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zeolites (Al,Ca,Na silicates)
kaolin
montmorillonites (μcrystalline
phyllosilicates) 
(Na,Ca) (Al, Mg)6 (Si4O10)3 (OH)6.nH2O

•circumstellar/cometal silicates
dusts [(Mg,Si,Fe)O] 

• clays

• metal oxides (impact-induced minerals) 

• carbonates

•volcanism-related perovskite (CaTiO3)
minerals TiO2

• phosphates phosphate minerals
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Scheme 1.

purine adenine

cytosine thymine
5-hydroxymethyluracil

 9  N9-formylpurine
11 Acyclonucleosides

Synthesis of purine and pyrimidine bases,   
N9-formylpurines, and acyclonucleosides from formamide

TiO2

9 N9-formylpurines
11 acyclonucleosides
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phosphate minerals
Lazulite    Mg[Al(PO4)(OH)]2
Childrenite Mn2+[Al(PO4)(OH)2(H2O)]
Triphylite LiFe2+(PO4)
Eosphorite Fe2+[Al(PO4)(OH)2(H2O)]
Vauxite Fe2+Al2(PO4)(OH)2(H2O)6

Fairfieldite Ca2 [Mn2+(PO4)(H2O) 2]
Laueite Mn2+[Fe3+

2(PO4)2(OH)2(H2O)2](H2O)4(H2O)2

Rockbridgeite Fe2+Fe3+
4(PO4)3(OH)5

Fluorapatite Ca5(PO4)3F
Crandallite CaAl3(PO4)2(OH)5+H2O
Anapaite Ca2[Fe2+(PO4)2(H2O)4]
Scholzite CaZn2(PO4)2(H2O)2

Turquoise Cu2+Al6(PO4)4(OH)8(H2O)4

Pyromorphite Pb5(PO4)3Cl
Autunite  Ca[(UO2) (PO4)]2(H2O)10-12

Torbenite Cu2+[(UO2 (PO4)]2 (H2O)8

Herderite Ca[BePO4F]
Pseudomalachite Cu2+

5 (PO4)2(OH)4

Calcioferrite Ca4MgFe4(PO4)6(OH)4(H2O)13

Variscite Al(PO4)(H2O)2

Augelite Al2 PO4(H2O)3

Wavellite Al3(OH)3(PO4)2(H2O)5

Hydroxylapatite Ca5(PO4)3OH
Hureaulite Mn2+

5(PO3(OH)2(PO4)(H2O)4

Reddingite Mn2+
3(PO4)2(H2O)3

Purpurite Mn3+(PO4)
Ludlamite Fe2+

3 (PO4)2(H2O)4

Vivianite Fe2+
3(PO4)2(H2O)8

Strengite Fe3+(PO4)(H2O)2

Cacoxenite Fe3+
25(PO4)17O6(OH)12(H2O)75

Libethenite Cu2+
2(PO4)(OH)

Cornetite Cu2+
3(PO4)(OH)3

Tarbuttite Zn2(PO4)(OH)
Monazite Ce(PO4)
Montebrasite Li[Al(PO4)(OH)]
Beryllonite Na[BePO4]
Brasilianite NaAl3(PO4)2(OH)4
Wardite NaAl3(OH)4(PO4)2(H2O)2
Hydroxylapatite Ca5(PO4)3OH



phosphates

Synthesis of purine and pyrimidine bases from phosphate
minerals 
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Spontaneous phosphorylation of nucleosides

2’,3’-cGMP

3’,5’-cGMP

5’ GMP

2’ GMP

3’ GMP
Costanzo et al. J. Biol. Chem. 2007





RNA polymerization in water

Costanzo et al. J. Biol. Chem. 2009
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Non-enzymatic polymerization of 3’,5’-cGMP



Non-enzymatic polymerization of 3’,5’-cAMP

85°C; TrisHCl pH 8,2



the warm little pond

Costanzo et al. J.Biol. Chem. 2009



Non-enzymatic mechanisms for the 

generation of long RNA sequences in water

• Synthesis of RNA chains from cyclic nucleotides

• RNA chain extension

• RNA ligation

• RNA stability in different conditions of  
temperature and pH



RNA chain extension in water

Costanzo et al. J.Biol. Chem. 2009



Synthesis of  oligo Gs from
3’,5’-cGMP in the presence

of 5’A12C123’ Polymerizing 3’,5’-cyclic GMP
on  a 5’A12C123’ oligo

Navg=32,75
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Sequence-directed

terminal ligation
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PolyC + PolyG sequence-directed terminal ligation
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Stacking-directed

terminal ligation

Pino et al. J. Biol. Chem. 2008



RNA ligation
in H2O
23-, 24-mer
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Non-enzymatic mechanisms for the 
generation of long RNA sequences in water

RNA chain
extension

RNA ligation

RNA synthesis

Combinations thereof heterogeneous sequences

….



RNA multiplication in water
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Differential stability of phosphoester bonds in       
ribo-monomers and oligomers



0 3325 100
formamide %

66

40

50

60

70

75

80

90

°C

AA
G

G

*

*

10

*

5'

3'

3'

3'



3                 4                5 6                7

U

C

G

U
U

G

A

A

U

C

G

C

U

A
A AAAA

C
C

C

C

A

A

A

A

C

GG GAAAC UAUCCU U

G

G

pH

AAAAAA

U

Environment induces selection for sequence complexity

Ciciriello et al.  Biochemistry 2007



“Something came from nothing
because it is more stable than nothing”

The Comprehensible Cosmos, Victor Stenger





Fluorescently labelled (Yoyo-1, Molecular Probes, Eugene, 
Oregon) lambda-DNA is stretched between two gold 
electrodes (dark strips), 16 μm apart. The electrodes are 
connected to  large bonding pads 0.25 mm away.
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Louis Pasteur

• “Omne vivum ex vivo” (1864)





Alexander I. Oparin

“Proiskhozhdenie zhizny” (The Origin of Life”) 1924




