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Introduction

All strategies for the prebiotic synthesis of nucleobases assume
the adequate availability[1] of the presumptive precursors, such
as hydrogen cyanide, formaldehyde, ammonium cyanide, and
cyanoacetylene. The step-up from these precursors or from
mixtures of simple gases to more complex compounds was
shown to occur under a variety of conditions: electric dis-
charge, UV irradiation, ion-irradiation heating, marine vents,
carbon dioxide chemistry on pyrite clusters.[2–6] However, no re-
liable single physicochemical scenario[7] for the prebiotic Earth
or for plausible pristine synthesis of these bases is yet avail-
able. No physicochemical consensus exists for the necessary
simultaneous availability[8–10] of all or a large number of the
nucleic acid precursors, particularly for pyrimidines[11] and
sugars.[12] Thus, we have explored the possibility that forma-
mide might provide the chemical frame for such a general uni-
tary picture.
Formamide (NH2COH) is active both in the synthesis of nu-

cleobases[13,14] and in the selective degradation of DNA.[15] The
condensation of formamide is catalyzed and modulated by
several inorganic compounds and results in the production of
purine and pyrimidine nucleobases, and purine acyclonucleo-
sides (Table 1).[16,17] The role of these catalysts is not limited to
the increase of reaction yields, but also provides selectivi-
ty.[16–18] Since formamide degrades DNA,[15] we have studied
both the formamide-based synthesis and degradative path-
ways of nucleic acid components under comparable condi-
tions. This coupled approach is necessary because in any phys-
icochemical scenario that deals with the origin of life, the sta-
bility of the precursor molecules is a major concern.[19,20]

Here we describe the role of a wide range of olivines (from
fayalite to forsterite) in i) the synthesis of purine and pyrimi-
dine derivatives from formamide and ii) the formamide in-
duced degradation of nucleic acid components. Since form-
amide[21,22] and olivines[23] are sizeable components of cosmic

dust, the effect of olivines prepared in the form of cosmic-dust
analogues (CDAs) was analyzed.[24]

Results

Based on results from space missions, space and ground-based
observations, and laboratory analyses of interplanetary dust
particles (IDPs)[23] “fluffy” grains of amorphous olivines were
synthesized in the laboratory (see Experimental Section). They
were synthesized as CDAs in order to reproduce the chemical
composition and morphology of silicate dusts expected in
different astronomical environments.[24]
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We show the unprecedented one-pot synthesis of a large suite of
pyrimidines (including cytosine and uracil) and purines from for-
mamide in the presence of cosmic-dust analogues (CDAs) of
olivines. Since the major problem in the origin of informational

macromolecules is the instability of their precursors, we also in-
vestigate the stabilizing effect of CDAs on the intrinsic instability
of oligonucleotides in formamide.
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CDAs were produced by fast condensation of target vapor-
ized materials by high-energy Nd:YAG laser ablation. Laser tar-
gets were oxide mixtures (SiO2, MgO, FeO). Each component
was weighed in order to give the exact stoichiometric compo-
sition of olivines with different magnesium and iron content:
fayalite Fe2SiO4 (sample A), Mg0.5Fe1.5SiO4 (sample B), olivine
MgFeSiO4 (sample C), Mg1.5Fe0.5SiO4 (sample D), and forsterite
Mg2SiO4 (sample E). Preparation, morphology, elemental chemi-
cal composition, and spectroscopy characterization of the sam-
ples are given in the Experimental Section and ref. [24].

Synthetic catalysis with CDAs

To evaluate the catalytic effects of CDAs on the prebiotic syn-
thesis of nucleobases, several experiments were performed by
heating neat formamide (1; Scheme 1) in the presence of the
appropriate compound. Reference reactions in the presence of
parent olivines were also performed. Products were character-
ized by gas-chromatography mass-spectrometry (GC-MS) anal-
ysis, after derivatization with bis(trimethylsilyl)acetamide, and
by 1H and 13C NMR analysis (Scheme 1 and Table 2). Irrespective
of the CDA used in the formamide condensation, a suite of
pyrimidine derivatives, namely 4-(3H)-pyrimidinone (or 4-hy-

droxypyrimidine; 2), cytosine (3), and uracil (4) were obtained
in acceptable yield. 4-(3H)-Pyrimidinone was the most abun-
dant product (Table 2, entries 2–5). 4-(3H)-Pyrimidinone was
among the most abundant pyrimidines recovered from the
Murchison meteorite.[25,26] Low amounts of purine 5, urea (6),
and 5,6-dihydrouracil (7) were also detected. Compound 7 was
only obtained with olivine Mg0.5Fe1.5SiO4 (Table 2, entry 9). Urea
is a well known prebiotic precursor for both purine and pyrimi-
dine nucleobases, and might be formed by formamide degra-
dation of pyrimidine nucleobases, even though its direct for-
mation from formamide cannot be ruled out.[14]

