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Summary

Heme proteins are almost ubiquitous both in Archaea and in Bacteria. The last universal
common ancestor (LUCA) of the two prokaryotic domains was, therefore, assumed until
recently to already have made use of heme cofactors, a notion bolstered by molecular
phylogenies of several heme-bearing enzymes. The discovery of a second pathway for
heme biosynthesis, predominantly present in Archaea, was subsequently interpreted to
indicate independent origins of heme biosynthesis in each of the two prokaryotic domains
(Lane and Martin (Cell 151:1406–1416, 2012)), implying that the LUCA might have been
entirely devoid of hemes and heme proteins. In this contribution, we outline the presently
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available evidence in favour of either scenario and propose a new model reconciling the
seemingly contradictory messages sent by molecular phylogeny of heme-bearing enzymes
and the biosynthesis pathway dichotomy. A possible relation to other biosynthesis pathway
dichotomies is suggested, and the far-reaching repercussions of the ultimate resolution of the
controversy on our understanding of free energy conversion in the LUCA and at life’s origin
are emphasized.

I. Introduction

From the point of view of thermodynamics,
living organisms fundamentally are free
energy converting systems transforming
environmental redox disequilibria into the
extraordinary entropy decrease that charac-
terizes cellular life (Branscomb and Russell
2013). One of the quintessential attributes of
life therefore is its ability to perform redox
reactions and to channel reducing equivalents
from the environmental electron donating to
the accepting substrates. Redox compounds
therefore can safely be assumed to be crucial
elements of life in general and thus must
have already played a paramount role at its
origin. Obvious candidates for such redox
compounds at life’s inception are centres
made up from environmental transition
metals such as iron, nickel, molybdenum,
tungsten, manganese, cobalt etc.

Indeed, several redox cofactors found in
extant life have been proposed based on
molecular phylogeny to be as old as life
itself, that is, iron sulphur clusters (Eck and
Dayhoff 1966), nickel-iron centres (Vignais
et al. 2001) and molybdenum/tungsten
compounds (Schoepp-Cothenet et al. 2012).
Iron-sulphur clusters and Mo/W-centres
are indeed basically ubiquitous in extant
life. However, another iron-based redox
centre, i.e. heme, likely is almost as widely
distributed in living organisms as are iron-
sulphur and Mo/W-centres.

Abbreviations: Ahb-pathway – Alternative heme
biosynthesis pathway; (B)Chl – (Bacterio)Chlorophyll;
FePPIX – Iron-protoporphyrin IX; GOE – Great oxi-
dation event; HGT – Horizontal gene transfer; LUCA
– Last universal common ancestor of Archaea and
Bacteria; Mo/W – Molybdenum/tungsten; NOR – NO
reductase; O2R – O2 reductase

The heme cofactors in heme proteins
overwhelmingly serve as electron trans-
ferring redox centres operating in an
impressively wide range of electrochemical
potentials. The major part of contributions
to this volume indeed deals with electron
transferring heme proteins. However, hemes
can also play the roles of small-molecule
transporters (e.g. Suzuki and Imai 1998) and
sensors (Cutruzzolà et al. 2014; Martinkova
et al. 2013; Pokkuluri et al. 2008) or even
directly participate in catalysis (e.g. P450,
O2–reductase alias cytochrome oxidase
or cd1–type nitrite reductase). The listed
examples imply that in the context of this
contribution, the term “heme” will refer
to substituted Fe-tetrapyrroles in general,
encompassing not only Fe-protoporphyrin
IX (FePPIX), i.e. heme b and its derived
heme c, but also differently substituted Fe-
tetrapyrroles such as sirohemes or heme a,
heme o, etc. This extension of scope becomes
ineluctable in the evolutionary context since,
as we will see, the synthesis pathways of
differently substituted protoporphyrins are
heavily convoluted and individual pathways
can therefore not be dealt with separately.

