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Acyclonucleosides  

phosphorylation of nucleosides, cyclization 

Yamada & Okamoto, 1972;  * Idriss & Senanayake, 2006 

* 

formamide 



The 50 most abundant products of the syntheses catalyzed by meteorites in the presence of NH2COH Formamide. The compounds are numbered 
according to their mention in the text. Nucleobases: uracil (1), cytosine (2), isocytosine (3), dihydrouracil (4), purine (5), adenine (6), guanine (7), 
hypoxanthine (8), 2-aminopurine (9), 4(3H)-pyrimidinone (10), 2(1H)-pyrimidinone (11), 3-hydroxypyrimidine (12) and hydantoine (13). Acids: oxalic 
(14), glycolic (15), glyoxylic (16), acetic (17), pyruvic (18), propanoic (19), parabanic (20), lactic (21), malonic (22), malic (23), maleic (24), succinic 
(25), oxalacetic (26), ketoglutaric (27), hexanoic (28), pimelic (29), octanoic (30) and nonanoic (31). Amino acids: glycine (32), N-formylglycine (33), 
N-methylglycine (34), alanine (35), β-alanine (36), 2-methylalanine (37), valine (38), leucine (39), tert-leucine (40), β-amino isobutyric acid (β-AIBA) 
(41), 2-aminobutanoic acid (2-ABA) (42), hydroxyproline (43) and phenylalanine (44).  Condensing agents and others: diaminomalonitrile (DAMN) 
(45), carbodiimide (46), urea (47), guanidine (48), guanidine acetic acid (49), glycocyanidine (50).  

Canyon-Diablo 
µg/mL 55,417 

     5.5%  

million times  
more  

than content 



Nucleobases: uracil (1), cytosine (2), isocytosine (3), dihydrouracil (4), purine (5), 
adenine (6), guanine (7), hypoxanthine (8), 2-aminopurine (9), 4(3H)-pyrimidinone (10), 
2(1H)-pyrimidinone (11), 3-hydroxypyrimidine (12) and hydantoine (13). 

Heterocycles (nucleobases) 



Nucleobases and their analogues were obtained in the range of 0.43-2.32 mg per 1-0 mL of NH2COH 
These amounts are 105, 106-fold higher than that recovered in the original meteorites 

Nucleobases 

R. Saladino, E. Di Mauro Chemistry-A European Journal 2013 

• • 

• • • 



Saladino et al. ChemBioChem 2006 
Saladino et al. J Am Chem Soc  2008 
Saladino et al. J Mol Evol 2010 

condensing agents 



formamide urea carbodiimide 

aa1 
  + 
aa2 

aa1 – aa2 
   + H2O 



Condensing agents and others: diaminomalonitrile (DAMN) (45), 
carbodiimide (46), urea (47), guanidine (48), guanidine acetic acid (49), 
glycocyanidine (50).  

Condensing agents and others 







The solar wind is a stream of plasma released from the upper atmosphere of the Sun. 
It consists of mostly electrons and protons with energies usually between 1.5 and 10 keV.  



Luna 1 January 1959  first detected and measured the solar wind, strong flow of ionized  
plasma emanating from the sun 

Mechta  



Heliosphere 

113 AU = 10.8 billion miles 
termination shock 

Heliosheath Heliopause 

Plot showing the decreased detection of solar wind particles  
by Voyager 1 starting in August 2012. 

at heliosheath 
- solar wind drops to zero 
-  magnetic field intensity doubles 
-  100-fold high-energy electrons from galaxy 
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the formamide connection 

PROTEINS 

RNA METABOLISM 



 the egg and the chicken 

R. SALADINO ,  G. BOTTA ,  S. PINO ,  G. COSTANZO,E. DI MAURO 
Genetics first or metabolism first? The formamide clue  

CHEMICAL  SOCIETY REVIEW (2012) 41, 5526–5565   



E. Di Mauro, R. Saladino, G. Costanzo, S. Pino, J. & J. Šponer 



the organic cycle on Titan 



the water planet 





THE WATERY PLACE 
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phosphate  minerals 
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spontaneous phosphorylation of nucleosides 

Costanzo et al. J Biol Chem 2007 Schoffstall, 80’s 
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RNA polymerization in water 

and in dry 

Costanzo et al.  J Biol Chem 2009 
Pino et al.          Biochemistry 2011 
Costanzo et al.  ChemBioChem 2012 
Stadlbauer et al.Chemistry Eur J 2015 
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GMP vs. cGMP 

flexible rigid 

why cyclics? 



