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Abstract: The endoergic nature of protein and nucleic acid assembly in aqueous media presents two
questions that are fundamental to the understanding of life’s origins: (i) how did the polymers
arise in an aqueous prebiotic world; and (ii) once formed in some manner, how were they
sufficiently persistent to engage in further chemistry. We propose here a quantitative resolution
of these issues that evolved from recent accounts in which RNA-like polymers were produced in
evaporation/rehydration cycles. The equilibrium Nm + Nn Ø Nm+n + H2 O is endoergic by about
3.3 kcal/mol for polynucleotide formation, and the system thus lies far to the left in the starting
solutions. Kinetic simulations of the evaporation showed that simple Le Châtelier’s principle shifts
were insufficient, but the introduction of oligomer-stabilizing factors of 5–10 kcal/mol both moved
the process to the right and respectively boosted and retarded the elongation and hydrolysis rates.
Molecular crowding and excluded volume effects in present-day cells yield stabilizing factors of
that order, and we argue here that the crowded conditions in the evaporites generate similar effects.
Oligomer formation is thus energetically preferred in those settings, but the process is thwarted in
each evaporation step as diffusion becomes rate limiting. Rehydration dissipates disordered oligomer
clusters in the evaporites, however, and subsequent dry/wet cycling accordingly “ratchets up” the
system to an ultimate population of kinetically trappedthermodynamically preferred biopolymers.
Keywords: hydrothermal ponds; RNA; kinetics; thermodynamics; polynucleotides; evaporites;
molecular crowding

1. Introduction
A significant conundrum related to the origin of life is the question of how life-relevant polymers
overcame the thermodynamic barriers to their formation on an aqueous early Earth in the absence of
metabolism and biologically activated monomers [1]. Studies seeking to overcome the barrier with a
range of chemical activators have been described [2–10], but ultimately they were less than successful
in accounting for the prebiotic formation of macromolecules [11]. It is apparent, moreover, that
even if a route to biopolymers were uncovered there remains the overriding dilemma of a sustained
accumulation of biogenic products and a continuing advance to life in the face of the kinetically
preferred hydrolyses back to the monomers.
The apparent thermodynamic challenge to the production of macromolecules that are both
stable and incorporate the complexity required for self-organization emerged from the application
of biochemical standard Gibbs energies to the aqueous synthesis of peptide, polynucleotide, and
glycosidic links, all of which are endoergic. The values, however, represent the energies of the
substances at infinite dilution, and apply only to dilute solutions. Life did not necessarily arise out of

Life 2016, 6, 28; doi:10.3390/life6030028

www.mdpi.com/journal/life

Life 2016, 6, 28

2 of 12

dilute bodies of water, and, as will be illustrated here, the thermodynamic challenge to bond formation
can be overcome in highly concentrated solutions.
Cycles of hydration and dehydration would have been ubiquitous on the early Earth wherever
volcanic land masses emerged from the global ocean. Sea water was presumably salty, perhaps even
at higher concentrations than today’s ocean [12], but precipitation would supply the equivalent of
distilled water to hydrothermal fields on volcanic islands, producing geological conditions analogous to
the geysers and hot springs that are abundant in Iceland. Small pools associated with the hydrothermal
fields would undergo continuous cycles of filling and evaporation, and the concentration of the solutes
through evaporation was demonstrated in the condensation of glycine [13]. More recently Varfolomeev
and colleagues have developed discerning kinetic models of prebiotic molecule synthesis driven by
thermal cycling [14].
The focus of the effort here are the findings in studies of nucleotide monomers in simulated
hydrothermal pools. They revealed the production of RNA-like oligomers after multiple
evaporation/hydration cycles of millimolar solutions of adenosine 51 -monophosphate (AMP) and
uridine 51 -monophosphate (UMP) at 85 ˝ C and pH 2.5 over characteristic periods of minutes
to hours [15]. The products ranged from 10- to >100-mers, similar to those reported first by
Rajamani et al. [16]. Significantly, oligomer synthesis was inefficient if mononucleotides were simply
dried, but yields were promoted by the presence of monovalent salts, such as KCl, NaCl and NH4 Cl [17]
or phospholipid [15].
Aligned with those findings are recent accounts suggesting that chemistry in the tightly packed
environment in present-day cells can offer insight into life’s origins [18–20]. The effects of molecular
crowding and excluded volumes in such settings provoke extraordinary thermochemical effects that can
enhance association and macromolecular folding rates and equilibria by orders of magnitude [21,22].
The process has been concisely described by Ellis: “The binding event is favoured because the reduction
of excluded volume and the concomitant increase in available volume decrease the total free energy of the
solution. Thus, the most favoured state is that which excludes the least volume (with respect) to all the other
macromolecules present”. He continues, noting that for peptides the growing thermodynamic pressure
then drives “the collapse of newly synthesized polypeptide chains into compact functional proteins, . . . (and)
the formation of oligomeric structures such as fibrin, collagen and multienzyme complexes . . . ” [23].
The exercise described here is based upon our speculation that these large diversions from ideality
in cellular cytoplasm are mirrored in, and conceivably derived from, the evaporation and resulting
concentration in hydrothermal ponds. We examine that view in a series of kinetic simulations of
nucleotide oligomerization in pond environments, taking into account both the simple effects of Le
Châtelier’s principle and the developing thermochemical effects of molecular crowding. The exercise
bears out the notion that the factors governing the chemistry shift from a setting unfavorable to
polymer formation to one that promotes and ultimately sustains it.
2. Background and Approach
The prevailing views of the thermochemical and kinetic challenges to the assembly of life-related
polymers are largely based on the hydrolytic proclivities of their linking bonds that had been
established in dilute aqueous solutions at or near pH 7. A summary of those values is presented in
Table 1, as are the Arrhenius parameters for the hydrolysis of the bonds and their half-lives at 25 ˝ C and
pH 7.0 and at hydrothermal pond conditions. There are multiple links in any given polymer and their
accumulated hydrolysis rates will increasingly limit polymer lifetimes. An RNA-like polynucleotide
composed of 100 nucleotides, for example, would display a half-life of no more than about 18 days at
25 ˝ C. The lifetimes at hydrothermal pond conditions would be briefer still, and indeed the sustained
existence of nucleotides themselves at those conditions would appear to be problematic because of
reactions leading to depurination and deamination.
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Table 1. Thermochemical and kinetic parameters governing the formation and hydrolysis of
biochemical linking functionalities.
Thermochemical and Kinetic Factors

