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Abstract: Phosphorus (P) is an essential element for life. It occurs in living beings in the
form of phosphate, which is ubiquitous in biochemistry, chiefly in the form of C-O-P
(carbon, oxygen and phosphorus), C-P, or P-O-P linkages to form life. Within prebiotic
chemistry, several key questions concerning phosphorus chemistry have developed: what were
the most likely sources of P on the early Earth? How did it become incorporated into the
biological world to form the P compounds that life employs today? Can meteorites be
responsible for the delivery of P? What were the most likely solvents on the early Earth and
out of those which are favorable for phosphorylation? Or, alternatively, were P compounds
most likely produced in relatively dry environments? What were the most suitable
temperature conditions for phosphorylation? A route to efficient formation of biological
P compounds is still a question that challenges astrobiologists. This article discusses these
important issues related to the origin of biological P compounds.
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1. Introduction

The origin of life is a fascinating and still an unresolved issue. Deciphering this issue would have
huge scientific, social as well as epistemological implications. Scientists have proposed different
scenarios to explain the origin of life but these are still unresolved. There are many problems and
questions concerning the origin of life including the synthesis of simple biomolecules such as amino
acids, simple sugars, and nitrogen bases etc. Furthermore, how did these molecules react to form
complex assortments of biomolecules such as lipids, peptides, nucleosides, nucleotides and their
ultimate polymerization to form the complex building blocks of life [1].
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Another relevant question is the necessary concentration of such molecules and their efficient
conversions from their simple precursors. Also, what plausible conditions on the Hadean Earth could
generate such molecules, as well as concentrate them, leading to the formation of their corresponding
biopolymers. Once the biopolymers formed, the next steps would have been the formation of cellular
compartments, the generation of cell membranes, with excellent stability and self-assembly properties
and ultimately the storage and safe replication and transfer of genetic information.

One problem regarding the prebiotic chemistry is the “problem of phosphorus and phosphorylation”.
This review article will highlight the most likely sources of P on the early Earth, potential prebiotic
phosphorylation reactions that have been most promising so far and how minerals (serving as catalysts)
could have impacted better phosphorylation reactions on the Hadean Earth. It will explore phosphorylation
reactions occurring in different solvents, terrestrial sources of phosphorus, phosphorylation reactions
by using different sources of orthophosphate (OP thereafter) (both salts and minerals), with or without
condensation agents and catalysts, by using condensed phosphates, photo chemically catalyzed
phosphorylation reactions, by dry heating, under wet dry cycles, by the use of both aqueous and
non-aqueous solvents, by reduced P sources and meteorites as sources of phosphorus and some recent
developments in the realm of prebiotic P chemistry (Figure 1).

Figure 1. The chart below shows a generic scheme to show various routes that have been
described so far in the prebiotic phosphorylation reactions where; OP stands for
orthophosphate and TMP stands for trimetaphosphate.
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2. Biological Significance of Phosphorus

P is a key biogenic molecule which comprises of about 1% of the dry weight of cells [2]. It serves
in all life properties such as cellular metabolism (cellular respiration, involving sugar phosphates,
P containing enzymes etc.), structure (phospholipids) and a necessary part of information storing
molecules (RNA and DNA). Replication and metabolism are the two main biochemical processes that
mainly rely on P as it constitutes 3% of the atomic composition of RNA, and about 1% of the atomic
composition of the metabolomics [2,3]. Most interestingly, about 44% of all metabolic compounds
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are biological P compounds [3]. The phosphorylated biomolecules occurring in living organisms are
classified into the following categories; (1) Reactive organophosphates such as acetyl phosphate,
phosphoenolpyruvate, phosphocreatine, (2) stable phosphorylated biomolecules such as glycerol
phosphates, ribose phosphate, and phosphoethanolamine and (3) condensed phosphates such as
adenosine-di-phosphates (ADP), and adenosine-tri-phosphates (ATP) [2].

