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Abstract

We report empirically and theoretically that multiple prebiotic minerals can selectively accumulate
longer RNAs, with selectivity enhanced at higher temperatures. We further demonstrate that
surfaces can be combined with a catalytic RNA to form longer RNA polymers, supporting the
potential of minerals to develop genetic information on the early Earth.

Mineral surfaces, ubiquitous on the Earth, likely played diverse roles in the origins of life,!
including in the proposed RNA world, when RNA molecules acted as both informational
polymers and catalysts.23 It has been shown that minerals catalyze the synthesis of RNA
components*> and RNA polymers,57 and can protect RNA from degradation.8:9 In 1980,
Orgel noticed another potential of mineral surfaces: the selective adsorption of longer RNAs,
at least for oligoadenylates on hydroxyapatite, 10 consistent with its chromatographic
properties.11 However, the idea that mineral surfaces might select for higher-mass RNAs in
prebiotic conditions has not been pursued further, despite the fact that such a simple
selective factor may have widely facilitated the appearance of genetic information on the
early Earth.1213 On the contrary, research since Orgel’s original report1? has generally
shown an inverse correlation between the maximum number of binding oligonucleotides and
their length on various minerals, because the number of oligonucleotides that can occupy a
fixed surface area becomes greater if each polymer is shorter.14 These studies, however,
considered one oligonucleotide species at a time, and did not investigate a mixture of
multiple different length molecules. Therefore, the role and generality of the selective
enrichment of longer RNAs on mineral surfaces remains unclear.
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Selection of longer RNA molecules on mineral surfaces, if satisfactorily understood, could
refine the RNA world hypothesis in several ways. First, the length of RNAs synthesized
abiotically or by catalytic RNAs (ribozymes) is typically biased towards shorter variants.
15-17 Mineral surfaces could counter this bias and help maintain the expansion of genetic
information and facilitate the advent of ribozymal activity. Second, shorter RNAs generally
have faster replication kinetics and outcompete longer sequences, and hence genetic
information would be easily lost from incipient self-replicating systems.1® Mineral surfaces
could protect longer RNAs and allow their long-term propagation. Third, cooperation
between RNA molecules has been considered a plausible mechanism for catalyzing complex
reactions9:20 or collective reproduction.21:22 The specific accumulation of long
informational RNAs could promote cooperative interactions if the mechanism helps exclude
non-cooperating molecules. Most of these hypotheses, however, require combination of an
RNA'’s catalytic ability with minerals. Although a few studies showed ribozymal activity in
the presence of minerals, at least montmorillonite, 82324 such a synergistic effect of minerals
and a ribozyme has not been demonstrated.

Following up on the observation of longer oligoadenylates accumulating on hydroxyapatite,
10 here we investigated the generality of the enrichment of longer RNAs on mineral surfaces,
using short random RNAs and a ribozyme. We first tested the selection among fully random
8-, 12-, 16-, 20-, and 24-mer RNAs, which model potentially available RNAs on the early
Earth,13.15 on five kinds of mineral grains: two iron sulfides (pyrite and pyrrhotite; FeS, and
Fe,S, respectively), an iron oxide (magnetite; Fe30,), a carbonate (calcite; CaCO3), and a
phosphate mineral (hydroxyapatite; Cag(PO4)3(OH)), whose identity and purity were
confirmed by X-ray diffraction and scanning electron microscopy (Fig. S1, ESIT). These
minerals are all thought to have been abundant throughout the early Earth.125 At the neutral
pH (7.0), as tested here, it is expected that some of the minerals (at least pyrite and
pyrrhotite) bear a net negative surface charge.26:27 RNA also carries a negative charge at this
pH, but it can efficiently adsorb even onto negatively charged mineral surfaces with divalent
cations as mediators.28:29

