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Abstract: The abiotic origin of genetic polymers faces two major problems: a prebiotically
plausible polymerization mechanism and the maintenance of their polymerized state outside a
cellular environment. The stabilizing action of borate on ribose having been reported, we
have explored the possibility that borate minerals stabilize RNA. We observe that borate
itself does not stabilize RNA. The analysis of a large panel of minerals tested in various
physical-chemical conditions shows that in general no protection on RNA backbone is
exerted, with the interesting exception of ludwigite (Mg Fe;+BOs). Stability is a fundamental
property of nucleic polymers and borate is an abundant component of the planet, hence the
prebiotic interest of this analysis.
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1. Introduction

The intense debate on the nature of life has led to the minimalist definition: “a self-sustaining
chemical system capable to undergo replication and Darwinian evolution” [1]. Each of the four concepts
onto which this definition relies (self-sustenance, chemical information, replication, evolution) entails the
existence of an informational polymer endowed of genetic functions. This function, now plied on Earth
in the vast majority of living systems by DNA, presumably originated as RNA. The “RNA world”
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theory [2-4] is based on the double nature of RNA, carrier of both genetic information and of the catalytic
functions [5,6] from which RNA-mediated synthesis of other RNAs evolved. Even though
macromolecular nucleic information may be organized in a vast number of alternative structures [7-10]
extant nucleic acids have no natural substitutes. This very fact points to the relevance of the problems
related to the origin and to the stability of their constituents.

Focusing on the sugar moiety of extant nucleic acids, one mayor objection to the plausibility of the
RNA world theory is the instability of ribose [4]. This property would have presumably prevented its
accumulation under prebiotic conditions, or at least decreased its presence diminishing the centrality
of its initial function. A possible solution is provided by the observation of the stabilization of
adenosine by borate [11] and of ribose by borate and by borate minerals ulexite, kernite and
colemanite [12]. The borate complex of ribose is more stable than the complexes of related
aldopentoses [11-13]. A theoretical study of the factors controlling the stability of the borate
complexes of ribose, arabinose, lyxose and xylose [14] confirmed these observations and revealed that
in the aldopentoses-borate complexes, the electrostatic field of the borate is strong enough to change
the orientation of the hydroxyl groups, causing increased stability. A coherent structural model of the
ribose-borate 2:1 stable complex was defined [14].

Is the boron protective effect observed for ribose [11-13] and for a nucleoside [11] instrumental
also for the protection of nucleosides when present in the ribonucleic polymerized form? This question
remains unexplored. Thus, we have analyzed the effect of boric acid, of tetraborate and of a large
collection of borate minerals on the stability of RNA oligomers.

Table 1. The borate minerals analyzed.

Mineral Formula MW
Axinite-(Mn) | Ca,Mn*"Al,(BO;)Si4O1,(OH) 569.21
Canavesite Mg,(CO3)(HBO3)*5(H,0) 258.51
Chambersite | Mn*";B;0,5Cl 483.93
Colemanite Ca,Bs041°5(H,0) 411.09
Dravite NaMg;Alg(BO3);Sic0,5(OH)4 958.75
Dumortierite | Al o(BO3)(S104);0,5(0H)q 5 569.73
Elbaite NalLi, sAls 5(BO3);SigO15(OH)4 916.68
Hambergite Be,(BO3)(OH) 93.84
Hydroboracite | CaMgB¢Og(OH)¢*3(H,0) 413.33
Jeremejevite | AlgBsO;sF,5(OH)g s 511.93
Johachidolite | CaAl(B;0,) 211.49
Kernite Na,B406(OH),-3(H,0) 290.28
Kornerupine (Mg,Fez+)4(Al,Fe3+)6(SiO4,B04)5(O,OH)2 734.04
Kurnakovite | MgB;03;(OH)s*5(H,0) 279,85
Ludwigite Mg,Fe* BOs 195.26
Painite CaZrB[AlyOs] 586.42
Rhodizite (K,Cs)AlBey(B,Be)1,0x5 778.83
Schorl NaFe?";Al4(B0;);Sic015(OH), 1,053.38
Ulexite NaCaB;0¢(OH)¢*5(H,0) 405.23
Vonsenite Fe’",Fe’'BOs 258.35
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2. Results and Discussion
2.1. The RNA stability assay

The effect of borate and borate minerals was analyzed both in water and in formamide at 80 °C.
This particular physical-chemical setting was selected because RNA degradation in these conditions
takes reasonable experimental time span, as previously detailed [15,16], and because of its per se
interest in a prebiotic perspective [17]. A preliminary set of analyses consisted in (i) the determination
of the stability of borate minerals at 80 °C in water or in formamide and in (ii) the measurement of the
variation of pH induced by minerals in the aqueous environment. The borate minerals studied are
listed in Table 1. The results of this analysis are reported in Table 2. Stability of the minerals was
determined by measuring with the curcumin colorimetric assay the boron released in the conditions of
the RNA stability assay: 80 °C in water or in formamide.