Biological phosphates containing C-O-P linkages are essential for life (Figure 2). The active
participation and significance of P in the origin of biological compounds and hence life is an old
concept dating to Darwin’s time. Darwin’s thinking about the significance of P and origin of life can
be understood well from his letter written to his close friend Joseph Dalton Hooker: “it is often said
that all the conditions for the first production of a living being are now present, which could ever
have been present. But if (and oh what a big if) we could conceive in some warm little pond with
all sort of ammonia and phosphoric salts, light, heat, electricity present, that a protein compound was
chemically formed, ready to undergo still more complex changes” [4]. From other letters to his friends [4],
it can be clearly understood that he considered P as one of the most essential components for the origin of
prebiotic biomolecules and how simple materials such as carbonic acid, nitrogenized compounds and
phosphorus would have helped in the formation of earlier prebiotic molecules [4].

Figure 2. Some biological phosphates that are vital for cellular activities
and hence for life. These include simple sugar phosphates such as glycerol phosphate
(for respiration and cell structure) and highly complex molecules such as nucleotides
(for storing information), and phospholipids (for structure).
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Westheimer describes the significance of P and OP and nature’s selection of phosphates for
multifarious roles in the biochemistry of living beings. Also, in many metabolic reactions the leaving
group is usually phosphate or even pyrophosphate [5,6]. Another feature about the significance of
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phosphates links with the fact that living beings must conserve their metabolites within their cell
membranes [2,7]. If biomolecules could seep out of their cell membranes during metabolism,
these would get diffused into the surrounding water, leaving the cell. Many neutrally charged molecules
can easily pass through the cell membranes where organophosphates on the other hand are charged
species and hence cannot pass through the cell membranes. Thus, biomolecules can be retained within
the cellular boundaries if these are charged species i.e., phosphates [2,5]. In addition, the charge on the
phosphates in the DNA and RNA provides greater structural stabilities [2]. One of the most striking
features is that the phosphate esters in the DNA and RNA contain negative charges and thus are
resistant to hydrolysis and also repel the nucleophiles such as OH™ [2].

3. Phosphorus Minerals and the Origin of Life

Hazen discusses various forms of P minerals that may have played a role in the origin of
biological phosphate compounds on the early Earth [8]. Primary mineral phases in chondrules of
type 3 chondrites include schreibersite, perryite [9] and merrillite [8,10]. The dominant phosphate
minerals include apatite (Cas(PO4)3(F,Cl,OH)), whitelockite (Cag(MgFe)(PO4)6PO3;0OH), and brushite
(CaHPO,4 2H,0) [11]. These minerals are poorly soluble in water and under mild conditions show very
little reactivity towards organics [12—15]. Furthermore, on the Hadean Earth the mineral brushite could
also have precipitated [16]. Interestingly, it is also assumed that under higher concentrations of Mg?**
and NHs, the mineral struvite (NH;MgPO, 6H,0) could be formed [16]. However, this possibility is
still debatable [17]. An additional possibility is the occurrence of reduced P compounds and their
reactions on the early Earth, and is further discussed in Section 10.

4. Prebiotic Phosphorylation by Phosphates

The syntheses of P compounds of biological relevance have been one of the primary goals of the
prebiotic chemistry for the past 50-60 years. One of the primary factors to consider is the suitable solvent.
Certainly water being the most ubiquitous solvent in the universe, is the most likely solvent for prebiotic
chemistry. Because of the significance of water, finding and tracing water is still the astrobiologists’s
basic strategy in searching for life in the universe [18] and probable “habitable zones” [19].
This is why most of the significant prebiotic chemistry reactions are primarily attempted in water.

Typically, phosphorylation reaction means a dehydration reaction between an OP and organic
molecule. Such a generic reaction is given below;

R-OH + HO-PO5* » R-O-PO;° + H,0 [2] 1)

The reaction given above is thermodynamically unfavorable. This is because this process is trying
to “pull out” water into the aqueous environment, thus making phosphorylation extremely challenging
and with low efficiency. This is a major reason why the phosphorylation process has been a challenge
in prebiotic chemistry. The major challenging aspects include: a common route to synthesize significant
biological P compounds with good yields and with conditions relevant to the Hadean Earth and in the
presence of water.

In order to overcome the difficulty of removing water with relative ease, different conditions have
been employed such as using condensation agents or other catalysts, heat, attempting better yields by
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using different forms of inorganic P compounds and even all of the above mentioned factors altogether
(Table 1) or the use of potentially prebiotic non-aqueous solvents.