The products described above accounted for about 90% of
the total yield. The additional components were not identified
due to their small quantities, with the exception of one com-
pound whose mass spectrum can be interpreted as being that
of a deoxyribose derivative. (This compound is currently under-
going further analysis.)
The condensation of formamide performed in the absence

of olivine derivatives yielded purine as the only recovered
product (Table 2, entry 1). Purine derivatives, adenine in partic-
ular, are usually obtained as the most abundant products
during prebiotic syntheses from simple one-carbon-atom pre-
cursors, such as, HCN and formamide. Furthermore, we ob-
serve that CDAs are specific and selective microenvironments
for the formation of pyrimidine derivatives, including cytosine
and uracil ; uracil could be formed by cytosine hydrolysis. CDAs
were found to be more efficient catalysts than their parent
compounds (e.g. , Table 2 entry 3 vs. 8 and entry 5 vs. 10).
These data suggest that IDPs might be favorable microenviron-
ments for the prebiotic synthesis of pyrimidine nucleobases
that are not easily obtained under terrestrial conditions. More-
over, the elemental composition of CDAs was found to be an
important parameter for the selectivity of the reaction. For ex-
ample: fayalite (sample A) and Mg0.5Fe1.5SiO4 (sample B) CDAs,
characterized by the absence or presence of low amounts of
magnesium ions, yielded high amounts of 4-(3H)-pyrimidinone,
cytosine, and uracil (Table 2, entries 5 and 4). However, forster-

Table 1. Catalyzed synthesis of nucleic acid components from formamide.

Catalyst
Product Silica Alumina Kaolin Zeolite CaCO3 KP-10[b] K-30[b] KSF[b] Al-PILC[b] TiO2

purine + [a] +++++ +++++ +++++ +++++ ++++ + ++++ +++ +++

adenine + + 0 + 0 ++ ++++ +++ + ++

hypoxanthine 0 0 0 0 0 + 0 + + 0
N9-formylpurine 0 0 0 0 0 +++ ++++ + + +++

N,N-diformyladenine 0 0 0 0 0 0 0 0 0 +

acyclonucleosides 0 0 0 0 0 0 0 0 0 ++

cytosine + + 0 + 0 +++ +++ +++ +++ +

hydroxypyrimidine + + + + 0 0 0 0 0 0
uracil 0 0 0 0 0 + + + + 0
thymine 0 0 0 0 0 0 0 0 0 +

hydroxymethyluracil 0 0 0 0 0 0 0 0 0 +

AICA 0 0 0 0 0 0 0 ++++ +++ 0
FAICA 0 0 0 0 0 ++ ++++ +++ + 0

[a] mg of product per gram of formamide. + : 0.1–5.0 mg; ++ : 5–10 mg; +++ : 10–20 mg; ++++ : 20–40 mg; +++++ : >40 mg. [b] Activated
montmorillonites. AICA: 5-aminoimidazole-4-carboxamide; FAICA: 5-formamidoimidazole-4-carboxamide. Data from ref. [16] (Silica, Alumina, Kaolin, Zeolite,
CaCO3), [18] (KP10, K30, KSF, Al-PILC), [17] (TiO2).

Scheme 1. Condensation of formamide in the presence of CDAs.
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ite CDA, which is devoid of iron, did not yield pyrimidines
(Table 2, entry 6).