Table 2. Boron release and pH modification by borates.

Boron released' )
. pH

Mineral H,O H,NCOH

4hrs | 18 hrs 4 hrs 18 hrs | 24°C | 80°C
Axinite-(Mn) Ca,Mn*'ALL(BO5)Sis0;,(OH) 1.37 2.90 0 0 5.82 5.45
Canavesite Mg,(CO3)(HBO;)*5(H,0) 3.68 10.38 6.07 7.03 8.00 8.31
Chambersite Mn?*;B;0,5Cl 0.26 1.26 0.07 0.19 6.62 6.27
Colemanite* Ca,B4011°5(H,0) 12.52 43.87 9.07 17.75 7.38 7.56
Dravite NaMg;Als(BO3);Sis05(OH),4 0.77 1.80 0 0 6.12 5.72
Dumortierite Algo(BO;3)(Si104)3;0,.5(0H)q 5 0.19 0.46 0 0 7.15 7.20
Elbaite NaLi, sAlg 5(BO3);Sis05(OH),4 0.81 1.59 0 0 6.18 6.26
Hambergite Be,(BO3)(OH) 0.07 0.21 0 0 6.68 6.02
Hydroboracite =~ CaMgB4Og(OH)s*3(H,0) 0.03 0.74 0 0 8.26 8.61
Jeremejevite AlgB50;5F, 5(OH)g 5 0.15 0.38 0 0 6.38 5.82
Johachidolite CaAIB307 1.01 1.76 0 0 6.21 6.14
Kernite® Na,B,04(OH),:3(H,0) 2.85 3.73 | 100.00 | 100.00 8.47 8.36
Kornerupine (Mg,Fe*")4(AlFe*)(Si04,B0O,4)s(0,0H), | 0.36 0.69 0 0| 572| 539
Kurnakovite* MgB;03(0OH)s*5(H,0) 2.16 5.84 0 0 7.53 7.68
Ludwigite Mg,Fe* 'BOs 0.07 0.30 0 0| 7.02| 685
Painite CaZrB[AlyO 5] 1.34 2.88 0 0 5.81 5.31
Rhodizite (K,Cs)Al4Bey(B,Be) ;005 0.03 0.03 0 0 6.78 6.50
Schorl NaFe*";Al¢(BO;);Sig015(OH), 0.092 0.63 0 0 5.79 5.38
Ulexite * NaCaB;0¢(OH)¢*5(H,0) 25.07 70.59 3.69 8.61 7.38 7.72
Vonsenite Fe*',Fe’ BOs 0.73 0.81 - 0| 626]| 587
Boric acid H;BO; 531° | 4.88°
Sodium borate  Na,B,0- 5.33° | 4.74°

! Boron released at 80 °C after the indicated time. The values are reported as % of the amount of boron initially present in

the mineral; 2 pH measurement after 4 hours at the indicated temperature; 3 Measured at 100 mM; * The minerals

colemanite, kernite, kurnakovite and ulexite were found to be rapidly solubilized, thus releasing larger amounts of boron.

For these minerals the assay was scaled down 10fold, starting with 0.1 mg/mL instead of 1.0 mg/mL. Mean standard

deviation: Boron release = £0.03 for the % values up to 5.84, 0.5% for the % values between 15 and 100%. pH = £0.06.
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Figure 1 shows selected instances of boron release from minerals (%, 80 °C, water, note the
logarithmic vertical scale) relative to the total amount initially present in mineral form. The minerals
shown are representative of fast (colemanite, ulexite) and slow (hambergite, schorl,
ludwigite) dissolution.

Figure 1. Boron release in water.
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The amount is shown of boron released upon treatment in water of the indicated minerals, as
determined by the curcumin colorimetric assay. The assay was performed on 1 mg/mL for
hambergite, ludwigite and schorl, on 0.1 mg/mL for colemanite and ulexite (see also legend to
Table 2). The lines connecting the experimental points, here and in the following plots, have no
mathematical meaning. They are given only to facilitate identification. Mean standard deviation:

see legend to Table 2.

