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The origin and early evolution of life is generally studied
under two different paradigms: bottom up and top down.
Prebiotic chemistry and early Earth geochemistry allow
researchers to explore possible origin of life scenarios.
But for these “bottom-up” approaches, even successful
experiments only amount to a proof of principle. On the
other hand, “top-down” research on early evolutionary
history is able to provide a historical account about
ancient organisms, but is unable to investigate stages
that occurred during and just after the origin of life. Here,
we consider ancient electron transport chains (ETCs) as
a potential bridge between early evolutionary history
and a protocellular stage that preceded it. Current
phylogenetic evidence suggests that ancestors of several
extant ETC components were present at least as late as
the last universal common ancestor of life. In addition,
recent experiments have shown that some aspects of
modern ETCs can be replicated by minerals, protocells,
or organic cofactors in the absence of biological proteins.
Here, we discuss the diversity of ETCs and other forms
of chemiosmotic energy conservation, describe current
work on the early evolution of membrane bioenergetics,
and advocate for several lines of research to enhance
this understanding by pairing top-down and bottom-up
approaches.

ATP synthase | early evolution | last universal common ancestor |
membrane bioenergetics | origin of life

The earliest fossil and phylogenetic evidence suggests that
life has been present on Earth for at least 3.5Ga (1-5). But how
life began remains one of the most challenging research ques-
tions. Since the first prebiotic chemistry experiments 70 y ago
(6) in which amino acids were produced in a simulated early
Earth environment, prebiotic chemists have shown that a
wide range of biomolecules can be formed abiotically: such
as amino acids (7-9), carbohydrates (10, 11), nucleobases
(12, 13), nucleotides (14, 15), and membrane forming amphi-
philic compounds (16, 17)—as well as more complex mole-
cules such as depsipeptides (18-20) and nucleotide oligomers
and supramolecular assemblies (21-23). While many prob-
lems of prebiotic chemistry remain to be investigated, the
field as a whole has produced a substantial abiotic chemical
inventory that can be used to develop plausible models for
the origin of life.

In concert with this prebiotic chemistry research, early
Earth geochemists have proposed a number of environ-
ments that may have been favorable to prebiotic reactions,
such as hydrothermal systems on land or the seafloor
(24-28), iron-sulfur mineral surfaces (29, 30), clays (31, 32),
and ice (8, 33), among others. While no environment has
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been shown to provide the perfect mixture of thermody-
namic drive, molecular stabilization, and the production of
a comprehensive suite of protobiomolecules, several of the
proposed origin of life environments suggest that these
details are not out of reach. Furthermore, it is also possible
that different geochemical environments may have facili-
tated separate stages of the origin of life (34).

The combined success of prebiotic chemistry and early
Earth geochemistry, therefore, presents multiple imperfect,
but feasible pathways toward an origin of life. However, preb-
iotic chemistry theories are only hypothetical, not histori-
cal—they demonstrate how an origin of life is possible, but
cannot determine which among equally plausible hypothe-
ses represents the actual origin of life as it occurred on the
early Earth. Thus, prebiotic chemistry and geochemistry
research provide evidence about how potential origins of life
may have occurred, rather than how the origin of life did
occur (35).

Evolutionary phylogenetic analysis, on the other hand, is
fundamentally a historical science that uses extant gene or
protein sequences to infer the family history of those genes
or proteins and reconstruct their ancestral states. Many stud-
ies over the last two decades have attempted to reconstruct
the proteome of the last universal common ancestor (LUCA)
of all organisms alive today (36). Though large-scale LUCA
proteome reconstructions may produce incorrect predictions
due to horizontal gene transfer, gene loss, and incomplete
taxonomic sampling (37, 38), these LUCA proteome studies
tend to infer that the same general categories of molecular
functions and biological systems were established in the LUCA
(36), and the consensus predictions among multiple studies
may be more accurate than any one individual study (38).

Taken together, the LUCA appears to represent a popula-
tion of organisms with many of the molecular systems that
are seen in extant life, including protein-mediated metabolism
(39, 40), cellular organization (41, 42), and a genetic system
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consisting of a DNA genome (43-45), RNA transcripts (46), the
translation machinery (47-52), and the canonical genetic code
(53-56). Given the results of proteome reconstructions and
other phylogenetic analyses of ancient protein families, the
LUCA appears to represent a stage in evolution well past the
origin of life (36).

