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Wet-dry cycles cause nucleic acid monomers to polymerize

into long chains

Xiaowei Song®’, Povilas Simonis”“®!, David Deamer®*(2, and Richard N. Zare®?

Contributed by Richard N. Zare; received June 25, 2024; accepted October 23, 2024; reviewed by Veronica Vaida and Sidney Becker

The key first step in the oligomerization of monomers is to find an initiator, which is
usually done by thermolysis or photolysis. We present a markedly different approach that
initiates acid-catalyzed polymerization at the surface of water films or water droplets,
which is the reactive phase during a wet—dry cycle in freshwater hot springs associated
with subaerial volcanic landmasses. We apply this method to the oligomerization of
different nucleic acids, a topic relevant to how it might be possible to go from simple
nucleic acid monomers to long-chain polymers, a key step in forming the building blocks
of life. It has long been known that dehydration at elevated temperatures can drive the
synthesis of ester and peptide bonds, but this reaction has typically been carried out by
incubating dry monomers at elevated temperatures. We report that single or multiple
cycles of wetting and drying link mononucleotides by forming phosphodiester bonds.
Mass spectrometric analysis reveals uridine monophosphate oligomers up to 53 nucle-
otides, with an abundance of 35 and 43 nt in length. Long-chain oligomers are also
observed for thymidine monophosphate, adenosine monophosphate, and deoxyaden-
osine monophosphate after exposure to a few wet—dry cycles. Nanopore sequencing
confirms that long linear chains are formed. Enzyme digestion shows that the linkage is
the phosphodiester bond, which is further confirmed by >'P NMR and Fourier transform
infrared spectroscopy. This suggests that nucleic acid oligomers were likely to be present
on early Earth in a steady state of synthesis and hydrolysis.

Oligomerization | nucleic acids | nanopore sequencing | wet-dry cycles | prebiotic chemistry

For life to begin on the prebiotic Earth, there must have been a nonenzymatic process
capable of driving condensation reactions required for the synthesis of polymers resembling
nucleic acids. Earlier studies using chemically activated mononucleotides have demon-
strated that oligomers can be spontaneously assembled from nucleotides. For instance,
Inoue and Orgel (1) reported that the imidazole ester of guanosine monophosphate
assembles on a polycytidylic acid template and polymerizes into short oligomers of RNA.
Ferris (2) discovered that the imidazole ester of adenosine monophosphate (AMP) in the
presence of montmorillonite clay formed oligomers of polyadenylic acid. More recently,
2'-3’ cyclic guanosine monophosphate has been shown to spontaneously polymerize (3),
and Obianyor et al. (4) investigated nonenzymatic DNA ligation in which carbodiimide
was used as a phosphate activating agent. See Krishnamurthy and Hud (5) for review.
These results depend on the assumption that monomers must be chemically activated to
cause polymerization. However, there has been no consensus on a plausible prebiotic
activation process. We present evidence that wet—dry cycles could have provided the needed
activation for the formation of nucleic acid polymers.

Wet—dry cycles are ubiquitous in freshwater hot springs associated with subaerial volcanic
landmasses. In previous studies, Ross and Deamer (6, 7) explored the thermodynamic and
kinetic properties of such cycles and concluded that evaporation provides an increasingly
significant air/water interface that, as discussed below, emerges as a foundational factor in
oligomer growth. The present manuscript describes tests of the hypothesis that wet—dry
cycles could drive nonenzymatic nucleic acid synthesis in the prebiotic environment without
chemical activation. Here, we report that a single or just a few cycles of wetting and drying
link mononucleotides by ester bonds to form polymers ranging from tens to hundreds of
nucleotides in length. The resulting products were analyzed by nanoelectrospray ionization
mass spectrometry (nESI-MS) and nanopore sequencing. MS identified multiple species
of oligomers in the mixture of products. For instance, nESI-MS identified uridine monophos-
phate (UMP) oligomers 35 and 43 nucleotides in length. Oligomeric products were also
observed when thymidine monophosphate, adenosine monophosphate, and deoxyadenosine
monophosphate were exposed to wet—dry cycles. Nanopore sequencing confirmed that the
polymers are linear polyanion chains linked by phosphodiester linkages. The implications
of these findings bear directly on how it might be possible for one of the fundamental pol-
ymers of life to emerge on the prebiotic Earth.
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Significance

