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Abstract: Phosphorylation reactions of glycerol were studied using different inorganic
phosphates such as sodium phosphate, trimetaphosphate (a condensed phosphate), and struvite.
The reactions were carried out in two non-aqueous solvents: formamide and a eutectic solvent
consisting of choline chloride and glycerol in a ratio of 1:2.5. The glycerol reacted in formamide
and in the eutectic solvent with phosphate to yield its phosphorylated derivatives in the presence
of silicates such as quartz sand and kaolinite clay. The reactions were carried out by heating
glycerol with a phosphate source at 85 °C for one week and were analyzed by *'P nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). The yield of the
phosphorylated glycerol was improved by the presence of silicates, and reached 90% in some
experiments. Our findings further support the proposal that non-aqueous solvents are
advantageous for the prebiotic synthesis of biomolecules, and suggest that silicates may have
aided in the formation of organophosphates on the prebiotic earth.

Keywords: prebiotic synthesis; phosphorylation; origin of life; deep eutectic solvents;
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1. Introduction

Phosphorus is an essential element for life. It is present in living organisms most
prominently in the form of phosphate esters [1-3]. Glycerol phosphate is an important biological
phosphate ester as it is an integral part of the cell membrane, within phospholipids, and it is
found in metabolic pathways involving 3-carbon sugars [4]. Glycerol serves as an excellent
model phosphorylation substrate, as it bears both primary and secondary alcohols that can form
phosphoesters by reacting with phosphate. From a prebiotic perspective, glycerol phosphate may
have been involved in the assembly of protocells [5], and nucleic acids containing glycerol
phosphate-based backbones have been proposed as possible predecessors of the ribophosphate
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backbone used in RNA [6-8]. Thus, the study of the origin of prebiotically plausible synthetic
pathways that assemble glycerol-phosphate may aid in our understanding of how this important
molecule first entered biology [4].

Glycerol and glycerol phosphates are potentially prebiotic molecules. Glycerol has been
identified in the Murchison meteorite, along with many other biomolecules, suggesting that it
was present in the prebiotic milieu at the time of the origin of life. It is plausible that meteorites
delivered glycerol to the early Earth [9], and recent studies have shown that it can be produced
by exposing methanol-based interstellar ices to ionizing radiation [10]. The prebiotic synthesis of
glycerol phosphates (i.e., glycerol-1-phosphate, glycerol-2-phosphate, and glycerol-1,2-cyclic
phosphate (Figure 1)) has been demonstrated under hydrothermal conditions, as well as in
reactions between phosphate, glycerol, and a condensing agent [11-14]. Additionally, glycerol
phosphates can be made by using the meteorite mineral schreibersite, (Fe,Ni);P, under mild
heating in aqueous solutions [15]. We were encouraged by these results to explore the
phosphorylation of glycerol in various prebiotically relevant, non-aqueous solvents, such as
formamide and anhydrous glycerol-based solvents, and to test the role of mineral surfaces in
these reactions.

Figure 1. Reaction pathways and products discussed in text.
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For over 40 years, formamide has been examined as both a reactant and solvent for the
formation of biomolecules under model prebiotic conditions [16, 17]. The prebiotic synthesis of
formamide has been reported using simple precursors such as NH3 and CO [18, 19], and the
molecule has been detected in the interstellar medium [20]. The advantage of using formamide
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instead of water as a solvent in model prebiotic reactions is due, in part, to the fact that
formamide can support condensation reactions, such as phosphoester formation [21]. For
example, formamide has been used as a solvent for the phosphorylation of nucleosides such as
adenosine and uridine [21-24]. Despite these successes, it has been argued that there are few
geochemical routes to pure formamide puddles on the early earth [25].

Recent studies show that glycerol can also be phosphorylated in non-aqueous deep
eutectic solvents (DES) [14]. We have previously proposed that DES and ionic liquids might
have formed on the prebiotic earth as a result of drying of aqueous salt solutions [14, 26]. Of
particular interest to us are non-aqueous DES composed of glycerol and choline chloride [27] as
it was recently shown that these solvents support the base pairing of nucleic acids [28]. We were
motivated by this report to evaluate if solvents of glycerol and choline chloride, in addition to
supporting nucleic acid function, might also enable reactions that are necessary for the synthesis
of nucleic acids or nucleic acid analogs.