Degradative catalysis by cosmic dust analogues

The decomposition of DNA and the degradation pathway of
oligonucleotide-embedded purine and pyrimidine bases by
formamide have been described.[13–15] The decreasing order of
sensitivity to degradation is: purine, inosine, guanine>ade-
nine>cytosine@ thymine, and the chemical mechanisms that
are involved have been determined.[13,14] For purines, degrada-
tion occurs by nucleophilic attack in the C8 position, which
leads to degradative opening of the imidazole ring.[13] For pyri-
midines degradation occurs by nucleophilic attack in the C6 or
in both the C4 and C6 positions.[14] Following degradation and
removal of the heterocyclic base, the two reactive protons Ha
and Hg (Figure 1A) are available for b-elimination reactions,
which lead to 3’- and 5’-phosphodiester bond cleavage, re-
spectively. The strength of Ha is higher than that of Hg,[15] so
that in a weak base such as formamide, the cleavage of the
3’-phosphodiester bond occurs preferentially to that at the 5’
end.[14,15] On 3’-labeled DNA molecules, the cleavage at the 5’
end is label-distal and is masked by the robust band generated
at the 3’ label-proximal side.
This behavior provides an assay for the study of the effects

of the DNA-backbone interaction with CDA olivines. An altera-
tion of the standard cleavage reaction, caused by the interac-
tion of the oligonucleotide backbone with the catalyst surface,
is manifested as an intensity variation of the 3’ and/or 5’
bonds. This reveals the relative strength of the pentose Ha/Hg
protons (Figure 1A).
The effect of CDA olivines on formamide degradation of

polynucleotides was studied on homogeneous polymers that
were embedded in mixed-sequence stretches. The complete
analysis is described in the Supporting Information. Figure 1B

shows the degradation pattern of a 3’-labeled poly-
A oligonucleotide with mixed-sequence terminal
segments. The polynucleotide was treated with for-
mamide in the absence or presence of the indicated
amounts of untreated (lanes 1–6) or UV-laser ablat-
ed (lanes 7–12) CDA olivine. The effects of untreat-
ed olivine were alteration of the base selectivity of
the formamide attack (i.e. , cleavage at A’s is much
less inhibited than of the C’s—see the mixed-
sequence in the upper part of the gel) ; moderate
alteration of the 3’/5’ cleavage ratio; overall pro-
tection as a function of increased concentration;
sequestering of oligonucleotide at higher concen-
trations (lanes 5 and 6).
The olivines prepared as CDAs produce quite dif-

ferent effects (lanes 7–12): marked loss of base-
cleavage selectivity even at low concentration
(lane 8); strong alteration of the 3’/5’ cleavage ratio
with marked increase of 5’ cleavage; weak protec-
tion effect. Figure 2 compares five different com-
pounds (A–E) as a function of concentration. They
were tested as untreated mixture of oxides (left

panel) or as CDA compounds (right panel).
In summary, the effect of CDA olivines on DNA attack by for-

mamide consists of the alteration of base selectivity (G>A>
C@T), and modification of the rate of b-elimination of Ha/Hg
protons.

Conclusion

Since prebiotic self-replicating molecules were a priori not sup-
ported by complex enzymatic systems, emergence of life must
have been a robust phenomenon. We consider that the more
common the precursors were, the simpler and more unitary
must have been the chemistry involved; the more widespread
the catalysts that provided selectivity and improvement in
yields, the higher must have been the chances that informa-
tion-bearing oligomers would form and replicate. This im-
plies—among other polymerization-related requirements[12]—
at least the simultaneous presence of purines and pyrimidines
in comparable concentrations.
Such coexistence would obviously be favored by a single

chemical frame for their synthesis and also by equilibrated syn-
thesis/degradation rates. If a compound (i.e. , adenine) were
synthesized in higher amounts, its excessive concentration
could have been compensated for by a higher degradation
rate. Correspondingly, the scarce synthesis of thymine could
have been compensated for by its higher resistance to deg-
radation.[14–16] Taken together, the formamide-based unitary
chemical frame for the synthesis of a complete suite of precur-
sor bases (Tables 1 and 2) and their differential stabilities in
formamide,[14–16] prevent a strong imbalance of precursor con-
centrations.[41] The availability of an equilibrated pool of pre-
cursors would have facilitated the initial synthetic processes.
We thus propose that the initial unitary chemical frame was
based on formamide chemistry.

Table 2. Quantitative profile of the products obtained by formamide condensation in
the presence of olivines and CDAs.