A small number of protein families allow researchers to use
standard phylogenetic methods to reconstruct evolutionary
events prior to the LUCA with a high degree of confidence
(57, 58). These protein families resulted from duplications that
occurred after the origin of life but before the time of the LUCA
yielding two ancestral nodes that can both be associated with
the LUCA, or “universal paralogs”. The branch connecting these
LUCA nodes, therefore, represents an evolutionary event prior
to the LUCA. Most of these universal paralog families are com-
ponents of the translation system, e.g., the family containing
the translation regulatory proteins Elongation Factor tu,
Elongation Factor G, and Initiation Factor (47), as well as several
families of aminoacyl transfer ribonucleic acid synthetases
(48, 49). Other universal paralog families encode proteins with
membrane-related functions such as the SRP membrane tar-
geting system (59), subunits of the adenosine triphosphate (ATP)
synthase complex (60), and membrane-spanning ATP-binding
cassette transporter (ABC-transporters) (58). In addition to ATP
synthase, other metabolism-associated universal paralog fam-
ilies include aspartate aminotransferase, which is involved in
amino acid metabolism and gluconeogenesis, and acetyl-CoA
synthase, which is one method of generating acetyl-CoA to be
used in the citric acid cycle (58).

While universal paralog families are valuable to under-
standing pre-LUCA evolutionary history, they are also rare. In
addition to the protein family being old, its function must also
require that both paralogs be maintained within genomes
throughout subsequent evolution. Initially, these universal
paralog families were used to identify the position of the root
on the tree of life (59, 60). More recently, ancestral sequence
reconstructions have been used to characterize the functions
of the ancient pre-LUCA ancestral proteins (41, 47, 48). These
reconstructions of pre-LUCA ancestral proteins all depict
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relatively complex, multidomain proteins that use all or nearly
all of the 20 canonical biological amino acids (48, 49). This
observation suggests that even these ancestors, which so far
are the most ancient proteins that can be reconstructed by
phylogenetic analysis, are too complex to represent stages
at or immediately following the origin of life.

Research on the origin and early evolution of life therefore
comprises two areas of understanding that in practice make
little contact with one another (Fig. 1). We understand some
of the chemistry and geochemical settings that could have led
to an origin of life and we can also infer details about early
organisms through the most ancient protein families. In prac-
tice, however, these two fields of research remain largely dis-
connected. Here, we argue that research on the origin and
early evolution of life would greatly benefit from focusing on
areas where prebiotic geochemistry and phylogenetic analysis
overlap. In particular, we argue that electron transport chains
(ETCs) and related modes of energy conservation offer a prime
target for such research. ETCs, and the ATP synthase motor
complex that they support, represent a ubiquitous and diverse
strategy for converting redox potential into ATP in extant life.
The ATP synthase enzyme is a membrane-spanning multipro-
tein complex that uses the motive force of proton gradients
(61), or in some cases sodium gradients (62), to synthesize ATP
from adenosine diphosphate (ADP) and inorganic phosphate.
The ATP synthase enzyme is ubiquitous across the tree of life
(63) and its evolutionary history predates the LUCA (60).

The proton or ion gradients that power ATP synthases are
nearly always (although not always) produced by ETCs. ETCs
receive electrons from reduced cofactors generated in other
metabolic pathways and pass the electron through a series of
membrane-bound enzyme complexes, using the change in
reduction potential to pump protons across the membrane.
Despite the ubiquity of ATP synthase enzymes across the tree
of life, they are supported by many different types of ETCs that
are, themselves, determined by both the mode of metabolism
of the organism and the evolutionary history of its taxonomic
lineage (Fig. 2). Despite this diversity, recent top-down research
has identified common and evolutionarily homologous features
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Fig. 1.