Until a few years ago, the occurrence
of heme proteins and hence necessarily of
hemes in the oldest cellular entity which we
can define, i.e. the last universal common
ancestor (LUCA) of Bacteria and Archaea,
was tacitly taken for granted by a large part
of the heme protein community. A number
of recent articles have challenged this view
(Lane and Martin 2012; Sousa et al. 2013,
Sousa and Martin 2014), and the previously
held opinion on the evolutionary ancestry of
all kinds of heme proteins are consequently
called into question. Our contribution aims
at providing the readers with a better
understanding of the pros and cons of both
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the “heme-bearing” and the “heme-free
LUCA” paradigms and of the evolutionary
consequences at stake in either scenario.

II. Hemes in LUCA; Pros and Cons

A. Does Ubiquity Automatically Translate
into Deep Ancestry?

In the realm of the prokaryotes, only a
small number of taxonomic groups are
known thus far, the members of which are
devoid of heme and the most conspicuous
examples likely are certain methanogenic
Archaea, the homoacetogenic Bacteria from
the clostridial phylum or strict fermenters
such as the Thermotogales (Sousa et al.
2013). Pervasive presence of a specific trait
in both Archaea and Bacteria is frequently
taken as indicating the presence of this
trait already prior to the Archaea/Bacteria
divergence (see for example the case made
for aerobic respiration in the LUCA by
Brochier-Armanet et al. 2009). As we have
argued in the past (van Lis et al. 2011;
Nitschke and Russell 2013; Ducluzeau
et al. 2014a), we consider this line of
reasoning as fraught with problems. The
existence of horizontal gene transfer (HGT)
between the prokaryotic domains is a well-
established fact (haloarchaeal genomes
provide an extreme example, see Nelson-
Sathi et al. 2012) and a novel trait providing
a substantial increase in evolutionary
fitness is likely to be widely distributed
within the prokaryotes via this mechanism.
The evolutionary driving force for trait-
dissipation is further augmented if the
novel trait is specifically adapted to altered
ambient conditions following large-scale
environmental transitions. Such transitions
have almost certainly occurred several times
during the roughly four billion years of
life’s history on planet Earth and the most
conspicuous and best-studied example is
the so-called Great-Oxidation-Event (GOE)
occurring about 2.3 billion years ago. The
GOE has indeed turned the basically O2-
free primordial planet into an “aerobic”

world. Whether the GOE had resulted in a
persistent oxygenation of the biosphere or
was followed by a substantial drop in O2-
levels between 1.9 and about one billion
years ago is presently debated (Partin et al.
2013). While the “phylogenomic distribution
argument” thus considers that scarce traits
have a poor chance of having been present
in the LUCA whereas ubiquitous ones
are good candidates, we would argue that
the undisputable occurrence of profound,
one-way, changes of the planet’s geo-
environment substantially diminishes the
logical basis of this argument. In our view,
evolutionary traits favourable during life’s
infancy have a non-negligible chance of
becoming outcompeted following major
changes in the environment by traits evolving
as a result of such environmental overturning
and subsequently being widely dispersed
through HGT.

All this thus means that the mere per-
vasive presence of heme cofactors in both
Archaea and Bacteria likely is insufficient to
conclude on a heme-bearing LUCA. A more
stringent approach, albeit prone to a number
of experimental difficulties (as discussed in
Ducluzeau et al. 2014a) consists in the appli-
cation of molecular phylogeny (Zuckerkandl
and Pauling 1965). The obvious difficulty
here is that hemes as organic, transition-
metal bearing, cofactors are not (directly)
encoded by genes and therefore don’t feature
(gene- or amino acid-) sequences. However,
enzymes using hemes as crucial cofactors
as well as the proteins involved in heme
biosynthesis do. Which kind of messages can
be extracted from the molecular memories of
these systems?

B. Phylogenies of Heme-Bearing
Bioenergetic Enzymes Suggest a Red
LUCA

In the following, we will restrict our dis-
cussion to cover only enzymes participating
in bioenergetic electron transfer. To the best
of our knowledge, heme-dependent enzymes
from other types of cellular processes have
so far not been studied in great detail with
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respect to their deep evolutionary history.
Furthermore, the paramount importance for
life of free energy converting mechanisms
guarantees a good species coverage for in-
dividual enzymes and thus improves the re-
liability of derived phylogenetic trees. Last
but not least, the bioenergetic cytochrome
systems are what readers of this volume will
be most interested in.

