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Abstract: During the course of chemical evolution the role of metal oxides may have been very significant in
catalysing the polymerization of biomonomers. The peptide bond formation of alanine (ala) and glycine
(gly) in the presence of various oxides of manganese were performed for a period of 35 days at three different
temperatures 50, 90 and 120°C without applying drying/wetting cycling. The reaction was monitored every
week. The products formed were characterized by high-performance liquid chromatography and
electrospray ionization–mass spectrometry techniques. Trace amount of oligomers was observed at 50°C.
Maximum yield of peptides was found after 35 days at 90°C. It is important to note that very high
temperatures of 120°C favoured the formation of diketopiperazine derivatives. Different types of manganese
oxides [manganosite (MnO), bixbyite (Mn2O3), hausmannite (Mn3O4) and pyrolusite (MnO2)] were used as
catalyst. The MnO catalysed glycine to cyclic (Gly)2, (Gly)2 and (Gly)3, and alanine, to cyclic (Ala)2 and
(Ala)2. Mn3O4 also produced the same products but in lesser yield, while Mn2O3 andMnO2 produced cyclic
anhydride of glycine and alaninewith a trace amount of dimers and trimmers.Manganese of lower oxidation
state is much more efficient in propagating the reaction than higher oxidation states. The possible
mechanism of these reactions and the relevance of the results for the prebiotic chemistry are discussed.

Received 4 October 2016, accepted 18 November 2016, first published online 23 December 2016

Key words: alanine, catalysis, glycine, prebiotic peptide formation.

Introduction

The interaction of a wide variety of organic molecules such as
amino acids, peptides, nucleic acid bases, nucleotides, among
each other on the clay and clayminerals have been investigated
in detail (Greenland et al. 1962, 1965a, b; Graf & Laganly
1980). These simple precursors produced eventually more com-
plicated biopolymers (Getz 1990; Rode 1999; Voigt et al.
2000). The first biopolymers might have been condensed
phases of peptides on the surface of minerals or other sub-
stances (Kunin 2000). Peptide-like polymers seem to be
among the first macromolecules, which might have played a
key role in chemical processes leading to the emergence of
the first living cell (Brack & Barbier 1990). Studies have been
conducted on the synthesis of peptides under hydrothermal
conditions resulting in low yields of oligomeric products
(Shock 1992; Amend & Shock 2000; Cleaves et al. 2009;
Lemke et al. 2009) Extensive studies have documented the
role of clays, minerals and inorganic oxides widely prevalent
on the primitive earth in catalysing the condensation reactions
of amino acids for peptide synthesis (Flegmann & Scholefield
1978; Lahav et al. 1978; Coyne 1985; Basiuk et al. 1991; Lahav
1994; Bujdak&Rode 1996, 1997a, b, 1999a, b; Zamaraev et al.
1997; Porter et al. 1998; Smith 1998; Rode et al. 1999; Rimola
et al. 2006, 2007;Marshall-Bowman et al. 2010; Schreiner et al.
2011; Fuchida et al. 2014). The works reported in such studies
have involved clay minerals, silica, alumina and other related

compounds and minerals. The results strongly support the
heterogeneous condensation hypothesis, which states the im-
portance of mineral surface in aiding polymerization from
biomonomers.
Like natural minerals, transition metal oxides are important

constituents of the Earth crust andmay have been important as
catalysts for the formation of biopolymers during chemical
evolution and the origin of life (Arora & Kamaluddin 2007,
2009; Arora et al. 2007). Recently, various studies have
shown the good efficiency of transition metals and their oxides
as catalysts such as hematite (Arora et al. 2007), zinc oxide
(Arora & Kamaluddin 2007), aluminium oxide (Arora &
Kamaluddin 2009), iron oxides (goethite, akaganeite and
hematite) (Shanker et al. 2011, 2013) in the formation of sev-
eral nucleobases from formamide and hence suggested their
role in the prebiotic synthesis. Synthetic ferrihydrite was
found to adsorb and bind amino acid and further promoted
the peptide bond formation (Matrajit & Blanot 2004).
In this context, it is worthmentioning the relative abundance

