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1
Extraterrestrial Amino Acids
Z. Martins and M.A. Sephton

1.1
Introduction

The space between the stars, the interstellar medium (ISM), is composed of gas-
phase species (mainly hydrogen and helium atoms) and submicron dust grains
(silicates, carbon-rich particles, and ices). The ISM has many different environments
based on its different temperatures (Tj), hydrogen density (ny), and ionization state
of hydrogen (for reviews, see [1-3]); it includes the diffuse ISM (T~ 100K,
ny; ~10-300 cm ), molecular clouds (Tj ~ 10-100K, ny ~ 10°~10*cm ™ >; e.g., [4])
[molecular clouds are not uniform but instead have substructures [5] - they contain
high-density clumps (also called dense cores; ny ~ 10°~10° cm™>), which have
higher densities than the surrounding molecular cloud; even higher densities are
found in small regions, commonly known as “hot molecular cores”, which will
be the future birth place of stars], and hot molecular clouds (T~ 100-300K,
g ~10°-108 cm™3; e.g., [6]). Observations at radio, millimeter, submillimeter, and
infrared frequencies have led to the discovery of numerous molecules (currently
more than 151) in the interstellar space, some of which are organic in nature
(Table 1.1; an up-to-date list can be found at www.astrochemistry.net). The collapse
of adense cloud of interstellar gas and dust leads to the formation of a so-called solar
nebula. Atoms and molecules formed in the ISM, together with dust grains are
incorporated in this solar nebula, serving as building blocks from which future
planets, comets, asteroids, and other celestial bodies may originate. Solar system
bodies, such as comets (e.g., [7] and references therein; [8]), meteorites (e.g., [9, 10]),
and interplanetary dust particles (IDPs[11, 12]) are known to contain extraterrestrial
molecules, which might have a heritage from interstellar, nebular, and/or parent
body processing. Delivery of these molecules to the early Earth and Mars during the
late heavy bombardment (4.5-3.8 billion years ago) may have been important for the
origin of life [13, 14]. Among the molecules delivered to the early Earth, amino acids
may have had a crucial role as they are the building blocks of proteins and enzymes,
therefore having implications for the origin of life. In this chapter we describe
different extraterrestrial environments where amino acids may be present and

Amino Acids, Peptides and Proteins in Organic Chemistry. Vol.1 — Origins and Synthesis of Amino Acids.
Edited by Andrew B. Hughes

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-32096-7



4| 1 Extraterrestrial Amino Acids

NDSIW SD

NDEN dd

+SDOH NIS

O°N oIS

o) 40D [DH

1S 0D  ,SH

D SONH 0D SH

DDDNH 0% £© 4D

¥DIS  DNDDH NED 4S‘H ON

N°D NfDH SOH ST™H HIS

N*DH _H'D>  ,ODOH ONH LN

H*D H'> _ODNH (DOH .0D

OHD®DH  HOODH ODNH  ,*NH oD

H‘D OfDH- NDPHN NDDH ,ODH  ,ND

HDDDDDDH +NED'H ODDH H®D1 ODH ND

N“DH HD NDH  HDDDDH ND*HD HD" DNH o)

_H®D NEfDEHD _H°D DDDDH DDDH OD'H NDH dH

HSD  NDHDDHD H°D HS®HD tHfD>  ,HNDH H®D ,HO

H'D*HD fHDOODH NDHD®HD  OHDHN YHIS ND'H +O'H HO

HOOD*HD*HN  *HNODfHD HOODHD OHD*HD DNHD LOD'H THD O'H HN
HO®HDHDOH  ND®HD*HD  OHDHOHD O"H®D" NDHD HN®HD L+O'H ‘HN ,HD
N°DH ¢ HDOD HD fHDO'HD O'H®D HDDfHD HOfHD +YHN fHN ¢HD HD
N'"DH °H°D>  H°DfHD OHD*HD*HD HOH® fHDEHD CHN*HD YHD YHD fHD *H ‘H
€L L LL oL 6 8 L 9 S 14 € z

swioje jo JoquinN

*,WNIPSW JE[|31SWNDIID PUB JB|[31SI9Ul Sy} Ul PaIIUSp! S9|N3|0W Jo Alewwing || 9|qel



5

1.1 Introduction

“([#¥2] “83) sed reqis1arut o1 UT suoqIEd0IPAY dnEwore dIPAXA[od Jo sdussaxd st 1sa38ns suonearasqo,

(02

04

B

DIV

20s SIS
SDO  [DEN
s ,0S
DNIS oS
NDIS SN
DNIV a1V
IS Nd

DNSIN o1s



6| 1 Extraterrestrial Amino Acids
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Figure 1.1 Molecular structures of conformers | and Il of glycine
in the gas phase (adapted from [21, 29]).

detected, their proposed formation mechanisms, and possible contribution to the
origin of life on Earth.