Table 1. Phosphorylation reactions by using OP as phosphate source.

. Reaction )
Organic OP Source . Products Yields Ref.
Conditions/Catalysts
L . 65-95 <C, 5-24 h, Uridine & thymidine
Uridine, thymidine NaH,PO, . i 12% [20]
ethylisocyanide phosphates
. . 25 C, 21-72 h, Ribofuranose
D-ribose Sodium phosphate 6%-8% [21]
cyanogen phosphate
Glucose-1- PO, or Na,HPOQO,/with or Room temperature, Glucose-1,
. i 1%-3% [22]
glucose-6- PO, without 2 h, cyanogen 6-di-Phosphates
Room temperature,
Fructose Na,HPO, Fructose Phosphates 15% [23]
2 h, cyanogen
90 T, 1 week,
heating leading to Thymidine
Thymidine Apatite g g_ y 10%-83% [24]
dryness, ammonium Phosphates
oxalate, cyanides
Na,HPO,, Ca(HPO -
Uridine ? « Ca( )z 160 <€ Uridine Phosphates 0%-16% [25]
NaH2PO4
- Thymidine
Thymidine Na,HPO, 65 <C, urea 25% [26]
Phosphates
. Electric discharge, Adenosine
Adenosine (NH4),HPO,4, KH,PO, 2% [27,28]
Cyanate Phosphates
i Nucleoside
Nucleosides Na,HPO, 100 <C, urea 18% [29]
Phosphates
Room temperature,
Glucose HsPO, . . Glucose Phosphate 1.9% [30]
dicyanamide
Uridine Casz(POy), 85 <C, urea Uridine Phosphates ~ 30%-80% [16]
Trehalose NaH,PO, 56 T Trehalose Phosphates 15% [31]
Glycerol NH4H,PO, 85 <C, urea Gycerol Phosphates 30% [32]
Thymidine and Thymidine and
. NH,H,PO, 100 <C, urea o 33% [33]
Uridine Uridine Phosphates
Choline Chloride, . . Choline and Glycerol
Struvite, monetite 75-85 C 3%-30% [17]
Glycerol Phosphates
Various OP
(H3PO4, NaH,PO,.
Uridine 2H,0, Nay,HPO,. 2h, 125-160 <C Uridine Phosphates 0%-16% [34]

7H20, NH4H,PO,,
Ca.3(PO4)2 etC.)

Notes: Table 1 shows different prebiotic phosphorylation reactions carried out only in water as a solvent and with
or without condensation agents. Also, this table shows notable prebiotic phosphorylation reactions of aqueous
solutions of organics with different sources of OP (orthophosphates) and without any minerals or clays as catalysts.

The use of condensation agents is highly significant in the phosphorylation reactions.
Condensation agents help in facile phosphorylation reactions at even relatively lower temperatures and



Challenges 2014, 5 198

with better yields. For example, cyanogen induced phosphorylation of glucose-1-phosphate into
glucose 1, 6-di-phosphate occurs at room temperature with yields 1%—-3% [22]. A noteworthy point
here is the successful conversion of glucose-1- phosphate into glucose 1, 6-di-phosphate under mild
conditions. The mechanism was clarified by the use of **C labeled reactions which showed that the
glucose-1- phosphate was capable of being converted into di-phosphate and that cyanogen must be
responsible for this intermolecular phosphate transfer from one molecule of glucose-1- phosphate
towards the carbon-6 of the other glucose-1-phosphate to form the di-phosphate [22]. Extensive work
has also been done which shows that urea and inorganic phosphates form an excellent phosphorylation
mixture. Efficient phosphorylations of organic compounds such as glycerol and nucleosides occur
when urea is used as a condensation agent (Tables 1 and 2).

5. Clays, Minerals or Salt Catalyzed Prebiotic Phosphorylations by Using OP

In addition to the above methods, clays and inorganic compounds have been utilized to synthesize
organic-P compounds. Mineral or clay surfaces undergo significant alterations and modifications in the
presence of solvents and organics and heat [35-38].