Examples for bioenergetic enzymes which
involve heme cofactors in a functionally cru-
cial manner are provided by the Rieske/cytb
complexes (encompassing the bc1 and b6f
complexes as well as their homologs), the
superfamily of O2- and NO-reductases
and the cd1-type nitrite reductases. Other
enzymes feature heme-containing subunits
involved in electron transfer from or to the
catalytic centre while their reaction turnover
is not or only marginally dependent on the
presence or absence of these heme proteins.
Representatives of the latter class are for
instance Group 1 [Ni-Fe]-hydrogenases (Pan-
delia et al. 2012), the superfamily of Mo/W-
bisPGD-enzymes (Schoepp-Cothenet et al.
2012), succinate dehydrogenases/fumarate
reductases (Lemos et al. 2002), certain
types of heterodisulphide reductases (Thauer
et al. 2008) or several enzymes involved
in the bioenergetics of sulphur compounds
(Grein et al. 2013). The heme subunits in
these enzymes typically serve to link redox
reactions in the soluble phase (i.e. the peri- or
cytoplasm) to membrane-integral lipophilic
hydrogen carriers such as quinones and
methanophenazines (Schoepp-Cothenet et al.
2013). The vast majority of these heme-
subunits belong to one of three structural
groups (Baymann et al. 2003; Schoepp-
Cothenet et al. 2013; Grimaldi et al. 2013).

Only a few of the proteins mentioned
have been studied by molecular phylogeny so
far. Prominent examples are the Rieske/cytb
complexes (Schütz et al. 2000; Dibrova et al.
2013; Kao and Hunte 2014), the O2R/NOR
superfamily (Pereira et al. 2001; Ducluzeau
et al. 2009, 2014; Gribaldo et al. 2009;
Sousa et al. 2012), the cytochrome subunits
of Group 1 [Ni-Fe]-hydrogenases (Pandelia
et al. 2012) and cd1-type nitrite reductases

(van Lis et al. 2011). For the majority
of these heme proteins, the reconstructed
phylogenetic trees support their presence
prior to the Archaea/Bacteria divergence and
they have consequently been proposed to
be “pre-LUCA” enzymes. For the case of
the O2R/NOR superfamily, a controversy
persists as to which of the subfamilies is
the most ancient (Gribaldo et al. 2009 vs.
Ducluzeau et al. 2014b) while all studies
advocate the presence of ancestral members
of the superfamily in the LUCA (as discussed
in Ducluzeau et al. 2014a). For the case of the
Rieske/cytb complexes, one article (Dibrova
et al. 2013) challenges the conclusion on
a pre-LUCA presence repeatedly arrived at
over the last two decades (Castresana et al.
1995; Schütz et al. 2000; Lebrun et al. 2006;
Ducluzeau et al. 2009; ten Brink et al. 2013)
as well as most recently (Kao and Hunte
2014).

As we have pointed out in the past
(Ducluzeau et al. 2014a), molecular phy-
logeny is prone to a number of methodolog-
ical and database problems and the results
obtained (i.e. the phylogenetic trees) from
this approach represent likelihoods rather
than certainties. With this caveat having been
clearly stated, we would nevertheless hold
that molecular phylogenies of heme-carrying
proteins and enzymes are by and large in
favour of the presence of heme proteins in
the LUCA.