Simple silicates, such as quartz sand (SiO2) and kaolinite (Al2Si20s5(OH)4), have been
investigated for decades for their ability to catalyze model prebiotic polymerization reactions,
including the polymerization of organophosphates (i.e., nucleotides) [29, 30]. The catalytic
ability of silicates, however, to promote the formation of organophosphates such as nucleotides
from orthophosphate and simple organic molecules has not been thoroughly investigated. Quartz
sand is a mineral common to evolved continental crust, and was likely present in some form
since the earth differentiated [31]. Kaolinite is expected to have been present on the early earth
as it is a natural weathering product of simple minerals such as feldspar. Kaolinite has also
served as a potential catalyst in several other phosphorylation reactions [11, 32, 33]. Previous
studies on the interaction between formamide and kaolinite [34] encouraged us to investigate if
mixtures of formamide and kaolinite can promote the phosphorylation of glycerol.

We investigate here the phosphorylation of glycerol in both formamide, and the DES
composed of glycerol and choline chloride (2.5:1). Glycerol-based eutectic solvents, such as this
one, have been referred to as “deep eutectic” solvents even though glycerol has a melting point
of 18 °C because mixtures of glycerol and choline chloride (mp 302 °C) can have melting points
as low as -40 °C [27, 35]. We have included it here as it parallels a urea-choline chloride solvent
investigated previously [14]. We additionally examined the role of silicates, including quartz
sand and kaolinite, within these solvents in catalyzing reactions between glycerol and phosphate.
The phosphate sources tested include sodium phosphate, sodium trimetaphosphate (a condensed
polyphosphate that has been proposed to be prebiotic [36]) and the phosphate mineral struvite—
MgNH4PO4x6H20—a mineral recently shown to form spontaneously from apatite in Mg>* and
NH4" bearing solutions [26]. All three compounds are known to phosphorylate organic
molecules under certain conditions [2].
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2. Materials and Methods

Sodium trimetaphosphate and formamide were obtained from Fischer Scientific. Choline
chloride, NaH2PO4 and D20 were obtained from ACROS Organics and glycerol from Alfa
Aesar. White quartz sand and kaolinite were obtained from MPI chemicals. All chemicals and
minerals were used as received. Deionized water was obtained using a Barnstead (Dubuque, [A)
NANO pure ® Diamond Analytical combined reverse osmosis-deionization system. Struvite was
synthesized by reaction of equal volumes of 0.5 M MgCl2, NH4Cl and NazHPO4 solutions,
resulting in a white precipitate that was identified by an Enwave Raman microscope as struvite,
as previously reported [13].

The glycerol-choline chloride deep eutectic solvent (hereafter called simply DES) was
prepared by mixing choline chloride and glycerol in a 1:2.5 molar ratio, respectively, following
prior work with deep eutectic solvents [14, 27, 35].

2.1Phosphorylation of glycerol in formamide and a DES

In a typical phosphorylation reaction performed in formamide, 0.8 g glycerol and 0.1 g of
an in organic phosphate (Pi) source were added to a glass vial containing 7 mL formamide.
When silicates were examined, 0.5 g of kaolinite or quartz sand was added to the solutions prior
to heating. The reaction vials were sealed tightly and heated with constant stirring at 85 °C for
one week. To examine the phosphorylation of glycerol in glycerol-based solvents, solutions were
prepared by mixing glycerol and choline chloride to give a final ratio of 2.5 to 1, to which
various phosphate sources and silicates were added. Reactions were analyzed by *'P NMR and
MS.

2.2 3P NMR and MS studies of the phosphorylation samples

3P NMR spectra were acquired on Unity INOVA 400 spectrometer (161.84 MHz for *'P
and 399.882.54 MHz for 'H) equipped with a variable temperature controller and a Varian 5 mm
Autoswitchable with Z axis gradient probe optimized for tuning of 3!'P and 'H [13-15] . The 3'P
chemical shifts are reported using an external reference standard (neat solution of phosphoric
acid at room temperature ~25 °C, & ppm = 0.0). A 3!P 45° flip angle pulse was used for both
proton decoupled and non-decoupled spectra (90° *'P pulse of 9.8 psec at 54 dB attenuation,
where max power output ~300 Watts). For proton decoupled spectra a composite pulse Waltz
decoupling sequence was applied with field strength of 2525 Hz during the acquisition time of 1s
and the relaxation time of 1s. Samples were dissolved in D20 and the signal was averaged from
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512 transients. Mass spectrometry was performed on a 6130 Single Quadrupole Mass
Spectrometer attached to an Agilent 1200 HPLC in negative ion mode.