Table 2 reports the % of boron released at two representative time points (4 and 18 hrs) in water
for all the minerals analyzed. Data for the dissolution in formamide are also reported. In conclusion,
in water boron was released, although with quite different kinetics, by all the borates analyzed. Only
rhodizite remained undissolved, within the error limit of the assay. Faster dissolutions were
observed for colemanite, kernite, kurnakovite and ulexite. In formamide the majority of minerals
showed high stability with the exception of canavesite, colemanite and ulexite. Noteworthy, kernite
dissolved immediately and completely. The pH variation as measured in the RNA stability assay
conditions is reported in the two rightmost columns of Table 2. No extreme variations
were observed.

The stability of RNA in the presence of boron or borate minerals in water or in the formamide
organic environment was measured by treatment with these compounds of homogeneous (PolyA;4) or
heterogeneous (P1) 5’-terminally labelled ribooligonucleotide. The RNA remaining after treatment
was analyzed by gel electrophoresis. The eventual stable interaction of RNA with mineral surfaces
was also determined.

2.2. RNA stability in boron minerals

The effect of borates on RNA stability was studied as follows. First the stability of PolyA,4 and P1
ribonucleotides in water and in formamide at 80 °C was determined. Figure 2 Panel A shows the kinetics
of hydrolytic degradation of PolyA,4 in water at 80 °C. The pattern of degradation shows that the 24mer
was regularly hit by low-occurrence hydrolytic events along its whole length, as shown by the
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appearance of ladder-like degradation profiles. After about 10 hours in water, faster degradation of the
RNA started. The relatively high stability of the PolyA sequence in aqueous solution is well
established [18-20]. The stability of RNA phosphodiester bonds has repeatedly been associated with the
stacking interactions between adjacent bases [21-23]. Nucleic acid base-stacking is at present an
understood phenomenon [24-28]. The possibility that the initial stability of the PolyA oligonucleotide
towards hydrolysis is a base stacking-related effect was discussed in [15].

Figure 2. Instability of RNA oligonucleotides in water and in formamide.
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Panel A: Degradation kinetics of PolyA24 as a function of time (hours, minutes: h.mm) at 80 °C in
water and (Panel B) in formamide. 5’ Labelled oligonucleotide was treated (see Experimental
Section) for the period of time indicated on top of each lane and analyzed in 16% acrylamide gel
electrophoresis. Numbering of fragment sizes is on both left and right sides. U = untreated. As
reported [15], the subterminal phosphodiester bond on the 3° extremity of the molecule (the 23d) is
more resistant to hydrolysis, causing the absence of the 23mer from the degradation ladder-wise
profile. The bands representing the 2’-3’ cyclic phosphate and the 2’ or 3’ free phosphate
extremities are indicated (right of panel A, bottom). For this attribution, see (15, and references
therein). In water degradation started after a lag period of about 10 hours (as described and
discussed in [15]), while in formamide the degradation kinetics follows a first order kinetics since

the beginning.

Figure 2 Panel B shows the kinetics of degradation of PolyA,sin formamide. The degradation profile
proceeds regularly, with a typical linear progression, favored by the formamide-induced unstacking of
nucleic bases. The mechanism of degradation of RNA by formamide is known [29]. Figure 3 shows a
quantitative description of these degradations. Panel A reports the percentage (%) of intact molecules
(ordinate) as a function of time (abscissa) in both water and formamide. Panel B describes the
progression of the hydrolytic process in water at selected time points showing a regular progression.
Hence the absence of non-linearities caused by fragment-length, terminal, sub-terminal or sequence
context-induced effects. The same behaviour was observed for the mixed-sequence P1 RNA (not shown).
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Figure 3. Quantitative analysis of the degradation of the full-length molecules reported in

Figure 2.

Panel (a): the molecules remaining intact are given as a percentage (ordinate) of the full-sized
molecules (uppermost band) present at each time point (abscissa) relative to the zero time control.
Average of two experiments, with error bars. Panel (b) quantitative evaluation of the progression of
hydrolysis. The percentage is reported of each hydrolytically-produced band relative to the total
(100%) material present in the sample lane. Representative time points are reported (30 min, 4, 10

and 18 hours), as indicated. Allowance made for an average error of 1% (not indicated for

%

100

50

Y e %HZCIL“H
[0
o B qu
e
L
....................
0 5 10 15 20 25
hrs
(a)
@ 0.30 hmm
#® 400hmm
O 1000 hmm -
W 15300 hmm
mn
]
5 [ ]
oo O
g o Dg.-in
4 lgg s
. somS -
Gl ogQQQQOOOOQQEUGDOQO
- ...l a
l1 s wsms= m= : C o
) .20 15 10 5 0
fragment size (nt)

graphical reasons) the plot shows the regularity of the degradation process.