C. The Dichotomy of Heme Biosynthesis
Enzymes

Two distinct pathways have been found
enabling prokaryotes to synthesize FePPIX
(heme b) (Fig. 2.1). The earlier discovered
pathway was elucidated mainly in crown-
group proteobacteria (and in particular in
E. coli) and in Firmicutes (Bacilli) (for a
recent review, see Bali et al. 2014). More
recently, a distinct pathway was discovered
in sulphate-reducing •-proteobacteria (Ishida
et al. 1998; Bali et al. 2011) and was
shown to be abundant among Archaea
(Bali et al. 2011). The earlier deciphered
pathway is now frequently referred to as the
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Fig. 2.1. Schematic representation of the two biosynthetic pathways yielding heme b and its close relatives
together with their relationship to the biosynthesis routes for (B)Chl- and corrin-derived cofactors. Dashed
arrows denote shortcuts summarising several consecutive steps. The corresponding enzymes catalysing specific
conversions are marked next to the arrows. O2-dependent enzymes are highlighted in italics.
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“classical” route (Bali et al. 2011, 2014).
It is closely connected to the biosynthesis
of (bacterio)chlorophylls and branches from
the (bacterio)chlorophyll-pathways at the
level of protoporphyrinogen IX (Fig. 2.1, left
branch). The second route, now generally
termed the “alternative heme biosynthesis”
(Ahb-) pathway (Fig. 2.1, right branch),
sequentially features corrins and sirohemes
as intermediates on the way to heme b (Bali
et al. 2011) rather than porphyrins as in the
traditional pathway. Both routes share the
common intermediate uroporphyrinogen III
and all steps leading up to this compound
(see Fig. 2.1).

1. Does the Existence of Two Distinct
Pathways Necessarily Argue for
an Anemic LUCA?

Several recent articles have interpreted the
dichotomy of heme biosynthesis pathways as
indicating that LUCA had not yet invented
hemes and hence must have been devoid of
heme-carrying enzymes (Lane and Martin
2012; Sousa et al. 2013; Sousa and Martin
2014). In the line of these authors’ argu-

ments, the fact that Archaea mainly syn-
thesize hemes via the Ahb-pathway while
the majority of Bacteria utilize the classical
one, means that the two routes must have
evolved independently, one in Archaea and
the other one in Bacteria (Fig. 2.2a) and that
the LUCA therefore must have operated on
types of metabolism not calling upon the
catalytic or electron transfer properties of
hemes. An inventory of genes coding for
enzymes involved in one or the other pathway
over all available genomes (Sousa et al. 2013)
confirmed the predominance of the Ahb-
route in Archaea and the classical pathway in
Bacteria. Exceptions to this rule detected in
this study, some of which have already been
pointed out previously (Bali et al. 2011),
were taken to be due to HGT events.

The apparent overall correlation between
type of prokaryotic domain and type of
biosynthesis pathway certainly is intriguing.
However, are these observations sufficient
to unambiguously draw a conclusion about
a heme-free LUCA? A number of general
considerations and a few details of the
pathways indicate that the story may be more
complicated:

Fig. 2.2. Schematic representation of (a) the evolutionary scenario accounting for pathway dichotomy as
proposed by Lane and Martin (2012), Sousa et al. (2013) and (b) our “alternative” model as described in the text.
A and B stand for Archaea and Bacteria, respectively. The (B)Chl- and the siroheme-related pathways correspond
to the “classical” and the “Ahb”-routes as defined by Bali et al. (2014), respectively.
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– The Ahb-pathway appears substantially more
widely distributed over both Archaea and Bac-
teria whereas the traditional pathway, abun-
dant in several bacterial phyla, is only very
rarely present in Archaea (see Fig. 7 in Sousa
et al. 2013).

– The classical pathway is related to the synthe-
sis of (B)Chl. In the past, the standard inter-
pretation of this relationship was that (B)Chl
synthesis evolved from the heme-biosynthetic
pathway. This was based on the consideration
that hemes are likely to be evolutionarily older
than (B)Chls. Photosynthesis indeed appears
to have originated “relatively” late within the
bacterial domain (Baymann et al. 2001). This
scenario appeared inevitable while the classi-
cal pathway was still thought to be life’s only
way to make hemes, i.e. before the discov-
ery of the Ahb route. The present picture of
the topology of reaction schemes shown in
Fig. 2.1, however, allows alternative, plausible
scenarios. Given the existence of a parallel
heme-biosynthesis pathway, the evolutionary
sequence of a (B)Chl route growing out of
an ancestral Ahb-pathway, and a second route
for heme synthesis evolving only later as a
derivative of the (B)Chl scheme, is at least as
plausible as the original “(B)Chl-from-heme”
model. The plausibility of this latter scenario
is reinforced by the fact (Fig. 2.1) that the
Ahb-pathway is part of the route providing not
only heme b but also vitamin B12, siroheme,
and cofactor F430 (a molecule involved in
crucial reaction steps of archaeal methanogen-
esis, Thauer et al. 2008). The credentials of
a “good-for-everything” pathway as the more
ancestral appear much stronger to us than
those of a system specialized to making only
heme b (plus a and o) such as the classical
route. An analogous set of arguments has
already been considered by Bali et al. (2014).

