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Phosphorylation in liquid sulfur dioxide under
prebiotically plausible conditions
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In nature, organophosphates provide key functions such as information storage and transport,
structural tasks, and energy transfer. Since condensations are unfavourable in water and
nucleophilic attack at phosphate is kinetically inhibited, various abiogenesis hypotheses for
the formation of organophosphate are discussed. Recently, the application of phosphites as
phosphorylation agent showed promising results. However, elevated temperatures and
additional reaction steps are required to obtain organophosphates. Here we show that in
liquid sulfur dioxide, which acts as solvent and oxidant, efficient organophosphate formation
is enabled. Phosphorous acid yields up to 32.6% 5’ nucleoside monophosphate, 3.6% 5’
nucleoside diphosphate, and the formation of nucleoside triphosphates and dinucleotides in a
single reaction step at room temperature. In addition to the phosphorylation of organic
compounds, we observed diserine formation. Thus, we suggest volcanic environments as
reaction sites for biopolymer formation on Early Earth. Because of the simple recyclability of
sulfur dioxide, the reaction is also interesting for synthesis chemistry.
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they enable information storage and transfer!2, signal

transduction34, energy transfer, compartmentalization, and
participate in metabolism®~. Hence, prebiotically plausible phos-
phorylation reactions of organic compounds are of eminent
importance and interest. However, phosphorylation under Early
Earth conditions faces several obstacles: condensation reactions are
thermodynamically unfavourable in aqueous solution and the
nucleophilic attack at the phosphorus (P) atom is kinetically
inhibited because of the phosphate’s negative charge®®. The low
solubility of phosphate minerals such as apatite (Cas(PO,);(Cl, F,
OH)), which are the dominant P source on Early Earth, further
complicates organophosphate formation>!%11, Nevertheless, var-
ious P(V) based pathways towards organophosphates have been
investigated in recent years to circumvent these high barriers.
Among these are heating of hydroxy group-containing substrates
together with phosphates>!2-14, non-aqueous and eutectic reaction
medial®~17, mineral catalysis!®1°, application of condensed phos-
phates e. g. pyrophosphate or trimetaphosphate?9-22, use of con-
densation agents such as cyanamide?3, urea?4, carbonyl sulfide or
cyanate and activated phosphates such as diamidophosphate (DAP)
and amidotriphosphate (AmTP)2>-31,

Another strategy to overcome the kinetic barrier of P(V) based
phosphorylation and the low solubility of phosphate minerals is
the application of water-soluble P(III) compounds as starting
material!>32:33, In a weakly reducing anoxic environment mainly
consisting of N, and CO, with CO, H,, and reduced sulfur gases
as trace compounds P(III) oxidation should be extremely
slow?43>, Consequently, coexistence of P(IIT) species and phos-
phates on the Early Earth is plausible. Various prebiotically
conceivable P(III) sources have been explored in the past which
can be divided into two categories: terrestrial and extraterrestrial2.
Terrestrial sources are geothermal pools and the reduction of
orthophosphate by ferrous iron3>3% or electrical discharges in the
context of volcanic eruptions37-38, Extraterrestrial sources include
alkyl phosphonic acids found in Murchison meteorite and
Schreibersite (Fe, Ni);P mainly stemming from iron meteorites or
chondrites! 13940, Subsequent Schreibersite corrosion in the
presence of water is proposed to provide H-phosphonates among
other P species*!=#4, e.g., phosphite found in early Archean
marine carbonates probably originates from this process*°.

Tetra-coordinated P(III) species, e.g., H-phosphonates, are
characterized by an electrophilic P centre like their P(V)
analogues*®. However, in contrast to their analogous P(V) centres
nucleophilic attacks at P(III) centres are faster because of the
phosphonate’s reduced negative charge®#6. This property is
highly beneficial to form biopolymers, e.g., the oligomerisation of
RNA and DNA nucleotides*’. Another advantage is that the
oxidation of reduced P species is exothermic (~55kJ/mol) and
can deliver enough energy for the phosphorylation of an organic
molecule?s,

Consequently, previous studies with P(III) show promising
phosphorylation yields. However, elevated reaction temperatures
are required and the conversion stops at the nucleoside
H-phosphonate (N-pl) stage without an additional oxidizing
agent!>32. Since H-phosphonate diesters are more sensitive
towards hydrolysis than their charged P(V) analogues, only
Schwartz et al. reported the formation of nucleoside dimers
bridged by a H-phosphonate unit (N-pHMI-N)323249 Lsnnberg
introduced elemental sulfur as additional oxidant to overcome
these obstacles. Unfortunately, an additional desulfurization step
is necessary to convert the resulting phosphorothioate linked
oligomers into the desired phosphate analogues33.

A P(III) based pathway to (oligomeric) organophosphates
without an additional oxidation step has not yet been envisaged.
Thus, we explored the possibility of a single step synthesis by the

O rganophosphates are essential for living organisms because

application of liquid sulfur dioxide (SO,) as a redox active reac-
tion medium. At atmospheric pressure, the boiling point of SO, is
—10°C and at room temperature SO, is liquid above ~3 bar>0-52,
In classical synthesis chemistry liquid SO, is well known as sol-
vent and has been employed in ring opening and cyclization
reactions®>°3, polymerizations®4, coordination chemistry>>, the
Ritter reaction, and in the alkylation and alkoxyalkylation of
allylsilanes®®>7. On the early Earth SO, was provided by volcanic
outgassing”®>%. Kasting et al. estimate that the SO, emission rate
was about three times higher than at present because of the
intensified volcanic activity on the early Earth>®. Reconstruction
of the exact conditions on early Earth is a complex task that is
further complicated by the rare Hadean rock record3*%0. Con-
sequently, the atmospheric pressure which highly affects the
surface temperature cannot be determined exactly. Discussed
values for the prevailing atmospheric pressure range from ~0.01
to 100 bar®162. Zahnle estimates that the nitrogen partial pressure
on the early Earth was 2 to 3 bar®. Furthermore, it is assumed
that the surface temperature was less than 273.15 K at 4.3 Ga%3:64,
Models calculate a probability of 67% for this scenario®. In
addition to the global average, the possibility of local and tem-
porary pressure and temperature differences has to be kept in
mind. Thus, the possibility of local environments on the early
Earth that tolerate the temporary existence of liquid SO, is
conceivable.

We have recently demonstrated amino acid condensation
under prebiotically conceivable reaction conditions in liquid SO,
starting from low reactant loadings®>. In addition to its hygro-
scopic nature that is advantageous for condensation reactions SO,
is capable of oxidizing P(II[)°°. Here, we show that P(III) based
phosphorylation in liquid SO, leads very efficiently to oligomeric
organophosphates in a single reaction step. Organophosphates
are observed at room temperature and even at low reactant
concentrations. All canonical nucleotides are obtained in good
yields and further prebiotically relevant organophosphates are
accessible.