A general progression of the origin and early evolution of life and the scientific approaches that address each stage. The Protobiological Geochemistry

stage, sometimes referred to as protometabolism or chemical evolution, depicts abiotic chemistry in a geochemical context that produced complex organic
compounds and prebiotic macromolecules. The Early Genetic Inheritance/Simple Protocells stage depicts an early lifeform with a simple genetic system such
as proposed by the RNA World hypothesis encapsulated within membranes that form and divide spontaneously. The Early Cellular Life stage depicts organisms
with the level of complexity similar to that of the LUCA. While this final stage may be studied through so-called top-down methods, earlier stages may only be

accessed through nonhistorical bottom-up approaches.
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Fig.2. Signatures of early evolution across different types of chemiosmotic energy conservation. Electron flow is shown as blue arrows. Likely ancestry from the
LUCA is reflected by either direct phylogenetic evidence or the number of different LUCA proteome studies (out of eight total) that predict a component of the
complex to be descended from the LUCA (S/ Appendix) (38, 64). Protein cofactors that are potential relics of prebiotic mineral catalysis (65) or ribozyme catalysts

(66) are highlighted in green and purple, respectively. Homology across different
are components of ETC complexes such as cytochrome B are not shown.

that are shared across various ETCs. At the same time, advances
in prebiotic chemistry and protocell experiments have pro-
duced abiotic analogs to components of ETCs. Significant evo-
lutionary change must have taken place between the origin of
life and the stage of evolution represented by the LUCA. But if
a protein family has been conserved over 3.5-4 billion years of
evolution since the time of the LUCA, it is not far-fetched to also
assume that the presence of a protein at least as late as the
LUCA could indicate a functional conservation from a much
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ETC components is indicated by a dashed line. Electron carrier proteins that

early stage, especially if there is a plausible prebiotic precursor
that could have performed an analogous function.

Common Features Across Diverse ETCs

The first ETC that most biology students learn is that of the
mitochondrion, an organelle that was inherited by an ances-
tral eukaryote via endosymbiosis of an ancestral alphaproteo-
bacterium (or close relative) (67-70). In mitochondria, the
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ETC consists of four complexes, three of which act to pump
protons across a membrane. Electrons are inputted by
NADH via Complex |, or FADH, via Complex Il, and the final
electron acceptor is dissolved oxygen, which is reduced to
form H,O (Fig. 2). The organic compound, ubiquinone, and
the small protein, Cytochrome C, carry electrons between
complexes. Ubiquinone itself contributes to the proton gra-
dient as it is reduced near one side of the membrane and
oxidized near the other, thereby moving protons across the
membrane as it cycles between redox states.

In the bacterial domain, a range of anaerobic respiration
ETCs make use of terminal electron acceptors other than
oxygen (71, 72). Common forms of anaerobic respiration
include sulfate reduction (SO,*” to H,S or elemental S), iron
oxide reduction [Fe(lll) to Fe(Il)], dissimilatory nitrate reduc-
tion to ammonium or DNRA (NO5™ to NH,"), manganese oxide
reduction [Mn(IV) to Mn(ll)], and denitrification (NO5™ to N,).
The different forms of respiration require different ETC com-
ponents, but even so, many features are conserved. For
example, these anaerobic respiratory chains often use sim-
ilar mobile electron carriers such as cytochrome C, a quinone
(often menaquinone rather than ubiquinone), and homologs
of one or more of the membrane-bound proton pumping
complexes found in aerobic respiration.

Beyond respiration, ETCs are also used for energy con-
servation in photosynthesis. The canonical chloroplast ETC
found in plants includes two photosystems that absorb
photons and, in doing so, transfer electrons at high redox
potential energy (Fig. 2) (73, 74). The initial source of elec-
trons comes from splitting water to molecular oxygen and
protons, the latter contributing to the proton gradient.
These electrons are used to reduce a quinone, plastoqui-
none, which, like ubiquinone, can shuttle protons across
the membrane as it is oxidized and reduced. Plastoquinone
then reduces the sole proton pumping complex, cytochrome
b6f, a homolog of Complex Il from aerobic respiration,
which then reduces a small protein, plastocyanin. The plas-
tocyanin then passes the electron to a second photosystem,
which excites the electron via photon absorption. This sec-
ond photosystem (confusingly called Photosystem 1) can
then either pass the excited electron back to plastoquinone
to pump more protons through the cytochrome b6f com-
plex or to a series of proteins, ferredoxin and ferredoxin
nicotinamide adenine dinucleotide phosphate (NADP) redu-
ctase (FNR), which ultimately reduce NADP to NADPH. The
redox potential energy of NADPH is then used for carbon
fixation.