Yield[b]

Catalyst Sample Pyrimidinone
(2)

Uracil
(3)

Cytosine
(4)

Purine
(5)

Urea
(6)

Dihydrouracil
(7)

1 No catalyst 0 0 0 34.1 0 0
2 MgFeSiO4

*[a] C 19b 2.4 19.6 0.3 0.1 0
3 Mg1.5Fe0.5SiO4

*[a] D 19.5 0 32.3 0 0.1 0
4 Mg0.5Fe1.5SiO4

*[a] B 72.6 2.1 22.5 0 0 0
5 Fe2SiO4

*[a] A 241 4.5 68.6 1.2 3.2 0
6 Mg2SiO4

*[a] E 0 0 0 0.7 1.0 0
7 MgFeSiO4 C 5.2 0.8 4.7 0 0.2 0
8 Mg1.5Fe0.5SiO4 D 9.9 0 0 0 0 0
9 Mg0.5Fe1.5SiO4 B 3.7 2.2 7.0 0.2 0 4.2
10 Fe2SiOA A 5.4 0 0 0 0 0
11 Mg2SiO4 E 0.13 0 0 0 0 0

[a] Cosmic dust analogues (CDAs). [b] Quantitative evaluations were performed by ca-
pillary gas-chromatography analysis as described in the Experimental Section. Because
of the uncertainty of the number of formamide molecules involved in the synthesis of
the recovered products the yields were calculated as mg of product formed per gram
of formamide.
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Formamide, which is a product of HCN hydrolysis, is stable
in liquid even above 200 8C and shows limited azeotropic
effects.[27] Its role as an imidazole and oxazole precursor has
been described.[28] Formamide-based reactions that yield nucle-
obases result in different populations of products that mostly
consists of purines but also pyrimidines and acyclonucleo-
sides.[16–18] The composition of these depends on the catalyst
present. CaCO3, silica, alumina, kaolin, zeolites, TiO2, and mont-
morillonite clays[16–18] all favor the formation of purines.

Here we show that CDA olivines favor formamide condensa-
tion into pyrimidines and actively decrease formamide-based
oligonucleotide instability.
Formamide is among the organic molecules present in the

interstellar medium,[21,22] as are olivines.[23] The detection of
purines and pyrimidines in meteorites (of which Murchison is
only one instance)[25,26] provides a clear example of extraterres-
trial syntheses and poses the question of their origin. Given
that large amounts of organic molecules were deposited on
the primitive Earth by asteroids, comets, meteorites, and
IDPs,[7,21] the formamide/olivines substrate/catalyst combina-
tion described here provides a plausible example of the chemi-
cal forces and possibilities in action that could kick-start the
phenomenon of primordial polymerizations. This process had
to be robust enough to allow neo-Darwinian selection, and
was certainly not based on elaborate precursors and rare
catalysts.
The experiments reported do not allow firm conclusions on

the possible early-Earth environment(s) in which the described
catalyses could have taken place. However, the fact that ex-
plored active synthetic processes do take place at high tem-
perature (110–160 8C) and under dry conditions suggests vol-
canic environments. This is in agreement with the results of
the analysis of catalytic property of montmorillonites on prebi-
otic syntheses. Given that there is no a priori reason to assume
morphological and chemical instability of cosmic dust particles
after arriving on early Earth, the observed catalytic properties
of CDAs and volcanic environments are not in contrast. The
properties of CDAs at low temperatures and in a photochemis-
try frame (or in general under space-like conditions) deserve
further studies.

Figure 1. CDA olivines modify the degradative reactions of formamide on
DNA. Degradation of a 3’-labeled 46-base long oligonucleotide containing a
30 bp poly-A stretch and mixed sequence termini (see Supporting Informa-
tion for details). A) Cleavage of 3’ and 5’ phosphodiester bonds by amides.
Schematic representation of the degradation of the sugar moiety that indi-
cates the two different b-eliminations (see text). B) The reaction with forma-
mide (110 8C, 20 min) was performed in the absence (control lane) or in the
presence of untreated (lane 1–6) or of UV-LA (lanes 7–12) CDA olivine. The
concentration of olivines in the reactions (mgmL�1) are indicated at the top
of each lane. The 3’ and 5’ b-elimination bands are shown schematically.