Evidence is presented that
nucleic acid monomers can be
transformed into long-chain
polymers by wet-dry cycles
simulating processes that are
ubiquitous in hot spring sites
associated with volcanic activity.
These results come from analysis
based on mass spectrometry and
nanopore sequencing of
monomeric samples that have
been subjected to wet-dry
cycling. This work addresses the
question of how RNA and DNA
might have first emerged in the
history of life on Earth when no
enzymes were available to
catalyze their formation.
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Results

MS Identification. MS analysis confirms that a nucleotide
polymerization process can be driven by wet—dry cycling. For each
length of the nucleotide polymer chain, multiple associated ion
clusters were detected in the MS spectrum (S Appendix, Fig. S1).
The chemical information and relationship among these clusters
can be established based on their relative mass-to-charge (2/z)
differences as described in the methods section (57 Appendix,
Fig. §2). Taking a mass spectrum from uridylic acid as a typical
example, the A(m/z) of approximately 0.25 between isotope peaks
indicated that the oligomer carried 4 charges. The A(m/z) of
approximately 4.5 and 5.5 indicated the attachment of one water
molecule and one sodium ion to the oligomer. For example, given
the charge number (z) of 4 and a value of A(m/z) = 5.5 between
3329.3 and 3323.8, it can be known that an additional H atom
from the polymer was replaced with a sodium atom (Na-H, mass
=5.5 x 4 = 22 Da). Similarly, according to A(m/z) value of 9.0
between 3332.8 and 3323.8, it can be deduced there were two
additional water molecules attached (the mass of 2H,O = 36
and the charge z = 4 so that 9 x 4 = 36) (Fig. 14). With this
information, the exact length of the polymer and the number of
sodium ions can be determined by enumeration of all possible
combinations. The combination having the closest 7/z match
can be identified by comparing simulated oligomers with the
experimentally observed oligomer based on the average m/z value
and the isotope distribution pattern (Fig. 1B). The observed m/z
values coincide with the simulated #2/z values within about 0.15
m/z (< 30 ppm). This remarkable agreement as well as that of
the close agreement of the isotope pattern gives us confidence
in the assignment of these peaks to polymers of the nucleic acid
monomers linked together by phosphodiester bonds (PDBs).
Apart from the fully condensed peak of uridylic acid U, [Ugs-
(H,0),4,], MS also captured the partially condensed prepolymer
peak Uy;-(H,0),, suggesting that an incomplete Uy, polymer
is present with two additional UMP molecules adhering by
noncovalent binding.
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The influence of wet—dry cycle numbers on the oligomer abun-
dance was further investigated by taking UMP as an example. Mass
spectra of UMP samples that went through 0 to 3 wet—dry cycles
revealed the stepwise generation of long-chain polymers until the
third wet—dry cycle (Fig. 24). Of special interest is the so-called 0
wet—dry cycle in which the monomer is sprayed into the mass
spectrometer for analysis. At first, it might be supposed that only
the monomer would be observed. On the contrary, marked
amounts of dimers were present, and as the top panel of Fig. 24
reveals, we observed small amounts of Usg and Us,. This high
degree of polymerization provides an important clue concerning
the mechanism of polymerization, which will be discussed later. It
needs to be recognized that just by forming microdroplets, we are
achieving extensive polymerization. It might be wondered whether
the oligomerization of nucleic acid monomers by droplet spraying
without any wet—dry cycling is an artifact caused by impurities.
Two mixtures composed of AMP and UMP and of CMP and GMP
were investigated to rule out false positive results. We found the
heterogenous dimers AU and CG can be successfully detected after
being directly sprayed into the high-resolution MS (S Appendix,
Fig. S3), although the intensities are relatively lower than what is
found when the mixture goes through the wet—dry cycling process.