Table 2. Minerals/clays/salts catalyzed phosphorylation reactions by using OP as a source

of phosphate.
. Reaction .
Organic OP Source n Products Yields Ref.
Conditions/Catalysts
Chimyl alcohol *, 65 T, cyanamide, ..
y NaH,PO, . y L Phospholipids 0.015%-0.2%  [39]
dodecanoate kaolin, silicic acid
100-200 € Glycerol and
Glycerol, . .
. H3PO, hydrothermal conditions, Ethanolamine 0%-1% [40]
Ethanolamine .
minerals Phosphates
100-160 <,
hydrothermal conditions,
Glucose H3;PO, . Glucose Phosphates 0.05%—2% [41]
(kaolinite +

montmorillonite)
8-100 <, few hours

Struvite,
Uridine i 1 week, MgCl,, Uridine Phosphates 0%-39% [42]
Hydroxylapatite
NH,4CI, urea
Uriding, Uridine phosphates,
. Na;HPO,, .
Adenosing, i 60-100 <C, NH,CI, urea,  Adenosine phosphates,
. Hydroxylapatite . 3%-95% [43]
Guanosine, NH4HCO;4 Guanosine phosphates,
. (Cas(PO,)30H) .
Thymidine Thymidine phosphates

Notes: Table 2 shows different prebiotic phosphorylation reactions (by using OP) carried out only in water as
a solvent, with or without condensation agents and using different minerals, clays and salts as catalysts.
* Chimyl alcohol (Glycerol 1-hexadecyl ether, (+)-3-(hexadecyloxy)-1,2-propanediol) was chosen as a
precursor for phospholipids because it was stable under the conditions used and avoided the requirement of
large amount of glycerol and fatty acid in the reaction mixture [39]. Furthermore, this compound is of great
prebiatic relevance as it is the major component of ether lipids which are common in archaea.
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The Table 2 shows some of the clay/mineral catalyzed phosphorylation reactions. One of the most
important of such minerals and clays belongs to the class of silicates [39—41]. Hydrothermal synthesis
of glycerol phosphates has been reported at temperatures as high as 200 <C by the use of a large
variety of different minerals and clay minerals such as garnet, quartz, perlite, kaolinite etc. and iron
oxides such as hematite [40]. The maximum yield of the glycerol phosphates was 1%. Under similar
conditions a mixture of kaolin and montmorillonite gives detectable yields of glucose mono and
di-phosphates which are below detection limits without the clay mixture [41]. Furthermore, it has been
found that glycolaldehyde phosphate once sorbed from a weakly alkaline solution into the interlayer of
common expanding sheet structure metal hydroxide minerals (i.e., hydrotalcite) condenses into a large
range of racemic aldotetrose-2,4-diphosphates and aldohexose-2,4,6-triphosphates [44]. The main
reason behind this catalysis is that anionic species such as phosphates carbonates, ferrocyanides, and
phosphate esters usually carry multiple negative charges and are thus efficiently sorbed on in
positively charged minerals which leads to interesting polymerization reactions [44]. Another work
done on the mixed valence double layer metal hydroxide minerals [45] reports the formation of
racemic pentose-2,4-biphosphates by using glycolaldehyde phosphate and glyceraldehyde-2-phosphate
as starting materials. The products yield is as high as 48% [45].

The significance of silicates in the synthesis of nucleotides has also been studied extensively [46]
in which the reactivity of adenosine mono-phosphate (AMP), inorganic phosphate adsorbed onto the
amorphous silica was studied. Most interestingly, it was found that the inorganic phosphate adsorbed
onto the silica condense to polyphosphates at relatively lower temperatures. In addition, in the same
temperature range, AMP adsorbed alone undergoes dismutation reactions, giving rise to condensed
biological phosphates, such as ADP (adenosine-di-phosphate) and even ATP (adenosine-tri-phosphate).
The XRD data of the study showed that there is a competition between the inorganic-phosphate and
AMP for surface desorption sites on the silicates [46].

In addition, perhaps one of the earliest methods ever to report the phospholipid synthesis employs
the use of silicates as catalysts such as kaolin and silicic acid [39]. Certain ions or their salts such as
Ca®* and Mg?* are also seen to play important roles in the phosphorylation reactions by dramatically
increasing the yield of products containing condensed phosphate [42].