Results

Exploration of the reaction conditions. In continuation of our
investigations on peptide formation reactions in SO, we aimed to
expand the scope of prebiotically plausible reactions in SO, to
phosphorylation reactions. In a pressure apparatus SO, was
condensed on a mixture of adenosine (A) (100 mM) and phos-
phorous acid (H;PO3;) (1.0 eq.) and the reaction mixture was
stirred for 7 d at room temperature (Fig. 1 and Supplementary
Figs. 1, 2). Analysis of the reaction mixture by capillary elec-
trophoresis coupled to electrospray ionization Orbitrap mass
spectrometry (CE-ESI-MS) or UV detection (Supplementary
Fig. 3) showed the formation of the phosphorylated products
including adenosine H-phosphonate (A-p!) (constitution of
potential isomers has not been determined; labels and abbre-
viations illustrate all phosphate/phosphonate binding modes and
refer to the entirety of all formed isomers) (Supplementary
Figs. 16, 17, Supplementary Tables 1, 2, and Supplementary
Data 1)%7. Apart from the P(III) compound, adenosine mono-
phosphates (AMPs) (5,3’ and 2’ AMP) and traces of cyclic
adenosine monophosphate (cAMP) were detected. As expected
for a non-enzymatic approach, the regioselectivity is not con-
trolled. In addition to the monomeric compounds, adenosine
diphosphate (ADP) (5 ADP and other isomers), dinucleotide
species and A dimers bridged by a phosphate group (A-pV-A)
were obtained. The extracted ion electropherogram (EIE) of the
dinucleotide species (pV-A-pV-A/A-pV-pV-A) shows a discrete
peak at 9.90 min and several signals at around 12.40 min. The A
units can either be bridged by pyrophosphate (A-pY-pY-A) or by
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Fig. 1 Conceptualization of the phosphorylation with H3PO; in liquid SO,. Condensation of a substrate with H3POs in liquid SO, at room temperature
yields the corresponding H-phosphonate. Under the same reaction conditions the reaction medium oxidizes the H-phosphonate intermediate to the

phosphate analogue.

phosphate linkages (pV-A-pY-A). Since phosphate nucleophiles
are superior to alcohol nucleophiles, the formation of A-pV-pV-A
dimers is conceivable®. Tandem mass spectrometry (MS/MS)
spectra corroborate that A-pY-pY-A dimers are the faster
migrating species (Supplementary Data 2). The signals at higher
migration times were assigned to pY-A-pY-A dimers. Co-
injection of a 5'-adenylic acid-3/,5-adenosine phosphate (5’
pV-A-3/-pV-5'-A) reference confirmed this result (Supplemen-
tary Fig. 4 and Supplementary Data 1). It has to be noticed, that
in contrast to the monomeric P(III) phosphorylated reaction
products, no P(III) bridged nucleosides (A-p-A) and P(TII)
phosphorylated dinucleotides (p™!-A-pMI-A/ A-plplI_A) were
detected. This is in agreement with experimental data, showing
that oxidation of phosphonate diesters is rapid compared to
phosphonate monoesters3298. Furthermore, Peyser et al. repor-
ted rapid hydrolysis of phosphonate diesters?®. With these very
promising results using liquid SO, not only as solvent but also as
oxidant in P(III) phosphorylation reactions we comprehensively
screened the reaction conditions. At first, we varied the H;PO;
concentration. An increase in the yield of 5% AMP and 5’ ADP
was observed if an excess of H;PO; (3.0 eq.) was applied (Fig. 2a,
Supplementary Figs. 18-21, and Supplementary Tables 3, 4).
Furthermore, a broadening of the reaction product spectrum was
observed. In addition to the acyclic products obtained with
stoichiometric amounts of H;PQOj;, traces of adenosine dipho-
sphonate (A-pHLpI/pl-A-pll) mixed diphosphorylated spe-
cies (A-pV-pll/pll-A-pV), adenosine triphosphate (ATP)
and mixed (non-) cyclic adenosine diphosphate (pV-A-cp¥/A-
cpV-pV) were unambiguously detected (Supplementary Data 1).
Further increase of the H;POj; concentration (5.0 eq.) led to the
formation of mixed H-phosphonate phosphate dinucleotides (A-
pHl-pV-A/plll_A-pV-A) in trace amounts but did not alter the
product range to a greater extent (Supplementary Data 1). Rapid
oxidation of mixed P(III) P(V) dinucleotides to p¥-A-pV-A/A-
pV-pV-A by liquid SO, is presumed to protect them from
hydrolysis. An interesting aspect in this context is, that oxidation
rates of phosphonate diesters exceed those of phosphonate
monoesters, which suggests that the oxidation could be the
driving force in polymerization reactions according to studies by
Lonnberg32-33:68.69 ° However, while the increase of H;PO;
(5.0 eq.) led to the formation of trace amounts of mixed dinu-
cleotides, the 5 AMP and 5’ ADP vyields slightly decreased at the
same time (Supplementary Figs. 22-25 and Supplementary
Tables 5, 6). It has to be considered that product formation and
hydrolysis are competing processes. Acceleration of the latter by
acids is possibly the reason that yields do not further increase
even when more phosphorylation agent is added”".

Next, we investigated whether the phosphorylation could be
enhanced by the addition of urea (Fig. 2b). Urea is prebiotically
plausible and well known to promote phosphorylation and other
condensation  reactions!720:0571. Discussed = enhancement
mechanisms for reactions at elevated temperature involve urea
hydrolysis, formation of the activating agent cyanate and of
carbamoyl phosphates, and phosphor amidates as activated
intermediates!7-20-24:48,72,73  Starting from the optimized H;PO;
concentration, we found that the phosphorylation is indeed
promoted by urea. Both the addition of 1.0 eq and 3.0 eq. affected
the product mixture only slightly but led to a clear increase in 5/
AMP and 5’ ADP yields (Supplementary Figs. 26-33, Supple-
mentary Tables 7-10, and Supplementary Data 1). Yields of up to
26.7% for 5 AMP and 2.2% for 5’ ADP were detected with a
stoichiometric amount of urea. On the contrary, the analogous
reaction under anoxic conditions in water provided only traces of
AMP. In addition, A-p'l was observed (Supplementary Data 1).

Since we did not detect urea addition products and the half-life
for urea decomposition is 40 years at 25 °C the above-described
enhancement mechanisms seem to be unlikely for the presented
phosphorylation reaction in liquid SO, in the investigated time
period’4. However, urea interacts non-covalently with nucleo-
bases in aqueous solution and the solubility of nucleosides in
water is enhanced in the presence of urea’>’%, Thus, enhance-
ment mechanisms that are based on the physicochemical
properties of urea cannot be ruled out.

Furthermore, we examined the robustness of the P(III)
phosphorylation from a prebiotic point of view. Prebiotically
plausible conversions require robust product formation under
simple reaction conditions. In addition, extraordinary perfor-
mance at low reactant concentration is essential since limited
quantities are often assumed for emergence of life scenarios.
Thus, we tested lower concentrations in A with stoichiometric
amounts of H3POs. Figure 2¢ shows that 5% AMP and 5 ADP
yields increased at lower A concentrations (Supplementary
Figs. 34-43 and Supplementary Tables 11-16). At the same time,
a robust phosphorylation was observed over a wide concentration
range. Although, at higher concentrations the product spectrum
narrowed (Supplementary Data 1).

Phosphorylation proceeds at mild reaction temperature in
liquid SO,. Detection of inorganic phosphate and the SO,
reduction products thiosulfate and dithionite shows that the
reaction medium enables P(III) oxidation at the same time
(Supplementary Figs. 78, 79). Reaction mixtures were colourless
before the addition of SO,. After the reaction they had turned
yellow which is possibly the result of SO, reduction to elemental
sulfur (Supplementary Fig. 80). Moreover, sulfate was observed
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Fig. 3 Reaction time dependence and reaction pathways of the phosphorylation. a Yields depending on the reaction time starting from A (100 mM),
H3POs (3.0 eq.) and urea (1.0 eq.). Depicted are mean values, error bars refer to + s.d and were obtained by double determination via CE (for yield
calculation see supplementary information). b Proposed reaction pathways for phosphorylated compounds. Constitution of potential isomers has not been
determined. Labels refer to the entirety of all observed isomers (black = m/z value found; red = m/z value not detected; oxidation: ox.). For simplification
and since we did not detect the A-pV-p!ll-plll/ pll-A-pV-plll/pl-A(pV)-p!!l intermediate, we did not show the inverse reaction sequence (first condensation,
second oxidation) for the reaction of A-pV-p!ll/pll-A-pV to A-pV-pV-plll/p!ll-A-pV-pV/p!l-A(pV)-pV.

which is proposed to be the product of SO, disproportionation.
As a result of the sulfur chemistry thiophosphonate/-phosphate
analoga of A-pl and A-pV-plll/pll-A-pV were detected as side
products in the reaction (Supplementary Data 1).