We co-incubated the mixture of RNAs with each mineral in the presence of Mg2*. After
incubating with any of the minerals, the concentration of longer RNAs collected from the
surfaces increased compared to the bulk solution, whereas the concentration of shorter
RNAs decreased, indicating that minerals selectively accumulated longer RNAs (Fig. 1A).
Although a small portion of RNAs of unknown lengths may have remained on minerals
without being collected (Fig. S3A and B, ESIT), the enrichment of shorter RNAs in the
supernatant confirms the enrichment of longer RNAs on the surfaces (Fig. 1B). The degree
to which RNA sizes were shifted in supernatants with different minerals could be explained
partly by the estimated percentage of adsorbed RNA, 30-40% for pyrite, pyrrhotite, and
magnetite, and 60% for calcite and apatite (Fig. S3C, ESIT). The potential role of total
adsorption was confirmed by using a higher concentration of RNAs with calcite or
hydroxyapatite (13% estimated adsorption), which resulted in little enrichment of shorter
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RNAs in the supernatant, while displaying similar RNA distribution on the surfaces (Fig. S4,
ESIT).

We also explored the sensitivity of length enrichment based on prebiatically relevant
environmental parameters. We found that incubation at high temperatures increased the
concentration of longer RNAs relative to shorter RNAs at least on pyrite, magnetite, and
hydroxyapatite, in which hydroxyapatite showed the best enrichment (Fig. 1C, D and Fig.
S5, ESIT). For example, the relative ratio of 24-mer RNAs to 8-mers on the hydroxyapatite
surfaces increased from 2.9-fold to 8.7-fold with a temperature shift from 22 °C to 48 °C.
These results indicate that high temperature could improve the relative enrichment of longer
RNAs on mineral surfaces.

We then investigated whether the size-selection ability of mineral surfaces can be combined
with catalytic reactions of a ribozyme. We used the Azoarcus self-assembly system (Fig. 2A,
see Fig. S6, ESIt for more detail)1? for the catalytic reaction. In this system, the four
fragments broken from the Azoarcus recombinase ribozyme, W, X, Y, and Z (39-63 nt),
self-assemble to form a non-covalent complex that can catalyze covalent recombination of
the fragments to create a series of elongated products (100-350 nt), including the ~200 nt
full-length ribozyme (WXYZ). We incubated the four fragments in the presence of
hydroxyapatite and examined the distribution of products (Fig. 2B and C). We found that, on
average, 19% of the total RNA was adsorbed (there was no uncollected RNA in a detectable
level). Longer products were accumulated on mineral surfaces whereas no such tendency
was observed in the supernatant. For example, ~250 nt products (e.g., WXYZX)
accumulated approximately 2.5-fold more than 100 nt products (WX) on the mineral
surfaces. Notably, the longest 300—350 nt products accumulated to a detectable level only on
the mineral surfaces. It should be noted that the reasonably short W fragment (63 nt) also
accumulated more on the mineral surfaces relative to the supernatant (Fig. 2C), probably
because of the formation of non-covalent WXYZ complexes.1® These results indicate that
mineral surfaces can expand genetic complexity even when coupled with ribozyme function.

Next, to understand the underlying principle of the longer RNA selection on mineral
surfaces, we constructed a simple mathematical model based on thermodynamics. Our
derivation follows the approach for multisite adsorption from Ramirez-Pastor et a/3%31 and
is detailed in the ESI.T

We started by considering a 1D lattice with M adsorption sites in contact with a large
solution of each length (8-, 12-, 16-, 20- and 24-mer) RNA oligomer with a dimensionless
concentration that remains constant at ¢ = ¢, / ¢° (¢ = 1 M). A k-mer occupies K sites upon

adsorption, which is accompanied with a standard free energy change A4gs*, an affine

function of length k: Ay, — Hp —kgTIn¢ — e + k. Here, ypand g . are

= ,u;; min
standard free energies of formation for a A~mer in solution and on the mineral surface,
respectively. Ag is Boltzmann’s constant and 7 is the absolute temperature. The parameter &

accounts for constant contributions to A ags*, such as the concentration term —kp T Inc.

The parameter & accounts for contributions that scale with oligomer length 4, such as
molecular conformations and adsorption energy. Typically, £ > 0, because at micromolar
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concentration there is a large positive contribution by —kgTInc ~ 14k, T. For adsorption to

take place, a sufficient driving force needs to come from & (mainly due to adsorption
energy), implying 6<0.