Protein,
Amide

Polysacch.,
Glycoside

∆G˝1 formation/kcal/mol a

2.2

3.8

A/year´1

RNA,
Phosphate Ester

DNA,
Phosphate Ester
3.3

Arrhenius parameters,
hydrolysis, pH 7 b

log
Ea /kcal¨ mol´1

15.5
25.2

16.0
31.5

10.5
15.6

14.1
26.8

Hydrolytic half-lives,
linking functionality

25 ˝ C, pH 7
85 ˝ C, pH 2.5

385 years
7 min c

4 M years
250 h c

5 years
8 days d

0.2 M years
876 years e

a

Standard biochemical Gibbs energies, taken from Table 13-4 in Nelson and Cox (2005) [24]; b developed from
data for pH 7 in Wolfenden and Snider (2001) [25]; c the hydrolyses of amides (Mabey and Mill, 1978) [26], and
O-glycosides (Wolfenden and Yuan, 2008) [27] are acid catalyzed; these values are accordingly boosted by a
factor of 10(7´2.5) ; d From the data of Oivanen et al. for the hydrolysis of uridylyl (31 -51 ) uridine at pH 2.5 and
90 ˝ C (1998) [28]; e estimated from the fractional change in RNA in the shift from 25 ˝ C/pH 7 to 85 ˝ C/pH 2.5.

On the other hand, the three RNA species mRNA, tRNA and rRNA in the crowded cytoplasm of
hyperthermophilic microorganisms all survive and their cells thrive in settings approaching 100 ˝ C [29].
The results from both the glycine oligomerization and the hydrothermal pond studies also stand in
contrast to the expectation that hydrolysis will overwhelm condensation. The focus of the effort here
are the reactions in the latter, the generation of the 21 -51 and 31 -51 phosphate-sugar ester bonds linking
nucleotide monomers in RNA synthesized in the non-enzymatic condensation reaction in Equation (1).
Nm ` Nn Õ Nm`n ` H2 O

(1)

It would appear initially that evaporative concentration and Le Châtelier’s principle would drive
the system to the desired polymer products, but it is easily shown that a simple shift in concentration
cannot explain the observations. Employing 3.3 kcal/mol for the formation of phosphate esters at
85 ˝ C, K1 « 1.0 ˆ 10´3 , and leads to required starting monomer concentrations for the dominance of
the dimer, N2 > N1 , of an obviously unattainable 300 M. Still greater values would be required for
larger oligomers, and it is apparent that additional factors must be in play to bring about the observed
formation of oligomers in the pond simulations.
Those factors can be developed with attention to the evident parallel between the highly
concentrated evaporation residues and the crowded interiors of present-day cells. Fully 15% of
the cell medium is directly associated with a molecular surface [30], and macromolecules can occupy
up to 30% of the total cell volume [31]. Further, networks of small channels and cavities within cells
induce severe reductions in the activity of water, while the dielectric constant of water declines sharply
in the vicinity of the water/organic interface [32]. All of these factors ultimately lead to an energetic
condition favoring molecular association, and thereby supporting ester formation in Equation (1).
A measure of that support can be developed from the expression for the free energy of Equation (1)
in terms of the activities of the components [33]:
aNm`n
˝
∆G1 “ ∆G 1 ` RTln
aW
aNm aNn

