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and Wolfram H.-P. Thiemann*

*Department of Physical Chemistry, University of Bremen, FB 02, Leobener Strasse, 28359 Bremen, Germany; †Laboratoire de Chimie Bioorganique, Unité
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Amino acids identified in the Murchison chondritic meteorite by
molecular and isotopic analysis are thought to have been delivered
to the early Earth by asteroids, comets, and interplanetary dust
particles where they may have triggered the appearance of life by
assisting in the synthesis of proteins via prebiotic polycondensa-
tion reactions [Oró, J. (1961) Nature 190, 389–390; Chyba, C. F. &
Sagan, C. (1992) Nature 355, 125–132]. We report the identification
of diamino acids in the Murchison meteorite by new enantiose-
lective GC-MS analyses. DL-2,3-diaminopropanoic acid, DL-2,4-
diaminobutanoic acid, 4,4�-diaminoisopentanoic acid, 3,3�-diamino-
isobutanoic acid, and 2,3-diaminobutanoic acid were detected in
the parts per billion range after chemical transformation into
N,N-diethoxycarbonyl ethyl ester derivatives. The chiral diamino
acids show a racemic ratio. Laboratory data indicate that diamino
acids support the formation of polypeptide structures under prim-
itive Earth conditions [Brack, A. & Orgel, L. E. (1975) Nature 256,
383–387] and suggest polycondensation reactions of diamino acids
into early peptide nucleic acid material as one feasible pathway for
the prebiotic evolution of DNA and RNA genomes [Joyce, G. F.
(2002) Nature 418, 214–221]. The results obtained in this study
favor the assumption that not only amino acids (as the required
monomers of proteins) form in interstellar�circumstellar environ-
ments, but also the family of diamino monocarboxylic acids, which
might have been relevant in prebiotic chemistry.

Chondritic meteorites, in particular the CM-type carbona-
ceous chondrites, make up a unique subset of primitive

meteorites, which are of particular interest in the context of
origins of life because of their relatively high carbon content and
because most of this carbon is present as organic matter. This
material is a diverse mixture of compounds that in particular
includes carboxylic acids, dicarboxylic acids, hydroxy acids, sul-
fonic acids, phosphonic acids, and amino acids in the form of
monoamino alkanoic acids and monoamino alkandioic acids (1).
Among these classes of compounds, a very small fraction of the
meteoritic isomers is believed to support prebiotic evolutionary
processes. We analyzed hydrolyzed hot-water extracts of a fresh
sample of the Murchison CM-chondrite by GC-MS with a chiral
column. With an efficient derivatization method and an im-
proved detection technique we focused on compounds with
more than two functional groups.

Methods
A 1.19-g sample (MPI 320�14) was taken from the interior of
the Murchison meteorite by using a stone crusher. The sample
provided fresh fracture surfaces. The sample was powdered for
2 � 2 min at 600 rpm by a planetary micro mill (Pulverisette
7, Fritsch, Idar-Oberstein, Germany) in a positive-pressure
‘‘class 100’’ clean room. A 5-mg aliquot of the sample was
imaged by a raster electron microscope (CS44, CamScan,
Cranberry Township, PA), showing a homogeneous particle
size distribution in the low micrometer range. A cold-water
(water for organic trace analysis, Fluka) extraction was per-
formed with a 130-mg aliquot that was subjected to diamino

acid analysis. In parallel, 347 mg of the powdered sample was
extracted with 700 �l of water for 20 h at 100°C. After
centrifugation (Eppendorf safe-lock tubes in Biopur-quality),
the liquid phase was split. One hundred microliters was taken
for direct derivatization by using the procedure described ref.
2, leading to N,N�-diethoxycarbonyl diamino acid ethyl ester
(ECEE) derivatives. Another aliquot of 100 �l was hydrolyzed
in 6 M HCl (hydrochloric acid for amino acid analysis,
ampoule, Fluka) at 110°C for 24 h (3). After evaporation of the
6 M HCl, the residue was dissolved in 0.1 M HCl and
derivatized by the above protocol. The ECEE derivatives
obtained in this way were subjected to enantioselective GC-MS
(Varian Chrompack Chirasil-L-Val capillary column; 12 m �
0.25-mm inner diameter, 0.12-�m film thickness, 250°C inlet
temperature, pulsed splitless injection, 1.5 ml�min�1 constant
f low of He carrier gas). The oven temperature program
applied for the solvent trapping mode started at 50°C with
10°C�min�1 up to 90°C and then with 2°C�min�1 to 110°C, then
was 10°C�min�1 to 180°C, where it was held constant for 39
min. The Agilent 6890�5973 GC-MSD system was used. The
identities of the diamino acid peaks obtained via enantiose-
lective GC-MS were verified by comparing the retention times
and the mass spectra with literature data (4) and external
standards purchased from Fluka. A serpentine sample was
taken as a blank (5).

