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Abstract

We have recently reconstructed the “hatcheries’ of the first cells by combining geochemical
analysis with phylogenomic scrutiny of the inorganic ion requirements of universal components of
modern cells (Mulkidjanian et al.: Origin of first cells at terrestrial, anoxic geothermal fields. Proc
Natl Acad Sci USA 2012, 109:E821-830). These ubiquitous, and by inference primordial, proteins
and functional systems show affinity to and functional requirement for K*, Zn2*, Mn?*, and
phosphate. Thus, protocells must have evolved in habitats with a high K*/Na* ratio and relatively
high concentrations of Zn, Mn and phosphorous compounds. Geochemical reconstruction shows
that the ionic composition conducive to the origin of cells could not have existed in marine
settings but is compatible with emissions of vapor-dominated zones of inland geothermal systems.
Under anoxic, CO,-dominated atmosphere, the ionic composition of pools of cool, condensed
vapor at anoxic geothermal fields would resemble the internal milieu of modern cells. Such pools
would be lined with porous silicate minerals mixed with metal sulfides and enriched in K* ions
and phosphorous compounds.

Here we address some questions that have appeared in print after the publication of our anoxic
geothermal field scenario. We argue that anoxic geothermal fields, which were identified as likely
cradles of life by using a top-down approach and phylogenomics analysis as a tool, could provide
geochemical conditions similar to those which were suggested as most conducive for the
emergence of life by the chemists who pursuit the complementary bottom-up strategy.

Addressfor correspondence: Armen Y. Mulkidjanian, School of Physics, Barbarastrasse 7, D-49076, Osnabriick, Germany. Phone:
+49-541-969-2698; Fax: +49-541-969-2656; amulkid@uos.de.
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Introduction

Recently we have put forward a detailed evolutionary scenario on origin of first cells at
anoxic geothermal fields of the primordial Earth (Mulkidjanian et al. 2012). This study has
drawn some attention including several critical comments and substantial questions. Below,
after a brief outline of our model (details of which can be found elsewhere (Mulkidjanian et
al. 2012)), we address these open questions. We are grateful to all the colleagues for
scrutinizing our evolutionary reconstruction.

Anoxic geothermal fields as cradles of life

Our reconstruction is based on the fact that inorganic chemistry of the cytoplasm is highly
similar in bacteria, archaea and eukaryotes. The internal pH in almost all cells is close to
neutral, the phosphate level is about 10 mM, the concentrations of Zn and Fe are in the range
of hundreds of micromoles, and the K*/Na* ratio is typically > 10 (see (Williams and
Frausto da Silva 1991; Nies 2007; Mulkidjanian and Galperin 2009) and references therein).
According to the principle of chemistry conservation (Mulkidjanian and Galperin 2007), this
ionic composition most likely is inherited from the very first cells as originally suggested by
Macallum as early as 1926 (Macallum 1926). However, the membranes of the first cells,
according to available reconstructions (Deamer 1997; Szostak et al. 2001; Szathmary 2007;
Mansy et al. 2008; Mulkidjanian et al. 2009; Mulkidjanian and Galperin 2010), while
occluding biological polymers, could not prevent (almost) free exchange of small molecules
and ions with the environment. Furthermore, before the emergence of diverse membrane
translocators, the exchange of small molecules via leaky membranes should have been of
vital importance for the first cells, which also implies that their interior was equilibrated
with the surroundings, at least with respect to small molecules and ions. Thus, the first
cellular organisms could have dwelled in specific habitats that were enriched for the
inorganic ions that are most prevalent in cells (Macallum 1926; Mulkidjanian and Galperin
2007; Natochin 2007; Mulkidjanian 2009; Mulkidjanian et al. 2012). A potential alternative
to this explanation is that the chemical differences between the intracellular milieu and the
environment are unrelated to the conditions under which the first cells evolved (Dupont et
al. 2010). Then, the dramatic enrichment of modern cells for K*, Fe 2*, Zn2*, and phosphate
could be viewed as a relatively late shift that came after the emergence of powerful ion-
translocating membrane pumps and was driven by the growing demand of the newly
evolving enzymes for particular inorganic ions as catalysts or substrates.