(2)

At the high dilution the second term is effectively unity, ∆G1 = ∆Go ’, and thus the equilibrium
lies well to the left. The nucleotide activity fraction falls over several decades with crowding, however,
and with increasing concentrations of larger product molecules it begins to shape the expression,
ultimately reducing ∆G1 by several kcal/mol [23]. Indeed a fundamental feature of the process is the
progressive enabling of association reactions with increasing levels of crowding through the fact that
the magnitude of the effect grows with the degrees of association [34].
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A second source of a reduction in ΔG′ is the decline in the activity of water with the growing
A second source of a reduction in ∆G1 is the decline in the activity of water with the growing
population of confining spaces in the residue. The effects can be approximated by a form of the Kelvin
population of confining spaces in the residue. The effects can be approximated by a form of the
equation:
Kelvin equation:
2λV2λVm
(3)
ln aln a=w −“ ´
(3)
dRTdRT
are respectively
respectivelythe
thesurface
surfacetension
tensionand
andmolar
molarvolume
volumeofofwater
water
temperature
d
where λλand
andVVmm are
where
atat
temperature
T, T,
d is
is the
characteristic
size
the
cavity,
and
theuniversal
universalgas
gasconstant
constant[35].
[35].The
Thesharp
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C in Figure 1, while the right-hand ordinate
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found the
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comments on this topic and for his providing and an advanced copy of a manuscript submitted for
publication). Realistically however, limiting factors including declining oligomer solubilities and
decreasing rates of diffusion will ultimately restrain growth, and it appears that the 50-mer-topped
sequence employed here is sufficiently extended to reveal the underlying dynamics and trends of the
process. Key to the simulations were kinetic data developed in studies of the hydrolysis of uridylyl
(31 -51 ) uridine at 90 ˝ C over the pH range 0–12 [28]. The hydrolysis displayed both acid and base
catalysis with a minimum rate at pH 5, and with a value of 1.0 ˆ 10´6 ¨ s´1 at pH = 2.5. This rate
constant, k´1 , served as the foundation of our simulations and as a simplifying parameter applied to
all of the hydrolysis steps. When applied to the condensation steps, the rate of the synthesis reaction is
1
then k´1 K1, with K1 = e´∆G /RT (It was crucial to employ a known rate constant in the simulations, and
the studies of Oivanen et al. [28] quite suitably provided a value for k´1 . Thus k1 was the adjustable
parameter. Accordingly while in the text we refer to the applied ∆G1 values as product-oligomer
stabilizing, in truth this treatment equivalently destabilizes the Equation (1) reactants. This operation
does not affect the reaction dynamics, however, and the trends displayed in the overall result correctly
reflect the sway of product stabilization).
The simulations were conducted in two phases, starting first with the evaporite itself with
∆G1 = ∆G˝1 , and then examining the effects of the introduction of a series of declining ∆G1 values. In
the experimental work the dry/wet cycles were initiated with the evaporation over 30 min of 0.1 mL
of a solution 3.3 mM each in AMP (MW 347 Da) and UMP (MW 324 Da). The densities of the solid
monomers are ~2.3 g/mL, and thus the starting volume of solid was ~100 nL. Presuming the residues
to be about the same volume, we can then estimate that evaporation reduced the volume by a factor of
about 1400, which then established the starting point for the simulations of an equivalent monomer
concentration of ~9 M.
Simulation of the evaporation alone yielded the family of profiles shown in Figure 2A. Consistent
with the earlier statement that a simple Le Châtelier’s principle approach to oligomerization was
insufficient, the figure shows that the monomer with an overall concentration decrease of no more than
15% remains as the overwhelmingly dominant substance in the mixture, which moreover requires
about 1000 h to attain equilibrium.
The thermochemical effects of crowding were then introduced, and we arbitrarily selected the
product mixture at the 30-min mark in Figure 2A as the starting point. The behavior of the system
shifted markedly in two ways; the product mixtures were largely compressed and ultimately inverted,
and the times to equilibrium were radically condensed. The effects are shown in Figure 2B for
∆G1 = ´3.5 kcal/mol, for which case the product profiles have all coalesced to about the same
concentration while the time to equilibrium fell to about 10 h. The result of a ´10 kcal/mol stability
factor is displayed in Figure 2C and shows that the system has in this case moved to an oligomer
growth region where elongation is energetically favored, and each oligomer in the evaporite is thus
more stable than its immediate precursors. Moreover the time to equilibrium has now fallen to a few
tens of seconds, reflecting substantial kinetics adjustments to the mounting thermodynamic favoring
of oligomer production.
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however at first glance we would expect that the product oligomers would then revert to the monomer
state as rapidly as they had been formed, and there would be no net benefit to cycling. Significantly,
however, oligomerization and hydrolysis are respectively second and first order kinetically, and as a
result dilution back to the starting condition largely inflates the interval to the monomer-dominated
equilibrium. The behavior was seen in the simulations in Figure 2, and can be understood on a
quantitative basis by considering any step of Equation (1) in terms of the expression for opposing
bimolecular and unimolecular reactions described by Laidler [43].
τ“