of manganese oxides on primitive earth (Turekian&Wedepohl
1961; Heiserman 1992) and its possible involvement in chem-
ical evolution of life on earth. Our earlier studies have demon-
strated the role of manganese oxides as a catalyst in several
reactions pathways that may have led to the emergence of
life (Bhushan et al. 2011, 2016a, b). In an effort for gaining
knowledge on possible peptide bond formation, studies were
undertaken on different manganese oxides [manganosite
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(MnO), bixbyite (Mn2O3), hausmannite (Mn3O4) and pyrolus-
ite (MnO2)] for carrying out condensation reaction for possible
peptide synthesis from twomodel amino acids (glycine and ala-
nine). Peptide synthesis on early Earth might have occurred at
higher temperature in hydrothermal vent-like conditions
(Shock 1992; Huber & Wächtershäuser 1998; Imai et al.
1999; Amend & Shock 2000; Huber et al. 2003; Cleaves et al.
2009; Lemke et al. 2009). This hypothesis was demonstrated by
various works on the successful peptide synthesis occurring on
mineral surfaces at higher temperatures of 80–85°C (Bujdak &
Rode 1997b, 1999a, b, 2001, 2002). In the present study, at-
tempt was made to find more diverse conditions for possible
peptide formation on the various oxides of manganese surface
and hence experiments were conducted in the temperature
interval of 50–120°C.

Experimental procedure

Material and methods

Manganese acetate and ammonium oxalate were purchased
fromMerck. Alanine, glycine, sodium hexane sulphonate acid-
ified and phosphoric acid were purchased from Sigma. All
other chemicals used were of an analytical grade and were
used without further purification. Millipore water was used
throughout the studies.

Synthesis and characterization of the manganese oxides

Manganese oxides of different Mn/O ratio (MnO, Mn3O4,
Mn2O3 andMnO2) were synthesized as described in our earlier
works (Bhushan et al. 2011). Characterization studies with re-
spect to X-ray diffraction (XRD) revealed the purity of the pre-
pared oxides after comparison with JCPDS XRD patters. The
surface area of the oxides were determined by nitrogen (N) ad-
sorption isotherms on micromeritics ASAP 2010 (UK). All
manganese oxides had a more or less equal surface area.
Details are described in (Bhushan et al. 2011).

Oligomerization of glycine and L-alanine

Each of the manganese oxides, MnO, Mn2O3, Mn3O4 and
MnO2 (0.1 g) were impregnated with aqueous solution of
amino acids: glycine and L-alanine (0.1 ml, 0.1 M) separately.
Each of the suspensions was dried under ambient conditions by
heating for 3 h. This was initiated to undertake adsorption of
the amino acids on the manganese oxide surface. The dried
samples were subsequently exposed to further heating at
three different temperatures of 50, 90 and 120°C for a period
of 35–42 days. The reaction products formed was monitored
for formation of peptide bonds after every 7 days. No fluctuat-
ing drying/wetting conditions were simulated. After every
7 days, the condensation products obtained were washed
with 1 ml of 0.1 M calcium chloride solution to leach out the
adsorbed amino acids and related reaction products. Control
experiments of amino acids without catalyst were also per-
formed. The supernatant liquid of the reaction was filtered
and divided into two parts; one part of the filtrate was used
for high-performance liquid chromatography (HPLC) analysis T
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while other for electrospray ionization–mass spectrometry
(ESI–MS) analysis.

HPLC analysis

All the solutions obtained from the reaction systemwere analysed
with HPLC (Waters 2489, binary system) equipped with a col-
umn of Waters (Spherisorp 5 µm ODS2 4.6 mm× 250 mm).
UV detection was performed at 200 nm wavelength. The mobile
phase compositions were 10 mM sodium hexane sulphonate
acidified with phosphoric acid to pH* 2.5 (solvent A) and
acetonitrile of HPLC grade (solvent B) with a flow rate of
1 ml min−1. The reaction products were identified by retention
time and co-injection method.

ESI–MS analysis

A Bruker Esquire 4000 (Bruker Daltonics Data Analysis 3.3,
Germany) ion trap mass spectrometer interfaced to ESI source
was used for mass analysis for the formation of peptides in the
presence of manganese oxides. Ionization of analytes was

carried out using the following setting of ESI: nebulizer gas
flow 10 psi, dry gas 5 l min−1, dry temperature 300°C, capil-
lary voltage 4000 V. Calibration of m/z was performed using
ES-tuning mix. The ESI–MS/MS experiments of the products
were also performed under the same conditions using positive
ionization mode.