To distinguish between these two explanations, we performed a comparative genomics
analysis and turned to the set of protein-coding genes that are ubiquitous to all cellular
organisms with sequenced genomes (Koonin 2003; Charlebois and Doolittle 2004) and
accordingly almost certainly were present in the Last Universal Cellular Ancestor (LUCA)
(Gogarten et al. 1989; Woese 1998; Lazcano and Forterre 1999; Koonin 2003) and even
earlier life forms. These ubiquitous proteins and functional systems showed affinity to and
functional requirement for K*, ZnZ*, Mn2*, and phosphorous compounds; by contrast, none
of the surveyed ancestral proteins specifically requires Na* (Mulkidjanian et al. 2012). Thus,
we proposed that protocells evolved in habitats with a high K*/Na* ratio and relatively high
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concentrations of Zn, Mn and phosphorous compounds (Mulkidjanian 2009; Mulkidjanian et
al. 2012).

We examined a variety of environments in search of natural habitats with high levels of
transition metals and phosphorous compounds, as well as a K*/Na* ratio > 1. We focused on
the high K*/Na* ratio rather than the absolute levels of K* and Na* which could vary widely
in endorheic basins, depending on the ratio between the surface area of a basin and its depth.
The ionic composition conducive to the origin of cells was found to be compatible only with
the emissions of vapor-dominated zones of inland geothermal systems. A major distinctive
feature of such systems is the separation of the vapor phase from the liquid phase due to the
boiling of the ascending hot hydrothermal fluids. The ascending vapor, after reaching the
surface of the rock, discharges via numerous fumaroles and mud pots, which make a
geothermal field. The chemical composition of the two phases differs dramatically: the
liquid phase contains large amounts of Na and ClI whereas the vapor phase is specifically
enriched in HyS, CO,, and NH3 (Aver'ev 1961; White et al. 1971; Fournier 2004;
Bortnikova et al. 2009; Bychkov 2009; Mulkidjanian et al. 2012). We found that the higher
volatility of K* ions within the vapor phase leads to the enrichment of the emissions from
the vapor-dominated zones in K* ions, yielding K*/Na* > 1 (Mulkidjanian et al. 2012).

Although terrestrial geothermal systems have been occasionally suggested as potential
habitats of the early life (Deamer et al. 2006; Ricardo and Szostak 2009), the unique role of
their vapor-dominated zones as natural chemical separators, to our knowledge, has not been
specifically addressed. The principal reason why the vapor-dominated fields were not
considered as suitable hatcheries for the protocells is that the fluids at such fields are highly
acidic (with pH values reaching —0.5 (Fournier 2004; Mulkidjanian et al. 2012) and hence
inhospitable to life. This acidity is due to the fact that the ascending vapor carries large
amounts of hydrogen sulfide which, on reaching the surface, is oxidized by atmospheric
oxygen to the strong sulfuric acid.

In the absence of oxygen on the primordial Earth, the geochemistry of vapor-dominated
geothermal fields should have been substantially different: (1) The pH of the discharges
from the vapor-dominated zones should have been closer to neutral because both H»S and
CO», which ascend with the vapor, are weak acids, and their acidity would be compensated
by the interaction with basic rocks; (2) at neutral pH, silica would precipitate at the outlets of
hot springs and around them not as mud, as it does now, but as porous, ordered silicate
minerals. Thus, the formation of clays such as smectite/montmorillonite and illite, as well as
zeolites such as laumontite and natrolite, should be expected; (3) in the absence of oxygen,
sulfide ions would cause precipitation of metal sulfides, yielding metal-sulfide-contaminated
clays and zeolites. The precipitation of silica at anoxic geothermal fields should have been to
some extent analogous to its precipitation within the steam-delivering pipes of modern
geothermal stations. Within such pipes, where the interaction with oxygen is prevented by
the pipe walls, formation of unusual saponite-like smectites with montmorillonite-type
structures, enriched in Mg and transition metals, has been independently reported for power
stations in Philippines (Reyes and Cardile 1989) and El Salvador (Raymond et al. 2005).
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Two types of environments relevant for the early stages of evolution can be expected at
anoxic geothermal fields, namely (i) periodically wetted, illuminated mineral surfaces that
could serve as templates and (photo)catalysts for diverse abiotic syntheses and (ii) puddles
and pools of cooled, condensed vapor that would function as concentrators of prebiotic
organic molecules. Each such pool would “harvest” substrates from its catchment area and
should have contained mixture of water, simple amides, silica, metal sulfides and
amphiphilic molecules (which could be present as micelles). We proposed that porous
sediments of such pools, enriched in sulfides of Zn and Mn, could serve as reactors where
the first replicating polymers would form (Mulkidjanian et al. 2012). Hence, a stratified
system could be established within geothermal ponds where the illuminated upper layers
would be involved in harvesting and production of reduced organic compounds, whereas the
deeper, less productive but better protected layers would provide shelter for the replicators.
Both the light gradient and the interlayer metabolite exchange are typical of modern
stratified phototrophic microbial communities (Nold and Ward 1996).