Results and Discussion
The analytical technique proved to be highly sensitive to the
detection of diamino acids, leading to the identification of six
diamino acids, i.e., diamino alkanoic acids, in the Murchison
meteorite. Fig. 1 shows the chromatogram of a Murchison
sample in which DL-2,3-diaminopropanoic acid, DL-2,4-
diaminobutanoic acid, and 4,4�-diaminoisopentanoic acid ap-
pear. The identification of 3,3�-diaminoisobutanoic acid and
2,3-diaminobutanoic acid is given in Figs. 2 and 3. The left
portion of Fig. 1 with retention times (Rt) �25 min shows a
wide variety of well known (mono)amino acids including
glycine with Rt � 12.95 min. Until now, �70 different
(mono)amino acids have been identified in the Murchison
meteorite. Most of them show slightly different constitutions
of the side chains. Diamino acids have never before been
identified in meteorites. Most of the peaks observed with
retention times between 25 and 45 min are diamino acids;
2,5-diaminopyrrole is an exception. The presence of diamino
acids in Murchison is confirmed by comparison with external
standards of diamino acids that have identical mass spectra and

Abbreviations: amu, atomic mass units; ECEE, N,N�-diethoxycarbonyl diamino acid ethyl
ester; PNA, peptide nucleic acid; ppb, parts per billion.
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retention times. To exclude any contamination processes
during the analytical procedure, a serpentine sample was taken
as a blank. For this purpose, a sample of serpentine was heated
for 4 h at 500°C and submitted to the complete analytical
protocol. As depicted in Fig. 1, no diamino acids are present
in the blank sample. Apart from this, no other serpentine and
epidote samples, regardless of whether they were subjected to
heat, contained any diamino acid. These results demonstrate
that the identified meteoritic diamino acids were not the result
of contamination in the laboratory.

Table 1 lists the molecules detected and the mass traces of
the corresponding ECEE derivatives. The diamino acid reten-
tion times are given along with their corresponding quantities.
Quantification of the diamino acids was performed by com-
parison of the peak areas with the diamino acid external
standards. The concentrations of diamino acids we observed
are lower than those of monoamino acids in the Murchison
carbonaceous chondrite (1, 7). In general, the abundances of
amino acids in carbonaceous chondrites decrease logarithmi-
cally with increasing carbon number. In the reported analyses
of meteoritic material, the absolute abundance of amino acids
generally is enhanced by antecedent 6 M HCl hydrolysis (8). In
the present study the concentration of diamino acids in the
Murchison meteorite was also observed to increase after acid
hydrolysis. Without a hydrolysis step, D-2,3-diaminopropanoic
acid was detected at 8.8 � 2.2 ppb, L-2,3-diaminopropanoic
acid was detected at 8.3 � 2.1 ppb, D-2,4-diaminobutanoic acid
was detected at 18.7 � 2.6 ppb, and L-2,4-diaminobutanoic acid
was detected at 16.3 � 2.5 ppb. The acid hydrolysis increased
the amount of free diamino acids by factors between 1.7 and
6.0 relative to the extraction with hot water at 100°C. After
cold-water extraction, no diamino acids were detected. These
data indicate that these products must have been originally

formed as molecules of higher molecular mass and released as
free diamino acids after hydrolysis.