Results

In the control experiments with glycine only, formation of a
trace ofCyc(Gly)2 [diketopiperazine (DKP)] and (Gly)2 was ob-
served after 35 days; however, formation of a peptide in the
blank experiment of alanine was not observed, in accordance
with the previous observations (Bujdak & Rode 1999a, b).
The maximum yield of products was attained after 35 days,
after which the yields subsequently decreased. Thus, the yield
of the products obtained by heating alanine and glycine in the
presence of different manganese oxides at temperatures 50, 90
and 120°C for 35 days are tabulated and shown in Table 1.
Since the experiments were conducted in triplicate, Table 1
shows the standard deviation along with the average yields of
the products. Representative HPLC chromatograms are
shown in Figs. 1 and 2. The ESI–MS spectra of glycine, alanine
and the oligomer products formed after 35 days at 90°C in the

Fig. 1. HPLC chromatogram of products formed when alanine was
heated at 90°C for 35 days in the presence of (a) MnO, (b) Mn3O4, (c)
Mn2O3 and (d) MnO2.

Fig. 2. HPLC chromatogram of products formed when glycine was
heated at 90°C for 35 days in the presence of (a) MnO, (b)] Mo3O4, (c)
Mn2O3 and (d) pyrolusite (MnO2).
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presence of MnO are depicted in Figs. 3–5, respectively. In the
MS spectra of glycine, mass 76.1 corresponds to [Gly +H]+,
115 for [CycGly2 +H]+, 132.9 for [Gly2 +H]+ and 189.9 for
[Gly3 +H]+. In the MS spectra of alanine, mass 90.1 corre-
sponds to [Ala +H]+, 115 for [CycAla2 +H]+ and 160.9 for
[Ala2 +H]+.
The reaction products were identified by retention times and

co-injection method. Yields of the products were determined
by comparing the peak area of products to the standards.

Discussion

The significant presence of peptides in the test experiments in
comparison with those in the control, in the present study, re-
veals the role of manganese oxides as catalyst in the formation

of polymerized products. The catalytic activity of manganese
oxide is well established in the literature (Radhakrishnan &
Oyama 2001; Espinal et al. 2004). It is used in a wide range
of industrial catalytic applications, such as photocatalytic oxi-
dation of organic pollutants, nitric oxide reduction, selective
oxidations of carbon monoxide, cyclohexane, ethylbenzene,
ethanol and 2-propanol, decomposition of hydrogen peroxide,
hydrogenolysis of cyclopropane and oligomerization of me-
thane. The catalytic activity of MnO for the oligomerization
of amino acid can be explained on the basis of the surface ac-
tive sites (Chen et al. 1997; Kijlstra et al. 1997; Zhou et al. 1998;
Vileno et al. 1999; Xia et al. 1999; Chen et al. 2001; Qi & Yang
2003). The catalytic activity of manganese oxides in the activ-
ities leading to chemical evolution have been demonstrated in
earlier works (Bhushan et al. 2011, 2016a, b).

Fig. 3. ES1–MS spectra of (a) glycine, (b) glycylglycine and (c) glycylglycylglycine.
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Both glycine and alanine resulted in the formation of peptide
products on the surface of manganese oxides, but the sum
product yield was higher in glycine than in alanine.
Formation of peptides up to trimer was observed with glycine
only whereas alanine afforded only its dimer. Table 1 reveals
that glycine in the presence of MnO produced (Gly)3 (16.7%)
along with (Gly)2 (26.8%) and cyclic(Gly)2 (26.4%), while ala-
nine produced (Ala)2 (20.2%) and cyclic (Ala2) (24.6%) after
35 days of heating at 90°C. The higher reactivity of glycine
as observed can be related to its structural simplicity (Bujdak
& Rode 1999a, b).
Diketopiperazine a cyclic peptides by-product identified

from HPLC and ESI–MS studies was found on all manganese
oxides. Its formation is favoured at higher temperatures of