Time dependence and reaction pathways of the phosphoryla-
tion. Starting with the optimized reaction conditions, we studied
the reaction progress over time. 7.3% 5 AMP were already
obtained after 1 d and the yield further increased within 7 d
(Fig. 3a, Supplementary Figs. 44-47, and Supplementary
Tables 17-20). Apart from monomeric species, (mixed) P(V) and
P(I11) based dimers (A-pY-A, pV-A-pV-A/A-pV-pV-A, p-A-pV-
A/A-pM-pV-A) and diphosphorylated species (ADP, A-pI-pllly
pILA-pIL A_pV_pll/plL A5V 5V_A_cpV/A-cpV-pV) were found
within 1 d (Supplementary Data 1). ATP formation was detected
after 7 d and we were able to quantify the 5 ADP yield within the

same period. After 26 d, decreased 5 AMP (18.7%) and 5" ADP
(1.1%) quantities were observed and less P(III) based products
were detected (Supplementary Figs. 48-51, Supplementary
Tables 21-22, and Supplementary Data 1). Enhanced hydrolysis
by water seems to be a conceivable reason. Another explanation
for the latter observation is oxidation to the corresponding P(V)
compounds over time.

We then sought to explore potential reaction sequences leading
to (dimeric) nucleotides (proposed reaction pathways for
phosphorylated compounds are displayed in Fig. 3b). Previously
detected P(III) species suggest nucleoside condensation with
H;3PO; prior to an oxidation step. As expected, replacement of
H;PO; with P(V) compounds led to inferior product formation
since the nucleophilic attack at the P(V) centre is slower than at
the P(III) centre because of the higher adjacent negative
charge®*%77. In reactions of A with phosphoric acid (H;PO,),
only traces of AMP were obtained (Supplementary Data 1). A
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Table 1 Substrates investigated in the phosphorylation reaction.

Cyclic GL phosphate
GL phosphonate
GL, phosphate

GL, diphosphate
GL, triphosphate
GLs triphosphate

GA GA phosphate
GA phosphonate
GA,; phosphonate
Rib Rib phosphate®
Sodium Lc Lc phosphate
Cyclic Lc phosphate
Lc phosphonate

Lc triphosphonate
Lc, phosphate

Ser Ser phosphate®
Ser phosphonate
Ser diphosphate
Ser, phosphate
Ser, diphosphate
Ser triphosphate
Ser triphosphonate

Mixed (non-)cyclic GL diphosphate
Mixed GL, (non-)cyclic diphosphate

Lc phosphate phosphonate

Rib-5-phosphate

O-phospho Ser

Substrate Potential products Products confirmed by co-injection Yield (%)

5" AMPp?2 ADPb: ¢ 5’ ADP 5" ADP: (2.0+0.3)
ATP¢ 5" ATP 5 ATP: (0.4£0.2)

5" ADP? AMP* 5" AMP 5" AMP: (68.8+3.7)
ATP* 5" ATP 5 ATP: (11£0.1)

A? AMP* 5'/3'/2" AMP 5" AMP: (26.7 £6.7)
ADP* 5" ADP 5" ADP: (2.2+0.1)
ATP Traces

G2 GMP* 5" GMP 5" GMP: (7.1+1.6)
GDP¢ 5" GDP Traces
GTP Traces

ca CMP¢ 5" CMP 5" CMP: (23.2+2.4)
CDP¢ 5’ CDP 5" CDP: 3.0£0.3)
CTP Traces

ua UMP< 5" UMP 5" UMP: (29.6 £2.5)
UDP¢ 5" UDP 5" UDP: (1.5£0.0)
UTP Traces

dA2 dAMP Traces

dGg? dGMP Traces

dca dCMP¢ 5" dCMP 5" dCMP: (32.6 +5.5)
dCDP¢ 5’ dCDP n. d.d
dCTP¢ 5" dCTP Traces

dTe dTMP¢ 5" dTMP 5" dTMP: (31.7+£9.4)
dTDP¢ 5" dTDP 5" dTDP: (3.6 +0.2)
dTTP¢ 5" dTTP Traces

GL GL phosphate® GL-1-phosphate, GL-2-phosphate n. d.c

dc
d.c
d.c
dc
dc
d.c
d.c
dc
d.c
d.c
dc
dc
d.c
d.c
dc
dc
d.c
d.c
dc
dc
d.c
d.c
dc
d.c
d.c

5333333333333 3333333335333

€CE measurement with co-injection.
dNot determined.
€CE-MS measurement with co-injection.

Substrates (100 mM, 1.0 eq.) were phosphorylated with H3PO3 (3.0 eq.) in the presence of urea (1.0 eq.) for 7 d. Yield errors refer to + s.d. and were obtained by double determination via CE.
aComplete product mixture is displayed in Supplementary Data 1.
bFor bold labelled products, at least one signal was assigned to a particular isomer by co-injection with a reference.

mixture consisting of A, 5 ADP and urea showed hydrolysis to 5/
AMP (3.4%) and small amounts of 5 ATP (0.5%), which is
proposed to be formed by phosphate transfer (Supplementary
Figs. 58, 59 and Supplementary Tables 27, 28). On the contrary,
the reaction starting with 5 AMP showed no product formation
at all.

To further identify accessible pathways of the P(III) based
reaction we investigated A nucleotides as reactants. Various ADP
and ATP isomers were obtained by phosphorylation of 5 AMP

with H3POj in the presence of urea (Table 1). Although, yields of
the 5 substituted products (5" ADP and 5’ ATP) are smaller than
of products (5" AMP and 5’ ADP) which are accessible via the
same number of coupling steps in the reaction starting with A
(Supplementary Figs. 52, 53 and Supplementary Tables 23, 24).
Detection of the mixed diphosphorylated species A-pV-p!Tl/pIIl-
A-pY indicates that, similar to the nucleoside phosphorylation
reactions, the phosphorylation of the mononucleotide proceeds
via P(III) intermediates (Supplementary Data 1). Isomerization of
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5" AMP was not observed. Conversion of 5' ADP with H;PO; in
the presence of urea led to intense hydrolysis of the diphosphate
reactant (Table 1). The hydrolysis product 5" AMP (68.8%) could
be phosphorylated again (Supplementary Figs. 54-57, Supple-
mentary Tables 25, 26). As a result, A-pV-pl/pILA-pV was
detected. Further condensation and/or oxidation steps led to
mixed triphosphorylated species (A-pY-pV-plll/pllA-pV-pV/plll
AY)-pY), ATP, A-pV-pV-A/pYV-A-pV-A and to the isomeriza-
tion of 5 ADP (Supplementary Data 1). Although, A-pV-p!l-p!ll/
pULA-pV-pll/plL A(pV)-pll were not detected, condensation
prior to oxidation is conceivable since phosphonate diester are
rapidly converted to their P(V) analogues.