A tentative detection of interstellar glycine has recently been
claimed (9). Stable isotope measurements suggest that at least
some of the organic species found in carbonaceous chondrites
are of interstellar origin (1, 7). Thus, it is a priori appropriate
to make a comparison between our results and the organic
refractory material obtained from UV-irradiation of circum-
stellar�interstellar ice analogues. Such a comparison, however,
is not necessarily straightforward, because interstellar ices are
believed to be pristine, whereas carbonaceous chondrites
experienced a different history and underwent (possibly fre-
quent) alterations through aqueous processing, thermal ef-
fects, or shock, which all may have affected their original
composition (10, 11). The Murchison meteorite is classified as
a CM2-type chondrite, a type that is characterized by minimal
alteration relative to other chondrites studied for organic
components (1). The diamino acids described here have
previously been identified as refractory products of photopro-
cessing and thermal processing of circumstellar�interstellar ice
analogues in the laboratory (6) and hence point to a correla-
tion between the organic matter that might be present on icy
grain mantles residing in star-forming regions (and hence
likely also in circumstellar disks) and carbonaceous chondrites.
The pathways of formation of the amino acids and diamino
acids in carbonaceous chondrites hitherto are unknown. Be-
side the well studied monoamino acids, �-amino acids (12, 13)
and diamino acids have been identified in both laboratory
simulations of circumstellar�interstellar ice photoprocessing
and thermal processing and (as presented here) in carbona-
ceous chondrites. The latter organic compounds could not
have been formed by the known Strecker-cyanohydrin synthe-
sis (7). The results suggest an alternative formation mecha-

Fig. 1. Gas chromatogram showing diamino acids identified in a sample of the Murchison meteorite (Mur). Data were obtained after hot-water extraction,
6 M HCl hydrolysis, and ECEE derivatization (2). Detection was in the single-ion monitoring mode of mass trace 175 atomic mass units (amu) typical for specific
diamino acid derivatives. (Insets) External standard of the enantiomer separated diamino acids DL-2,3-diaminopropanoic acid and DL-2,4-diaminobutanoic acid
(Std) purchased from Fluka and detected in the total ion current; a laboratory sample produced by UV-irradiation of circumstellar�interstellar ice analogues (ISM)
under the conditions described in ref. 6 detected in the single-ion monitoring of mass trace 175 amu; and a serpentine blank (Blk) at mass trace 175 amu that
had been heated before extraction for 4 h at 500°C and passed through the analytical protocol.
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nism, namely that amino acids and diamino acids as refractory
products of experimental simulations of ice photoprocessing in
circumstellar regions and in carbonaceous chondrites are
synthesized via complex recombination processes of radicals
produced by photochemistry.

The delivery of organic compounds by meteorites, interplan-
etary dust particles, or comets (14, 15) to the early Earth is one
mechanism thought to have triggered the appearance of life on

Table 1. Diamino acid identification in the Murchison meteorite

Diamino acid Mass trace, amu Retention time, min Quantity, ppb

(2,5-Diaminopyrrole) 168, 96 26.10 39.5 � 3.7
4,4�-Diaminoisopentanoic acid 142, 116 27.79 32.2 � 3.3
D-2,3-diaminopropanoic acid 175, 129, 102 28.92 49.9 � 4.2
L-2,3-diaminopropanoic acid 175, 129, 102 29.69 49.8 � 4.2
D-2,4-diaminobutanoic acid 175, 116 32.47 31.6 � 3.3
3,3�-Diaminoisobutanoic acid 188, 142, 115 32.58 48.6 � 4.1
L-2,4-diaminobutanoic acid 175, 116 33.06 29.9 � 3.2
D-ornithine 142, 129 43.26 �5
L-ornithine 142, 129 44.54 �5
2,3-Diaminobutanoic acid* 203, 157, 85 38.62 89.9 � 6.2
(A-unidentified)*† 216 20.19 7.1 � 2.0
(B-unidentified)*† 216 20.39 7.2 � 2.0

Numbers shown in boldface are the main mass fragments. ppb, parts per billion, i.e., ng analyte per g
Murchison. The diamino acid quantities were calculated by comparison of the peak areas with external diamino
acid standards. The uncertainties were calculated from a calibration of the analytical procedure.
*Gas chromatograms taken in deviation from the standard protocol on 12-m Chirasil-L-Val stationary phase, with
oven temperature programmed for 3 min at 70°C, 5°C�min�1, and 17.5 min at 180°C.

†A, the first eluting enantiomer; B, the second eluting enantiomer of a hitherto unidentified structure, most likely
a diamino acid.

Fig. 2. Gas chromatogram showing the diamino acid 3,3�-diaminoisobu-
tanoic acid identified in a sample of the Murchison meteorite (Mur). Data were
obtained after hot-water extraction, 6 M HCl hydrolysis, and ECEE derivati-
zation by application of the standard GC-MS protocol. Detection was in the
single-ion monitoring mode of mass trace 142 amu in deviation from Fig. 1. For
comparison, the chromatogram of a sample produced experimentally by
photoprocessing of circumstellar ice analogues was used as external standard
(Std) in the extract ion mode at m�z � 142. The blank sample chromatogram
(Blk) was obtained from a serpentine sample analyzed in the single-ion
monitoring mode of mass trace 142 amu.