Several forms of anoxygenic photosynthesis exist within
bacteria and other forms of heterotrophic phototrophy are
used by both bacteria and archaea. The simplest form of
phototrophy is found in haloarchaea, in which the membrane
protein, bacteriorhodopsin, uses light absorption to directly
pump protons across the membrane (75, 76). This form of
single-protein phototrophy can produce ATP through the
proton gradient it generates, but does not capture redox
potential energy and does not have an associated ETC. A
related bacteriorhodopsin has been shown to pump sodium,
although it is not known whether the resulting sodium gra-
dient is used for ATP generation (77). Other bacterial forms
of anoxygenic photosynthesis such as those found in purple
bacteria and green sulfur bacteria have ETCs powered by a
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single photosystem each. The photosystems of the purple
sulfur bacteria and green sulfur bacteria are distinct from
one another, but appear to be related to oxygenic photosys-
tem Il and photosystem |, respectively (78). These anoxygenic
photosynthetic ETCs also use quinones (79) and homologs
of Complex Il from aerobic respiration (80).

Chemoautotrophy represents yet another metabolic strat-
egy, distinct from both phototrophy and respiration. There
are many different forms of chemoautotrophy in both bac-
teria and archaea, including methanogenesis, anaerobic
ammonium oxidation (anammox), nitrification, sulfur oxida-
tion and reduction, and hydrogen oxidation. The energy
conserving ETCs associated with different chemoautotrophic
metabolisms are likewise distinct from one another (81-84)
and not all of them have been well described. Even within
methanogenesis, one of the most wide-spread forms of che-
moautotrophic metabolism, there are several distinct mem-
brane bioenergetic systems that share only the Mtr complex
between them (85, 86). While a thorough account of the dif-
ferent forms of methanogenesis and their associated mem-
brane bioenergetic systems is beyond the scope of this
article, two different examples are represented in Fig. 2 (and
for a more detailed review, see 86 and 87).

The first example shown in Fig. 2 is derived from a recent
pangenome study of the order Methanomicrobiales (88). This
energy conservation system is linked to CO,-reducing hydrog-
enotrophic methanogenesis, possibly the earliest form of meth-
anogenesis (87). It contains several hydrogenases that are
homologous to Complex | in the aerobic respiration ETC (89-92).
These hydrogenases, however, do not transfer electrons to one
another and thus do not form an ETC. Rather, they convert che-
miosomotic energy from the ion/proton gradient into reduced
ferredoxin that is used in methanogenesis and biosynthetic
metabolism. The conserved MTR complex acts to establish a
sodium ion gradient across the membrane and Na*/H" antiport-
ers potentially enable some Methanomicrobiales species to use
H" and Na* gradients concurrently for ATP synthesis (88).

A second example shown in Fig. 2 is from Methanosarcina
acetivorans (93). Here, acetotrophic methanogenesis is con-
nected to an ETC composed of two different systems that
both receive electrons from reduced F,,oH, cofactors. A
methanophenazine electron carrier accepts electrons from
both systems and moves protons across a membrane via
oxidation and reduction cycles in a manner similar to the
quinones in respiratory and phototrophic ETCs. The only
proton pump complex, F,0H, dehydrogenase (Fpo), is found
in one of these two ETC systems. This proton pump has sub-
units that are evolutionarily related to subunits of Complex
l'in the aerobic respiration ETC (89). The system also includes
anion pump, Rnf, that pumps sodium ions across the mem-
brane, which can be used along with protons to power the
ATP synthase motor complex. Despite containing many com-
ponents that are homologous to the ETCs of other organ-
isms, this ETC likely evolved relatively recently (87).

This Rnf complex is also found in the bacterium Aceto-
bacterium woodlii, which performs homoacetogenic fermen-
tation (Fig. 2) (94). Here, the Rnf complex also pumps sodium
ions across the membrane which are used to generate ATP,
but Rnf is the only energy conserving membrane complex
other than the ATP synthase, so there is no ETC (95).
Anammox bacteria have a partially described ETC that may
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contain homologues of the Complexes | and Ill from the aer-
obic respiration ETC as well as menaquinone and a putative
cytochrome C homolog (82, 96). The ETC of the hydrogen
oxidizing and sulfur reducing bacterium, Aquifex aeolicus, is
only partially described, but also appears to contain homologs
of Complexes | and Ill and uses quinones, possibly ubiqui-
nones, as electron carriers (83).