Polymerization model 
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Polymerization of  3’,5’-cGMP  

the (hypothetical) mechanism 

stacking oligomerization 



Stacking 



Lambert-Beer Law    A= ε·c·l 
absorbance, extinction 

Stacking 

3’,5’-cCMP 

3’,5’-cGMP 



Heat-driven molecular accumulation in hydrothermal pores.  

Baaske P et al. PNAS 2007;104:9346-9351 

©2007 by National Academy of Sciences 
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Polymerization of 3’,5’-cGMP 

Selectively produces 3’,5’-linkages 

3’,5’-cGMP: prebiotic building block, can be synthesized from formamide 

OH- 

pH=9 

G. Costanzo, R. Saladino, G. Botta, A. Giorgi, A. Scipioni, S. Pino and E. Di 
Mauro, Chembiochem, 2012, 13, 999-1008. 
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Up to 40 Gs: Long RNA strands (up to 40 nucleotides) have been formed by dry 
polymerization of pure 3′,5′-cyclic GMP. The mean polymer length increases with the 
time that the sample stays in its dry form. The reaction is considerably more efficient 
than cGMP polymerization in bulk water.  
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Mechanism of the polymerization of 3’,5’-cGMPs from 
quantum chemical calculations 

(TPSS-D2/TZVP level of theory) 



Jiří Šponer, Judit E. Šponer, Peter Stadlbauer, Brno  



Jiří Šponer, Judit E. Šponer, Peter Stadlbauer, Brno  



(AutoFlex II Bruker) MALDI Dr Alessandra Giorgi, Rome 
        MALDI of 3’,5’cGMP 

                                       UNREACTED Rome→ Dubna → Rome 

Polymerization of 3’,5’ cyclic GMP 
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 stacked dimer +Na+ 



  (AutoFlex II Bruker)  MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cGMP 

                                             Proton irradiation at Phasotron, Dubna 

Polymerization of 3’,5’ cyclic GMP 
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    (AutoFlex II Bruker) MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cGMP 

                                             Proton irradiation at Phasotron, Dubna 

Polymerization of 3’,5’ cyclic GMP 
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   (AutoFlex II Bruker)  MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cGMP 

                                             Proton irradiation at Phasotron, Dubna 

Polymerization of 3’,5’ cyclic GMP 
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(AutoFlex II Bruker) MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cGMP 

                                          γ irradiation at Nuclotron, Dubna  

Polymerization of 3’,5’ cyclic GMP 
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Sodium-effect 

  Anionic mechanism: 

blocked by highly mobile  
cations H+ and Na+ 

       but not by HNR3
+ 

formamide-based scenario 
Low sodium-concentration, non-
specific binding residency time : 

1-30 ps 
(quantum molecular dynamicsby 

Kolev et al. ACS Chem. Biol. 
2013, 8, 1578.)  