There were also different trends of abundance for varied oligomer
lengths. The monomer and dimer abundances decreased with the
wet—dry cycle at the beginning (Fig. 2B), whereas the oligomer and
polymer abundance gradually increased (Fig. 2 C-E), consistent
with a gradual elongation process of the nucleotide chain. Two cycles
can make the oligomer abundance of middle and long chains reach
a maximum. Thereafter, the abundance of those middle and longer
oligomers started to decrease but the monomer and dimers’ abun-
dances recovered. It was found that hydrolysis and possible degra-
dation became more determinant factors in the third wee—dry cycle.
Nonetheless, there was still a proportion of oligomers and polymers
surviving and accumulating from the repeated wet—dry cycles.
Similar trends of changes with the repeated wet—dry cycles were also
observed from the other types of purine and pyrimidine
nucleotides.
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Fig. 1. Polymer identification by nESI-MS. (A) A set of ion clusters associated with the 43-mer of uridylic acid, U,, in the mass spectrum. (B) The simulated and
observed mass spectrum for the U,; ion. The mass spectra are an average of 50 or more scans.
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"The abundance distributions of oligomers resulting from four types
of nucleotides (AME, UMPE dAMD and TMP) after two wet—dry
cycles were examined by nESI-MS. Using ion intensity as a parameter,
we found that the abundance of different lengths of nucleotides
depended on not only their base composition but also the pentose
structure. For instance, ribonucleotides typically polymerized into
longer chains than deoxyribonucleotides. The former has a maximum
length of 50 nucleotides (Fig. 34), whereas the latter was 25 nucleo-
tides with only sparse detection of longer chains (Fig. 3B). Compared
to purine nucleotides (AMP, dAMP), pyrimidine nucleotides (UMP,
TMP) tended to form relatively longer chains. In mass spectra, there
was more than one ion cluster representing a single-length polymer
chain because of differences in the number of bound sodium ions.
"Therefore, we also counted the number of ion clusters for each length
of polymer in performing a statistical analysis of their occurrence
frequency. The conclusion was consistent with the abundance of
nucleotide polymer chains described earlier, that is, the two RNA
nucleotides have a higher frequency of longer chains. The average
and one SD of (U,) and (A,) lengths are 16.3 + 10.5 and 14.7 + 9.3,
respectively (Fig. 3 Cand D). In contrast, the two DNA nucleotides,
(dTMP), and (dAMP),,, have relatively shorter chain lengths ac 12.1
+ 53 and 9.1 + 3.9 (Fig. 3 £ and F). The intensities of different
lengths only represent an approximate estimate of the abundances
with the assumption that different lengths have the same ionization
efficiency.

Nanopore Sequencing. Nanopore sequencing offered a second
independent method for analyzing polymers at the level of single
molecules. The sequencing results reported here were performed
with a PromethlON instrument (Oxford Nanopore Technologies).
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For monomers, we chose to use deoxythymidine monophosphate
(dTMP), a binary mixture of thymidine monophosphate and
deoxyadenosine monophosphate ({TMP + dAMB 1:1 mole ratio),
and a third mixture of all four mononucleotides of DNA: dTMP,
deoxyadenosine monophosphate, deoxyguanosine monophosphate,
and deoxycytidine monophosphate (dTMP + dAMP + dGMP +
dCMP, 1:1:1:1 mole ratio). The total concentration of nucleotides was
10 mM in water. The sample was exposed to two wet—dry cycles with
durations of 30 min in each dry phase. Because the only components
in the initial mixture were mononucleotides, it was not necessary to
purify polymer products because the enzymatic steps used to prepare
them for sequencing ignore mononucleotides.

As controls, the same mixture of all four mononucleotides was
prepared but with the addition of oligomers 27 and 54 nucleotides
in length in order to be certain that sequencing would detect known
oligomers. The two preparations were not exposed to wet—dry cycles
but were sequenced directly. We examined hundreds of successful
reads in both controls, and most contained the sequence of either
the 27-mer or 54-mer in addition to the adapter. The oligomers
are single-stranded. This confirms that the PromethION can
sequence short, single-stranded oligomers of DNA. None of the
reads matched possible sequences of biological contaminants nor
were homopolymers present. This confirmed that the oligomers
observed by MS were not from contamination.

PromethION sequencing of cycled mixtures was repeated
twice with similar results. Table 1 shows the total number of
reads in the first run. The number of reads for each sample ranged
from 1,075 to 3,180. Of these, 2 to 3% passed the quality control
to be sequenced, and the total number of bases in those reads
ranged from 100,000 to 300,000. The percentage passing quality
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Fig. 2. Nucleotide polymer abundance distribution and changes with the number of wet-dry cycles. (A) Representative mass spectra of UMP solution that have
gone through 0 to 3 wet dry cycles; (B-E) Uridine monomer, dimer, and representative medium, and long chain uridine polymers' abundance change. The mass

spectra are an average of 50 or more scans.
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Fig. 3. The netincrease in the length of different nucleotide polymers after two wet-dry cycles. (A) Abundance distributions of two types of ribonucleic acids;
(B) Abundance distributions of two types of deoxyribonucleic acids; (C-F) The net increases in different lengths of nucleotide polymers after two wet-dry cycles.
The p and o represent the average and SD in length of the polymer and their values are presented in each panel.

control might seem small, but it should be kept in mind that the
polymerization process was spontaneous and not under enzy-
matic control. If this were occurring in prebiotic conditions on
early Earth, the oligomers would be a mixture of lengths and
compositions, so these numbers would seem to be a reasonable
simulation of the kinds of polymers that might have been present.