216

A general first screening of the effect of borates on RNA was performed as follows: 2 pmoles of
a 5’ end-labelled oligonucleotide (PolyA,s or P1) were reacted in water with three different

concentrations of boric acid, of sodium tetraborate, or of one of the 20 minerals considered (see list in

Experimental Section), namely with 10, 10% or 10° ug/mL. The reaction was allowed for different time
periods, usually 3 x 10, 1.8 x 10 and 1.08 x 10° min. For the minerals that caused modification of
degradation kinetics (both faster degradation or enhanced half-life of RNA) relative to that observed in

the controls in their absence, the kinetics were analyzed in greater detail.

Figure 4 details the stability of P1 RNA in boric acid. Panel A shows the kinetics of hydrolysis
(0, 30 min, 3 and 18 hours, as indicated) in water and in 100 mM boric acid, tested at the indicated pH
values. Boric acid (whose addition to water induces at 80 °C the pH value 5.0) does not protect RNA
(cfr lanes 1-4 with lanes 5-8). Panel B shows the corresponding plot.
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Figure 4. RNA stability in boric acid.
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P1 RNA was reacted in water and boric acid in various conditions, analyzed by gel electrophoresis

and quantitatively evaluated. Panel A: treatment for the indicated times (0, 30 min, 3 and 18 hours,
as indicated) at 80 °C at the indicated pH values in the absence (lanes 1-4) or in the presence
of 100 mM boric acid (lanes 5-16). Panel B: % of the full-length molecules remaining intact after
the indicated time in H2O or boric acid, as indicated. Data from Panel A. Panel C: full-sized
molecules after treatment in water at the indicated pH values obtained with Tris-HCI. Time points

as in panel A. Panel D: same in boric acid, at the indicated concentrations, pH 5.0.

Panel C shows the degradation kinetics (same time points, same pH range of values as those
reported in panel A) in water, without boric acid. The comparison of the bands corresponding to
full-sized molecules (indicating the first-hit kinetics of macromolecular degradation) of Panel A with
panel C shows that boric acid does not protect RNA at none of the pH values tested. Panel D shows
that in a range of two orders of magnitude of boric acid concentration (keeping the pH fixed at 5.0) no
protection is observed.

2.3. The effect of minerals on RNA stability

Figure 5 shows five examples of the “4 x 4” assay (four time points per four mineral
concentrations) run on PolyA,s4 in water or in formamide. The examples shown were selected as
representative of: Panel A, increased degradation in water (canavesite). Panel B, protection by low
concentration of mineral in water (jeremejevite). Panel C, increased degradation in formamide
(hydroboracite). Panel D, protection in formamide (rhodizite). Similar results were obtained P1 RNA
in formamide, showing the sequence-independence of the protective and of the degradative effects. All
the minerals were tested with this assay. The results, summarized in Table 3, showed that the large
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majority of the minerals analyzed caused faster degradation of the polymeric form, both in water and
in formamide. Figure 6 shows a more detailed kinetic analysis on ludwigite. The same was performed

(at the three concentrations selected) on all the minerals that, according to the data reported in Table 3,
hinted to a protective effect.
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Figure 5. RNA stability in water and in formamide in the presence of borate minerals. The
assay was run as described in Figure 2 in the presence of the indicated mineral: canavesite
(panel A), jeremejevite (panel B), hydroboracite (panel C), rhodizite (panel D) in water

(panels A-B) and formamide (panel C-D) for the indicated time spans (0, 0.30, 3
and 18 hours) with the indicated mineral.
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Table 3. The effect of borate minerals on RNA in water and in formamide.