1
eq
eq
pam ` an qk1 ` k´1

(4)

Here, τ is the period required for the reaction to navigate the fraction 1/e (~37%) of its path
to equilibrium, and the activity terms refer to values at equilibrium (This approach is most often
employed in kinetic studies of rapid reactions in which τ, referred to as the relaxation time, reflects
the time to recovery from abrupt perturbations displacing the system from equilibrium). The form
of the expression plainly reveals the large shift Equation (1) will display in its shuttling between
dilute and concentrated states. For highly dilute solutions τ is effectively 1/k´1 , or on the order of
hundreds of hours at pond conditions. In contrast with evaporation, sizable solute concentrations will
largely increase the value of the k1 term which will then dominate the denominator, and τ will fall by
similar increments. The gap can span several orders of magnitude as is apparent in Figure 2A–C, and
accordingly serves as the foundation of the oligomer-growth effects of dehydration/hydration cycling
yields in such systems.
Two factors thus emerge to direct the behavior of the product mixture during cycling. As the
sequence starts the oligomeric products rapidly attain some fraction of a thermodynamically favored
state during evaporation, but at some point their growth becomes diffusion limit-restrained. Upon
dilution the protracted hydrolysis rates trap the products kinetically, but at the same time molecular
aggregation is relieved and the disordered oligomer clusters are dissipated and positioned to renewed
ester formation in the following dehydration step. Successive rounds of cycling then bring about a
step-wise energetic descent to a population of thermodynamically favored oligonucleotides.
The advance of this progression is illustrated, starting with Figure 2C and assuming that the
process becomes diffusion rate-limited at the 1-s mark as shown. The system at that point is then static,
with no more than a small fraction of the monomer converted to 40- to 50-mers. The product mixture
is then diluted back to its original volume in Figure 2D, initiating hydrolysis. But as is apparent in
the figure the process is slow with the time to equilibrium drawn out to thousands of hours. After
some period of time—we arbitrarily select a 20-hour interval in the figure—the 40- to 50-mer content
has fallen by more than a factor of ten, and a second evaporation is introduced. The result seen in
Figure 2E shows that the system quickly moves to a point well beyond its position prior to the dilution,
and moreover beyond the energy equivalence point and into the oligomer-growth regime in no more
than seconds. A successive series of these events will then yield a stable population of oligonucleotides
as was noted above. Natural conditions conforming to such a sequence would include the vigorous
splashing of hot springs and geysers onto rock surfaces heated to near boiling temperatures and
leading to very rapid rates of evaporation. More generally and depending on their size, typical pools
in hydrothermal sites evaporate on time scales of hours to days and are then refilled by precipitation or
geyser activity, and still more brief wet-dry cycles occur around the edges of pools due to fluctuating
water levels [44].
4. Discussion
The overall picture that emerges here is one of a series of dry/wet cycles, engaging in alternating
rapid oligomer synthesis and slow oligomer hydrolysis while mediated by diffusion limits, in the end
yielding a population of thermodynamically favored oligonucleotides. The ponderous nature of the
process and a reflection of the effects of diffusion limits early in the progression were exemplified in
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the experimental work where the first cycle yielded little more than dimers, trimers and tetramers [17].
Longer strands developed over ensuing cycles, and the addition of monovalent salts, such as NaCl,
KCl and NH4 Cl, promoted the process. The extensive polymerization in the end is most reasonably
rationalized through the organization of the monomer and smaller oligonucleotides into linear arrays
that then undergo ester bond formation in the last stages of drying.
4.1. Polymer Synthesis and the RNA World Scenario
The results described here can be applied directly to some of the concerns that at present curb
confidence in the RNA World scenario for life’s origin [45]. One such issue is the matter of the
hydrolytic viability of RNA and an ongoing search for routes to stabilized intermediates that lead
to useful products and avoid fruitless tar-forming reactions [46]. As we have argued here, however,
a thermodynamically-directed oligomerization provides the necessary stabilization as a matter of
course, with increasing populations of polymers as crowding develops through successive cycles of
evaporation. In the end the sole kinetic factor is the rate differential for the respective evaporite and
dilute states, which as shown here could amount to orders of magnitude favoring oligomer synthesis.
On this basis, the question is not whether intermediates leading to RNA can be stabilized. Rather,
the precondition is a setting that provides stability to the intermediates themselves such that their
reactions to still more productive products can compete kinetically with a throng of nonproductive
and degradative processes. Evaporative venues and the resulting excluded volume conditions appear
to deliver that environment.
The observations presented here are also relevant to the problems associated with the view
that the sequences provided by the assembly reactions were random; it seems clear, however, that a
thermodynamically-driven sequence would be markedly nonrandom and stability-based. Some of the
problems related to product randomness were discussed by Robertson and Joyce who described the
challenge of sufficient numbers of a self-replicating ribozyme for replication to take place [45]. They
referred to the need for 2 copies of a self-replicating RNA in a collection of random sequence 40-mers,
and concluded that the magnitude of the required quantity of RNA would be comparable to the mass
of the Earth. We can add that the extent of the problem is heightened when the time required for the
encounter of the two molecules is considered. For a 1 M solution of 40-mer (presumably in a suitable
planet-sized container) and the theoretical maximum encounter constant of 109 M´1 ¨ s´1 [47], the