    A. B. Macallum 
The cell… has endowments transmitted from   
a past almost remote as the origin of life on earth 

The paleochemistry of the body fluids 
and tissues. Physiol Rev, 1926  



                

Michael Y. Galperin 
The chemical traits of organisms are more conservative  
than the changing environment and hence retain  
information about ancient environment  conditions 

The chemistry conservation principle, 2007 

Armen Mulkidjanian 



Pnas,	
  2012  







THE MESSAGE 



    (AutoFlex II Bruker) MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cCMP 

                                                UNREACTED     Rome → Dubna → Rome 

Polymerization of 3’,5’ cyclic CMP 

611.204    305+305+1 

305+305+18+1 

633.185 2cCMP- Na 
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2cCMP 



 (AutoFlex II Bruker)   MALDI Dr Alessandra Giorgi, Rome 
            MALDI of 3’,5’cCMP 

                                             Proton irradiation at Phasotron, Dubna 

Polymerization of 3’,5’ cyclic CMP 

covalent dimer covalent trimer 
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3 

4 5 

2cCMP- Na 3cCMP- Na 

2cCMP 

611.258 
629.319 

629.319 

633.259 
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polymers 

Monomers 

Ribozymes 

Precursors 

Activated  
monomers 

Long  
polymers polymerization 

synthesis 



Driving	
  force	
  of	
  the	
  polymeriza*on	
  

templated	
  

non-­‐templated	
  



        U    -  -            cGMP             cUMP       

60°C; TrisHCl pH 5,3               
6hrs 

                     cAMP            cCMP     

G 

C 

A 

synthesis of  oligo Gs from 3’,5’-cGMP on  5’A12C123’ 

Biochemistry, 2011  
J Biol Chem,2009 
Biochemistry,2008 



polymerization on the polyC 3’-end by removal of the  
3’-H proton through a base (B-). 



polymerization of 3’,5’-cGMP  on the 3’ end of C24 
MALDI ToF MS 

+ 345 

+ 345 



in non-enzymatic RNA 
self-polymerization 

base complementarity 
wins over stacking,  

but stacking came first 



5’  P-G24  C24 
5’ 

3’ 

5’ 3’ 

22 

22 

sequence complementarity-driven terminal ligation 



Jiří Šponer, Judit E. Šponer, Peter Stadlbauer, Brno  



For the theoretical description of the ligation reaction  
we considered a model consisting  
of a donor cytidine-phosphate nucleotide and an acceptor guanosine,  
which were stabilized by interbase stacking.   



ligation-with-direct-stacking 



G-assisted-ligation 



C24 
G24 P

polyG + polyC sequence-directed terminal ligation 

G24 P

C24 

PolyC 24   pH 5  60°C 

  5’                 3’ 

  3’                 5’ 

  5’                 3’ 

  5’                 3’ 

A
U 
G 
C 

PolyA 
PolyU 
PolyG 
PolyC 

  5’                 3’ 

P 

Pino et al. Biochemistry 2011 



RNA ligation  
in H2O 

23-, 24-mer 



formation of complex RNA populations  

Multimerization reaction performed 
with mixtures of oligomers results in 
the formation of dimers, tetramers and 
of additional fragments. The size of 
these fragments corresponds to the  
combinations expected for the case         
of heterogeneous ligation events.   







Short  
polymers 

Monomers 

Ribozymes 

Precursors 

Activated  
monomers 

Long  
polymers polymerization 

synthesis 





SCIENCE,	
  	
  1986,	
  Vol	
  231:	
  470-­‐475	
  



oligoC C 
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polymerization 
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self-modification of abiotically polymerized RNA 
one-nucleotide RNA terminal transfer,    here: model system 



The same loop geometry can give rise to ligation  
as well as terminal cleavage 







The	
  “LigaQon	
  following	
  Intermolecular	
  Cleavage”	
  (LIC)	
  mechanism	
  

5’P-­‐G-­‐3’OH	
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3’-­‐OH	
  

5’	
  
C24	
  

P	
  3’	
  

G24	
   P5’	
  

3’-­‐OH	
  

5’	
  
C24	
  

P	
  3’	
  

C24G24	
  

C24G23	
  

G24	
  

P5’	
   3’-­‐OH	
  

5’	
  
C24	
  

3’	
  
pG	
  

C24G	
  

liga*on	
  

cleavage	
  

terminal	
  	
  
recombina*on	
  

LIC	
  

C24	
  +	
  pG24	
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S. Pino, G. Costanzo, A. Giorgi, J. Šponer, J. E. Šponer and E. Di Mauro, Entropy, 2013, 15, 5362-5383. 