6. Phospholipid Synthesis by OP

One of the key methods for the prebiotic syntheses of phospholipids has already been discussed
earlier [39] which employs heating chimyl alcohol, dodecanoate, and glycerol in the presence of
silicates and condensation agents to produce phospholipids with yields 0.015%-0.2%. Another method
to report the plausible prebiotic synthesis of phosphatidic acid has been achieved by heating
ammonium palmitate, glycerol phosphate, and condensation agents such as cyanimide and imidazole
for several hours from 60-90 <T [47]. The products were monopalmitoyl-glycerol phosphate,
monopalmitoyl cyclic-glycerol phosphate, and dipalmitoylglycerol-phosphate with yields from 13%-60%.
Similarly, heating a mixture of choline chloride, di-sodium phosphatidate, cyanamide, at 80 <C for a
few hours gives complex phospholipid phosphatidylcholine (around 15%) [48].
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7. Photochemical Synthesis Reactions of Biological Phosphates

Acetyl phosphate, an important biological phosphate, has been synthesized from the photochemical
reaction between thioacetic acid and inorganic phosphate while uracil and borax enhanced the overall
reactivity of the system [49]. Another photochemical reaction is the synthesis of carbamoyl phosphate
from inorganic phosphate and ferricyanide by using visible light [50].

8. Prebiotic Phosphorylation Reactions by Using Condensed/High Energy Phosphates

Inorganic OP salts are not known to be effective phosphorylating agents while condensed phosphates or
polyphosphates, on the other hand serve as excellent phosphorylating agents [34]. Condensed phosphates
or polyphosphates are long chain compounds that are linked together by the removal of water from OP
forming a stable P-O-P bond [51]. However, their natural occurrence was not known until the
pioneering work of Yamagata and coworkers who demonstrated that volcanic activity can produce
water soluble polyphosphates through partial hydrolysis of P4O40 [52].

Extensive work has been done on prebiotic phosphorylation reactions by using condensed or
polyphosphates. Some of the reactions are described in the Table 3 given below.

Table 3. Phosphorylation reactions by using condensed phosphates.

. Condensed Phosphate Reaction .
Organic . Products Yields Ref.
Source Conditions/Catalysts
Room temp., 5 days, Glycolaldehyde
Glycolaldehyde Amidotriphosphate p2+ 4 4 Y 76% [53]
Mg phosphate
. . Trimetaphosphate 35-45 <C, 16-40 h, N-phosphor-ylated
Amino acids . ; 60%-91% [54]
(TMP) pH =10-11 amino acids
Glyceric acid TMP High pH Phosphoglyceric acid 40% [55]
Sugars
lyceraldehyde, Amidotriphosphate or 4 <C room temperature
(g. Y Y L p_ P p Sugar phosphates 25%-87%  [56]
Ribose, Threose, diamidotriphosphate MgCl,
Erythrose)
. ) High pH, room .
Inosine Clyclotriphosphate Inosine phosphates 26%—-33% 57
y pnosp temperature—70 C pnosp ’ o 7]
Adenosine MgCl,, 100 <C, .
I TMP gLl L Adenosine phosphates 1% [58]
monophosphate hydrothermal conditions
Beta hydroxyl-n- Beta hydroxyl-n-
yaroxy Cyclic TMP High pH nyarexy 19% 40%  [59]
alkylamines alkylamine phosphates
Nucleosides TMP High pH Nucleotides 50%-60% [60]
Adenosine Cyclic TMP 70-85 T, Ni** Adenosine phosphates 30% [61]
. 2t Adenosine
(AMP) Cyclic TMP Mg“" heat 85%-90% [62]
poly-phosphates
. Graham’s salt, Reflux at 100 <C, 46 h, .
Adenosine ) Adenosine phosphates 0%-1% [63]
Na,P,07, NasP304 etc. high pH
Near-neutral pH , room
Glycolate TMP temperature, few hours  Phosphoglycolic acid 34% [64]

4 months, Hydrotalcite

Note: Table 3 shows some phosphorylation reactions by using condensed phosphates as a source of P.
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Table 3 also shows that cyclotrimeta phosphate (cTMP) is one of the most commonly used
condensed phosphate in the prebiotic phosphorylation reactions. One interesting reaction is the
hydrotalcite catalyzed phosphorylation of glycolate by using TMP at near neutral pH and ambient
temperature [64]. The hydrotalcite member (Mg,AlI(OH)g) (Cl.nH20) (n ~ 4) of the double layer
hydroxide mineral group actively catalyzed the formation of phosphoglycolic acid and the yield
was up to 34% while no phosphorylation products were seen in the absence of hydrotalcite. The study
shows that mineral surfaces act as active sites for carrying a variety of catalysis reactions and
phosphorylation is one of them.