We also needed to consider the number of surface configurations (ways in which a mineral
can be tiled by oligomers), denoted by 2. In 1D, this simply corresponds to all unique ways
in which we can place oligomers and empty sites in succession (Fig. 3A). The number of
allowed surface configurations is thus a multinomial over the sites and oligomers. These
mineral configurations provide an entropic contribution &g 71n £, which can be rewritten as

kT In QN ,}, M) = kgTM . @

0. 0.
4 4
HWIHQW— E 711’17—9011'190
4

where 8, = kKNJ/M, 6 = Ng/ M, and 6y, = (N(/) + ZiNi) / M are the surface fraction occupied

by a A&~mer, the fraction of empty sites, and the fraction of empty sites and oligomers,
respectively. The contribution is reminiscent of a mixing entropy, but with an extra 6 ,In 8,
term due to multisite adsorption. The 1D model can be extended to 2D surfaces with flexible
polymers on the mineral (Fig. 3B).30:31 Surprisingly, these extensions amount to simply
shifting the parameters e and &, meaning we retain the same simple model.

Putting the surface configurations and Auy a4s* together, the surface coverage for a Amer
becomes

0 k—1
0, = kexp( — fle + 5k)) %) b, (2

where = 1/kg T. Let us denote the relative concentration of an adsorbed oligomer of length
kby ry 1f longer RNA is adsorbed preferentially, we have r4/7;> 1 for k> j. Because ry/1j=
J6i/k6};, it follows that

r 0, \k—J
r_k = (—) exp(— potk — ). (3)

The factor (8y/8y)%~ originates from surface configurations for mineral occupation. By
definition, (6y/8,) < 1, and thus it generally favors the adsorption of shorter oligomers.
However, because 6 < 0, the latter term favors the adsorption of longer oligomers. Fig. 3C
shows an example of selection of longer RNA molecules. An instructive way to understand
why longer oligomers can be favored is to imagine the contribution of the standard free
energy change Au* for replacing an oligomer of length s by two oligomers of length ji2. Au*
= 20pjp* — Dy = e. Since typically e> 0, there is a penalty for covering the same surface
with smaller oligomers, which becomes higher at low concentrations ¢. Longer RNAs can
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therefore be thermodynamically selected on mineral surfaces (Fig. 3C), consistent with the
experiment (Fig. 1A).

The free energy parameters e and & are composed of various entropic and enthalpic
contributions (polymer configurations, interaction with solvents, interaction with minerals,
etc.), which allows us to write: e = Ah, — TAS,and 6= Ahs— TASs. In order to inspect the
temperature dependence, we therefore need two extra parameters (we will neglect any
further temperature dependence of A/7and As). As shown in the ESI,t the derivative of eqn
(3) with respect to temperature is proportional to

)

Ahg— Ah, )" exp(— f(e + 6i))

90 i—1
%) ] @

where the summation is performed over all the oligomer lengths. The selectivity for longer
oligomers can therefore increase with temperature, provided the enthalpic contributions A/,
and A/g make eqn (4) positive. On this basis, temperature-dependent RNA concentrations on
mineral surfaces can correspond to the data in Fig. 1C (Fig. 3D).