Finally, an investigation of potential reaction sequences showed
that condensation steps are reversible under the presented
reaction conditions. However, due to the reaction medium’s
redox properties, oxidation steps are irreversible.

Reaction with other nucleosides. Next, we tested the applic-
ability of the phosphorylation to the other canonical nucleosides
(Table 1). Starting with ribonucleosides under the optimized
conditions, we found 5’ NMP and 5’ nucleotide diphosphate (5
NDP) yields for the reaction of cytosine (C) and uridine (U)
which are comparable to the phosphorylation of A (Supple-
mentary Figs. 60-67 and Supplementary Tables 29-32). Fur-
thermore, both product mixtures resembled the one observed in
the reaction with A. N-pV-N was not detected neither for C nor
for U, but in addition to the products obtained with A, mixed
P(IIT) P(V) triphosphorylated species and in the reaction with C
also mixed (non-)cyclic triphosphorylated compounds were
observed (Supplementary Data 1). In analogy to phosphorylation
of A, two signal sets were obtained for the dinucleotides. As in the
case of A, the faster migrating species are the pyrophosphate
linked dimers (N-pV-pV-N) whereas the slower ones could be
assigned to dimers containing a phosphate linkage (pV-N-pV-N)
(Supplementary Data 2). On the contrary to the phosphorylation
of these nucleosides, the reaction with guanosine (G) yielded only
7.1% 5 GMP and the amount of 5 GDP was too small for
quantification (Supplementary Figs. 68-70 and Supplementary
Tables 33, 34). In comparison to the other ribonucleosides, a
smaller product mixture was obtained, which contained non-
cyclic monophosphorylated species, P(V) and P(III) derived
diphosphorylated compounds, several guanosine triphosphate
isomers and P(V) based dinucleotides (Supplementary Data 1).
However, the latter (G-pV-pV-G/pV-G-pV-G) was only detected
in trace amounts and therefore assignment of the corresponding
signals by MS/MS measurements was not possible.

In the case of the deoxyribonucleosides, a significant reactivity
difference was observed for purine and pyrimidine-based
reactants. Reaction of both deoxyadenosine (dA) and deoxygua-
nosine (dG) provided only traces of monophosphorylated
compounds. N-p' and NMP species are the sole products
(Supplementary Data 1). In contrast, yields of the reaction with
pyrimidine-based deoxyribonucleosides even exceeded those of
the reactions with ribonucleosides (32.6% 5 deoxycytidine
monophosphate (5 dCMP) and 31.7% 5 deoxythymidine
monophosphate (5' dTMP)) (Supplementary Figs. 71-77 and
Supplementary Tables 35-38). Both product mixtures of
deoxycytidine (dC) and deoxythymidine (dT) resembled the
one derived from the reaction with A (Supplementary Data 1). In
analogy to the ribonucleotide dimers, product peaks could be
assigned to pyrophosphate (first signal set) and phosphate-linked
species (second signal set) by MS/MS measurements (Supple-
mentary Data 2). In liquid SO, phosphorylated derivatives of all
canonical nucleosides are accessible, however, product yield and
chain length strongly depend on the particular nucleoside.

Reactions starting from (deoxy-)ribonucleosides except for dA,
dC and dG showed the formation of thiophosphonate/-phosphate
side products of N-p!I and/or mixed diphosphorylated com-
pounds (N-pV-p/pl-N-pV) (Supplementary Data 1).

Phosphorylation of prebiotically relevant substrates. After
nucleotide formation, we explored the application of the pre-
sented phosphorylation in a broader prebiotic context. Apart
from nucleotide formation, the phosphorylation of sugars, alco-
hols, carboxylic and amino acids is essential from a prebiotic
point of view, since the corresponding products participate in
metabolic cycles or are essential for the formation of
amphiphiles>’. Thus, we selected glycerol (GL), glyceraldehyde
(GA), D-ribose (Rib), sodium L-lactate (Lc), and L-serine (Ser) as
test substrates. By phosphorylation in liquid SO,, we were able to
obtain the acyclic monophosphates of all model compounds
(Table 1, Supplementary Data 1). Co-injection of reference
compounds confirmed the presence of both GL monophosphates,
O-phospho-Ser (2), and the formation of Rib-5-phosphate among
other constitutional isomers. Cyclic monophosphates were only
detected in the reactions with GL and Lc. Furthermore,
H-phosphonates were observed for all substrates except Rib.
Consequently, reaction sequences already proposed for the
nucleoside phosphorylation seem also conceivable for these
substrates. Different P-containing dimers were obtained from
the phosphorylation of GL, GA, Lc, and Ser. However, GA is the
sole substrate that showed the formation of H-phosphonate
diester-linked substrate units (GA-p"-GA). Furthermore, gly-
ceric acid was observed as a result of GA oxidation. GL and Ser
were the onlsz substrates that yielded dimers such as pV-GL-pV-
GL/GL-pV-pY-GL. The longest observed oligomer was GL; tri-
phosphate. In addition, up to triphosphorylated substrates were
detected in the reactions of Lc (triphosphonate) and Ser (tri-
phosphonate and -phosphate).

Moreover, in the case of Ser the detection of Ser, and Ser,
phosphate (4) are noteworthy. Peptide formation promoted by
phosphates is well known in literature’87°, However, the effect
has not been described for solutions of liquid SO, yet. Previous
peptide formations in this reaction medium required the presence
of a metal®. In analogy to a proposed mechanism for amino acid
condensation enhanced by trimetaphosphate, we suggest the
formation of a cyclic intermediate (3) by intramolecular
condensation of 2 prior to the nucleophilic attack of a second
Ser unit and concomitant ring opening which leads to 4
(Fig. 4a)80,

Phosphorylation of a nucleoside mixture. To mimic a more
complex early Earth scenario, we investigated the phosphoryla-
tion of a mixture containing all canonical deoxy- and ribonu-
cleosides. Mass spectrometric analysis of the product mixture
after CE separation showed signals for many N-pV-N and N-pV-
pV-N/pV-N-pV-N combinations. m/z values of most dC, dT, C,
G, and U containing ribonucleoside, deoxyribonucleoside and
mixed ribonucleoside-deoxyribonucleoside dimers could be
unambiguously assigned to a single nucleoside pair (Fig. 4b and
Supplementary Data 1). However, in the case of the remaining
dimers identical m/z values prevented unambiguous determina-
tion of the building blocks. In analogy to the phosphorylation of
single nucleosides, EIEs of all detected dinucleotides displayed
two signal sets. Thus, we assume that both pyrophosphate (N-pV-
pV-N) and phosphate (pV-N-pV-N) linked dimers were formed.
Although, low product concentration prevented confirmation by
MS/MS analysis. Analogous to the phosphorylation reactions of
single nucleosides, dA showed the worst performance. Only m/z
values of dimers with C and G were detected. However, there are
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other dimers with identical m/z values (e.g., A-dC, dG-dC and A-
dG, dG-dG, A-A based dinucleotides). Consequently, we were not
able to state whether dA-containing products were present. The
same applies for dG and A containing products.