While proton/ion pumping is perhaps the most common
mechanism for generating a proton or ion motive force, sev-
eral other mechanisms can contribute to these gradients. A
second mechanism of generating a proton gradient is via a
redox loop. Protons can be moved across the membrane
when an electron carrier, for example, a quinone, is reduced
while facing one side of the membrane, thereby also binding
protons as hydrogens, and then oxidized while facing the
other side of the membrane, thereby releasing those hydro-
gens as protons (97). Proton gradients can also be enhanced
by substrate turnover, wherein protons are consumed on one
side and/or produced on the other side of the membrane.
This phenomenon is observed in oxygenic photosynthesis,
where on one side of the membrane, protons are produced
when water molecules are split, while on the other side of the
membrane, protons are consumed as NADPH is formed from
NADP®. Another example of this phenomenon is found in
Pyrococcus furiosus (98) which has a respiratory system con-
sisting of a single hydrogenase enzyme, MBH, that takes elec-
trons from reduced ferredoxin and uses them to form H, from
two protons.

Taken together, there is a very broad range of metabolic
strategies observed across the bacteria and archaea, and
consequently a diverse array of energy conserving ETCs.
However, there are similarities and evolutionary relationships
across very different types of ETCs (79, 80, 89, 99, 100). In
addition to the ATP synthase complex that is universal across
all chemiosmotic energy conservation systems, homologs of
Complexes | and Il from the aerobic respiration ETC are
found in ETCs associated with anaerobic respiration, anoxy-
genic and oxygenic photosynthesis, methanogenesis, anam-
mox, and hydrogen oxidation. Quinones act as mobile
electron carriers in nearly all ETCs aside from those in meth-
anogens. Also, within these conserved complexes are com-
mon metal cofactors and organic nucleotide-derived cofactors
such as iron sulfur clusters, NADH, and FADH,, which have
been proposed to represent catalysts from earlier stages of
metabolic evolution (101). Despite the apparent diversity of
ETCs across the tree of life, these commonalities and evolu-
tionary relationships suggest that at least some components
may have been mutually inherited from ancient common
ancestors.

The Early Evolution of Membrane
Bioenergetics

Phylogenetic evidence strongly suggests that the ATP syn-
thase complex predated the LUCA because the catalytic and
noncatalytic subunits of ATP synthase are members of the
same family of universal paralogs and were likely both pres-
ent in the proteome of the LUCA (57, 58, 60). This very early
origin of the ATP synthase complex has led to a model pro-
posing that, before ETCs, ATP generation could have been
powered by geochemical proton gradients (102) produced
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by serpentinite-hosted alkaline hydrothermal vents (Fig. 3)
(28, 103, 104) in some ways analogous to the Lost City
Hydrothermal Field, which produces an alkaline vent fluid as
serpentine is formed through the hydration of olivine-bearing
ocean crust (26, 105). In an early Earth context, the interface
between alkaline hydrothermal vent fluid and mildly acidic
early Earth seawater (106, 107) could have generated a pro-
ton gradient that powered an ancient ATP synthase (103, 108).

Despite the clear phylogenetic evidence of an ancient ATP
synthase motor complex, the role of cellular membranes in
early evolution has been controversial (42). Under certain
conditions, membranes readily form from abiotic amphi-
philic compounds (16, 111) and from prebiotically plausible

A Geochemical proton gradient with early
membrane and ATP synthase complex

+
H H+ H+ H+ H+

B Ancestral quinone redox
loop with early membrane

and ATP synthase complex ADP  ATP
+ H'
H+
complex
Ancestral proton pump ADP " “ATP
with early membrane and
ATP synthase complex
H+ H+ H+ H+
H* 1 H* H*