characteristic encounter time is about 107 years. An activation energy of no more than 1–2 kcal/mol
would extend the time for reaction by another order of magnitude, while more dilute solutions
would require still greater reaction periods. Issues of randomness in reactants vanish, however,
with a polymerization with some thermodynamic guidance. Although the extent of thermochemical
differentiation within RNA sequences is unknown [48], it is undoubtedly in place to some degree since
Gibbs energies can be quite sensitive to structure. A simple example of the sensitivity to structure
is reflected in the five hexane isomers, the Gibbs energies for which at 25 ˝ C in the gas phase span
more than 2 kcal/mol [49]. If we assume that one of the 40-mer sequences is a ribozyme catalyst with
no more than a 1 cal/mol benefit over the other sequences, for example, 1 milligram of a mixture of
40-mers would then contain no less than 1014 copies of that molecule.
An energy gap on that order, however, pales with respect to the potential stability available to
sequences that can develop secondary structure. Helix P18 in Escherichia coli RNase P RNA, for
example, is a 20-mer, one of 1012 possible sequences [50], stabilized through base pairing by about
11 kcal/mol [51]. Such factors fundamentally ensure a significant population of far fewer sequences
in accord with the observations of Higgs who has shown that tRNAs are considerably more stable
than comparable random sequences [52]. In actual fact, the operation of a fully thermodynamically
driven (i.e., wholly reversible) oligomer assembly may not be required for directed product formation.
Kinetic control alone can serve to guide product direction based upon linear free energy relationships
relating the free energies of the transition states for a series of like reactions to a linear combination
of the energies of the respective reactants and products [53]. Thus if some fraction of the stabilizing
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features in helix P18, 4–5 kcal/mol for example, were reflected in the energy of the transition state
leading to that sequence, its rate of formation would then exceed that of most of the other sequences
by more than 3 orders of magnitude.
4.2. Competition between Synthetic and Degradative Processes
Although synthesis of ester bonds linking mononucleotides into oligomers has been demonstrated
experimentally, competing degradative reactions must be taken into account. Mungi and Rajamani, for
example, observed significant levels of depurination in hydrothermal simulations at pHs below 3.0 [11].
Carbohydrates are subject to chemical damage through the Maillard reaction and caramelisation,
producing the familiar brown polymer recognized in baked and grilled food. In the specific case of
nucleotide polymerization, the question turns to whether chemical decomposition of ribose takes place
at rates competitive with those of polymer formation at hydrothermal conditions, and on that basis
Larralde et al. ruled out sugars as prebiotic reagents [54]. Their study included the decomposition
of ribose at elevated temperatures in media ranging from pH 7.5 down to pH 4.5 and revealed that
although the rate of the base-catalyzed process declined over that span, the falloff reversed at still
lower pHs as the governing process shifted to its acid-catalyzed complement.
That portion of the process was only discussed on a qualitative basis, but their findings are
nonetheless useful here in developing some sense of the lifetimes of free ribose in hydrothermal pools
at elevated temperature ranges. Their data suggest half-lives of ribose at 80 ˝ C of about 1.3 days at
pH 7 increases to about 3.4 years at pH 4.5. If we then presume that the acid catalyzed component
becomes controlling at just that point, the lifetime at still lower pHs will decline by factors of ~104.5´pH ,
so that at pH 2.5 its half-life falls to about 20 h. Notably such periods are significantly greater than
the characteristic times for ester formation observed in the laboratory simulations. Moreover the
Larralde et al. study examined ribose in free solution, but incorporation of ribose into polymers is
likely to markedly reduce acid-catalyzed decomposition. From this, we conclude that ribose-based
polynucleotide synthesis in acidic hydrothermal pools is tenable.
Duplex formation can be an additional stabilizing factor countering degradative reactions
in single-stranded polymers. Both non-enzymatic phosphoester hydrolysis [55] and cytosine
deamination [56] are reduced in double stranded polymers by factors up to 100-fold. Further, it
is notable that hyperchromicity of the polymer products was reported by De Guzman et al. [15] and Da
Silva et al. [17] suggesting that the single stranded products contain some fraction of duplex strands,
probably in the form of hairpin structures.
5. Conclusions
The notion of excluded volume-enhanced kinetic and thermodynamic drivers to stable
biopolymers in evaporating systems paired with their being kinetically trapped in their subsequent
hydrolyses provides a coherent and surprisingly rapid path to the earliest functional biomolecules.
The scheme eliminates the inhibiting elements of randomness and chance in their assembly, and since
further functional organization and ultimate self-replication require continued molecular growth and
folding, which are themselves volume-reducing reactions, the proposition can be applied further
along the path leading to higher complex and composite biomolecular systems. Hypercyclic schemes
and the broader class of autocatalytic sets, for example, have been described as potential routes to
molecular reproduction and ultimately to the emergence and abundance of functional RNA [57,58].
The elements are beyond the scope of the discussion here, but it is noteworthy that the vital components
of these networks are molecular templates that must cycle continually within reproduction sequences
engaging in second- and third-order reactions. The effectiveness and viability of the template network
are challenged by kinetically competitive first-order hydrolyses, and thus an essential feature of a
productive prebiotic autocatalytic set would be a dominating augmentation of the association kinetics.
As described here, cycling dehydrating/hydrating settings appropriately provide that boost.