Another observation here is that these reactions are mostly catalyzed by Mg?* ion. As it is well
known that, Mg?* ion is essential for the stabilization of the di-phosphate bonds in the ADP [65,66].
The main reason is that Mg?* ion forms 6-membered rings with the oxygen and phosphorus atom of
the ADP and ATP [66].

It is believed that the stable complex formation between Mg?* ion and oxygen of the p- and y-P
parts of the oxyanion in ATP stabilizes the later (Figure 3) [66]. Another study on the role of different
metal ions on the formation of nucleotides further proves the significance of Mg®* ion being able to
catalyze the formation of nucleotides approximately 100 times greater than any other catalysts being
used in the study [67]. Another example in which Mg?®* ion catalyzes phosphorylation is the successful
conversion of glycolaldehyde to glycolaldehyde phosphate (GAP) by using amidotri phosphate [53].

Figure 3. Reprinted and redrawn with permission from [66] shows the probable Mg**
complexation with ATP. The most common complex is formed with oxygen of the - and
y-P parts of the oxyanion (Copyright © 2012 Blackwell Publishing Ltd.).
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Furthermore, the role of borates in the stability of sugars is worth mentioning which not only
stabilizes the sugars but also catalyzes the formation of sugar phosphates (such as ribose phosphate) by
forming stable complexes to give better yields of [68,69].

The previous sections discussed the prebiotic phosphorylation reactions in water by using
simple OP, condensed phosphates, with or without catalysts and condensation agents. The next section
will highlight some of the plausible prebiotic non-aqueous solvents and their scope for prebiotic
phosphorylation reactions.
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9. Prebiotic Phosphorylation Reactions in the Alternative Solvents

It has been discussed earlier that phosphorylation in water is a challenge [2] and naturally it is
extremely challenging to remove water through condensation in the presence of water i.e., “promoting a
drying reaction in water”. To overcome this challenge, higher temperature is given to a phosphorylation
reaction taking place in water as a solvent. This can generate more phosphorylated products as more
water is driven off [2]. However, higher temperatures may not only degrade the organic compounds
and products but also this may not portray an ideal prebiotic scenario. Furthermore, some of the most
prebiotically relevant phosphate minerals such as apatite, whitlockite and rare earth phosphate such as
monazite etc. are poorly soluble in water and cannot phosphorylate the organic compounds efficiently.
These above mentioned challenges have been overcome by three major routes (1) using condensation
agents (such as urea), (2) using reduced oxidation state P compounds (discussed in Section 10) and
(3) phosphorylation reactions in prebiotically relevant non-aqueous solvents. This section will
highlight some prebiotic phosphorylation reactions that have been attempted in non-aqueous solvents.

One of the most relevant solvents in this context is formamide which is an important
prebiotic compound [70], produced prebiotically by irradiation of a mixture of ammonia and carbon
monoxide [71,72], as a hydrolysis product of HCN [73,74], detected as a part of interstellar space [75].

Successful phosphorylation reactions of adenosine and other nucleosides have been reported [70,76-79].
Adenosine phosphorylation in formamide and water as a solvent mixture by using NasP3;O;0 and
heating (in open) at 115 <C for a few hours was carried out. The process led to the evaporation of water
suggesting that water evaporation of primitive ponds containing salts, water, formamide, and other
organics might have given rise to the formamide scenario [70,79]. Phosphorylation of nucleosides in this
solvent has given a mixed assortment of nucleotides with yields ranging from 6%-59% [70,78].