Answers to the open questions

The model described has prompted the following questions:

1. ““The “principle of chemistry conservation’ is a postulate rather than a proven
principle, it may be true on short time scales, but who can say what has happened
since the origin of life?”” (Jim Cleaves cited in ref. (Biello 2012)).

The idea of chemistry conservation was introduced by Archibald Macallum to explain the
similarity between the chemistry of the animal body fluids and sea water; Macallum
explained this similarity by the emergence of first animals in the sea (Macallum 1926). This
explanation remains valid up to now. The same approach was used by George Wald in 1964
to explain why the cellular metabolism is anoxic (Wald 1964); he argued that the cellular
biochemistry has established on anoxic Earth and could hardly be modified after the
oxygenation of the atmosphere (2.5 Gyr ago, according to most recent data (Hazen et al.
2011)). Since this explanation has not been challenged, the principle of chemistry
conservation appears solid on the time scale of ~2.5 Gyr. This is anything but a “short time
scale”. Critically, all modern cells (those of archaea, bacteria and eukaryotes) share highly
similar intracellular ionic conditions. Because it is hardly debatable that these cells are
separated from the LUCA by at least 3 billion years of evolution, application of the
chemistry conservation principle to the emergence of the first cells some 3.5-4.2 Gyr ago is
not too much of stretch and helps to explain some key biochemical traits that remained
enigmatic, e.g. the K*/Na* >> 1 within the cells. Like any statement in historical study, the
chemistry conservation principle cannot be mathematically proven, but it is an assumption
that is extremely well compatible with all the available data.

2. "The basic question is whether the observed high K-Na ratio reflects the
historical environment in which life originated or underwent early evolution, or
instead reflects some underlying chemical necessity, such as better functioning of
certain cellular components.” (Jack Szostak cited in refs. (Biello 2012; Brouwers
2012)).
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We argue that the high demand for K*, most likely, reflects the emergence of translation
machinery in the environment with high K*/Na* ratio during pre-LUCA times. A
conceivable alternative would be that the primordial cells could synthesize proteins under
conditions of low K*/Na* and that this ability, which was extremely useful for survival
(except geothermal fields, K*/Na* is < 1 in natural environments), was then lost, requiring
the evolution of ion-tight membranes and energy-driven ion-pumping machinery. This
scenario appears to be rather unrealistic, particularly when one goes into the details on the
K*-dependent stages of translation. Specifically, phylogenetic analysis of GTPases clearly
shows that extensive diversification of GTPase domains antedated the LUCA (Leipe et al.
2002). The K*-binding sites are highly conserved in diverse GTPases, indicating that they
were already present in the primordial GTPase domains, long before LUCA (Mulkidjanian
et al. 2012). The peptidyl transferase center, which apparently is K* dependent (Miskin et al.
1970), is the core, ancestral part of the ribosome (Bokov and Steinberg 2009; Davidovich et
al. 2009). Thus, the K*-dependent components of the translation system appear to stem from
the pre-LUCA stages of evolution.

In addition, the following observations are best compatible with the origin and early
evolution of life in potassium-enriched environments:

1. The reactions of formation and cleavage of phospho(di)ester bonds should have
been involved from the very beginning of life because these reactions comprise the
core of cell biochemistry. These reactions can be modeled by a non-enzymatic
transphosphorylation reaction:

ATP + P <> ADP + PP,

This reaction, which strictly requires divalent cations (e.g. Mg?*), is accelerated
approximately three-fold by K* and NH4* but not by Na* (Lowenstein 1960). This
feature is likely to be related to the functional dependence of many GTPases and
ATPases on K* but not on Na* (see ref (Mulkidjanian et al. 2012) for details).

2. K*ions are needed for the folding of RNA (Shiman and Draper 2000; Sigel and
Pyle 2007); specifically, they stabilize tetraloop receptors, widespread elements of
RNA tertiary structure (Butcher and Pyle 2011).

3. High K*/Na* ratio appears to be crucial for stabilization of membrane vesicles that
consist of either phospholipids or fatty acids. In the absence of divalent cations,
phospholipid liposomes start to aggregate already at 400 mM Na* but stay in
solution at >1 M of K* (Ohki et al. 1982). In the presence of divalent cations, the
concentrations of Na* ions that cause aggregation are respectively lower (Ohki et
al. 1982). Fatty acid vesicles are also more stable in K*-containing solutions: it is
common knowledge that potassium soaps remain liquid whereas sodium soaps
solidify (common soaps are none other than fatty acids). Therefore, at notable
concentration of Mg2* or Ca?*, primitive lipid vesicles could better subsist in K*-
containing primeval basins.