Life 2016, 6, 28

10 of 12

Acknowledgments: No external funding sources were required for the research reported in this paper.
Author Contributions: The effort described here was developed cooperatively by the two authors.
Conflicts of Interest: One of the authors (DWD) serves as editor-in-chief of Life but did not participate in reviewing
the manuscript.

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.

11.

12.
13.
14.
15.
16.
17.
18.

19.
20.
21.

Bada, J.L.; Lazcano, A. Some like it hot, but not the first biomolecules. Science 2002, 296, 1982–1983. [CrossRef]
[PubMed]
Steinman, G.; Lemmon, R.M.; Calvin, M. Cyanamide: A possible key compound in chemical evolution.
Proc. Natl. Acad. Sci. USA 1964, 52, 27–30. [CrossRef] [PubMed]
Ponnamperuma, C.; Peterson, E. Peptide synthesis from amino acids in aqueous solution. Science 1965, 147,
1572–1574. [CrossRef] [PubMed]
Rabinowitz, J.; Flores, J.; Kresbach, R.; Rogers, G. Peptide formation in the presence of linear or cyclic
polyphosphates. Nature 1969, 224, 795–796. [CrossRef] [PubMed]
Yamagata, Y.; Inomata, K. Condensation of glycylglycine to oligoglycines with trimetaphosphate in aqueous
solution. II: Catalytic effect of magnesium ion. Orig. Life Evol. Biosph. 1997, 27, 339–344. [CrossRef] [PubMed]
Hill, A.; Orgel, L. Trimetaphosphate-induced addition of aspartic acid to oligo(glutamic acid)s.
Helv. Chim. Acta 2002, 85, 4111–4578. [CrossRef]
Taillades, J.; Boiteau, L.; Beuzelin, I.; Lagrille, O.; Biron, J.; Vayaboury, W.; Vandenabeele-Trambouze, O.;
Giani, O.; Commeyras, A. A pH-dependent cyanate reactivity model: Application to preparative
n-carbamoylation of amino acids. J. Chem. Soc. Perkin Trans. 2001, 2, 1247–1254. [CrossRef]
Leman, L.; Orgel, L.; Ghadiri, M.R. Carbonyl sulfide-mediated prebiotic formation of peptides. Science 2004,
306, 283–286. [CrossRef] [PubMed]
Ferris, J.P. Montmorillonite-catalysed formation of RNA oligomers: The possible role of catalysis in the
origins of life. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2006, 361, 1777–1786. [CrossRef] [PubMed]
Danger, G.B.L.; Cottet, H.; Pascal, R. The peptide formation mediated by cyanate revisited.
N-carboxyanhydrides as accessible intermediates in the decomposition of n-carbamoylamino acids. J. Am.
Chem. Soc. 2006, 128, 7412–7413. [PubMed]
Mungi, C.V.; Rajamani, S. Characterization of RNA-like oligomers from lipid-assisted nonenzymatic
synthesis: Implications for origin of informational molecules on early earth. Life 2015, 5, 65–84. [CrossRef]
[PubMed]
Knauth, L.P. Temperature and salinity history of the precambrian ocean: Implications for the course of
microbial evolution. Paleogeogr. Paleoclimatol. Paleoecol. 2005, 219, 53–69. [CrossRef]
Lahav, N.; White, D.; Chang, S. Peptide formation in the prebiotic era: Thermal condensation of glycine in
fluctuating clay environments. Science 1978, 201, 67–69. [CrossRef] [PubMed]
Varfolomeev, S.D.; Lushchekina, S.V. Prebiotic synthesis and selection of macromolecules. Thermal cycling
as a condition for synthesis and combinatorial selection. Geochem. Int. 2014, 52, 1197–1206. [CrossRef]
DeGuzman, V.; Vercoutere, W.; Shenasa, H.; Deamer, D. Generation of oligonucleotides under hydrothermal
conditions by non-enzymatic polymerization. J. Mol. Evol. 2014, 78, 251–262. [CrossRef] [PubMed]
Rajamani, S.; Vlassov, A.; Benner, S.; Coombs, A.; Olasagasti, F.; Deamer, D. Lipid-assisted synthesis of
RNA-like polymers from mononucleotides. Orig. Life Evol. Biosph. 2008, 38, 57–74. [CrossRef] [PubMed]
Da Silva, L.; Maurel, M.C.; Deamer, D. Salt-promoted synthesis of RNA-like molecules in simulated
hydrothermal conditions. J. Mol. Evol. 2015, 80, 86–97. [CrossRef] [PubMed]
Spitzer, J.; Poolman, B. The role of biomacromolecular crowding, ionic strength, and physicochemical
gradients in the complexities of life’s emergence. Microbiol. Mol. Biol. Rev. 2009, 73, 371–388. [CrossRef]
[PubMed]
Saha, R.; Pohorille, A.; Chen, I.A. Molecular crowding and early evolution. Orig. Life Evol. Biosph. 2014, 44,
319–324. [CrossRef] [PubMed]
Hansma, H. The power of crowding for the origins of life. Orig. Life Evol. Biosph. 2015, 44, 307–311. [CrossRef]
[PubMed]
Minton, A.P. The influence of macromolecular crowding and macromolecular confinement on biochemical
reactions in physiological media. J. Biol. Chem. 2001, 276, 10577–10580. [CrossRef] [PubMed]