Figure 2. CDA olivines modify the degradative reactions of formamide on
DNA. The effect of the range of chemically different olivines is described.
A) Fayalite Fe2SiO4; B) Mg0.5Fe1.5SiO4; C) olivine MgFeSiO4; D) Mg1.5Fe0.5SiO4;
E) forsterite Mg2SiO4; see text for details. Experimental procedures were car-
ried out as described for Figure 1. The bands correspond to positions 15
(upper band) and 16 (lower band) of the poly-A region.
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Experimental Section

Preparation of UV-laser ablated (UV-LA) olivines : Principal sites
of cosmic dust formation are envelopes of giant stars that belong
to the asymptotic branch (AGB) and supernovae (SN).[29–30] Once
formed, grains are injected in the interstellar medium (ISM) and
collected during planetary system formation as building blocks of
large bodies. Based on results from space missions,[31] space and
ground-based observations,[23, 32,33] and laboratory analyses of
IDPs[34–37] “fluffy” grains of amorphous olivines were synthesized in
the laboratory as CDAs with the aim of reflecting the chemical
composition and morphology of silicate dust expected in different
astronomical environments.[24]

CDAs were produced by fast condensation of vaporized target by
high energy Nd:YAG laser ablation. Laser targets were oxide mix-
tures (SiO2, MgO, FeO). Each component was weighed in order to
obtain the exact stoichiometric composition of olivines with differ-
ent magnesium and iron content: pure fayalite Fe2SiO4 (sample A),
Mg0.5Fe1.5SiO4 (sample B), MgFeSiO4 (sample C), Mg1.5Fe0.5SiO4 (sam-
ple D), and pure forsterite Mg2SiO4 (sample E). The targets were
prepared by pressing the oxide mixtures at 15 tons to produce pel-
lets 13 mm in diameter and few millimeters in thickness. Surelite II
laser (fundamental wavelength at 1064 nm) equipped with two
crystals was used to obtain forth harmonics at UV wavelength of
266 nm. An optical set-up selects and focuses the UV laser beam
on the target to give a power density of 109 Wcm�2 on a spot
2 mm in diameter. The target is mounted inside a vaporization
chamber designed to work at different gas pressures. In this ex-
periment, the O2 atmosphere was 10 mbar. The oxidative atmos-
phere prevents iron segregation that could form grains of pure
iron metal during condensation. Moreover, the presence of an at-
mosphere inside the evaporation chamber causes hot atoms of
laser plume to lose their energy by collision with the cold O2

atoms. The high expansion velocity (104–105 cms�1) of the hot gas
in the laser plume and the collision-cooling mechanism (collision
mean free path of 10�4 cm for O2 gas at 10 mbar) favor the super-
saturation of the vapor. These are the appropriate conditions to
induce condensation. The particles produced have a size distribu-
tion and average size that depend on the pressure and molecular
weight of the cooling gas and the laser power density.[38] Due to
the faster expansion of the laser-produced vapor plume in a lower
pressure atmosphere, the particle sizes decrease as the gas pres-
sure inside the evaporation chamber is reduced. The solid samples
are then collected on appropriate substrates at a distance of about
3 cm from the target.

The morphological characterization of the samples was performed
with a field emission scanning electron microscope (FESEM; Stereo-
scan FE360) with a spatial resolution of 2 nm. To prepare samples
for FESEM analysis, laser-produced grains were collected on silicon
substrate that was exposed to the dust flux during laser ablation.

The samples were coated with a Cr film in order to avoid charge
build up under the electron beam of the microscope and obtain
the best space resolution. Images at different magnifications were
acquired from different regions of each sample.

The chemical composition of the samples was studied by means of
an energy dispersive X-ray (EDX) detection system that was linked
to the FESEM. For this kind of analysis grains were uniformly de-
posited on a carbon stub. The EDX spectra were acquired from five
different regions and the average elemental content was mea-
sured. Appropriate software was used to evaluate the mass con-
centration of the elements by comparing X-ray spectra with those
of standard samples.

Spectroscopic measurements were performed in the mid-infrared
region in transmission. Dust samples were embedded in KBr and
pressed into pellets. Spectra were acquired at a resolution of
2 cm�1 by means of a FTIR interferometer (Bruker Equinox55) and
absorbance, A, was calculated in terms of transmittance, T, with the
equation: A=�lnT.

Characterization of UV-LA CDA olivines : The scanning electron
micrographs showed that CDAs are very “fluffy” samples that are
characterized by the presence of two morphological classes:
1) chain-like agglomerates of small spheroidal grains; and 2) iso-
lated spheres (Figure 3). The shape and sizes observed were typical
of fast vapor condensation and liquid coalescence processes.[39,40]

The spheroidal shape of small grains (class 1) is the result of the
Gibbs–Wulff criterion,[41] which predicts that the grain shape is
achieved when

P

i

xiAi is at a minimum; xi is the specific surface

free energy of the ith grain face, and Ai is the area. Under our ex-
perimental conditions, the surface migration time, ts, of the im-
pinged atoms is greater than the time interval, ti, between two
consecutive arrivals of atoms from the vapor phase onto the grain
surface. Thus, atoms do not have sufficient time to gain a crystal-
line structure and amorphous spherical grains are formed
(Figure 3).