Ancestral
MBH/MBX

/FPO/NUQO
| NiFe | | Fe-S clusters

H, oH* ADP” ATP

Fig. 3. Previously published hypotheses of ancient chemiosmotic energy
conservation systems based on phylogenetic evidence. (A) An ancestral
ATP synthase motor complex is powered by a geochemical proton gradient
produced in an alkaline vent environment (103, 109). (B) An ancestor of Rieske/
cytB proteins (Complex Ill) produces a proton gradient through a quinone-
based redox loop (100) in which quinones and the ancestor of Rieske/cytB
complex link the oxidation of S% and the reduction of nitric oxide (110). (C) An
ancestor to the MBH, MBX, FPO, and Nuo (Complex I) complexes produces
a proton gradient through proton pumping activity and substrate turnover
(89). Phylogenetic evidence suggests that ancestors of all three of these ETC
components were present at the time of the LUCA.
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compounds under simulated marine alkaline vent condi-
tions (112). Despite this propensity for prebiotic membranes
to form in early Earth settings, biological evidence from
extant organisms is often interpreted as undermining an
early evolution of cellular organization. Archaeal phospho-
lipids are composed of branched fatty acids linked to a
L-glycerol by an ether bond, while bacterial phospholipids
are composed of unbranched fatty acids linked to a
D-glycerol by an ester bond. Some have argued that this
difference suggests that early life, even by the time of the
LUCA, was noncellular (113) or semicellular (27). This
assumed semicellularity has led others to explain the pre-
LUCA origin of the ATP synthase by suggesting that it had
originally served a different function, as a translocation
channel for nucleic acids or proteins (114).

But this difference between archaeal and bacterial phos-
pholipids need not preclude the presence of cellular mem-
branes in early evolutionary history. Early organisms may have
had a mixed phospholipid membrane (42) or one of the phos-
pholipid types may have evolved from the other following the
divergence of the bacterial and archaeal lineages. Similarity
between archaeal and bacterial phospholipid biosynthesis
pathways supports this view (42). Indeed, phylogenetic evi-
dence shows that the machinery for embedding proteins into
membranes and transporting them across membranes
emerged prior to the LUCA (41), suggesting that membranes
were present prior to the LUCA despite the ambiguity regard-
ing their composition. Given the evidence that cellular mem-
branes were present prior to the LUCA, the proposal that the
ATP synthase complex served some other function in early
life seems unconvincing (100), especially since a true system
for membrane translocation appears to be just as ancient as
the ATP synthase complex (41).

Current evidence, therefore, suggests that biological mem-
branes and the ATP synthase motor complex evolved prior
to the time of the LUCA. In addition to ATP synthase, several
individual components of ETCs appear to have also evolved
by the time of the LUCA (Fig. 3). Even components of ETCs
thatinvolve molecular oxygen and thus were unlikely to have
been presentin their complete form until well after the time
of the LUCA (115) appear to have homologs that date to the
LUCA if not earlier (99). Both protein structure comparisons
and protein sequence phylogenies show that the ancestors
of several ETC complex subunits were likely present in the
proteome of the LUCA (89, 100, 116). These include both the
Rieske protein subunit and cytochrome B, which are found
together in Complex Ill of aerobic respiration, the cytochrome
b6f complex of oxygenic photosynthesis, and others (117);
molybdopterin subunits of DMSO reductases, which are
found in ETCs associated with multiple types of anaerobic
respiration; and the [NiFe] hydrogenases, which are found
in Complex | of aerobic respiration and several related com-
plexes found in bacteria and archaea (Fig. 2) (89-91).

While phylogenetic analysis shows with high certainty that
ancestors of these protein families were present in the pro-
teome of the LUCA, their ancestral functions can still be
ambiguous. The observation that ancestral Rieske proteins
and cytochrome B were present in the proteome of the LUCA
may indicate that they contributed to a proton gradient
through proton pumping activity, a quinone-based redox
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loop, or both (100), possibly using S° as an electron donor
and NO as an electron acceptor (110). Similarly, the observa-
tion that an ancestral [NiFe] hydrogenase was presentin the
LUCA does not, on its own, elucidate the ancestral function
(89). Extant homologs of this protein are found in Complex |
or NADH quinone oxidoreductase (NUO) in the aerobic res-
piration ETC, the FPO complex found in the ETCs of some
methanogens, the Na'/H" transporting MBH complex, and
the MBX complex associated with elemental sulfur reduction.
Schut et al. (89) infer that the ancestor of NUO, FPO, MBH,
and MBX, had a function most similar to MBH because the
redox environment in which MBH functions is most similar
to the likely redox environment of the LUCA. In all of these
cases, the ambiguity of ancestral function could be resolved
by future research through the combination of ancestral
sequence reconstruction, i.e., inferring the sequence of the
LUCA-associated ancestral protein, followed by protein struc-
ture and function prediction on that inferred ancestral
sequence.

