydrogen may maintain
a liquid state in molecular cloud life. If so, the in-
ternal environment of molecular cloud life is liquid
hydrogen, similar to the liquid water environment
of cells on Earth. That will be very favourable for
the biochemical reactions therein.

CR is a vital type of energy injection and
responds to both the ionization and heating of
molecular clouds. It is also a critical componen-
t in the chemistry and dynamics of the interstel-
lar medium (see Ref. [13] for more information).
The nature of bioenergetics is to gradually release
the energy carried by electrons through the elec-
tron transport chain to maintain life activities.
Moreover, the CR ionization process could pro-
duce many electrons with suitable energy. So we
propose that the CR-induced ionization of hydro-
gen power the electron transport chain of lifeforms
in molecular clouds. Electrons may not enter the
electron transport chain directly but first interact
with other molecules, such as nicotinamide ade-
nine dinucleotide (NAD™). It is more natural for
electrons produced by CR ionization to enter the
electron transport chain directly based on the prin-
ciples of simplicity and optimal energy utilization.
However, the electron donor is still molecular hy-
drogen and the energy essentially comes from the
ionization process of CR with or without an in-
termediate electron transporter. Furthermore, the
authors in Ref. [12] found that the flux of either
CR electrons or protons increases at low energies
that would produce much more suitable electrons
for the electron transport chain.

The produced ion Hy from CR ionization of
hydrogen molecules can be depleted rapidly by re-
acting with molecular hydrogen as follows!*

Hj +H, — Hj + H. (6)

Then Hj is removed by reacting with the neu-
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tral molecular through proton transfer reactions

(7)

where X is the neutral molecular in nebula, such as
CO, H,0, N5 and so on. The products of the reac-
tion between HJ ions and carbon compounds may

Hf + X — HX' + H,,

be crucial for synthesizing the organic molecules
of lifeforms in molecular clouds. The hydrogen
atoms are further ionized to HT or form hydrogen
molecules through a grain-catalyzed reaction

H+H— H,. (8)

In general, the cellular fluid of molecular cloud
life is a mixture of hydrogen molecules, hydrogen
atoms and protons.

Though parts of energetic secondary electrons
may not be directly involved in the electron trans-
port chain, the further ionization of Hy and hydro-
gen atom by secondary electrons reduces the en-
ergy of electrons and enlarges the number of elec-
trons and protons simultaneously. Such a process

CRs. Such further ionization processes end until
the electron’s energy is suitable for entering the
electron transport chain and pumping protons in-
to the intermembrane space.

Like lifeforms on Earth, the electrochemical
proton gradient drives ATP synthesis. The flow
of electrons then combines with H* to form hy-
drogen atoms acting as donors and acceptors. Of
course, there may be other acceptors, and we will
not discuss them in detail here. A schematic repre-
sentation of this process is shown in Fig. 1. Hydro-
gen molecules are the most abundant molecules in
molecular clouds, and their ionization and subse-
quent chemical reaction naturally induce the pro-
duction of atoms/protons. Given the scarcity of or-
ganic compounds and the abundance of hydrogen
molecules in molecular clouds, life probably devel-
oped a proton gradient to drive the production of
energy usable for their survival. This mechanism

may relate to or even be the origin of chemiosmo-

maximizes the utilization efficiency of high-energy sis.
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Fig. 1

A

Schematic diagram of the electron transport chain powered by the CR ionization of hydrogen where ATP and adenosine

diphosphate (ADP) are the abbreviation of adenosine triphosphate and adenosine diphosphate respectively

As part of their energy is transformed and
utilized by lifeforms in molecular clouds, the en-

ergy spectrum of CR is expected to be slightly

58-4

modified. The exact extent of this impact depends
on the density of lifeforms and energy utilization

efficiency. We plan to investigate this topic fur-
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ther in the future. In addition, many other factors
(e.g., propagation parameters, the flux of prima-
ry cosmic rays, and the density and distribution
of molecular clouds) can also influence the energy
spectrum of cosmic rays. It would be technically
challenging to distinguish the influence of lifeforms

from so many complicated factors.

4 Some discussions

The CR-driven bioenergetics discussed in this
paper is essentially a reversible redox reaction as
follows

Hy = 2H" +2e™ . (9)

This process is similar to the bacteria that
use hydrogen as an energy source catalyzed by
hydrogenases. The ability to metabolize hydro-
gen is widespread and appears inherent to Earth’s
life. More than 30% of known microbial taxa pos-
sess hydrogenase genes'®). Furthermore, it has
been reported that about 70% of gastrointesti-
nal microbial species listed in the Human Micro-
biome Project contain the genetic information nec-
essary for metabolizing hydrogen molecules®. If
the Earth’s atmosphere was initially rich in hy-
drogen, it is assumed that hydrogenases naturally
evolved to utilize molecular hydrogen as an energy
source. Hydrogen molecules have been identified
as electron donors in hydrothermal vent animal
symbioses!'7].

It is supposed that the Last Universal Com-
mon Ancestor (LUCA) came from the pre-solar
nebula as suggested by the Nebula-Relay hypoth-
esis and was driven by the cosmic ray ionization
of hydrogen molecules. Then LUCA is related to
hydrogen bacteria and utilize molecular hydrogen
as electron donor. In Ref. [18], the authors found
that LUCA may be a heat-loving microbe feeding

on hydrogen gas by surveying nearly two thousand
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genomes of modern microbes. In Ref. [19], the au-
thors argued that the first donor of LUCA was
hydrogen which is also consistent with our model.
However, the electron acceptor is carbon dioxide
in Refs. [18-19] which is different from the mecha-
nism we discussed here.

Testing this bioenergetic mechanism is chal-
lenging. However, one possible way is simulating
the bioenergetic process of molecular cloud life by
putting microorganisms closest to LUCA into lig-
uid hydrogen, irradiating them with high-energy

particles and studying their biochemical process.

5 Summary

In this draft, the author discusses the bioen-
ergetics of life in molecular clouds and introduces
a new bioenergetic mechanism driven by CR ion-
ization of hydrogen. In this model, harmful CR
radiations are transformed into bio-available en-
ergy. The main prediction of this model is that
LUCA is a type of microbe which use hydrogen
molecules as donors of electron transport chains.
Protons, generated from CR ionization and sub-
sequent chemical reactions, can be used for trans-
membrane transport and ATP formation, poten-
tially explaining the origin of chemiosmosis. Life
in molecular clouds could gain sufficient energy to

sustain its activities.
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