– Counting from their common precursor, that
is, uroporphyrinogen III, the classical path-
way goes through three major intermediates
before reaching FePPIX (heme b) while the
Ahb pathway passes through five such reaction
intermediates.

– Intriguingly, the classical pathway features
several steps which are dependent on the
presence of O2 (the respective enzymes are

denoted by italics in Fig. 2.1). In the absence
of O2, alternative enzymes catalyse these
conversions through chemically differing
reaction schemes (for a review, see Bali et al.
2014).

III. An Alternative Scenario

A. A Scenario Potentially Reconciling
Molecular Phylogeny of Heme Enzymes
and Pathway Dichotomy

In addition to the above detailed “indepen-
dent and domain-inherent origins”-model, at
least one additional distinct scenario is thus
in principle possible. In this scenario, one of
the two pathways would have been present in
the LUCA and consequently been inherited
by both Archaea and Bacteria. The other
pathway would have been a later innovation
featuring some kind of evolutionary advan-
tage over the ancestral pathway. This novel
pathway might have appeared either in Bac-
teria or in Archaea and then have supplanted
the ancestral pathway in many species due
to its evolutionary edge over the other route.
An analogous sequence of events has, for
example, been invoked to rationalize the evo-
lutionary history of O2- and NO-reductases
(Ducluzeau et al. 2014b).

In the light of the above listed pathway
idiosyncrasies we will in the following
tentatively outline a more detailed version of
this alternative scenario of the evolutionary
history of heme biosynthesis. In this
scenario, the Ahb-pathway is the ancestral
route for the biosynthesis of heme b,
siroheme, Vit B12, F430 and likely further
related cofactors (Fig. 2.2b). This pathway
was already present in the LUCA and
operated under strictly anaerobic conditions
which likely characterized the primordial
planet. It was subsequently vertically
inherited into both Archaea and Bacteria.
At some point in evolutionary history,
certainly prior to 2.5 billion years ago,
i.e. prior to the GOE, certain Bacteria
evolved photosynthesis with tetrapyrroles
as light-responsive cofactors (in contrast
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to archaeal photosynthesis which is based
on light-induced conformational changes of
opsins and which eventually gave “vision”
to life). Optimization of tetrapyrrol-based
photosynthesis towards higher absorption
efficiency for solar photons in the wavelength
window not filtered out by the atmosphere
led to the emergence of the (B)Chl branch
of Fig. 2.1. Hemes, by contrast, were still
synthesized via the Ahb-route. The ultimate
advent of non-negligible amounts of O2
in the biosphere (Fig. 2.2b) induced by
oxygenic photosynthesis (although probably
only after a significant time lag due to
geochemical buffering of the O2 produced)
allowed the emergence of a plethora of
biochemical pathways making profitable
use of the newly available, highly reactive
and strongly oxidizing molecular oxygen
(Raymond and Segrè 2006). Among them
was an energetically more economical
pathway for heme b biosynthesis. Since
the oxygenic photosynthesizers likely were
among the very first to encounter increasing
levels of O2, it seems plausible that this
novel heme biosynthesis pathway evolved
within these species and was related to the
(B)Chl route due to co-regulation. When
O2 had become pervasive in the biosphere
(i.e. after 2.3 billion years ago), this pathway
became strongly favourable even for non-
O2-producers generating an evolutionary
driving force for its dissemination towards
other aerobic organisms throughout the
prokaryotes. The Ahb-route was increasingly
overgrown by the more modern “classical”
pathway except in organisms that remained
confined to the shrinking anaerobic niches
and never ventured out into oxygenated
environments. Aerobic species having
entirely lost the Ahb-route, however,
were obliged to develop alternative O2-
independent enzymes if they were to re-
colonise O2-poor or anaerobic habitats,
which rationalizes the presence of O2-
dependent and O2-independent enzymes
at certain biosynthesis steps in the (B)Chl-
related pathway (Fig. 2.1).