Life 2016, 6, 28

22.
23.
24.
25.
26.
27.

28.

29.
30.
31.
32.
33.
34.
35.
36.

37.

38.
39.
40.
41.

42.
43.
44.

45.

11 of 12

Nakano, S.; Miyoshi, D.; Sugimoto, N. Effects of molecular crowding on the structures, interactions, and
functions of nucleic acids. Chem. Rev. 2014, 114, 2733–2758. [CrossRef] [PubMed]
Elllis, R. Macromolecular crowding: Obvious but underappreciated. Trends Biochem. Sci. 2001, 26, 597–604.
[CrossRef]
Nelson, D.; Cox, M. Lehninger Principles of Biochemistry, 4th ed.; WH Freeman and Co.: New York, NY, USA,
2005; p. 493.
Wolfenden, R.; Snider, M.J. The depth of chemical time and the power of enzymes as catalysts.
Accts. Chem. Res. 2001, 34, 938–945. [CrossRef]
Mabey, W.; Mill, T. Critical review of hydrolysis of organic compounds in water under environmental
conditions. J. Phys. Chem. Ref. Data 1978, 7, 383–415. [CrossRef]
Wolfenden, R.; Yuan, Y. Rates of Spontaneous Cleavage of Glucose, Fructose, Sucrose, and Trehalose in Water,
and the Catalytic Proficiencies of Invertase and Trehalas. J. Am. Chem. Soc. 2008, 130, 7548–7549. [CrossRef]
[PubMed]
Oivanen, M.; Kuusela, S.; Lonnberg, H. Kinetics and mechanisms for the cleavage and isomerization of
the phosphodiester bonds of RNA by bronsted acids and bases. Chem. Rev. 1998, 98, 961–990. [CrossRef]
[PubMed]
Stetter, K.O. Hyperthermophiles in the history of life. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2006, 361,
1837–1842. [CrossRef] [PubMed]
Persson, E.; Halle, B. Nanosecond to microsecond protein dynamics probed by magnetic relaxation dispersion
of buried water molecules. J. Am. Chem. Soc. 2008, 130, 1774–1787. [CrossRef] [PubMed]
Kim, J.S.; Yethiraj, A. Effect of macromolecular crowding on reaction rates: A computational and theoretical
study. Biophys. J. 2009, 96, 1333–1340. [CrossRef] [PubMed]
Oliveira, O.; Riul, A.; Leite, V.B.P. Water at interfaces and its influence on the electrical properties of
adsorbed films. Braz. J. Phys. 2004, 34, 73–83. [CrossRef]
Tinoco, J.I.; Sauer, K.; Wang, J. Physical Chemistry—Principles and Applications in Biological Sciences;
Prentice Hall: Upper Saddle River, New Jersey, USA, 1995; p. 141.
Hall, D.; Minton, A.P. Macromolecular crowding: Qualitative and semiquantitative successes, quantitative
challenges. Biochim. Biophys. Acta 2003, 1649, 127–139. [CrossRef]
Moore, W. Physical Chemistry; Prentice-Hall, Inc.: Englewood Cliffs, New Jersey, USA, 1956; pp. 504–505.
Toppozini, L.; Dies, H.; Deamer, D.W.; Rheinstädter, M.C. Adenosine monophosphate forms ordered arrays
in multilamellar lipid matrices: Insights into assembly of nucleic acid for primitive life. PLoS ONE 2013,
8, e62810. [CrossRef] [PubMed]
Freier, S.M.; Kierzek, R.; Jaeger, J.A.; Sugimoto, N.; Caruthers, M.H.; Neilson, T.; Turner, D.H. Improved
free-energy parameters for predictions of RNA duplex stability. Proc. Natl. Acad. Sci. USA 1986, 83,
9373–9377. [CrossRef] [PubMed]
Jaeger, J.A.; Turner, D.H.; Zuker, M. Improved predictions of secondary structures for RNA. Proc. Natl. Acad.
Sci. USA 1989, 86, 7706–7710. [CrossRef] [PubMed]
Butcher, S.E.; Pyle, A.M. The molecular interactions that stabilize RNA tertiary structure: Rna motifs,
patterns, and networks. Acc. Chem. Res. 2011, 44, 1302–1311. [CrossRef] [PubMed]
Ianni, J. Comparison of the Bader-Deuflhard and the Cash-Karp Runge-Kutta Integrators for the Gri-Mech 3.0 Model
Based on the Chemical Kinetics Code Kintecus; Elsevier Science Ltd.: Oxford, UK, 2003.
Dauty, E.; Verkman, A.S. Molecular crowding reduces to a similar extent the diffusion of small solutes and
macromolecules: Measurement by fluorescence correlation spectroscopy. J. Mol. Recognit. 2004, 17, 441–447.
[CrossRef] [PubMed]
Goodner, M.; DeSimone, J.; Kiserow, D.; Roberts, G. An equilibrium model for diffusion-limited solid-state
polycondensation. Ind. Eng. Chem. Res. 2000, 39, 2797–2806. [CrossRef]
Laidler, K. Chemical Kinetics, 2nd ed.; McGraw-Hill: New York, NY, USA, 1965.
Damer, B.; Deamer, D. Coupled phases and combinatorial selection in fluctuating hydrothermal pools:
A scenario to guide experimental approaches to the origin of cellular life. Life 2015, 5, 872–887. [CrossRef]
[PubMed]
Robertson, M.; Joyce, G. The origins of the RNA world. Cold Spring Harb. Perspect. Biol. 2010, 4. [CrossRef]
[PubMed]