Moreover, the direct release of phosphate from the phosphate minerals in formamide has also been
studied by using different phosphate minerals such as; Herderite Ca (BePO4F),
Hureaulite Mn®* 5(PO3(OH), (PO.)2(H20)4, Libethenite Cu®* »(PO4)(OH), Pyromorphite Pbs(PO4)sCl,
Turquoise Cu**Alg(PO,)4(OH)g(H20),, Fluorapatite Cas(PO4)sF, Hydroxylapatite Cas(PO4):OH,
Vivianite Fe**3(POy4),(H.0)s, Cornetite Cu?*3(PO,)(OH)s, Pseudomalachite Cu®*s(PO4)2(OH)s,
Reichen-bachite Cu?'5(PO,)2(OH)4, and Ludjibaite Cu®**s(PO.)>(OH).) [76]; and phosphorylation of
adenosine was also studied by using these phosphate minerals. It was seen that only Libethenite as well
as Ludjibaite showed reactivity towards adenosine for phosphorylation and gave up to a few %
phosphorylated adenosine [76]. However, a noteworthy point is the question of the availability of many
of these minerals on the early Earth [8].

Recently, another non aqueous solvent, a deep eutectic solvent (urea and choline chloride 2:1) has
shown potential towards prebiotic phosphorylation reactions [80]. It is possible that eutectic melts of
urea and choline chloride form by heating and drying these mixtures [81,82] and evaporation of water
with plausible high concentration of these mixtures with organics, and an inorganic P source can give
rise to an assortment of phosphorylated biomolecules under mild conditions [80].

This method of phosphorylation has phosphorylated a large variety of organics such as nucleosides
(adenosine, uridine), alcohols (glycerol, ethanolamine), and sugars such as glucose to form not only
mono-phosphates but also the di and tri-phosphates with yields ranging from 10%—-99%. In addition,
choline chloride has also been reported to play dual roles (1) as a component of solvent (2) as an organic
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compound to react with phosphate. This method also produces phosphate esters even when monetite
(CaHPOQ,) is used as a phosphate source (Figure 4) [80]. The deep eutectic solvents have proven
to have remarkable significance towards biochemistry as well as possible prebiotic scenario [83,84].
It would be justified to consider them as an alternative route to synthesize phosphorylated biomolecules.

Figure 4. It shows *'P-NMR spectra of different phosphorylation reactions in the deep
eutectic solvent (urea and choline chloride 2:1 molar ratio), (a) heating of Na—Pi in the

DES without the addition of any external organic,

indicating the presence of

phosphocholine (PC) and orthophosphate (OP), (b) phosphorylation of adenosine with
NaH,PO4, (c) phosphorylation of glycerol by struvite mineral, (d) phosphorylation of
uridine with the same mineral (Reprinted with permission from [80]; Copyright © 2013,
Springer Science + Business Media New York).
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10. Phosphorylation by Using Reduced Oxidation State Phosphorus Sources

(_H
A

An alternative route to synthesize phosphate esters are reduced P compounds, having the charge on
P less than 5" [2]. Gulick was the first to suggest that such reduced P compounds might have played a
central role in the origin of life due to their increased solubility in water (nearly 1000 times higher than
phosphate in water, in the presence of certain divalent cations) [2,13]. The discovery of phosphonic
acids in the Murchison meteorite [85] led astrobiologists to consider other alternative forms of P for
the origin of life. Routes to synthesize phosphonic acids by UV irradiation of phosphite, in HCHO
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and simple alcohol’s presence have been reported [12,86]. Electric discharges in saturated N, reduce
phosphate to phosphites [87] and successful reduction of Na,HPO,, hydroxyapatite and fluorapatite
with yields ranging from 0.5%-11% [88] show a great potential of reduced oxidation state phosphorus
compounds for the prebiotic phosphorylation reactions from another perspective.

Also, nucleoside reaction with (NH,), HPO3) at 60 <C produces 0%-44% nucleoside phosphonates
showing an increased reactivity as compared with the corresponding ammonium phosphate [89].

A relatively recent finding regarding the reactivity of reduced P compounds is the work on
meteorite mineral schreibersite (Fe;Ni)P [90], a commonly found mineral in the iron meteorites [12,90].
In the study, FesP, an analogue of schreibersite corrodes in water containing acetate and gives a large
variety of highly water soluble species such as OP, hypophosphate, phosphites, and even organic
P compounds such as cyclic organic P, phosphonacetate etc. [90] and this study of using FesP
was extended further [91]. The authors described a series of redox reactions taking place in water
containing acetate and FesP (Figure 5) [90,91].