The algorithm used for base calling by PromethION software
was trained on biological DNA synthesized by polymerase
enzymes. The process does not detect single bases passing through
the pore. Instead, it monitors picoamp changes in the ionic current
as groups of 5 bases, called Kmers, are advanced one base at a time
through the pore by a helicase motor. We observed that base call-
ing is sensitive to slight chemical and physical differences in the
polymers synthesized by wet—dry cycling when compared to bio-
logical DNA. Even though base calling was possible, there was a
certain amount of “noise” present in the sequences. However,
successful sequencing could be recognized by the fact that DNA
adapters are ligated to the strands during preparation. These serve
to guide the strand to the nanopore and initiate base calling
including the attached adapter strand. The adapter sequence is 5'
CCTGTACTTCGTTCAGTTACGTATTGCT-3, so we chose
to use a 9-base sequence in the adapter as a marker for a successful
read: CCTGTACTT.

This tactic allowed us to search through thousands of reads to
find base sequences in the synthetic strands. The presence of the
marker increases confidence that the synthetic strand to which it
is attached is read correctly. Table 2 presents the nanopore sequenc-
ing results for TMP, TMP + dAMP, and a mixture of all four
nucleotides. Although most sequences were too long to be resolved
by MS, some of the oligomers synthesized from TMP were in the
range of those capable of being identified by MS. For example,

https://doi.org/10.1073/pnas.2412784121

the oligomers with lengths of 19, 20, 21, 22, and 26 nucleotides
found by nanopore sequencing (S/ Appendix, Table S1) match the
MS result of the same lengths shown in Fig. 35.

The oligomers synthesized from the mixture of TMP and
dAMP were surprising. Instead of the expected random mix of
both nucleotides, the products were mostly homopolymers of
TMP or dAMP with the two oligomers occasionally linked into
a hybrid polymer. When the number of bases in the homopoly-
mers were counted, the number of TMP nucleotides was three
times that of the dAMP homopolymers. For unknown reasons,
the marker did not remain attached to some of the polymers in
the mixture of TMP + dAMD so only the base sequences are
shown. When four nucleotides were present in the mixture, short
oligomers were composed of a seemingly random mix of all four
as expected, together with longer homopolymers of dAMP and
TMP. There were no homopolymers of dGMP and only a few dC
homopolymers.

We summarized the nanopore sequencing results as follows:

If TMP is present in solution as a monomer, long homopol-
ymers of oligoT are synthesized by wet—dry cycling.
If both TMP and dAMP are present in solution, the products
are homopolymers, sometimes linked to each other.

When all four bases were present, short sequences were com-
posed of the expected random mixture of bases, whereas other
sequences were again homopolymers of dAMP, TMP, and
dCMP. There were no homopolymers of dGMP even though
G was identified in the mixed sequences.

Long sequences composed of repeating base pairs were often
present. These are most likely an artifact of the process by
which the helicase advances the strand through the nanopore.

pnas.org
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Table 1. Quality control of base calling

Number  Percentage of Number of
Sample Name of Reads  Passing Reads  Passing Bases
AT-NOFFPE" 1,075 3.0% 0.1 Mb
ATCG 1,876 2.6% 0.3 Mb
ATCG-NoFFPE 1,427 2.5% 0.2 Mb
T 3,180 2.3% 0.3 Mb
T-NoFFPE 1,787 2.0% 0.2 Mb

*FFPE is a kit that is often used to improve sensitivity when sequencing small quantities of
biological DNA. It is a mixture of enzymes that repair nicks in dsDNA and prepare the ends
of the strands so that a polyA tail can be added for adapter ligation. Sample summary sta-
tistics computed by NanoStats using NanoComp to compare multiple samples. (https://
github.com/wdecoster/nanocomp)