The wording of the preceding paragraph
highlights the psychological hurdles entailed

by the current pathway nomenclature. Re-
ferring to a “classical” and an “alternative”
route subliminally opposes the notion that
the “alternative” pathway might have been
THE ancestral route while the “classical”
one might in fact represent the actual al-
ternative route that had emerged only at a
later time. As will be discussed below, the
same nomenclature scheme is in use in the
field of menaquinone biosynthesis (Hiratsuka
et al. 2008). We do think that it is time to
adopt less suggestive terms to identify these
pathways. For obvious reasons (see Fig. 2.1),
we propose the terms “(B)Chl-related path-
way” for the “classical” route and “siroheme-
related pathway” for the “alternative” one.
We have used this scheme to denote pathways
in Fig. 2.2.

It seems obvious to us that both the
above sketched “heme-free-LUCA” and the
“Ahb-in-LUCA” scenarios are generally in
line with presently available evidence. To
decide between these two alternatives, global
phylogenies of enzymes involved in all (i.e.
encompassing heme-, (B)Chl-, siroheme-)
biosynthesis pathways are required. Such
a study would represent an impressive
and highly time-consuming task, but we
would argue that it will be indispensible
for progressing on the question of the
evolutionary history of hemes and heme
proteins.

B. Is the Heme-Biosynthesis-Pathway
Dichotomy Related to Other Major
Pathway Dichotomies?

The scenario of an Ahb-pathway in the
LUCA which was later outcompeted (likely
after the onset of oxygenic photosynthesis
some 2.7 billion years ago) by a more
recently emerged system was stimulated
by the fact that several other intriguingly
analogous pathway dichotomies may find an
explanation in the same manner. Two promi-
nent ones are those of the menaquinone-
and the iron-sulphur cluster biosynthesis
systems. Menaquinones (MK), likely the
most ancestral of respiratory quinones
(Schoepp-Cothenet et al. 2009, 2013) are
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synthesized in prokaryotes via two distinct
routes, i.e. the (once again) “classical”
Men-pathway (predominantly studied in
E. coli (Bentley and Meganathan 1983)
and the “alternative” futalosine-pathway
(Hiratsuka et al. 2008). The dichotomy of
MK-biosynthetic routes has been argued
to again indicate the absence of quinones
in the LUCA (Lane and Martin 2012;
Sousa et al. 2013). Phylogenies of several
enzymes involved in both pathways have
been reconstructed and appear to show that
the futalosine pathway is more ancestral than
the Men-route (Zhi et al. 2014). However,
when it comes to deciding whether the
futalosine pathway was present in the LUCA,
the published data so far are inconclusive.
Phylogenetic tree reconstruction based on
different algorithms yields divergent results
and no clear answer is therefore possible at
present.

A further pathway dichotomy has been
found for iron-sulphur cluster biosynthesis.
The quite distinct “Isc”- and “Suf”- pathways
are scattered over the realm of the prokary-
otes with some species containing either one
or the other, while others use both pathways
differentially as a function of growth
conditions and predominantly of oxidative
stress (Roche et al. 2013). To the best of our
knowledge, no detailed and evolutionarily
deep molecular phylogenies of the involved
enzymes have been reported so far. However,
while heme- and quinone-biosynthesis may
indeed be argued to have been absent from
the LUCA, we would hold that an iron-
sulphur-cluster-free LUCA does not figure
in any of the presently proposed scenarios.
Parallel, independent, origins of the Isc- and
Suf-systems in Archaea and Bacteria, as
proposed by Lane and Martin (2012) for
heme and quinone biosynthesis, therefore
seem highly unlikely. Both in the Fe-S
and in the MK-biosynthesis pathways, O2-
dependent/resistant enzymes are asymmet-
rically distributed and seem to be more fre-
quent in the Men- and the Suf-routes. Since
Fe-S centres are highly O2-labile, it seems
more likely to us that emergence of an “aer-
obic” system (likely the Suf-pathway) was

driven by the need to harden the Fe-S-cluster
transporting biosynthesis enzymes against
the deleterious effects of O2 rather than by
favourable O2-mediated biosynthetic steps.