219

H,0 ‘ Formamide

H,0

‘ Formamide

H,0

‘ Formamide

No effect

Protection

Degradation

Axinite-(Mn)
Colemanite
Dravite
Dumortierite

Jeremejevite

Jeremejevite *
Ludwigite *
Hambergite *

Rhodizite 1.8 x 10°
Elbaite 1.5 x 10°

Kurnakovite 6
Hydroboracite 8
Ulexite 10
Dumortierite 3 x 10
Chambersite 3.6 x 10

Canavesite 6.5 x 10
Kurnakovite 1.05 x 10°
Hambergite 1.15 x 10°
Ulexite 1.9 x 10
Kernite 2 x 10°

Johachidolite
Kornerupine
Painite
Schorl
Vorsenite

Axinite-(Mn) 6.5 x 10
Kornerupine 7.5 x 10
Schorl 7.8 x 10
Kernite 8 x 10

Elbaite 1.05 x 10°
Vonsenite 1.1 x 10?
Painite 1.2 x 10°
Canavesite 1.4 x 10?
Johachidolite 2.2 x 10
Rhodizite 2.4 x 10>
Colemanite 2.5 x 10?

Hydroboracite 2.8 x 10
Chambersite 3.6 x 10
Ludwigite 4 x 10

Minerals are listed in order of decreasing effect, both for protection and for degradation. The number after

each mineral name gives the t' of the 3° phosphoester bond (minutes) at 1 mg/mL of mineral in the assay.

Standard deviation: +3% of the t% value; *

jeremejevite, ludwigite and hambergite display a double effect:

protection at low dose of mineral and enhanced degradation at high dose. The observed t'2 values are:
(1) 3.3 x 10° min at 0.01 mg/mL, 1.7 x 10* min at 1 mg/mL; (2) 1.16 x 10* at 0.01 mg/mL and 10
at 1 mg/mL; (3) 1.10 x 10’ at 0.01 mg/mL and 3.6 x 10 at 1 mg/mL, respectively.

Figure 6. RNA protection in water by ludwigite, performed as described in Figures 2
and 5, for the indicated time spans (panel A). The plot in panel B shows the remaining
full-length molecules (%) at the indicated time in the presence (*) or in the absence

(o) of ludwigite.
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The three minerals whose interaction with RNA in water increased stability (jeremejevite,
ludwigite, hambergite) display a common behaviour: stabilization is observed only at low mineral
concentration (10 pg/mL) while at high mineral concentration (10° pg/mL) degradation is stimulated.
These three minerals do not have common elemental composition (in addition to boron, jeremejevite
contain Al and F; ludwigite Mg and Fe; hambergite Be) suggesting that protection could be provided
(1) by the only common element, boron, upon its possible release or (ii) by interaction of the RNA
oligomer with mineral surfaces. Given that free boron does not directly protect RNA (Figure 4) this
second possibility is favourably considered (see Discussion).

2.4. The retention of RNA by minerals

Both PolyA,4 and P1 ribooligonucleotides were treated with the crushed minerals and the RNA
absorbed was measured relative to that remaining in solution. Data were obtained as described in
Experimental Section.

The assay, performed on the 12/20 minerals that do not rapidly dissolve at 80 °C (as reported in
Table 3), showed that all the minerals adsorb RNA, the more efficient (>80% most absorption at 4
hours) being aixinite-(Mn), elbaite, hambergite, hydroboracite, ludwigite, schorl. After 18 hours a
large part (>70%) of the initially adsorbed material remained bound only to elbaite, hambergite and
hydroboracite. No difference was observed between PolyA,s and P1 RNA. Given its protective
capacity, jeremejevite was also analyzed.

3. Experimental Section
3.1. Minerals

Given the high elemental complexity of several minerals (i.e., schorl, kornerupine, etc.) preventing
any factual ordering, the list is organized alphabetically. The minerals analysed here were selected on
the basis of their representative elemental composition, their availability, and the lack of appreciable
endogenous radioactivity. Only rhodizite is barely detectably radioactive (Gamma Ray Petroleum
Institute Units = 52.60). The minerals were obtained from Ezio Curti (ezio.curti@gmail.it), former
provider and consultant of the Collection of Minerals of the Department of Mineralogy (University of
Rome “Sapienza”). Homogenous material was isolated under the microscope, washed twice (first with
ethanol, then with analytical grade distilled water), air dried, then manually ground in a ceramic
mortar. Samples of crushed materials are available upon request, except for canavesite, chambersite
and kornerupine, which may be purchased from Greenside Minerals (http://www.greensideminerals.com),
Dakota Matrix Minerals (http://www.dakotamatrix.com) or John Betts Fine Minerals
(www.johnbetts-fineminerals.com). Boric acid (H;BO;, SigmaUltra >99.5%), sodium tetraborate
(Na;B4O7) and curcumin were from Sigma Aldrich. H;O was bidistilled deionized by a MilliQ
apparatus (MQ.cm at 25 °C), then sterilized. Formamide was from Fluka (>99%).