Discussion

Life did not begin in laboratory conditions featuring purified
reactants and water. Instead, the conditions would be “messy”
environments such as the subaerial hot spring conditions that we
have proposed as plausible sites for life’s origin (8). We have there-
fore explored conditions of prebiotic analog sites such as hydro-
thermal fields associated with volcanic land masses. The water of
a typical hydrothermal field featuring hot springs is distilled from
neighboring seawater and falls as precipitation. Unlike salty sea-
water, the concentration of ionic solutes is typically in the milli-
molar range or less. Furthermore, aqueous pools in hydrothermal
fields are not stable but instead undergo cycles of evaporation and
rehydration. As a result, they exist in a steady state in which the
products of one reaction become reactants in the next cycle. This
state is particularly important if the desired products are polymers
with the potential to have functions related to living systems.

In the research described here, we have simulated such wet—dry
cycles and investigated polymerization reactions in which the
monomers are mononucleotides. In contrast to earlier studies that
used imidazole esters of mononucleotides as activated reactants,
we found that the concentrating effect of evaporation at an

Table 2. Typical examples of base calling

elevated temperature of 85 °C combined with acid catalysis at the
water—solid interface provided sufficient activation energy to sup-
port the synthesis of ester linkages. This temperature was chosen
to reflect the typical of hot springs associated with volcanic activity
today, as well as global temperature estimates for early Earth (9).
Previous studies have confirmed that dinucleotides are readily
synthesized when cyclic 2'-3'-GMP is exposed to drying for sev-
eral hours together with longer products ranging up to 10 nucle-
otides in length (10). Earlier research reported that much longer
oligomers in the range of 10 to over a hundred nucleotides in
length can be synthesized from ordinary mononucleotides by
wet—dry cycles simulating those of hydrothermal fields (11-13).
The present study employing mass spectrometric analysis and
nanopore sequencing has confirmed that wet—dry cycling of ordi-
nary mononucleotides can synthesize oligonucleotides. The pres-
ence of PDB was also confirmed by 3P NMR (*'P-NMR) and
Fourier transform infrared spectroscopy (FTIR). The weak peak
with -1.15 (for PolyA) and -0.87 (for PolyU) were successfully
detected in the *'P-NMR spectra, matching the chemical shift of
phosphorus in PDB (8] Appendix, Fig. S4). Additionally, the
increased absorption of symmetric and asymmetric PO, stretching
vibration at 1065 + 10 cm™" and 1225 + 10 cm™" were observed
in the FTIR spectrum (SI Appendix, Fig. S5).

Nanopore Sequencing. We further conducted the nanopore
sequencing analysis of polymers synthesized by wet—dry cycling of
mononucleotides and detected thousands of sequences emerging
from the cycled mixtures. This confirmed the MS conclusion
that oligomers had been synthesized. Furthermore, they were
recognized by a ligase enzyme that attached an adapter sequence
for nanopore sequencing and also recognized by the helicase
that controlled the rate at which the oligomer was translocated
through the pore. The attachment of the adapter allowed us to
search through the sequences, looking for the adapter sequence
as a marker for a successful read. Those reads generally matched