A fraction of the UV-LA particles can behave like a liquid and co-
alesce, thereby combining their volumes. This postcondensation
process is responsible for the presence of isolated spheres (class 2).
Further evidence for active postcondensation-coalescence process
can be obtained by the analysis of CDA grain-size distribution. The
good agreement with the log–normal distribution function, which
was derived with the statistical theory of coalescence of spherical
grains,[40] indicates that coalescence is also an active process in the
laser-ablation technique used in this work.

The concentrations of CDA elements show a systematic decrease
between the target and the condensed samples. This is observed
when samples with fluffy textures are measured, because the elec-
tron beam crosses a smaller volume fraction of material and de-
tects a lower X-ray signal. Even if this can affect the evaluation of
the amount of oxides, the stoichiometry of the samples remains
unchanged within error.

Absorbance of CDA sample E (Mg2SiO4), prepared as laser target
and after laser ablation, is reported in Figure 4. The spectrum of
the laser target shows the presence of all the bands of the oxides

Figure 3. FESEM micrograph of CDA sample E (Mg2SiO4) deposited onto sili-
con wafer. Two morphological classes are visible: 1) chain-like agglomerates
of small spheroidal grains; and 2) isolated spheres.
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that were used for target preparation. In particular the bands at
8.5, 9.2, 12.5, and 21.3 mm of SiO2 and 12.5, 12.8, 14.5, 15.0, and
21.8 mm of MgO are presented. After laser ablation, two broad and
smooth bands at 10.1 and 19.1 mm of amorphous olivine are ob-
served; these bands are due to stretching and bending of silicon–
oxygen bonds, respectively. The presence of weak target oxide
bands observed in the laser-ablated spectrum, imply that small
fractions of particles are ejected from the target as pure oxides
without being involved in silicate-formation reactions.

Formamide-based synthesis : Formamide (>99%; Fluka) and 6-
methoxypurine (Aldrich) were used without further purification. GC
analysis and mass spectra were performed on an Hewlett–Packard
5890 II gas chromatograph and a Shimadzu GC-MS QP5050A
equipped with an AlltechR AT-20 column (0.25 mm, 30 m). 1H and
13C NMR spectra were recorded on a Bruker (200 MHz) spectrome-
ter and are reported in d=value. Microanalyses were performed
with a C. Erba 1106 analyzer. Chromatographic purifications were
performed on columns packed with Merck silica gel, 230–400
mesh for flash technique.

Formamide condensation : Formamide (5.7 g, 5 mL, 0.12 mmol)
was heated at 160 8C for 48 h in the presence of CDAs of olivines:
fayalite Fe2SiO4 (sample A), Mg0.5Fe1.5SiO4 (sample B), olivine MgFe-
SiO4 (sample C), Mg1.5Fe0.5SiO4 (sample D), and forsterite Mg2SiO4

(sample E; 2% w/w). Reference experiments were performed with
the parent olivines under similar experimental conditions.

The reaction mixture was allowed to cool, filtered to remove the
catalyst, and evaporated under high vacuum. GC-MS of a portion
of the crude reaction was performed after derivatization with N,N-
bis(trimethylsilyl)acetamide by using an isothermal temperature
profile of 100 8C for the first 2 min, followed by a 10 8Cmin�1 tem-
perature gradient to 280 8C, and finally an isothermal period at
280 8C for 40 min. The injector temperature was 280 8C. Chroma-
tography grade helium was used as the carrier gas. The fragmenta-
tion patterns were compared with those of authentic samples. 6-
Methoxypurine was used as internal standard. The crude reaction
mixture was also purified by flash chromatography (CHCl3/CH3OH
9:1). The structure of isolated products was confirmed with spec-
troscopic techniques and by comparison with commercial samples.
Selected mass spectrometric data of compounds 2–7 are reported
in Table 3.