Apart from the RNA world hypothesis a heterogeneous RNA/
DNA world scenario is discussed®!. In such a hypothetical
heterogeneous RNA/DNA world, the transformation of the
observed heterogeneous dinucleotides to homogeneous oligomers
over time might be a conceivable scenario since duplexes with
heterogeneous backbone structure are less stable than their
homogeneous analogues®2. Consequently, heterogeneous tem-
plates prevent template product inhibition, which is well known
in non-enzymatic replication with homogeneous templates®283.
Furthermore, heterogeneous templates prefer homogeneous
substrates and Krishnamurthy et al. proposed that the sequence
information of heterogeneous oligonucleotides might be
heritable83,

Discussion

We identified a prebiotically conceivable and efficient phos-
phorylation route in liquid SO, which proceeds at ambient
reaction temperature. Phosphorous acid as P(III) source in
combination with the redox active reaction medium SO, provides
organo-monophosphates in a single reaction step in good yields.
In addition, we show that dinucleotide species are directly
accessible because hydrolysis-sensitive phosphonate esters are
immediately converted to their more stable phosphate analogues.
In contrast to that, previous P(III) based studies required both
elevated temperatures and either an additional oxidation or
desulfurization step!>-32-33,

In the absence of steric constraints, pyrophosphate-linked
dimers and a variety of phosphate bridged regioisomers were
detected apart from the naturally occurring 3’-5" dinucleotide.
Previous studies showed that pyrophosphates can also be
obtained by internal cleavage of an RNA strand and subsequent
extension of the formed primer34. Application of the resulting
single strand as a template in RNA polymerization can lead to
canonical 3/-5' phosphodiester linkages. However, replication is
slower than with canonical templates. Based on these observa-
tions and the reduced stability of RNA single strands which
contain 3’-5' pyrophosphate linked units in the presence of Mg?+

\\/
H/&

p-N-p-N / N-p-p-N

7. . )\
8 7 N
NE R

Fig. 4 Peptide formation starting from Ser and reaction of nucleoside mixture. a Proposed mechanism for phosphate mediated peptide formation

starting from Ser based on the mechanism for trimetaphosphate mediated amino acid coupling suggested by Rabinowitz et al. (black: m/z value found; red:
m/z value not detected; oxidation: 0x.)8C. b Products of the reaction starting from a mixture containing all canonical nucleosides (each 25 mM, in total 1.0
eqg.) with H3PO3 (3.0 eq.) and urea (1.0 eq.) after 7 d. The reaction mixture was analyzed by CE-MS (blue: detected, grey: not detected, hatched: several
nucleoside combinations with identical m/z values are possible and consequently the signal could not be assigned unambiguously to one nucleoside pair).

Szostak et al. proposed strands with pyrophosphate linkages as
temporary band-aid for cleaved strands®.

Recent investigations reported backbone heterogeneities
because of 2’-5’ phosphate-linked units. Those linkages still allow
RNA folding and thus molecular recognition and catalytic
features®>. Furthermore, similar to nucleobase-based backbone
heterogeneity, the thermal stability of RNA duplexes which
contain 2/-5' linkages is decreased and as a consequence template
product inhibition during the replication process is
prevented386, Nevertheless, in comparison to their 3/-5' linked
analogues, 2’-5' linkages are more sensitive towards hydrolysis,
and they are extended slower8”-88, Hence, disappearance of the 2/-
5’ linkages over time and replacement by 3’-5 linkages will be
observed®s.

Consequently, the formation of various isomers apart from
canonical 3/-5’ phosphodiesters in liquid SO, does not seem to be
detrimental in view of the following replication steps. Instead, the
presence of non-canonical linkages is suggested to be advanta-
geous for template-directed polymerization and in the case of
internal strand cleavage34-8¢.

In addition, reaction in liquid SO, led to the phosphorylation
of all canonical nucleosides and several biochemically relevant
substrates. In the case of Ser even the formation of the corre-
sponding dipeptide could be observed. Moreover, the approach
seems to be compatible to complex scenarios for the early Earth
since phosphorylation of a large reaction mixture yielded various
dinucleotides. Advantageous for the emergence of life is also the
reversibility of the condensation. Apart from phosphorylation,
decomposition and isomerisation of organophosphates are
essential processes in view of metabolic activity*$8°. Alternatively,
organophosphates could have been transferred from liquid SO, to
other environments which are more favourable for the evolution
of the first living organisms. A rise in temperature or a decrease in
pressure led to the evaporation of SO,. Organophosphates which
were left behind in the process could then be dissolved in water
and participate in metabolic activity.

In summary, liquid SO, is a suitable reaction medium for
organophosphate formation at ambient temperature starting with
P(III). Furthermore, the enhancement of amino acid coupling by
P species is of great interest from a prebiotic point of view.
Conceivable scenarios for the early Earth often involve different
monomers at the same reaction site and thus, pathways that do
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not only tolerate other monomers but even allow their incor-
poration into biopolymers are of great value. As a next step,
cooperative interaction between the different accessible biopoly-
mers might provide essential functions for living organisms.
Apart from the prebiotic application, the reaction offers potential
for classical organic synthesis because of the recyclability of SO,
and the use of simple reactants.

Methods

Phosphorylation reactions. A stainless steel apparatus (Supplementary Figs. 1, 2)
was evacuated and purged with nitrogen thrice. Afterwards SO, was condensed
into the storage chamber at —76 °C and the valves were closed. The SO, volume in
the storage chamber was calculated from the weight difference between the empty
and the SO, filled apparatus. A or optionally another substrate (80.2 mg, 300.0
pmol, 1.0 eq.), urea (18.0 mg, 300.0 umol, 1.0 eq.), and H3PO; (73.8 mg, 900.0
pmol, 3.0 eq.) were placed in the reaction chamber of a stainless steel pressure
apparatus (Supplementary Fig. 1). In the case of the nucleoside mixture equimolar
amounts of A, C, G, U, dA, dC, dG, dT (in total 600.0 umol, 1.0 eq.), H;PO;
(147.6 mg, 1.8 mmol, 3.0 eq.) and urea (36.0 mg, 600.0 umol, 1.0 eq.) were inserted
into the reaction chamber. The reaction chamber was evacuated and purged with
nitrogen thrice. The reaction chamber was cooled to —76 °C. Valve 1 was opened
and SO, (3 mL) from the storage unit was condensed on to the reactants. Valve 1
was closed and the cooling was removed from the reaction side. The reaction
proceeded at room temperature under stirring for 1-26 d. Afterwards the storage
unit was cooled to —76 °C. Valve 1 was opened and the solvent was condensed into
the storage unit to enable its reuse in up to four more reactions. The product
mixture was dried in vacuo and was stored at —20°C.

CE-MS/MS analysis. CE-MS analyses were performed on an Agilent CE 7100
which was coupled to a Thermo Scientific Orbitrap Q Exactive Plus mass spec-
trometer. The customized sheath-flow interface is described elsewhere®”. Samples
were diluted to a nucleoside concentration of 5 mM referring to the initial amount
of one nucleoside. A separation method from Rodriguez-Gonzalo et al. was
adapted to analyze the product mixtures . Electrophoretic separations were per-
formed on bare fused silica (BFS) capillaries (/=80 cm) in the positive polarity
mode at 25 °C by applying 25 kV to the CE inlet. 30 mM NH,FA (pH 9.5) was used
as background electrolyte (BGE). The outer polyimide coating of the capillaries was
removed at the MS end prior to first use. New capillaries were flushed with
deionised water, aqueous NaOH (0.1 M), deionised water (each 5 min) and BGE
(3 min). Between measurements capillaries were conditioned with deionised water,
aqueous NaOH (0.1 M), deionised water (each 2 min) and BGE (3 min). Samples
were injected pressure driven (30 mbar for 10s). An electrospray for the MS
analysis was established by providing a sheath liquid consisting of deionised water
and isopropanol (1:1) with 0.05% v/v formic acid (3 pL/min) and applying a vol-
tage of —4.5KkV to the stainless steel emitter. Analytes were detected in negative
mode with a resolution of 140,000 in a mass range of either m/z 50 to 750 or m/z
80 to 1200. For MS analysis, the temperature of the ion transfer capillary was set to
140 °C and the S-lens RF level was adjusted to 50. For further analysis of dinu-
cleotide sequences, data-dependent MS/MS analysis with inclusion lists was per-
formed. For dinucleotide fragmentation, a normalised collision energy of 30% was
applied. The resolution of MS/MS spectra was adjusted to 17,500. Thermo Xcalibur
software 4.1 was used for data evaluation.