Starting Sample Sequence - Adapter Marker Sequence (bold) Length
TMP alone TTTTTTTTTTTTTTITTITTTIT I TTITTITTTTITTTTTITTTITITTITTTITITTITTITTITTITTITTTITITTITTTTTCCTGTAC 73 nt
TCT
TTTTTTTTTTITITTITTITT T T I T TTTTIT I T T I I T T T T I T T T T I T I T TTT I T T T TITTITTTITITTITTTITTTTTITTITTTTT 149 nt
TTTTTTTTTTTITTTTTIT T TTITTITT T T I TTTTTITITTITTITITTITTITTTITITTTTTITITTTITTTTTTCCCTGTACT
TTTTTTTTTTTTITTTTTTCCCTGTACT 18 nt
TTTTTTTTTTTTTTTITTTTTTTITCCTGTACT 23 nt
TTTTTTTTTTTTTTITTTTTITTITTTITTTTTTCCTGTACT 31 nt
TTTTTTTTCCCTGTACT 8 nt
TMP + dAMP AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA - 144 nt
(1:1 mixture) AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTC
CTGTACT
TTTTTTTTTTTITTTTTITTTITTITTTTTITTITTTITTITTTTTITTITTTTTCCCTGTACT 45 nt
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATTTTTTTTTTTTT 167 nt
TTTTTTTTTTTITTTTTITTTTITTITTTITITTITTTITITTTTTITTTTTTT
TTTTTTTTTTTITTTTTITTTITITTITTTITITTITTTITTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTITTTITTITTTTT
TTTTTTTTTITTTTTTTITTTI T T TTTTTITT T T T TTITTTITTTTTTTITTTTTT 161 nt
TTTTTTTTTTTITTITTITTTITITTTTTITTITTITTITTTITITTITTTITTITT]
TTTTTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAATAA
AAAAAAAAAAAAAAAAA
dAMP, TMP, TTGCCCTTCTTACTTCGTTCAGTTACATATCTAGGAATGGTTGTT CCTGTACT 45 nt
dGMP, dCMP CTTATTTTTTTATTTTTTTATTTTGTACATCTCCTTATTCCTATAT CCTGTACT 46 nt
(mixture, equal  TTGATCTTACTTCGTTCAGTTCTTCCTGTACT 24nt
amounts)
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expectations from the composition of the mononucleotides. There
were also some surprises. Nanopore sequencing was developed
to read double-stranded biological DNA, but we observed many
oligoT sequences synthesized from TMP alone even though they
would be single-stranded. Apparently, they were ligated to the
adapter sequence and then found the nanopore for the helicase to
advance the strand through the pore. The base calling algorithm
developed for double-stranded biological DNA could recognize
oligomers of TMP and dAMP if they were attached to the adapter
sequence but also produced sequences without the adapter that
did not make sense. Future research may help us to understand
why this is happening.

Because nonenzymatic polymerization produces complex mix-
tures of multiple products varying in length, MS can only identify
shorter oligomers composed of single nucleotides such as those
described here. In contrast, nanopore sequencing resolves indi-
vidual molecules which allows longer polymers to be characterized
in terms of length, base composition, and sequence. These physical
and chemical properties provide a powerful test of the nature of
the polymers:

1. To be translocated through a nanoscopic pore, the polymers
must be linear with no branching. This is true of all reads
without regard to passing quality control for base calling.

2. 'The polymers must have a diameter slightly smaller than
the diameter of the nanopore. This allows the polymer to
be drawn through the nanopore while monitoring the ionic
current that is used to identify the bases.

3. The polymers must be polyanions so that the electrical field in
the pore can capture them from the solution and then exert
an electrophoretic force that drives them through.

4. Several enzymes are used to prepare the polymers for sequenc-
ing. These include a repair enzyme and an end prep enzyme
used to modify the end of the strand to undergo ligase-
catalyzed attachment to the adapter DNA that guides the
strand to the nanopore.

5. Ahelicase is used to control the rate at which the strand moves
through the nanopore at ~450 bases per second.

6. Even though the synthetic strands are advanced through the
nanopore, there are apparently minor differences in their
chemical and physical properties that can confuse the base
calling algorithm.

All three of the samples contained polymers that met the above
criteria. The numbers of reads varied from ~1,000 to ~3,000
depending on the sample (Table 1). If these criteria are met, it is
reasonable to assume that the system of enzymes used to prepare
DNA for sequencing recognizes the strands as equivalent to bio-

logical DNA.

Mechanism of Ester Bond Synthesis. It is important to note that
most biochemical reactions in the laboratory are performed in dilute
aqueous solutions with enzymes and chemically activated reactants
such as nucleoside triphosphates. Such conditions follow the usual
laws of thermodynamics and kinetics, but the conditions described
here are very different. To understand how polymerization can
occur during wet—dry cycling, it is necessary to realize that the
system goes through a stage in which the reactants are exposed
to interfaces such as air—water interfaces of microdroplets or the
extremely concentrated solute molecules in a drying film (14-18).
Previous studies have shown that many chemical reactions can be
vastly accelerated under conditions that are not thermodynamically
possible in dilute aqueous solutions (19-21).