The catalytic capacities of K* and Na* are roughly similar (Williams and Frausto da Silva
1991), so the selective acceleration of such key cellular reactions as protein synthesis and
hydrolysis of ATP and GTP by K*, but not by Na* ions is unlikely to be incidental. In our
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view, this fact strongly suggests that K*-rich environments indeed have shaped life as we
know it.

3. “Overall, I think it is questionable that organisms would have kept their original
composition, given the variability observed in present cells. Is it not at least equally
likely that they have modified their cytosolic composition once they had control
over this process? Any modern environment which matches this composition would
then be purely coincidental’” (Jim Cleaves cited in refs. (Biello 2012; Brouwers
2012)).

In fact, there is not much variability in the inorganic chemistry of modern cells, the
cytoplasm of which is usually characterized by neutral pH, K*/Na* > 1, and high levels of
phosphate and some transition metals (Williams and Frausto da Silva 1991; Nies 2007;
Mulkidjanian and Galperin 2009). This similarity cannot be explained simply by adaptation
to similar environments that differ dramatically with respect to ionic compositions.
Strikingly, no known inhabited environment matches the internal inorganic composition of
the cells; as we discussed in our paper, the basins at extant geothermal fields, which show
inorganic pattern similar to cytoplasm (high K*/Na* ratio and high levels of phosphate and
transition metals), are too acidic (pH < 0) to be inhabited by modern life forms. No modern
organisms, which in principle can control their intracellular ion content, equilibrate their
inorganic composition with the composition of their habitats. Apparently, modern organisms
cannot control the requirements of their enzymes and RNA complexes for particular
inorganic ions. Therefore, instead of matching the environment, organisms invest energy
into ion pumping to satisfy the demands of their enzymatic systems for high levels of
particular ions, just as they have to maintain highly reducing environment in the cytoplasm
that is required for activity of those enzymes.

4. “To suggest that the ionic composition of primordial cells should reflect the
composition of the oceans is to suggest that cells are in equilibrium with their
medium, which is close to saying that they are not alive. Cells require dynamic
disequilibrium — that is what being alive is all about.”” (Nick Lane cited in ref.
(Switek 2012)).

In fact, ionic disequilibria are energetically counterproductive because cells spend a lot of
energy to maintain them given that even modern sophisticated membranes are intrinsically
leaky for small ions. The ionic disequilibria exist precisely because the cells have to survive
in the environments that are far from being optimal for their functional systems: not enough
K*, too much Na*, and so on. Microbiologists know that a cell culture grows best in an iso-
osmotic medium that contains plenty of amino acids, vitamins, proper mixture of mineral
salts and more potassium than sodium. In an appropriate, K*-based medium, Escherichia
coli cells grow well enough even in the presence of uncouplers of oxidative
phosphorylation, in the absence of the proton-motive force (Kinoshita et al. 1984).

Notably, the proposed equilibria, as concerns small molecules and ions in primordial cells,
do not imply equilibria with respect to large, polymeric molecules. The concentration of
polymers, such as RNA and DNA, should have been far greater within the protocells than
outside.
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5. ““...life started on an Earth that may not have had continent-size landmasses but
rather a series of archipelagos formed by volcanoes, much like the islands of Japan
today. As a result, the water cycling through these areas may have been very
different” (Jeffrey Bada cited in ref. (Biello 2012)).

The only information on geology of the Hadean comes from the analysis of the zircon grains
data. These data indicate that there were continents 4.3-4.4 Gy ago (Wilde et al. 2001) and
subduction zones 4.0-4.2 Gyr ago (Hopkins et al. 2008).. Existence of subduction zones
implies stability of continent(s) on a time scale of millions of years, at least, and the
existence of inland geothermal fields.

6. “It may be impossible to tell what early life—or even the first universal common
ancestor of life—was like, given all the intervening evolution. It's akin to trying to

infer an abacus from a modern PC. You might be able to infer a TRS-80, but then it
all gets a bit hazy and there might be no vestigial remains of the intervening stages
of biological evolution.” (Jim Cleaves cited in refs. (Biello 2012; Brouwers 2012)).