Reconstructing Prebiotic ETCs and Proton
Gradients

Various authors have proposed that some components of
chemiosmosis, including aspects of ETC enzymes, proton
gradient generation, and formation of ATP or polyphosphate
energy currency, could have functioned in a prebiotic setting
at or prior to the origin of life (26, 103). Though a complete
prebiotic pathway similar to a biological ETC, involving dis-
crete reactions that can be individually tested, has not yet
been demonstrated in the lab, some aspects of ETC systems
have been shown to function in a prebiotic context. Recent
experiments have demonstrated that the ancient cofactors
found across diverse ETCs can perform similar reactions even
in the absence of their modern protein complexes.

For example, NAD" can be nonenzymatically reduced by
pyruvate (118), somewhat analogous to the reduction of
NAD" by pyruvate decarboxylation during aerobic respiration.
FeS minerals can drive the reduction of NAD" to NADH under
early Earth conditions, which is analogous to the electron
transfer from NADH to the Fe-S clusters in Complex | (119,
120). NAD" reduction has been linked to membrane electron
transfer via a photocatalytically generated pH gradient and
associated electron transfer through a protocell membrane,
though involving some prebiotically implausible components
(121). It has also been shown that prebiotic Fe-S peptides or
metal-porphyrin complexes can promote redox reactions
involving NAD*/NADH, and abiotically transfer those elec-
trons to and from a quinone (122, 123). These different reac-
tions were conducted with variations in what is considered
prebiotic conditions (124, 125), and at different simulated
stages in chemical evolution (for example, a geological FeS
mineral vs. an FeS peptide). While the prebiotic feasibility of
ETC-like geochemistry has only recently been addressed
experimentally, these studies demonstrate the importance
of geochemical conditions in the evolution of the first ETCs.

Another component of ETCs is the proton gradients that
they generate. Recent experiments have produced proton
gradients across protocell membranes through potential
prebiotic mechanisms. For example, redox transformations
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of NAD*/NADH have been accomplished inside a protocell in
a manner that generates a pH gradient, either via generation
of OH from H,0, reduction inside the membrane (122) or via
H* generation by reaction of a photocatalytic mineral outside
the membrane (121). In laboratory experiments simulating
prebiotic hydrothermal chimneys (or chemical gardens), the
gradients between interior and exterior solutions generate
measurable potentials across the mineral precipitate walls
(126, 127). The gradients generated in hydrothermal chimney
or chemical garden experiments are a combination of ApH
and ion gradients, maintained by the influx of the interior
solution and in equilibrium with the precipitation of minerals
and ion diffusion through the mineral membrane (128). Redox
gradients in prebiotic hydrothermal systems may also be pos-
sible in the presence of electron donors (e.g., hydrothermally
produced H, and CH,) (129) and acceptors (e.g., seawater CO,)
(106) in a vent system, and some electrochemically active
mineral phases could act as geo-electrodes driving prebiotic
redox reactions of these species (130, 131).

Analogs of ATP/polyphosphate synthesis have also been
proposed and studied in prebiotic and geochemical systems
(132-135). These are typically condensation or substrate phos-
phorylation reactions driven by heat or mineral surface reac-
tions (133, 134, 136, 137) generating pyrophosphate or ATP in
equilibrium with their hydrolysis products, which is not mech-
anistically similar to the proton gradient-driven ATP synthase
enzyme that generates ATP at a very high disequilibrium within
cells. Some hypotheses for a precursor to ATP synthase have
been proposed, including proton gradients acting across a min-
eral membrane containing the iron hydroxide mineral green
rust (138, 139); or the prebiotic peptide nesting of phosphate
leading to the emergence of a proton-translocating pyrophos-
phatase (132, 140-142). While one recent study demonstrated
that pyrophosphate can form through substrate-level phos-
phorylation in a system with a pH gradient across a microfluidic
iron hydroxide membrane (137), no published experiment has
shown a geochemical mechanistic analog to ATP synthase.