3. Results and Discussion

We initially investigated the phosphorylation of glycerol in the glycerol-choline Cl DES
(Fig. 1). Reactions were performed at 85 °C for one week, and analyzed by *'P NMR (Fig. 2) and
mass spectrometry [14]. Yield of organophosphates was determined by *'P NMR analysis and
are reported in Table 1. Yields as high as 76% were observed after 7 days of heating
trimetaphosphate (TMP) in the DES in the presence of struvite.

Figure 2. *'P NMR spectra of products formed by reacting A) struvite in GES, B) glycerol with
struvite in formamide, and C) TMP with glycerol in formamide. All reactions were performed at
85°C for seven days. Note that in formamide TMP partially hydrolyses into pyrophosphate (PPi).
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Table 1. Yields’® of organophosphates (%) in glycerol-choline chloride eutectic solvent

(GES).
Glycerol
Phosphate Glycerol-1- Choline- Glycerol-2- 1,2-cyclic
source Mineral added | phosphate phosphate phosphate phosphate Total
NaH,PO4 None 0 0 0 0 0
NaH,PO4 Kaolinite 8 3 1 0 12
NaH;PO4 Qtz Sand 7 0 0 0 7
TMP None 11 0 4 0 15
TMP Kaolinite 35 10 12 5 76
TMP Qtz Sand 18 3 3 1 25
Struvite None 8 5 2 0 15
Struvite Kaolinite 21 4 3 0 28
Struvite Qtz Sand 12 10 0 0 22

[a] The yields were calculated on the basis of the total phosphorus dissolved into the solvent
and by the peak integration method, coupled to semi-quantitative concentration estimation using

signal to noise ratios [1].

No TMP was observed among the products of these reactions, suggesting all TMP had
reacted in solution. Pyrophosphate was detected only in those experiments using TMP, where it
is a hydrolysis product of TMP. No pyrophosphate was seen in experiments involving only
struvite, in contrast to prior work [37].

With respect to the three phosphate sources, TMP was found to produce the highest yield
of glycerol phosphate and choline phosphate in the DES (Table 1 and Figure 2). This was not
unexpected as TMP bears high energy phosphoanhydride bonds and has been shown previously
to phosphorylate organic molecules [2, 38]. Indeed, sodium phosphate and struvite are both
known to be good sources of phosphate for phosphorylation, however, the yields typically are
not as high as reported here [2]. Intriguingly, the total yield of organophosphates significantly
improved when sand and/or kaolinite were included in the reactions (Fig. 3). Both silica-based
minerals promoted the formation of organophosphate compounds, with reactions performed with
kaolinite producing slightly higher yields than reactions performed with quartz.
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Figure 3. Plot showing the total yield of organophosphate (i.e., total yield of all glycerol
phosphate species and choline phosphate) from reactions performed in glycerol-based eutectic
solvents. Reactions performed in the presence of quartz sand, kaolinite and no catalyst are
shown, with the various phosphate sources used, i.e., TMP, TMP or struvite.
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We next investigated the ability of silicate minerals to enhance the formation of
organophosphates in formamide solutions. Similar to reactions performed in the DES, reaction in
formamide were performed at 85 °C for up to one week. Yields were significantly enhanced in
solutions containing silicate minerals for all three phosphate sources as compared to reactions
that were performed in the absence of a silicate (table 2, Fig. 4). The best organic
phosphorylation yields were obtained when struvite was used as a phosphate source and silicates
were used as catalysts. To the best of our knowledge, this is the first study showing a two-
mineral, one-pot reaction produces higher yields than single mineral reactions, suggesting either
some interplay between the mineral reactivity, or catalytic activity promoting the reaction. The
silicates played a critical role in the phosphorylation process in formamide, with yields of
organophosphates being considerably higher than in the DES, and to the best of our knowledge,
higher than any previously reported model prebiotic phosphorylation reaction performed in
formamide [21-22], in this case using TMP as the phosphate source. The heating of the reaction
mixtures here for one week in the presence of silicates also promotes the formation of glycerol
cyclic phosphates.
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Table 2. Yields® of organophosphates (%) in formamide