In this study, we demonstrated that a simple and ubiquitous environmental factor, mineral
surfaces, can selectively enrich longer RNAs from a pool of short random RNA molecules.
The tendency for size selection observed with a wide variety of minerals (Fig. 1A) suggests
that the basis of this selection is not different chemical compositions of each mineral (e.g.,
different metals and charges) but surface structures, as confirmed by a mathematical model
based on thermodynamic considerations (Fig. 3). Longer RNAs can be enriched more than
shorter RNAs because of a general entropic cost of adsorption to surfaces. Moreover, not
only did we find that a ribozyme can function with a prebiotic mineral other than
montmorillonite,8:23:24 hydroxyapatite, we also showed that the recombinase ribozyme and
the surfaces synergistically shifted the RNA length distribution upwards (Fig. 2B and C).
These results support the plausibility that mineral surfaces selected for longer RNAs, since
diverse minerals were distributed throughout the early Earth, including submarine sites and
evaporitic field environments,! both of which are candidate locales for the establishment of
life.32-34 A recent study showed that thermophoresis and convection through porous
environments, such as might occur at a deep-sea hydrothermal vent, could select longer
oligonucleotides.3® Our study implies that the enrichment of longer genetic polymers may
not have been restricted to specific milieus but could have occurred more widely on the early
Earth. Slightly higher temperatures have been proposed for field environments,34 and these
could have augmented length enrichment (Fig. 1C and3D). It was previously shown that
long RNAs adsorbed on mineral surfaces can promote RNA polymerization.36 Such a
positive feedback could have helped increase genetic complexity and, thereby, facilitate the
emergence of the first ribozymes, which could then cooperate with minerals to further
develop genetic information (Fig. 2). Overall, our results expand the potential environments
within which life-like processes could begin.
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conclusion, we provided experimental evidence and a theoretical explanation that mineral
rfaces have an innate potential to selectively enrich longer RNA molecules and that such
rfaces can cooperate with catalytic RNA to further increase genetic complexity. These

results demonstrate that mineral surfaces, ubiquitous environments on the Earth, may have
assisted in the expansion of genetic information in the origins of life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Longer RNA selection on mineral surfaces. (A and B) Random 8-, 12-, 16-, 20-, and 24-mer

RNASs (0.6 uM each) and 0.2 mg of each mineral were incubated at 22 °C for 2 h, and the
concentration of each length RNA on the surfaces (A) and in each supernatant (B) was
determined from radioactivity of 32P-labeled RNAs through gel electrophoresis. An example
of an analyzed gel image is shown in Fig. S2 (ESIT). (C) RNA concentration on the surface
for adsorption experiments performed with hydroxyapatite (HA) at 22 °C, 37 °C, and 48 °C.
(D) An example of a gel image. Lanes 1, no mineral (NM), 22 °C; 2, +HA, 22 °C; 3, +HA,
37 °C; 4, +HA, 48 °C. In all panels, RNA concentrations were normalized to the levels of a
control reaction (NM) performed at 22 °C; the error bars indicate standard errors (N = 3).
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Fig. 2.
RNA adsorption on minerals coupled with Azoarcus self-assembling recombination. (A)

Assembled Azoarcus ribozyme (WXYZ). The W fragment was partly 32P-labeled. Dotted
lines show recombination junctions. (B) Ratio of some elongated products to WX, through
the incubation of W, X, Y, and Z (2 uM each) at 48 °C for 2 h with 0.2 mg hydroxyapatite
(HA). RNA concentrations (on surface, supernatant) were demonstrated by gel
electrophoresis and normalized to the levels obtained with no minerals (NM, dotted line).
The error bars indicate standard errors (V= 3). (C) An example of an analyzed gel image.
Lanes 1, no reaction; 2, NM; 3, +HA, on surface; 4, +HA, supernatant; expected products
and approximate lengths are indicated on the left.
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Fig. 3.
Longer RNA selection on mineral surfaces based on thermodynamics. (A) A reversible

adsorption of a short oligomer to a 1D surface, covered with empty sites (black square
boxes) and two different size oligomers (pink and green rectangles). Ny enumerates the
number of each object. (B) Reversible adsorption of oligomers to mineral surfaces,
associated with Auaqs* (C) Relative oligomer concentrations on mineral surfaces at 7 =
293 K, following eqgn (3) with &( 7*) = 3.5kg 7*, & 7*) = -0.5kg 7*, and 7* =293 K. (D)
Relative oligomer concentrations on mineral surfaces at three different temperatures 7 (293
K, 308 K, and 323 K), following eqn (3) with Ah, = -11.5kg T*, As,, = 14.94g, &(7) = Ah, -
TAS,. Ahg=-25kg T*, Asg= 1.7kg, and &(7) = Ahgs— TASs The energy scale is set by
reference temperature 7* = 293 K.
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