120°C only (Table 1). Similar observation was made by
Basiuk and Sainz-Rozas and it was postulated that the quantity
of water adsorbed and hence the thickness of the hydrate layer
on the metal oxide is low at higher temperatures as compared
with those at ambient temperatures (Basiuk & Sainz-Rojas
2001). This further shifts the equilibrium of dehydration reac-
tions; thus the cyclization of (Gly)2 and (Ala)2 into DKP
seems to be more favourable at higher temperatures than the
peptide chain elongation. Thus, it was natural to observe the
formation of (Gly)3, (Gly)2, (Ala)2 at lower temperature of
90°C, though the overall reaction rate was found to decrease.
The peptide yields were found to vary under different tem-

perature conditions. For example, irrespective of the manga-
nese oxides, temperature conditions of 90°C resulted in

Fig. 4. ESI–MS spectra (a) alanine and (b) alanylalanine.
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significantly higher yields of the short peptides in comparison
with those from 50 and 120°C. Trace amounts of such oligo-
mers were also observed at 50°C. This may imply that peptide
formation could have initiated at lower temperatures, but high-
er temperatures were required for increased yields. Basiuk &
Sainz-Rozas reported similar higher oligomers yields from
L-alanine on alumina (Basiuk & Sainz-Rojas 2001). Short pep-
tide synthesis was also reported by the authors at lower tem-
peratures of 55°C. The findings here have strong implications
regarding possible environments that could have favoured pre-
biotic peptide synthesis. Also, time duration of 35 days were
found to be sufficient for achieving highest yield of the peptides
from both glycine and alanine.
It is important to note that among all the manganese oxides,

MnO andMn3O4 are efficient, as they produced higher yield of
oligomers of amino acids in both glycine and alanine. Mn2O3

andMnO2 on the other hand produced glycine and alanine oli-
gomers in comparatively low yield. The observed yield of the
products with four manganese oxides studied followed the

following trend: MnO> Mn3O4 > Mn2O3 > MnO2.
Although all manganese oxides that were synthesized had na-
nosized particles (evidenced from Transmission Electron
Microscopy studies) and more or less equal surface area
(Brunauer–Emmett–Teller studies) as documented in previous
studies (Bhushan et al. 2011), yet in the present study, highest
peptide yields were obtained on the MnO surface. The results
of our earlier studies have also demonstrated that manganese
oxides of lower oxidation state exhibited better adsorptive po-
tential for ribonucleotides and thus may have aided in the ca-
talysis of various reactions necessary for the origin of life
(Bhushan et al. 2011, 2016a, b). The early Earth had a reducing
atmosphere as proposed by pioneering works of various re-
searchers (Oparin 1938; Urey 1952; Miller 1953, 1955) and
supported by works of Chyba & Sagan (1992). Thus under
such conditions, manganese oxides with lower oxidation states
would have been favoured. The works of Tebo prove that abi-
otic oxidation of Mn(II) under aerobic condition at neutral pH
proceeds only at a limited rate (Tebo et al. 1997, 2004). On the

Fig. 5. ESI–MS spectra of products formed when glycine (a) and alanine (b) was heated for 35 days at 90°C in the presence of MnO.
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other hand, the higher oxides of manganese may have formed
as a result of microbial oxidation of the soluble Mn(II) in nat-
ural environments (Nealson et al. 1988). Hazen et al. further
concluded that the higher oxides of manganese had no exist-
ence until the Paleoproterozoic Era when the atmospheric con-
ditions witnessed a rise in the oxygen levels (Hazen et al. 2008).
It can thus be concluded that manganese in its reduced form
Mn(II) might have beenmore active during the course of chem-
ical evolution.

Conclusion
1. All investigated manganese oxides (MnO, Mn2O3,

Mn3O4 and MnO2) are able to catalyse the production
of peptide bond formation in glycine and alanine with-
out applying cyclic drying/wetting conditions.

2. Peptide bond formation was recorded in highest yields
at higher temperatures of 90°C although trace amounts
are observed even at 50°C. While linear chain peptides
were formed at lower temperatures, very high tempera-
tures of 120°C favoured the formation of cyclic pep-
tides derivatives.

3. Glycine on MnO produced cyclic (Gly)2, (Gly)2 and
(Gly)3 with alanine, cyclic (Ala)2 and (Ala)2 were
only formed. Mn3O4 also produced the same products
but in lesser yield, while Mn2O3 and MnO2 produced
least and trace mount of product of glycine and
alanine.

4. The results are significant in relation to prebiotic chem-
istry because it has shown experimentally that manga-
nese oxide having lower metal oxygen ratio have
maximum tendency to concentrate and condense to
bring about polymerized products.
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