Glycerol
Mineral Glycerol-1- Glycerol-2- 1,2-cyclic
Phosphate added phosphate phosphate phosphate Total

NaH,PO, None 12 4 0 16
NaH;,P0O4 Kaolinite 70 13 0 83
NaH,PO4 Qtz Sand 56 10 0 66
TMP None 35 0 37
TMP Kaolinite 76 0 76
TMP Qtz Sand 38 11 1 50
Struvite None 30 5 0 35
Struvite Kaolinite 78 11 1 90
Struvite Qtz Sand 75 9 2 87

[a] The yields were calculated on the basis of the total phosphorus dissolved into the solvent and
by the peak integration method, coupled to semi-quantitative concentration estimation using

signal to noise ratios [1].

Figure 4. Plot showing the total yield of organophosphate from reactions performed in
formamide. Differences in phosphorylation in formamide using quartz sand, kaolinite and no
catalyst and by using different phosphorus sources such as NaH:POs, TMP, and struvite.
Formamide appears to be far better phosphorylating medium than the GES with the highest
yields coming from using struvite in the presence of kaolinite.
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These results are somewhat comparable to our previous findings that non-aqueous
solvents like DES enhance the yields of phosphorylation reactions [14]. In our previous works
we demonstrated that DES of choline chloride and urea can be used as a medium for the
phosphorylation of organics (with yields up to 99%). The results present in this work show the
efficiency of a glycerol-based DES and formamide as suitable mediums for phosphorylation
reactions. From the prebiotic perspective, both glycerol and choline are potentially available as
organic compounds on the early earth [10, 39]. Choline has been prepared under prebiotic
conditions [39-41], and if present within ocean water, on dehydration the dominant salt should
have been the chloride. Glycerol is well known as a simple alcohol, produced under plausible
prebiotic conditions for instance by ionizing radiations of methanol-based interstellar ices, and is
present as the most abundant 3-carbon sugar-alcohol in the Murchison meteorite [9, 10].
Formamide has been considered to be prebiotically relevant [20-24], albeit with caveats [25].
Hence quite possibly a glycerol-based solvent could arise through the evaporation of water with
high concentrations of these two organic compounds or a plausible prebiotic formamide scenario
could be established by the high concentration of formamide in the water. Subsequent water
evaporation could have promoted the prebiotic formamide chemistry [24].

Furthermore, although the existence of widespread struvite on the early Earth is debatable
[13], localized occurrences are certainly feasible [26] and this phosphate mineral has shown
remarkable reactivity towards organics. Moreover, the present work also focuses on the potential
significance of struvite as an important phosphate releasing mineral from the prebiotic point of
view of phosphorylation in alternative, non-aqueous sovlents.

The products are also functional group specific; most phosphorylation products in these
reactions were terminal hydroxyl groups. We will not claim here that this experiment is fully
representative of actual prebiotic chemistry that occurred on the early earth; further work will be
necessary to determine if other plausible sources of phosphorus such as apatite [42] also promote
phosphorylation (see [26] for a new route), and that a DES can arise under realistic geochemical
conditions. However, the results show promise for anhydrous environments and reactions in
prebiotic chemistry. We also note that the reaction pathway suggests other efficient dehydration
reactions such as sugar and amino acid condensation will occur in DES systems, with potential
relevance in prebiotic chemistry, biochemistry, and chemical engineering [43-44]. Such a role
has been suggested for montmorillonite, in the formation of nucleotide polymers under model
prebiotic conditions [30]. The present study demonstrates that, in addition to the well-known
ability of silicates to catalyze the formation of long RNA polymers, silicate minerals can also
assist in directing dehydration reactions to form organophosphates. Thus, the results presented
here suggests a potentially simple senario for the origin of informational polymers, involving a
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single environmental location where silicates assisted in both the formation of (pre)RNA
monomers and polymers.
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