Nucleotide quantification. Nucleotides were quantified by CE measurements. CE
analyses were performed on an Agilent CE 7100. Samples were diluted to

0.2-1 mM referring to the initial nucleoside concentration. Product mixtures were
analysed on BFS capillaries (1= 80 cm, length to detector: 71.5 cm) in the positive
polarity mode (Supplementary Fig. 3). Separations were performed at 25 °C with
30 mM ammonium formate (NH4FA) (pH 9.5) as BGE by applying 30kV to the
CE inlet. Conditioning of new capillaries with deionised water, aqueous NaOH
(0.1 M), deionised water (each 5min), and BGE (each 3 min) ensured proper
analyses. Between separation runs, capillaries were conditioned with deionised
water, aqueous NaOH (0.1 M), deionised water (each 2 min), and BGE (3 min).
Samples were injected pressure driven (30 mbar for 10s) and analytes were
detected at 254 nm. Mono-, di- and triphosphate calibration curves were recorded
in triplicates (Supplementary Figs. 5-15).

Identification of inorganic sulfur compounds. Identification of inorganic sulfur
compounds was accomplished by CE analyses. Measurements were performed with
an UV-active BGE consisting of 30 mM bis(2-hydroxyethyl)amino-tris(hydrox-
ymethyl)methan (BIS-TRIS) and 20 mM salicylic acid (pH 6)*4. Separations were
performed at 25 °C on BFS capillaries (I =80 cm, length to detector: 71.5 cm) by
applying —30kV to the CE inlet. Analyses were conducted pressure assisted (40
mbar). New capillaries were conditioned with deionised water, aqueous NaOH
(0.1 M), deionised water (each 5min) and BGE (3 min). Samples were injected
pressure driven (20 mbar for 10 s) and analytes were detected indirectly at 214 nm.

CE electropherograms were evaluated using CEval 0.6 g°! and plotted with
OriginPro 2018G.

Data availability

The main data that support the findings of this study are available in the Supplementary
information files (Supplementary information, Supplementary Data 1 and 2). Extra data
are available from the corresponding author upon reasonable request.

Received: 15 September 2022; Accepted: 13 October 2022;
Published online: 03 November 2022

References

1. Watson, J. D. & Crick, F. H. C. Molecular structure of nucleic acids: A
structure for deoxyribose nucleic acid. Nature 171, 737-738 (1953).

2. Gull, M. Prebiotic phosphorylation reactions on the early earth. Challenges 5,
193-212 (2014).

3. Vetter, I. R. & Wittinghofer, A. The guanine nucleotide-binding switch in
three dimensions. Science 294, 1299-1304 (2001).

4. Spiegel, A. M. Signal transduction by guanine nucleotide binding proteins.
Mol. Cell. Endocrinol. 49, 1-16 (1987).

5.  Harayama, T. & Riezman, H. Understanding the diversity of membrane lipid
composition. Nat. Rev. Mol. Cell Biol. 19, 281-296 (2018).

6. Knowles, J. R. Enzyme-catalyzed phosphoryl transfer reactions. Ann. Rev.
Biochem. 49, 877-919 (1980).

7. Wamelink, M. M. C,, Struys, E. A. & Jakobs, C. The biochemistry, metabolism
and inherited defects of the pentose phosphate pathway: A review. J. Inherit.
Metab. Dis. 31, 703-717 (2008).

8. Fialho, D. M., Roche, T. P. & Hud, N. V. Prebiotic syntheses of noncanonical
nucleosides and nucleotides. Chem. Rev. 120, 4806-4830 (2020).

9.  Westheimer, F. H. Why nature chose phosphates. Science 235, 1173-1178
(1987).

10. Pasek, M. A. Rethinking early Earth phosphorus geochemistry. Proc. Nat.
Acad. Sci. USA 105, 853-858 (2008).

11. Hazen, R. M. Paleomineralogy of the Hadean eon: A preliminary species list.
Am. ]. Sci. 313, 807-843 (2013).

12. Ponnamperuma, C. & Mack, R. Nucleotide synthesis under possible primitive
earth conditions. Science 148, 1221-1223 (1965).

13. Rabinowitz, J., Chang, S. & Ponnamperuma, C. Phosphorylation on the
primitive earth: phosphorylation by way of inorganic phosphate as a potential.
Nature 218, 442-443 (1968).

14. Gull, M. & Pasek, M. Is struvite a prebiotic mineral? Life 3, 321-330 (2013).

15. Gull, M., Zhou, M., Fernandez, F. M. & Pasek, M. A. Prebiotic phosphate ester
syntheses in a deep eutectic solvent. J. Mol. Evol. 78, 109-117 (2014).

16. Gull, M., Cafferty, B., Hud, N. & Pasek, M. Silicate-promoted phosphorylation
of glycerol in non-aqueous solvents: A prebiotically plausible route to
organophosphates. Life 7, 29 (2017).

17. Burcar, B. et al. Darwin’s warm little pond: a one-pot reaction for prebiotic
phosphorylation and the mobilization of phosphate from minerals in a urea-
based solvent. Angew. Chem. Int. Ed. 55, 13249-13253 (2016).

18. Gull, M. et al. Resolving the enigma of prebiotic C-O-P bond formation:
Prebiotic hydrothermal synthesis of important biological phosphate esters.
Heteroat. Chem. 21, 161-167 (2010).

19. Gull, M. et al. Mimicking the prebiotic acidic hydrothermal environment:
One-pot prebiotic hydrothermal synthesis of glucose phosphates. Heteroat.
Chem. 22, 186-191 (2011).

20. Gull, M., Omran, A., Feng, T. & Pasek, M. A. Silicate-, magnesium ion-, and
urea-induced prebiotic phosphorylation of uridine via pyrophosphate;
revisiting the hot drying water pool scenario. Life 10, 122 (2020).

21. Powner, M. W., Gerland, B. & Sutherland, J. D. Synthesis of activated
pyrimidine ribonucleotides in prebiotically plausible conditions. Nature 459,
239-242 (2009).

22. Cheng, C. et al. Phosphorylation of adenosine with trimetaphosphate under
simulated prebiotic conditions. Orig. Life Evol. Biosph. 32, 219-224 (2002).

23. Ibanez, J. D., Kimball, A. P. & Oro, J. Possible prebiotic condensation of
mononucleotides by cyanamide. Science 173, 444-446 (1971).

24. Fiore, M. et al. Giant vesicles from rehydrated crude mixtures containing
unexpected mixtures of amphiphiles formed under plausibly prebiotic
conditions. Org. Biomol. Chem. 15, 4231-4240 (2017).

25. Leman, L. J., Orgel, L. E. & Ghadiri, M. R. Amino acid dependent formation of
phosphate anhydrides in water mediated by carbonyl sulfide. J. Am. Chem.
Soc. 128, 20-21 (2006).