FesP + 7H,0 > Fes0, + HaPO3 + 5% H, [90,91] 2)

HsPO3 + H,0 H3PO4 + H; (g) » [90,91] (3)

Equations (2) and (3) show some of the reaction taking place during the aqueous corrosion of FesP.
The reactions are further supported by the anoxic irradiation studies of Ill CD iron meteorite
containing schreibersite in the presence of ethanol and water which gives reactive oxyacid H- phosphinic
acid H3PO; [92] and other phosphonates [93].

Another finding shows that H-phosphinic acid and pyruvate react in water to form cyclic
P compounds. The H-phosphinate in the system reacts with pyruvic acid to form a di-insertion product
which forms amide linkage with an amine; and this linkage between an amine and carboxylic acid is
of great prebiotic relevance [94]. The approximate corrosion rate of FesP in saline solution is found
to be about 0.2% per week or about 10% per year [95], suggesting that meteoritic phosphides released
reduced P on geologically short time scales; and a sufficient amount of reduced P would have been
available for the origin of life [94]. Furthermore, such meteoritic P compounds also give high energy
P-O-P type compounds [96].

The recent discovery of occurrence of phosphites in early archean marine carbonates has suggested
that phosphites were abundant as dissolved species in the ocean before 3.5 Ga [97] and possibly
the primary source of these reduced P compounds on the early Earth may have been meteorites
(i.e., meteorites containing schreibersite). Also, FesP (as an analogue of schreibersite or a source of
reduced P compounds) reacts with aqueous solution of glycerol in an N, atmosphere at 65 <C
and within 2-3 days produces not only inorganic species of P but also membrane making glycerol
phosphates with yields 2%-5% [97]. This clearly demonstrates that meteorites would also have played
a vital role for the origin of biological P compounds on the early Earth. Another fascinating example is
the generation of inorganic polyphosphates from reduced P compounds (Figure 6) which shows a
promising future of reduced oxidation P compounds in understanding the origin of life [15].
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Figure 5. It shows C-O-P and C-P type compounds formed due to Fe3P corrosion in the
aqueous solution containing acetate and other simple organics (Reprinted and redrawn with

permission from [91]; Copyright © 2007 Elsevier Ltd.).
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11. Conclusions and Recapitulations

As discussed above, there are many possibilities to explore the potential prebiotic phosphorylation
reactions by using a variety of P sources (Figure 7), along with potential prebiotically relevant
condensation agents (Figure 8). However, there are some challenges to overcome as well. As discussed
earlier, water is the most ubiquitous solvent and a strategy to find life or its possibility anywhere in the
universe is to find water [18] but water is a challenge for the phosphorylation reactions and this is why
many condensation agents have been employed.

Also, different pH and temperatures have been employed in different reactions with different
catalysts and one of the major challenges is that there are different routes to synthesize different
organophosphates and this calls for proposing a single and common route, under similar sets of time,
temperature and catalysts to synthesize a large variety of organophosphates.

Figure 7. Shows various forms of phosphates (simple and condensed phosphates) and
reduced P compounds that have been employed in various prebiotic phosphorylation reactions.
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Another, challenge concerning the prebiotic phosphorylations is the extremely low release of
phosphate and inertness by the most prebiotically relevant OP minerals [8] such as apatite,
whitlockite and brushite. The status of more efficient OP minerals such as struvite on the early Earth is
not clear since they need a high amount of NH; and Mg?* to precipitate out [16,17].

Alternative solvents tried so far for phosphorylation reactions have produced good vyields of
organophosphates and their further potentials are still to be explored [76,80]. Something that is still
challenging for prebiotic P chemistry is the further exploration of the syntheses of phospholipids,
studying the membrane formation capabilities by these routes and also the hydrothermal routes that
have not been explored much in respect for prebiotic phosphorylation of organics [40,41,58]. The main
challenge a typical prebiotic phosphorylation reaction in a hydrothermal environment may face will
include the rapid decomposition rates of organics.

Recent work on the meteorite mineral schreibersite and its analogue FesP and the generation of
condensed phosphates by Fenton chemistry show a great potential for prebiotic P chemistry [15,95-97]
but the next question is the plausible formation of a large variety of organophosphates from such sources.
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