Life 2016, 6, 28

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.
58.

12 of 12

Benner, S.; Kim, H.-J.; Yang, Z. Setting the stage: The history, chemistry, and geobiology behind RNA.
Cold Spring Harb. Perspect. Biol. 2010, 2, a003541. [CrossRef] [PubMed]
Benson, S. Thermochemical Kinetics; John Wiley and Sons: New York, NY, USA, 1998.
Mathews, D.H.; Moss, W.N.; Turner, D.H. Folding and finding RNA secondary structure. Cold Spring Harb.
Perspect. Biol. 2010, 2, a003665. [CrossRef] [PubMed]
Stull, D.; Sinke, G.; Westrum, E., Jr. The Chemical Thermodynamics of Organic Compounds; John Wiley and
Sons Inc.: New York, NY, USA, 1969.
Brown, J.W. The ribonuclease p database. Nucl. Acids Res. 1999, 27, 314. [CrossRef] [PubMed]
Lorenz, R.; Bernhart, S.H.; Honer Zu Siederdissen, C.; Tafer, H.; Flamm, C.; Stadler, P.F.; Hofacker, I.L.
ViennaRNA package 2.0. Algorithms Mol. Biol. 2011, 6, 26. [CrossRef] [PubMed]
Higgs, P.G. Rna secondary structure: A comparison of real and random sequences. J. Phys. I France 1993, 3,
43–59. [CrossRef]
Moore, J.; Pearson, R.; New, S. Kinetics and Mechanism, 3rd ed.; Wiley: New York, NY, USA, 1981; pp. 358–359.
Larralde, R.; Robertson, M.P.; Miller, S.L. Rates of decomposition of ribose and other sugars: Implications for
chemical evolution. Proc. Natl. Acad. Sci. USA 1995, 92, 8158–8160. [CrossRef] [PubMed]
Ott, A.; van Rossum, C.T.; van Harskamp, F.; van de Mheen, H.; Hofman, A.; Breteler, M.M. Education
and the incidence of dementia in a large population-based study: The rotterdam study. Neurology 1999, 52,
663–666. [CrossRef] [PubMed]
Lindahl, T. Instability and decay of the primary structure of DNA. Nature 1993, 362, 709–715. [CrossRef]
[PubMed]
Eigen, M.; Schuster, P. The hypercycle. A principle of natural self-organization. Part A: Emergence of the
hypercycle. Naturwissenschaften 1977, 64, 541–565. [CrossRef] [PubMed]
Hordijk, W.; Hein, J. Mike steel, Autocatalytic sets and the origin of life. Entropy 2010, 12, 1733–1742.
[CrossRef]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