3.2. The RNA oligomers used

The degradation of ribonucleotides by water or formamide was studied by using the 24mer
5’-AAAAAAAAAAAAAAAAAAAAAAAA-3 (PolyAys) or the 20mer 5'-GGAAACGUAUCCUU
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UGG GAG-3' dubbed P1 [41], purchased from Dharmacon Inc. (Chicago, IL, USA). PolyA,s was
selected because of its homogeneity, while P1 was studied for the opposite reason. Its sequence
encompasses 14 of the 16 possible base-steps, with the exclusion of the two unstable GpC and CpA
steps. The comparison of the degradation profiles obtained for the homogeneous versus the
heterogeneous sequence potentially provides information on sequence-specificity effects induced
by boron.

3.3. RNA preparation and 5’ labelling

PolyA,; and P1 RNA were labeled with [y-*PJATP using polynucleotide kinase (Roche Applied
Science). The oligonucleotides were then purified on a 16% denaturing acrylamide gel (19:1
acrylamide/bisacrylamide). After elution, the residual polyacrylamide was removed by a NuncTrap
Probe purification column (Stratagene). Two pmol (typically 30,000 cpm) RNA were processed for
each sample.

3.4. The RNA stability assay

The degradation of RNA oligonucleotides in water is a well studied process [15,30-32]. The
degradation reaction in formamide was also described [16,17 and refs. therein]. The cleavage of the
phosphoester chain in water normally requires participation of the 2°’-OH group as an internal
nucleophile [33] in two “nucleophilic cleavage” events: the transesterification and hydrolysis reactions.
During transesterification, the 2’-OH nucleophile attacks the tetrahedral phosphorus to afford a
2°,3” cyclic monophosphate. This species is then hydrolyzed into a mixture of 2’- and 3’-phosphate
monoesters. Both steps are, more in general, catalysed by protons, hydroxide, nitrogen derivatives and
metal ions. The two molecular species (2°,3’-cyclic phosphate and 2’- or 3’-phosphate) can be separated
in analytical electrophoretic gels (i.e., see the lower part of Figures 2A and B). The information provided
by this assay pertains to: (i) the stability of the 3” phosphoester bond, the weakest bond in RNA both in
water and in formamide [16]; (i1) the rate of 2°,3” cyclic phosphate bridge opening.

The 5'-labeled oligonucleotide was treated under the time, temperature, and solution conditions
indicated where appropriate. A typical assay consisted of 75 pL containing 5 pL of RNA
solution, 5-20 pL of mineral (solution or suspension of ground material) in water or formamide
(H,NCOH) as appropriate, complement of water or formamide to 75 puL. To stop the reaction a solution
of 5 x 10 M (final concentration) of tetrasodium pyrophosphate (Sigma) dissolved in water, pH 7.5,
was added to a final volume of 40 pL. The samples were vortexed for 1 min, then centrifuged
at 13,000 rpm for 20 min (Haereus Biofuge). This procedure was performed twice. The supernatant was
ethanol precipitated, resuspended in 5 pLL of formamide buffer, heated for 2 min at 65 °C, and loaded on
a 16% denaturing polyacrylamide gel (19:1 acrylamide/bisacrylamide). For further details, see [16].

The half-life of the oligonucleotide was determined with standard graphical procedure from plots of
the % disappearance of the intact 20- or 24-mer molecules. Given that one disappearing molecule
represents one cleavage, and given the verification of the two basic assumptions (no 5'-cleavage, no
sequence-biased preferential cleavage), the half-life of the single 3’-phosphoester bonds in the
ribooligonucleotide is given by the half-life of the oligonucleotide x23 or x19 (that is: the number of
3'-5’ phosphodiester bonds in the 24-mer or in 20-mer, respectively).