The occurrence of all these pathway di-
chotomies therefore may well indicate the
late origins of O2-dependent routes supplant-
ing anaerobic ones instead of the independent
emergences of two pathways in Archaea and
Bacteria, respectively. We have proposed in
the past that a very similar scenario perfectly
rationalizes the convoluted evolutionary his-
tory of O2- and NO-reductases (Ducluzeau
et al. 2014). The advent of molecular O2
on planet Earth certainly represented one
of the most profound geochemical revolu-
tions of the environment. It seems to make
perfect sense to us that the appearance of
the novel and powerful reactant O2 would
drive the emergence of pathways that reap
benefits from the opportunity of unprece-
dented reaction schemes. If the mentioned
pathway dichotomies should indeed reflect
the late emergence of O2-related systems,
a better understanding of the source organ-
isms, i.e., the species wherein these novel
pathways emerged, will substantially further
our understanding of life’s ways to weather
the biochemical turmoil that must have been
associated with the GOE.

IV. Why All the Fuzz?

The controversy concerning the detailed
evolutionary scenario accounting for the
origin of heme cofactors may appear
purely academic and of interest only to
a very restricted community of molecular
phylogeny geeks. However, as we have
discussed recently (Ducluzeau et al. 2014a),
the resolution to this problem will have
substantial consequences for our under-
standing of energy conversion at the origin
of life. Approaches attempting to retrodict
bioenergetic mechanisms operating in the
LUCA from what we see in extant life to our
mind represents a much more “empirical”
way to study the origin of life then the
conceiving of “ab-initio” hypotheses based
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solely on chemical and geochemical plau-
sibility arguments (discussed in Schoepp-
Cothenet et al. 2013). A scenario remarkably
successful in rationalizing the emergence
of chemiosmotic free energy conversion,
while being perfectly in agreement with
thermodynamic requirements, was proposed
by Martin and Russell (2003, 2007) as
a biochemical incarnation of the seminal
hypothesis stipulating alkaline hydrothermal
vents as the cradle of life (Russell and
Hall 1997). This scenario stipulates Wood-
Ljungdahl-type energy conversion (Martin
and Russell 2007) and carbon fixation as the
ancestral types of metabolism in the LUCA
and inorganic versions thereof back to the
very origin of life. The Wood-Ljungdahl
pathways mainly rely on Fe-S- and Ni-
containing cofactors for catalysis but are
devoid of quinones and hemes (Lane and
Martin 2012). More recently, a variant of
this scenario was proposed based on a re-
evaluation of the inventory of likely redox
substrates present in presumed locales for
life’s origin (Nitschke and Russell 2013).
This scenario still maintains the importance
of catalytic steps featuring in the Wood-
Ljungdahl pathway (if partially in the reverse
direction of catalysis), but adds an oxidative
branch resembling anaerobic respiration
necessarily implicating quinones and hemes.
Whereas the first scenario stipulates only H2
and CO2 as providing the environmental
redox disequilibrium which drove the
emergence of life, the second one envisages
a wider cocktail of substrates involving at
least H2 and CH4 as reductants and CO2,
nitrate, nitrite and potentially Fe3C, Mn4C
etc. (Russell et al. 2014) as oxidants resulting
in a substantially stronger and multifaceted
environmental redox disequilibrium tapped
by nascent life. Whereas quinones and hemes
are conceivable in the LUCA, they are more
difficult to envisage at life’s very origin.
Inorganic metal-complexes able to have
played the roles later taken over by quinones
and hemes have therefore been proposed
(Nitschke et al. 2013). However, if the LUCA
had been devoid of hemes and quinones alto-
gether, the types of energy metabolism pro-

posed to have fuelled the LUCA in the more
recent scenario (Nitschke and Russell 2013)
are precluded and by extension have little
chance of having operated at life’s origin.

The question whether the LUCA was red
or “anemic” therefore by far exceeds the
mere evolutionary history of heme proteins
and has crucial repercussions for our under-
standing of life’s origin.
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