26. Lohrmann, R. & Orgel, L. E. Prebiotic synthesis: Phosphorylation in aqueous
solution. Science 161, 64-66 (1968).

8 COMMUNICATIONS CHEMISTRY | (2022)5:143 | https://doi.org/10.1038/s42004-022-00761-w | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00761-w

ARTICLE

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Maguire, O. R., Smokers, I. B. A. & Huck, W. T. S. A physicochemical
orthophosphate cycle via a kinetically stable thermodynamically activated
intermediate enables mild prebiotic phosphorylations. Nat. Commun. 12, 5517
(2021).

Coggins, A. J. & Powner, M. W. Prebiotic synthesis of phosphoenol pyruvate by
a-phosphorylation-controlled triose glycolysis. Nat. Chem. 9, 310-317 (2017).
Gibard, C., Bhowmik, S., Karki, M., Kim, E.-K. & Krishnamurthy, R.
Phosphorylation, oligomerization and self-assembly in water under potential
prebiotic conditions. Nat. Chem. 10, 212-217 (2018).

Jiménez, E. I, Gibard, C. & Krishnamurthy, R. Phosphorylation and
concomitant oligomerization of deoxynucleosides to form. DNA Angew.
Chem. Int. Ed. 60, 10775-10783 (2021).

Krishnamurthy, R, Guntha, S. & Eschenmoser, A. Regioselective a-
phosphorylation of aldoses in aqueous solution. Angew. Chem. Int. Ed. 39,
2281-2285 (2000).

de Graaf, R. M. & Schwartz, A. W. Thermal synthesis of nucleoside
H-phosphonates under mild conditions. Orig. Life Evol. Biosph. 35, 1-10
(2005).

Lonnberg, T. Nucleic acids through condensation of nucleosides and
phosphorous acid in the presence of sulfur. Beil. J. Org. Chem. 12, 670-673
(2016).

Kasting, J. F. Earth’s early atmosphere. Science 259, 920-926 (1993).
Herschy, B. et al. Archean phosphorus liberation induced by iron redox
geochemistry. Nat. Commun. 9, 1346 (2018).

Pech, H. et al. Detection of geothermal phosphite using high-performance
liquid chromatography. Environ. Sci. Tech. 43, 7671-7675 (2009).
Glindemann, D., de Graaf, R. M. & Schwartz, A. W. Chemical reduction of
phosphate on the primitive earth. Orig. Life Evol. Biosph. 29, 555-561 (1999).
de Graaf, R. M. & Schwartz, A. W. Reduction and activation of phosphate on
the primitive earth. Orig. Life Evol. Biosph. 30, 405-410 (2000).

Cooper, G. W., Onwo, W. M. & Cronin, J. R. Alkyl phosphonic acids and
sulfonic acids in the Murchison meteorite. Geochim. Cosmochim. Acta 56,
4109-4115 (1992).

Pasek, M. & Lauretta, D. Extraterrestrial flus of potentially prebiotic C, N, and
P to the early earth. Orig. Life Evol. Biosph. 38, 5-21 (2008).

Bryant, D. E. & Kee, T. P. Direct evidence for the availability of reactive, water
soluble phosphorus on the early earth. H-phosphinic acid from the Nantan
meteorite. Chem. Commun. https://doi.org/10.1039/b602651f (2006).

La Cruz, N. et al. The evolution of the surface of the mineral schreibersite in
prebiotic chemistry. Phys. Chem. Chem. Phys. 18, 20160-20167 (2016).
Pasek, M. A. & Lauretta, D. S. Aqueous corrosion of phosphide minerals from
iron meteorites: A highly reactive source of prebiotic phosphorus on the
surface of the early earth. Astrobiology 4, 515-535 (2005).

Pallmann, S. et al. Schreibersite: an effective catalyst in the formose reaction
network. New. J. Phys. 20, 055003 (2018).

Pasek, M. A., Harnmeijer, J. P., Buick, R., Gull, M. & Atlas, Z. Evidence for
reactive reduced phosphorus species in the early Archean ocean. Proc. Natl
Acad. Sci. USA 110, 10089-10094 (2013).

Stawinski, J. & Kraszewski, A. How to get the most out of two phosphorus
chemistries. Studies on H-phosphonates. Acc. Chem. Res. 35, 952-960 (2002).
Roy, S. & Caruthers, M. Synthesis of DNA/RNA and their analogs via
phosphoramidite and H-phosphonate chemistries. Molecules 18, 14268-14284
(2013).

Pasek, M. A. Thermodynamics of prebiotic phosphorylation. Chem. Rev. 120,
4690-4706 (2020).

Peyser, J. R. & Ferris, J. P. The rates of hydrolysis of thymidyl-3’,5"-thymidine-
H-phosphonate: the possible role of nucleic acids linked by diesters of
phosphorous acid in the origins of life. Orig. Life. Evol. Biosph. 31, 363-380
(2001).

Bergstrom, F. W. The vapor pressure of sulfur dioxide and ammonia. J. Phys.
Chem. 26, 358-376 (1922).

Bergstrom, F. W. The boiling points of ammonia, sulfur dioxide, and nitrous
oxide. J. Phys. Chem. 26, 876-894 (1922).

Luginina, J., Uzulena, J., Posevins, D. & Turks, M. Ring-opening of carbamate-
protected aziridines and azetidines in liquid sulfur dioxide. Eur. J. Org. Chem.
2016, 1760-1771 (2016).

Beifuss, U. et al. Efficient lewis acid mediated epoxyolefin cyclizations with
pyrones as terminators in liquid SO, as a solvent. Synlett 2007, 1725-1729
(2007).

Soares, B. G. Polymerizations in liquid sulfur dioxide. Prog. Polym. Sci. 22,
1397-1430 (1997).

Mews, R., Lork, E., Watson, P. G. & Gortler, B. Coordination chemistry in and
of sulfur dioxide. Coord. Chem. Rev. 197, 277-320 (2000).

Posevins, D., Suta, K. & Turks, M. Indium-triflate-catalyzed Ritter reaction in
liquid sulfur dioxide. Eur. J. Org. Chem. 2016, 1414-1419 (2016).

Mayr, H., Gorath, G. & Bauer, B. Liquid sulfur dioxide as a lewis-acidic solvent
for the alkylation and alkoxyalkylation of allylsilanes. Angew. Chem. Int. Ed.
33, 788-789 (1994).

58.

59.

60.

61.

62.
63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

85.

86.

87.

88.

89.

Walker, J. C. G. & Brimblecombe, P. Iron and sulfur in the pre-biologic ocean.
Precambrian Res. 28, 205-222 (1985).

Kasting, J. F., Zahnle, K. J., Pinto, J. P. & Young, A. T. Sulfur, ultraviolet radiation,
and the early evolution of life. Orig. Life Evol. Biosph. 19, 95-108 (1989).

Trail, D., Watson, E. B. & Tailby, N. D. The oxidation state of Hadean magmas
and implications for early Earth’s atmosphere. Nature 480, 79-82 (2011).
Kasting, J. F. & Ackerman, T. P. Climatic consequences of very high carbon
dioxide levels in the Earth’s early atmosphere. Science 234, 1383-1385 (1986).
Zahnle, K. et al. Emergence of a habitable planet. Space Sci. Rev. 129, 35-78 (2007).
Zahnle, K. J. Earth’s earliest atmosphere. Elements 2, 217-222 (2006).
Kadoya, S., Krissansen-Totton, J. & Catling, D. C. Probable cold and alkaline
surface environment of the Hadean Earth caused by impact ejecta weathering.
Geochem. Geophys. Geosyst. 21, €2019GC008734 (2020).