Polymers 2010, 2 222

3.5. Measurement of released boron

Released boron was measured by the curcumin colorimetric assay [34], as follows: 10 mg of
powdered mineral were suspended in 1 mL of H,O and treated for the indicated time (usually
between 0 and 18 hrs) at the desired temperature. Samples were centrifuged (15 min, 13,000 rpm), the
supernatant was dried in oven, resuspended in 2 mL of curcumin solution, dried at 55 °C under
aspiration. To each dried sample 5 mL of 95% ethanol were added, followed by stirring and resulting
in the solubilization of the red/orange precipitate. The sample was diluted 1:25 with 95% ethanol and
the OD at 540 mm was determined against blanks processed in parallel. The curcumin solution
(0, 40 g/L) consisted of 80 mg of curcumin in 10.0 g of dehydrated oxalic acid added to 150 mL
ethanol. 8,4 mL chloride acid were added, followed by dilution to 200 mL with 95% ethanol. The
solution is stable for a week a 4 °C. Titration plots performed on boric acid (H3;BO;) allowed the
appropriate conversion from ODs4g to the actual amount of released boron. Taking into account the
relative quantitative presence of boron in the mineral under consideration according to the composition
formulas reported above, the boron released by mineral dissolution was determined.

3.6. Measurement of RNA retained by minerals

2 pmoles (30,000 cpm) of 5° terminally labelled RNA were treated with ground mineral (100 pg)
in 75 pL of water at 80 °C for 4 hrs with periodical stirring followed by centrifugation
(13,000 rpm, 30 min). The amount of material remaining associated with the precipitate and that in
solution were measured (value: 4 hrs). The RNA-precipitated mineral was re-dissolved and treated
similarly for additional 14 hrs. The measurements were then repeated similarly (value: 18 hrs) (see
Table 4).

Table 4. RNA retention % on borate minerals. 2 pmoles (30,000 cpm) of P1 RNA were
treated with the indicated mineral, as described in Methods. The amount of RNA retained
by the mineral at 4 and 18 hrs is reported as percentage of the RNA input.

Mineral 4 hrs | 18 hrs
Axinite-(Mn) 84 56
Dravite 72 44
Dumortierite 69 41
Elbaite 93 79
Hambergite 89 72
Hydroboracite 90 76
Kornerupine 76 44
Jeremejevite 49 18
Ludwigite 82 52
Painite 69 36
Rhodizite 30 4
Schorl 80 47
Vonsenite 56 39

Mean standard deviation: £9.5%
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4. Discussion
4.1. The survival of polymers in unprotected abiotic environment

The large body of literature related to the origin of informational polymers accumulated starting
from the seminal experiments by [35] and [36] has been critically reviewed [3,4] and is a matter of
historical perspective [37].

The origin of (pre)genetic polymers is obscured by two major problems: the mechanism of their
polymerization under plausible prebiotic conditions and their maintenance of a polymerized state
outside a sufficiently protective cellular environment. Polymerization in water faces the standard-state
Gibbs free energy change (AG®’) dilemma, essentially stating that any process entailing the release of
water is, in water, thermodynamically strongly disfavoured [38]. Prebiotically plausible
polymerization mechanisms were nonetheless recently proposed, based on spontaneous non-templated
generation of polymers from 3°,5’-cAMP and 3°,5’-cGMP [39], or on lipid-based hydration-
dehydration cycles of polymerization [40].

In order to maintain the polymerized state, the key bonds (that is, the bonds that are more
susceptible to breakage) should necessarily be more stable in the polymer that in the originating
monomers. In RNA the key bond is the 3’ phosphoester bond. It was noted that under defined
physical-chemical conditions (namely: 60-90 °C in water) this bond is more stable by one order of
magnitude in the polymer than in the monomer [15,29,42]. This observation establishes a principle but
is not sufficient to account for the origin of long polymers. Did specific environments exert further
protection thus allowing and/or facilitating polymer accumulation?

4.2. Why boron

Given the instability of ribose and its difficult synthesis [4], the observations that borates influence
sugar chemistry [43-45] and their stability [11-14] has attracted the attention of origin-of-life
researchers. In particular, protection of ribose by boric acid was reported [11,12]. The following aspect
of boron-sugar chemistry also deserves attention. The question was posed [46,47] about the reason
why the furanose and not the pyranose forms have been selected in genetic polymers. The fact that
borate affords a total selection of the furanose form [11] lends further relevance to the role of boron in
the prebiotic sugar world.

If nucleosides did form prebiotically by addition of sugars onto nucleic bases and not by synthesis
of the sugar moiety on the bases or vice versa (which remains an unresolved problem), selective
protection of certain sugars could have enhanced their accumulation under prebiotic conditions
favouring the formation of nucleosides. This could in turn have kick-started (pre)genetic
polymerization in a prebiotic physical-chemical frame that is not necessarily confined to
Terran conditions.