https://doi.org/10.1073/pnas.2412784121

Several features lead to this unexpected behavior. Whereas bulk
water has a homogeneous distribution of H" and OH ions arising
from the autoionization of water surrounded by water solvation
shells, water in contact with a hydrophobic medium, such as air
or an insoluble solid, shows a strong propensity to be acidic on its
surface, that is, to show a large H" concentration (22). This fact
can be seen, for example, in the ability of water droplets to resem-
ble magic acid and capture carbocations that otherwise have only
a fleeting existence (23). Previously, others have noted that water’s
acidity at the interface can be a controlling factor in causing oli-
gomerization to occur (24, 25). We propose that an acid-catalyzed
nucleophilic attack of a ribose ~OH group on the phosphate of a
neighboring nucleotide causes oligomerization to occur (26). To
test whether glass is catalyzing the oligomerization process, we
replaced the borosilicate glass slide with a Teflon plate for the same
wet—dry cycling procedure. The heterogenous dimers AU and CG
can still be detected by the high-resolution mass spectra after the
wet—dry cycling of two mixtures composed of AMP and UMP
and of CMP and GMP. There is no apparent decrease of the dimer
peak intensities in the Teflon group compared to the borosilicate
glass slide group (S7 Appendix, Fig. S6).

Furthermore, the concentrated monomers serving as condensation
reactants and the loss of water molecules (as the condensation prod-
uct) from the confined phase of a drying film, will disrupt the usual
equilibrium and drive the condensation reaction toward polymeri-
zation. Moreover, positive and negative ions will have different affin-
ities for hydrophobic versus hydrophilic phases, leading to a charge
separation and the formation of an electric double layer at the inter-
face (27-29). This fact causes a strong electric field to develop at the
interface that can align reagents and drive reactions that cannot occur
in the bulk liquid (30, 31). Such fields also cause extensive alignment
of water molecules as observed by Zhou et al. (32).

An important distinction is that three-dimensional solvation
of ions in which the ions are surrounded by water molecules on
all sides cannot happen at the interface. Instead, only partially
solvated ions are present which markedly changes the reactivity.
Thus, when a thin film of reactants becomes anhydrous, mono-
mers are immobilized and unable to undergo extensive polymer-
ization, but at interfaces produced during a wet—dry cycle, the
conditions can promote rapid and extensive polymerization,
which is what we have observed in this study.

Another consideration is that the film of reactants may not
be disordered glass. Instead, order can emerge during evapora-
tion, just as crystals appear when a dilute solution evaporates.
Himbert et al. used X-ray diffraction to investigate dried films
of a mixture of adenosine monophosphate and UMP (33). The
diffraction patterns gave a clear indication of the 3.4 A spacing
expected if linear arrays of the nucleotides had assembled by
base stacking. Such hidden order would help overcome the
entropy barrier of an otherwise disordered glassy state, thereby
promoting the ability of condensation reactions to link the
stacked nucleotides by PDB.

Stability and Degradation. It is well known that conditions of
acidic pH and elevated temperature promote several reactions that
tend to degrade both nucleotides and their polymers. Hydrolysis
of the ester bonds linking nucleotides in nucleic acids is a random
process that occurs continuously. Given time, hydrolysis of ester
bonds would completely degrade polymers to their component
nucleotides. However, hydrolysis occurs at a certain rate, and if
polymer synthesis is taking place at a faster rate, the result will
be a steady state in which polymers can exist. The synthesis of
oligomers described here occurs rapidly within a few minutes,
but the hydrolysis rate is much slower, with half-times measured
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in days (34). This difference in rates accounts for the fact that
oligomers accumulate during wet—dry cycling.

A second hydrolysis reaction is depurination which causes purine
bases like adenine to be released from the N-glycoside bond to
ribose or deoxyribose. We do observe partial depurination in the
MS analysis for both the AMP and dAMP. This phenomenon is
more apparent in a low pH like 2.5 (87 Appendix, Fig. S7). Mungi
et al. employed MS to discover depurination of dimer and trimer
products during wet—dry cycling (35). This result might lead to
the conclusion that large polymers of mononucleotides cannot be
synthesized by wet—dry cycling. However, the results reported here
show that long strands of intact RNA and DNA oligomers are
present in the mixture. We believe that this difference arises from
the reaction conditions. Mungi et al. used 2.5 mM disodium salts
of nucleotides and reduced the pH to 2.0 with sulfuric acid,
whereas we prepared 10 mM nucleotides in their acid form so that
the pH was 2.5 without addition of a strong acid that would
become highly concentrated during evaporation.

Hydrothermal Fields Are Conducive to Polymer Synthesis. A fair
question concerns a source of mononucleotides that can serve as
monomers. Powner and Sutherland (36, 37) were first to address
this question from the perspective of organic chemistry, and Becker
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nonlife to life.
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