The abacus is built on different principles than PC and TRS-80 (the coding is binary in PCs
and TRS-80 but decimal in a classical abacus). Therefore the analogy used by Cleaves
implies a discontinuity between the modern life and some early life that would be based on
different principles. We agree with Cleaves that in such a case any attempts to infer the
properties of early life forms from the properties of modern organisms are likely to fail,
leaving the entire origin of life field in dire straits. However, to our knowledge, there is not a
single piece of experimental or theoretical evidence of a discontinuity between the early life
and the modern life, at least starting with the first cells which are the main focus of our
study. Therefore, we base our research on Rudolf Virchow*s "omnis cellula e cellula”
principle. In this case, the reconstruction of the early life from the properties of modern
organisms is a legitimate and potentially attainable scientific goal.

The requirement of uninterrupted replication of life forms in the course of evolution implies
the existence of a primordial RNA World, where RNA-like molecules could serve both as
information and catalytic molecules (Belozersky 1959; Gilbert 1986). Then, however, the
bottom-up approach to the origin of life problem, which is complementary to the top-down
approach that we have used, could be reduced to the search for (geo)chemical conditions
conducive to abiogenic formation of ribonucleotides and their polymerization into RNA-like
oligomers (Benner et al. 2006).

The chemists pursuing this line of research argue that specific formation of activated (cyclic)
natural ribonucleotides with a potential for polymerization could take place in formamide-
rich solutions, particularly under the action of UV light and in the presence of borate and
phosphorous compounds (Schoffstall 1976; Costanzo et al. 2007; Powner et al. 2009; Barks
et al. 2010; Saladino et al. 2012). It has remained unclear, however, whether geochemical
setting enriched in formamide, phosphorous compounds, and borate could exist at
primordial earth. Enrichment in simple amides, apparently, is incompatible with marine
environments. Benner and colleagues have suggested - as cradles of life - desert
environments where formamide, after forming in the atmosphere, could accumulate during
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the dry periods owing to its high boiling temperature (200°C) and serve as a building block
for primordial syntheses (Benner et al. 2006).

Anoxic geothermal fields should have been even better suited for abiogenic synthesis of
ribonucleotides and their polymerization than primordial deserts. Formamide could form via
hydrolysis of hydrogen cyanide which is found both in volcanic gases and in the exhalations
of geothermal fields (Mukhin 1976). In addition, elimination of a water molecule from
ammonia salts of carboxylic acids could also yield amides; specifically, dehydration of
ammonia formate yields formamide. The exhalations of geothermal field contain high
amounts of ammonia (up to 130 mg/L in the mud pot solutions of Kamchatka (Bortnikova et
al. 2009)) part of which is of non-sedimentary origin (Holloway and Dahlgren 2002). The
high CO, content of the primordial atmosphere (Sleep et al. 2011) would boost the
production of formate and other carboxylic acids at geothermal fields in diverse types of
abiotic syntheses within the rock bodies of geothermal systems (see ref. (Sleep et al. 2004;
Mulkidjanian et al. 2012) for details). In addition, diverse organic molecules could be
produced by abiotic photosynthesis catalyzed by particles of metal sulfides, such as ZnS and
MnS (Zhang et al. 2004; Zhang et al. 2007; Guzman and Martin 2009; Mulkidjanian 2009).
Although the geothermal fields should have been covered by moisture, water could be
present only in limited amounts; its continuous evaporation, similarly to the desert model,
would result in selective accumulation of the least volatile compounds, which in this case
should have been simple amides.

Unlike deserts, geothermal systems could continuously deliver further key elements for
primeval syntheses, such as phosphorous and boron compounds. The exhalations of
geothermal fields are enriched in phosphorus (up to ~1 mM in the acidic mud pots of
Kamchatka (Bortnikova et al. 2009; Mulkidjanian et al. 2012)). This high level might be
related to the discovery of highly soluble phosphite in a Californian pristine geothermal
pool, which is fed by bicarbonate-rich geothermal waters (Pech et al. 2009). Furthermore,
the vapor condensates at geothermal fields can contain up to 10 mM borate (Nikolaeva and
Bychkov 2007; Mulkidjanian et al. 2012) which, on the one hand, specifically partitions into
vapor upon geothermal separation (Schatz et al. 2004) and, on the other hand, has
exceptional ability to stabilize pentoses (Benner et al. 2006). Not to mention that simple
carbonaceous compounds, ammonia, and sulfide, which redistribute into the vapor phase
upon geothermal separation, are the major buildings blocks of life.

It seems highly encouraging that the anoxic geothermal fields, which we identified as
tentative cradles of life by using the top-down approach and phylogenomic analysis, could
provide exactly those geochemical conditions that were suggested as most conducive for the
emergence of life by the chemists who pursuit the complementary bottom-up strategy. It is
our hope that our reconstruction informs and stimulates further chemical experiments aimed
at approximation of the origin of life conditions in the laboratory.
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