We have thus explored the possibility that boron and boron-based minerals could have been
potentially relevant elements in the prebiotic origin of genetic polymers. Boron exerts its protective
effect on ribose [11-14] by complexing it, as such or in its nucleoside form. In order to be involved in
further reactions (i.e., from ribose to nucleoside, from nucleoside to nucleotide, and from this to the
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RNA polymer) the sugar moiety has to be resolved from the complex with boron. The question thus
applies: does a protective/enhancing function of boron exist on these down-the-line reactions?

4.3. Is boron prebiotic?

Borate minerals are abundant and numerous on Earth [48]. As for plausible prebiotic relevance of
boron-based compounds, the existence of large deposits of borates in the Americas and India was
reported [49]. This was taken as evidence that in prebiotic periods boric acid was present at
concentrations higher than present [50]. The formation of borate salt deposits following weathering
and evaporation process was discussed [50], pointing to the possible relevance, in a scenario in which
boron exerts a positive protective role, of the weathering of boron minerals, and of an environment
from which it is excluded resulting in its concentration. Vice versa, its sequestration in minerals would
have had negative consequences. In sketching a prebiotic scenario in which a possible promoting role
is played by boron, mineral weathering is a relevant aspect.

4.4. Protection of RNA by boron minerals: A rare phenomenon

We have analyzed the stability of RNA when subjected to hydrolytic attack or to attack by
formamide. In these two assay conditions the average half-life of the most unstable bond
(the 3’ phosphoester bond) is respectively 6.3 x 10 and 6.7 x 10 min. It was found that boron
provided by boric acid (Figure 4) or by borax (data not shown) does not exert any protection, either in
water or in formamide.

Borate minerals (whose stability and induced pH variation were characterized under the assay
conditions) stimulate, as general trend, RNA degradation. Exception occurs in water with jeremejevite
[AleBsO;s5F2.5(OH)o 5], ludwigite [Mnge3+BO5] and hambergite [Be,(BO3)(OH)]. These three minerals
have different elemental composition, and only protect RNA at low concentration (10 pg/mL), while at
higher concentration they behave like the other 17 minerals analyzed and favour degradation. Given
that boron itself does not protect, that these three minerals only do so at low concentration and given
their relatively long half-life in the assay conditions (see Table 2), the plausible interpretation is that
protection is due to some RNA/mineral surface interaction. At concentrations higher than 10 pg/mL,
release of Al and F, of Mg and Fe, and of Be, respectively, would favour degradation. At the
lower 10 pg/mL concentration surface interaction with these three minerals provides RNA with a
longer half-life, as reported in Figure 6 for ludwigite. Direct measurement actually showed the stable
interaction between RNA and these minerals (Table 4). The fate of RNA in borates was analyzed in
conjunction with formamide because of the reported formamide-based syntheses of a complete set of
nucleic acid precursors [4,16] and of their trans-phosphorylation [51]. A scenario was proposed for the
synthesis of (pre)genetic nucleic polymers consisting of formamide-based syntheses in the presence of
the appropriate catalysts [4,42].

As for RNA stability in formamide, borate minerals are either inert or enhance degradation
(Table 3). Only rhodizite [(K,Cs)AlsBes(B,Be)12023] and elbaite [NaLi; sAls 5(BO3)3Sis013(OH)4] exert
a 2-3 fold protective effect (Table 4 and Figure 5).
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5. Conclusions

Boron has been proposed as a potentially relevant element in the prebiotic origin of genetic
polymers, based on its known protective effect on sugars and on ribose in particular. The results of the
present analysis show that boron or boron-containing minerals mostly favour a faster destabilization of
the polymeric form, thus exerting a basically negative role in the polymerization scenario.

RNA does not bind very stably to any of the minerals tested and, for the minerals on which binding
occurs, it is always released by pyrophosphate wash. Boron does not exert protective effect on RNA
when part of a mineral, with a few interesting exceptions. Boron does not protect RNA when provided
by boric acid or borax. Thus, in particular, boron does not protect RNA’s D-ribose moiety when part of
the RNA chain. The reported protection by boron on ribose [11,12] are thus potentially only
instrumental in the process of accumulation of the nucleic acid precursors, not of their polymerized
forms, nor of their polymerization.

The specific aspect of the origin of informational polymers described here may be of general
astrobiological interest. The overall structure of informational polymers and the properties of borates
are not expected to vary in non-Terran environment.
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