Sauer, F. et al. From amino acid mixtures to peptides in liquid sulfur dioxide
on early earth. Nat. Commun. 12, 7182 (2021).

Bratsch, S. G. Standard electrode potentials and temperature coefficients in
water at 298.15 K. J. Phy. Chem. Ref. Data 18, 1-21 (1989).

Sauer, F., Sydow, C. & Trapp, O. A robust sheath-flow CE-MS interface for
hyphenation with Orbitrap MS. Electrophoresis 41, 1280-1286 (2020).
Garegg, P. ]., Regberg, T., Stawinski, J. & Stromberg, R. Nucleoside
phosphonates: Part 7. Studies on the oxidation of nucleoside phosphonate
esters. J. Chem. Soc., Perkin Trans. 1, 1269-1273 (1987).

Lonnberg, T. Sulfurization of H-phosphonate diesters by elemental sulfur
under aqueous conditions. ACS Omega 2, 5122-5127 (2017).

Sim, Y.-L. & Kaur, B. Kinetics and mechanistic study of hydrolysis of
adenosine monophosphate disodium salt (AMPNa2) in acidic and alkaline
media. Open Chem. 17, 544-556 (2019).

Cleaves, H. J., Chalmers, J. H.,, Lazcano, A., Miller, S. L. & Bada, J. L. A
reassessment of prebiotic organic synthesis in neutral planetary atmospheres.
Orig. Life Evol. Biosph. 38, 105-115 (2008).

Danger, G., Boiteau, 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. 128, 7412-7413 (2006).

Lohrmann, R. & Orgel, L. E. Urea-inorganic phosphate mixtures as prebiotic
phosphorylating agents. Science 171, 490-494 (1971).

Callahan, B. P,, Yuan, Y. & Wolfenden, R. The burden borne by urease. J. Am.
Chem. Soc. 127, 10828-10829 (2005).

Priyakumar, U. D., Hyeon, C., Thirumalai, D. & Mackerell, A. D. Urea
destabilizes RNA by forming stacking interactions and multiple hydrogen
bonds with nucleic acid bases. J. Am. Chem. Soc. 131, 17759-17761 (2009).
Herskovits, T. T. & Bowen, J. J. Solution studies of the nucleic acid bases and
related model compounds. Solubility in aqueous urea and amide solutions.
Biochem. 13, 5474-5483 (1974).

Schroeder, G. K,, Lad, C., Wyman, P., Williams, N. H. & Wolfenden, R. The time
required for water attack at the phosphorus atom of simple phosphodiesters and
of DNA. Proc. Natl Acad. Sci. USA 103, 4052-4055 (2006).

Rabinowitz, J., Flores, J., Krebsbach, R. & Rogers, G. Peptide formation in the
presence of linear or cyclic polyphosphates. Nature 224, 795-796 (1969).
Tsuhako, M. et al. The reaction of cyclo-triphosphate with L-a- or B-alanine.
Bull. Chem. Soc. Jpn. 58, 3092-3098 (1985).

Chung, N. M., Lohrmann, R,, Orgel, L. E. & Rabinowitz, J. The mechanism of the
trimetaphosphate-induced peptide synthesis. Tetrahedron 27, 1205-1210 (1971).
Dworkin, J. P., Lazcano, A. & Miller, S. L. The roads to and from the RNA
world. J. Theor. Biol. 222, 127-134 (2003).

Gavette, J. V., Stoop, M., Hud, N. V. & Krishnamurthy, R. RNA-DNA
chimeras in the context of an RNA world transition to an RNA/DNA world.
Angew. Chem. Int. Ed. 55, 13204-13209 (2016).

Bhowmik, S. & Krishnamurthy, R. The role of sugar-backbone heterogeneity
and chimeras in the simultaneous emergence of RNA and DNA. Nat. Chem.
11, 1009-1018 (2019).

Wright, T. H. et al. Prebiotically plausible “patching” of RNA backbone
cleavage through a 3’-5’pyrophosphate linkage. J. Am. Chem. Soc. 141,
18104-18112 (2019).

Engelhart, A. E., Powner, M. W. & Szostak, J. W. Functional RNAs exhibit
tolerance for non-heritable 2’-5" versus 3’-5’ backbone heterogeneity. Nat.
Chem. 5, 390-394 (2013).

Giannaris, P. A. & Damha, M. J. Oligoribonucleotides containing 2’,5™-
phosphodiester linkages exhibit binding selectivity for 3’,5-RNA over 3’,5-
ssDNA. Nucleic Acids Res. 21, 4742-4749 (1993).

Usher, D. A. & McHale, A. H. Hydrolytic stability of helical RNA: a selective
advantage for the natural 3’,5-bond. Proc. Natl Acad. Sci. USA 73, 1149-1153
(1976).

Giurgiu, C, Li, L., O’Flaherty, D. K., Tam, C. P. & Szostak, J. W. A
mechanistic explanation for the regioselectivity of nonenzymatic RNA primer
extension. J. Am. Chem. Soc. 139, 16741-16747 (2017).

Ashkenasy, G., Hermans, T. M., Otto, Sijbren & Taylor, A. F. Systems
chemistry. Chem. Soc. Rev. 46, 2543-2554 (2017).

COMMUNICATIONS CHEMISTRY | (2022)5:143 | https://doi.org/10.1038/s42004-022-00761-w | www.nature.com/commschem 9


https://doi.org/10.1039/b602651f
www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00761-w

90. Rodriguez-Gonzalo, E., Dominguez-Alvarez, J., Mateos-Vivas, M., Garcia-
Go6mez, D. & Carabias-Martinez, R. A validated method for the determination
of nucleotides in infant formulas by capillary electrophoresis coupled to mass
spectrometry. Electrophoresis 35, 1677-1684 (2014).

91. Dubsky, P., Ordégov4, M., Maly, M. & Riesovd, M. CEval: All-in-one software
for data processing and statistical evaluations in affinity capillary
electrophoresis. J. Chromatogr. A 1445, 158-165 (2016).

Acknowledgements

We acknowledge financial support from the Ludwig-Maximilians-University Munich,
the Max-Planck-Society (Max-Planck-Fellow Research Group Origins of Life), the
Volkswagen Stiftung (Initiating Molecular Life), the Deutsche Forschungsgemeinschaft
DFG/German Research Foundation (Project-ID 364653263 — TRR 235, Emergence of
Life) and Germany’s Excellence Strategy (ORIGINS, EXC-2094 - 390783311).

Author contributions

O.T. supervised the research. O.T. and C.S. designed the experiments. C.S. and Ch.S.
carried out the reactions. C.S. optimized the electrophoretic separation method and
performed the CE analyses together with Ch. S., C.S., Ch.S., and A.F.S. evaluated the data.
All authors contributed intellectually throughout the study. C.S., O.T., and A.E.S. wrote
the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-022-00761-w.

Correspondence and requests for materials should be addressed to Oliver Trapp.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

10 COMMUNICATIONS CHEMISTRY | (2022)5:143 | https://doi.org/10.1038/s42004-022-00761-w | www.nature.com/commschem


https://doi.org/10.1038/s42004-022-00761-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Phosphorylation in liquid sulfur dioxide under prebiotically plausible conditions
	Results
	Exploration of the reaction conditions
	Time dependence and reaction pathways of the phosphorylation
	Reaction with other nucleosides
	Phosphorylation of prebiotically relevant substrates
	Phosphorylation of a nucleoside mixture

	Discussion
	Methods
	Phosphorylation reactions
	CE-MS/MS analysis
	Nucleotide quantification
	Identification of inorganic sulfur compounds

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