MD-simulations of tetraloop-like geometries enabling ligation and terminal cleavage 
                Ligation       Cleavage                          Ligation                   Cleavage 



Computed free energy profile of the ligation (orange curve) and cleavage (blue curve) reactions.  
 Computations were carried out at the DFT-D level of theory using the TPSS-D2 density functional,  
the TZVP basis set of atomic orbitals along with the C-PCM continuum solvent technique.  
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THE DEAD PAST 



Information curves and sequence logos for human spliceosome binding sites. J. Mol. Biol. 1992, 228: 1124-1136 



Sequence logos for proto-, donor and acceptor splice sites. J. Mol. Biol. 1992, 228: 1124-1136 



Something came from nothing because it is more stable 
than nothing 
                    The Comprehensible Cosmos, Prometheus Books  

Victor Stenger 



thank 
you  





At IAPS (Institute for Space Astrophysics and Planetology) in 
Rome, a Penning ion source generates a plasma from which 
the required ions can be extracted with different energies.  
- The discharge starts easily and will run very stably for many 
hours.  
- The type of gas used depends on the type of ions required 
(i.e He, Ar, O, H).   
- This  facility is mostly used for space ambient simulation and 
space instrument testing. 
                 Ion beam @ 500÷ 5000  eV 
The ion beam can be used also to obtain an Energetic 
Neutral Atoms (ENA) beam, thanks to charge-exchange 
processes. 

Lab	
  Team	
  
@IAPS:	
  
Elisabe+a	
  De	
  Angelis,	
  	
  
Rosanna	
  Rispoli,	
  
Nello	
  Vertolli	
  and	
  
Luca	
  Colasan=	
  

Facility 
equipmen

t 
Description 

Vacuum 
system 

Vacuum pumps: scroll, turbopump (or 
cryopump) reach pressure up to 10–7 
mbar.  

Vacuum chamber: cylindrical calibration 
chamber of 200 liters capacity 

Ion Beam IQP 10/63 Penning discharge type ion 
source with energy range of 0-5 keV.  

Residual 
Gas Analyser 

Ametek-Dycor quadrupole mass 
spectrometer with AMU range 1-200. 

Rotation, 
Translation 

+/- 45° transverse axis rotation and 
0-360° orthogonal axis rotation with 0.01° 
resolution 

x-y-z translation (0,5mm increment) and 
0-360° rotation (0,1 mrad increment) 



Irradiation Test 
condition 

Ion beam specie He/He+ 

Ion beam energy 1 keV 

Exposure time 15h 59min 

Beam intensity 106-107 particles/s/
cm2 

Pressure 7*10-7 mbar 

Temperature T amb (~25°C) 

Sample	
  
witness,	
  not	
  
exposed	
  

Sample	
  
under	
  beam	
  
irradia*on	
  

Ion	
  beam	
  

Internal	
  picture	
  of	
  test	
  set-­‐up	
  in	
  vacuum	
  chamber	
  



Accelerator Particle Energy Averaged linear energy 
transfer,  keV/µm 

Absorbed 
dose, Gy 

Phasotron protons 170 MeV 0.56 6 

Nuclotron 12C ions 500 MeV/
n 

11.5 4.58;  3.69 

U400M 11B ions 33 MeV/n 57.3 minimum ~ 6 

Physical characteristics of the beams 



Prof. Raffaele Saladino1,*,  
Dr. Giorgia Botta1,  
Dr. Michela Delfino1 and 
Prof. Ernesto Di Mauro2 

Chemistry - A European Journal 
Volume 19, Issue 50,  
pages 16916–16922, December 9,  
2013 
We decided to evaluate the role of meteorites in formamide 
Prebiotic chemistry under radiation conditions. The choice 
Of meteorites was due to the fact that these mineral 
Already showed to be efficient catalysts in the thermal  
Synthesis (volcanic scenarios) of biomolecule from 
Formamide. 