Fig. 3. Gas chromatogram showing the diamino acid 2,3-diaminobutanoic
acid identified in a sample of the Murchison meteorite (Mur). Data were
obtained after hot-water extraction, 6 M HCl hydrolysis, and ECEE derivati-
zation by application of the GC-protocol, deviating from the standard proto-
col on 12-m Chirasil-L-Val stationary phase, with oven temperature pro-
grammed for 3 min at 70°C, 5°C�min�1, and 17.5 min at 180°C. Detection was
in the single-ion monitoring mode of mass trace 203 amu. For comparison, the
chromatogram of a sample produced experimentally by photoprocessing of
circumstellar ice analogues was used as external standard (Std). The blank
sample chromatogram (Blk) was obtained from a solvent sample that had
passed the whole analytical protocol and was detected in the single-ion
monitoring mode of mass trace 203 amu.

9184 � www.pnas.org�cgi�doi�10.1073�pnas.0403043101 Meierhenrich et al.



Earth (16, 17). However, so far there is little conclusive evidence
on the early development of genetic DNA material and its
analogues. The molecular DNA constituent purine (18) and
pyrimidine bases (19), as well as sugar-related organic com-
pounds (20), have been identified in carbonaceous meteorites.

In the course of the evolution of genetic material, it is widely
accepted that today’s ‘‘DNA–RNA–protein world’’ was pre-
ceded by a prebiotic system in which RNA oligomers functioned
both as genetic materials and as enzyme-like catalysts (21). In
recent years, oligonucleotide systems with properties resembling
RNA have been studied intensively (22, 23), and interesting
candidates for a potential predecessor to RNA were found (24).
Among these candidates, a peptide nucleic acid (PNA) molecule
is an uncharged analogue of a standard nucleic acid, in which the
sugar-phosphate backbone is replaced by a backbone held
together by amide bonds (25–34). The backbone can either be
composed of N-(2-aminoethyl)glycine (aeg) or its structural
analog, leading to aegPNA molecules, or of diamino acids (da),
leading to daPNA structures (Fig. 4). The nucleic bases adenine,
uracil, guanine, and cytosine are attached via spacers to the
obtained PNA structure. N-(2-aminoethyl)glycine can be pro-

duced directly in electric discharge reactions from CH4, N2, NH3,
and H2O (35). Racemic 2,3-diaminopropanoic acid was synthe-
sized by spark-discharge experiments (36). The diamino acids
2,4-diaminobutanoic acid and ornithine, which had been sug-
gested to be essential constituents of daPNA monomers (24),
were detected in the Murchison meteorite in this work. Orni-
thine was detected tentatively.

Laboratory syntheses of polypeptides indicate that diamino
acids also support the formation of polypeptide structures
under primitive Earth conditions (37). Only polypeptide chains
that consist of amino acids with alternating hydrophobic and
hydrophilic side chains fold spontaneously into a �-sheet
secondary structure. This �-sheet structure has the hydrophilic
side chains arranged on one side of the sheet and the hydro-
phobic side chains on the other (38). It was concluded earlier
that the first biological systems might have contained only a
limited number of different amino acids (39). The results
presented here for the Murchison chondrite indicate that the
diamino acids are potential candidates as hydrophilic constit-
uents within the �-sheet structure.

In future investigations the stable isotope composition of
hydrogen, nitrogen, and carbon in the diamino acids needs to be
determined. The �2H, �15N, and �13C values of amino acids in
Murchison generally lie outside the ranges of organic matter on
Earth (12, 40). A similar shift of the isotopic composition is
expected for the diamino acids in the Murchison meteorite.
Moreover, different constitutional isomers of diamino acids
might be determined in other carbonaceous chondrites in the
laboratory, in cometary samples by the GC-MS instrumentation
onboard the Rosetta mission (41) and the Stardust project, and
possibly by measurements to be performed by Mars missions in
the coming years. In addition, the synthetic, bioorganic chemical
pathways of PNA structures, which start with the diamino acids
like those reported here as meteoritic, must be studied more
intensely to elucidate possible origins of life.
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