Many of these prebiotic and geochemical analogs to differ-
ent components of ETCs have only recently been published.
Despite the nascence of this research topic, experiments have
demonstrated in principle that some parts of the electron
transfer chemistry, proton gradient generation, and phos-
phate bond formation, foundational to all modern ETCs, can
be replicated in the lab without protein components and
under geochemically plausible conditions. Demonstrating
the prebiotic plausibility of an abiotic, ETC-like system does
not on its own indicate that such a scenario was present
during the origin of life. But this research paired with a
deeper understanding of the very early evolutionary history
of ETCs from phylogenetic analysis could shed light on how
the first ETCs evolved, when they evolved with respect to the
origin of life, and what geochemical environments facilitated
that evolutionary process.

Understanding the Origin of Membrane
Bioenergetics through Bottom-Up and
Top-Down Research

The complex cellular organisms depicted by LUCA proteome
reconstructions appear to have had both a genetic system and
cellular organization similar to that of many extant prokaryotes
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(Fig. 1). Membrane bioenergetics requires both a translation
system to produce protein complexes and a fluid mosaic
membrane to maintain a chemiosmotic gradient. Membrane
bioenergetics, therefore, would have been possible prior to
the time of the LUCA, but only after both of these systems had
evolved. The ATP synthase complex remains the only ETC
component belonging to a family of universal paralogs and
thus has the strongest phylogenetic support for ancestry dat-
ing to before the time of the LUCA. However, the observation
that more than one ETC component can be shown through
phylogenetic analysis to have been present at least as late as
the time of the LUCA suggests that chemiosmotic energy con-
servation in general first evolved even earlier.

While phylogenetic inference may not be able to access
these earliest stages of pre-LUCA evolution, bottom-up
research can provide prebiotic evidence that, together with
our current understanding of early ETC components, depicts
possible scenarios in which these ancient ETC components
replaced even earlier, pre-protein analogs. Geochemistry and
simple organic compounds may have facilitated electron
transfer (118, 120), generation and maintenance of a proton
gradient (121, 122), and even pyrophosphate/nucleotide
polyphosphate formation (133, 137). The semienzymatic
hypothesis states that metabolic pathways may have first
emerged because genetically-encoded enzymes evolved to
replace prebiotic catalysts (143). This hypothesis has guided
protometabolic research (133, 137). A similar approach
should be adopted to understand the origin of membrane
bioenergetics (144, 145).

Several precursor chemiosmotic energy conservation sys-
tems proposed by previous authors to have been present at
or prior to the time of the LUCA are depicted in Fig. 3 (89, 100,
103, 109). Experiments simulating prebiotic geochemistry and
protocells may test the feasibility of preprotein precursors to
these early energy conservation strategies. For example, sim-
ulated alkaline vent mineral precipitates have been shown to
drive pyrophosphate formation through substrate level phos-
phorylation (133, 137), but it has yet to be shown that these
systems produce a proton gradient strong enough to power
chemiosmotic ATP synthesis (Fig. 3A). Similarly, the abiotic
synthesis of a quinone from prebiotically available precursors
was recently demonstrated (146). Protocell experiments could
reveal whether a quinone-based redox loop on prebiotically
plausible redox pairs could establish a proton gradient
(Fig. 3B). Protocell experiments could also demonstrate
whether proton gradients could be produced through sub-
strate turnover as in the formation of diatomic hydrogen from
proton reduction catalyzed by a prebiotic precursor of the
inorganic cofactors found in ETC complexes (Fig. 3C).

Taken together, certain components of ETCs appear to be
ancient, some dating back to a time prior to the LUCA. At the
same time, recent laboratory research on prebiotic chemistry
and protocells has advanced to the point where some stepsin
ETCs can be performed in simulated early Earth environments
in the absence of proteins. Still, other key steps in a prebiotic
ETC remain experimentally unexamined. By pairing these top
down and bottom up research approaches and advancing our
understanding using both phylogenetic and laboratory tech-
niques, future research may uncover a detailed account of the
earliest evolution of membrane bioenergetics, perhaps deep-
ening our understanding of the origin of life itself.
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