Selected spectroscopic data for 4(3H)-pyrimidinone (2): m.p. 166–
169 8C (EtOH); 1H NMR ([D6]DMSO) d=6.35 (d, J=5.0 Hz, 1H; CH),
7.95 (d, J=5.0 Hz, 1H; CH), 8.20 (s, 1H; CH), 12.8 (br s, 1H; NH);
13C NMR ([D6]DMSO) d=118.45 (CH), 145.10 (CH), 147.02 (CH),
163.33 (C); FTIR (Nujol) ñmax=3460, 3300, 2890, 1680, 1600,
1475 cm�1.

Preparation of oligonucleotides : The differential effects of metal
oxides and olivines on the degradation of polynucleotides by form-
amide was studied on homogeneous polymers embedded in
mixed-sequence stretches. The overall approach consisted of the
analysis of the degradation products of two synthetic 2’-deoxy-
oligonucleotides. These were made of two short mixed-sequence
ends (ten and six bases long at the 5’- and 3’-ends, respectively)
and of a central 30-base-long homogeneous stretch of Gs, As, Cs,
or Ts. The oligonucleotides used were:

Oli1: 5’-ACCTAACCGG[G]30CCGGTT-3’
Oli2: 5’-ACCTAACCGG[A]30CCGGTT-3’
Oli3: 5’-CCCGAACCGG[C]30CCGGTT-3’
Oli4: 5’-CCCGAACCGG[T]30CCGGTT-3’

These oligonucleotides were designed so as to be pair-wise com-
plementary (i.e. , Oli1 with Oli3, and Oli2 with Oli4). After annealing,
the uncomplementary overhangs at the 5’ ends, each four nucleo-
tides long, was used for selective labeling as described.[17] The deg-
radation conditions used in this assay cause less than one hit per
molecule, as shown by the regularity of the cleavage patterns and
by the presence of a substantial amount of unreacted molecules.

Degradations of oligonucleotides by formamide in the presence
of olivines : Each oligonucleotide (2 mg) was annealed with the
same amount of its complementary oligo and labeled with
[a32P]dCTP (Oli2) or with [a32P]dATP (Oli3). Labeling was performed
by using T7 Sequenase (USBC-Amersham Biosciences), and the la-
beled oligo was purified on a 10% denaturing acrylamide gel (ac-
rylamide/bisacrylamide 19:1). The polyacrylamide was removed by
a NuncTrap probe purification column (Stratagene), and DNA
(2 pmol; typically 300000 cpm) was processed for each sample.
The DNA was ethanol precipitated, resuspended in formamide
(5 mL; Fluka) and added to formamide (97%, 10 mL) that contained
the indicated amounts of the appropriate olivine compound. After
20 min at 110 8C, a solution of tetrasodium pyrophosphate (final
concentration 5S10�4m ; Sigma) was dissolved in water and made
up to a final volume of 40 mL. The samples were vortexed for
1 min, then centrifuged at 13000 rpm for 20 min. The washed sam-
ples were combined, ethanol precipitated, resuspended in forma-

Figure 4. Absorbance in arbitrary units of CDA sample E (Mg2SiO4) prepared
as laser target (dashed line) and after laser ablation (solid line). The presence
of two broad and smooth bands at 10.1 and 19.1 indicate the chemical
transformation of SiO2 and MgO oxides in amorphous olivine.

Table 3. Selected mass spectrometric data of compounds 2–7.

Products m/z (%)

pyrimidinone (2) 96 (100) [M] , 69 (31) [M�HCN], 53 (28) [M�NHCO]
cytosine (3) 111 (100) [M] , 95 (20) [M�NH2], 83 (28) [M�CO],

69 (45) [M�NCO], 41 (58) [M�HNCO�HCN]
uracil (4) 112 (100) [M] , 69 (74) [M�HNCO], 42 (21)

[M�HNCO�HCN]
purine (5) 120 (100) [M] , 93 (37) [M�HCN], 86 (19) [M�2HCN]
urea (6) 60 (100) [M] , 44 (32) [M�NH2]
dihydrouracil (7) 114 (100) [M] , 71 (64) [M�HNCO], 43 (21)

[M�HNCO�HCN]

[a] Mass spectroscopy was performed with Hewlett–Packard 5971 mass-
selective detector on a Hewlett–Packard 5890 III gas chromatograph with
an FID detector. Samples were analyzed after treatment with N,N-bis-tri-
methylsilylacetamide and pyridine.
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mide (5 mL) buffer, heated for 2 min at 95 8C, and loaded on a 16%
denaturing polyacrylamide gel (19:1 acrylamide/bisacrylamide). For
these methods see also refs. [16, 17] .
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