1.2
ISM

The search for amino acids, in particular for the simplest amino acid glycine
(NH,CH,COOH), in the ISM has been carried on for almost 30 years [15-28].
While in theory glycine may have several conformers in the gas phase [29], astro-
nomical searches have only focused on two (Figure 1.1, adapted from [21, 29]).
Conformer Iis the lowest energy form, while conformer IT has a higher energy, larger
dipole moment, and therefore stronger spectral lines [30]. Only upper limits of both
conformers were found in the ISM until Kuan et al. [25] reported the detection
of glycine in the hot molecular cores Sgr B2(N-LMH), Orion-KL, and W51 el/e2.
This detection has been disputed by Snyder et al. [26], who concluded that the spectral
lines necessary for the identification of interstellar glycine have not yet been found.
In addition, they argued that some of the spectral lines identified as glycine by
Kuan et al. [25] could be assigned to other molecular species. Further negative results
include the astronomical searches of Cunningham et al. and Jones et al. [27, 28], who
claim that their observations rule out the detection of both conformers I and II of
glycine in the hot molecular core Sgr B2(N-LMH). They conclude that it is unlikely
that Kuan et al. [25] detected glycine in either Sgr B2(N-LMH) or Orion-KL. No other
amino acid has been detected in the ISM. Despite these results, amino acids were
proposed to be formed in the ISM by energetic processing on dust grain surfaces,
which will then be evaporated, releasing the amino acids into the gas phase (solid-
phase reactions), or synthesized in the gas phase via ion—molecule reactions (gas-
phase reactions). These two processes will now be described in more detail (for a
review, see, e.g., [31]).

1.2.1
Formation of Amino Acids in the ISM via Solid-Phase Reactions

Several mechanisms have been proposed for amino acid formation in the ISM.
These include solid-phase reactions on interstellar ice grains by energetic processing,
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Table1.2 Abundances of interstellar ices (normalized to H,O) in the
high-mass protostellar objects W33A and NGC758:IRS9, in the low-
mass protostellar object Elias 29, and the field star Elias 16.

W33A NGC758:IRS9 Elias 29

high-mass high-mass low-mass Elias 16
Ice specie protostar protostar protostar field star
H,0 100 100 100 100
CcO 9 16 5.6 25
Co, 14 20 22 15
CH,4 2 2 <1.6 —
CH;0H 22 5 <4 <3.4
H,CO 1.7-7 5 - -
NH; 3-15 13 <9.2 <6
OCs 0.3 0.05 <0.08 —
CyHg <0.4 <0.4 — —
HCOOH 0.4-2 3 — —
0O, <20 — — —
OCN™ 3 1 <0.24 <0.4

Adapted from [31, 32, 52].

which may occur in cold molecular clouds (e.g., [32] and references therein). In these
regions of the ISM, in which temperatures are very low (<50 K), atoms and molecules
in the gas phase will be accreted onto the surface of dust grains leading to the
formation of ice mantles [33, 34]. Diffusion of accreted atoms leads to surface
reactions, forming additional species in the ice mantles. These interstellar ices are
mainly composed of H,0, CO, CO,, CH,, CH30H, and NHj3, with traces of other
species (Table 1.2;[32, 34-38]). Once these ice grains are formed, energetic processes
[e.g., cosmic rays and ultraviolet (UV) irradiation] may change the ice mantle
composition.

Arange of interstellar ice analogs have been irradiated at low temperatures (~10 K)
to produce a variety of amino acids. Holtom et al. [39] used galactic cosmic ray
particles to irradiate an ice mixture containing carbon dioxide (CO,) and methyl-
amine (CH3;NH,), which produced hydroxycarbonyl (HOCO) and aminomethyl
(CH,NH,) radicals. The recombination of these radicals would then form glycine
and its isomer (CH;NHCOOH). Briggs et al. [40] UV-irradiated a mixture of CO:
H,0:NH; (5:5:1) at 12K for 24 h. This resulted in the formation of an organic
residue, which included among other organic compounds, 0.27% of glycine. Ice
mixtures containing H,O: CH30H:NH;3:CO:CO, (2:1:1:1:1 molar composi-
tion; [41]), and H,0 with NH;, CH30H, and HCN (0.5-5% NHj3;, 5-10% CH3O0H,
and 0.5-5% HCN, relative to H,O [42]) were UV-irradiated in high vacuum at below
15 K. While Bernstein et al. [42] obtained glycine and racemic mixtures (p/L~1) of
alanine and serine, alarge variety of amino acids were found by Munéz Caro et al. [41].
These results were confirmed by Nuevo et al. [43, 44].

The exact formation pathway of amino acids in interstellar ices is unknown, but the
Strecker synthesis ([42]; for more details, see Section 1.4), reactions on the surface of
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polycyclic aromatic hydrocarbon flakes [45], and radical-radical reactions [46, 47]
have been proposed. As radical-radical reactions can occur with almost no activation
energy [47], theoretical modeling suggests that glycine may be formed in interstellar
ice mantles via the following radical-radical reaction sequence:

CO + OH — COOH (1.1)
CH; + COOH — CH3;COOH (1.2)
NH, + CH3COOH — NH,CH,COOH + H (1.3)

Quantum chemical calculations indicate that amino acids may also be formed by
recombination of the radicals COOH and CH,NH,, which are produced by dehy-
drogenation of H,O and CH3;0H, and hydrogenation of HCN, respectively [47].
However, all radical-radical reactions described above require the radicals to diffuse
into and/or onto the ice mantle which, as noted by Woon [47], may only occur at
temperatures of 100 K or higher, much higher than the temperature in molecular
clouds. Furthermore, Elsila et al. [48] used isotopic labeling techniques to test whether
Strecker synthesis or radical-radical reactions were responsible for amino acid
formation in interstellar ice analogs. Their results show that amino acid formation
occurs via multiple routes, not matching the previously proposed Strecker synthesis
or radical-radical mechanisms. Ultimately, the need for high UV flux to produce
amino acids in ice mantles contrasts with the low expected efficiency of UV photolysis
in dark molecular clouds [4]. This, together with the fact that amino acids have low
resistance to UV photolysis [49], raises concerns about the amino acid formation in
interstellar ices by UV photolysis.

1.2.2
Formation of Amino Acids in the ISM via Gas-Phase Reactions

Potential mechanisms alternative to solid-phase reactions include gas-phase
formation of interstellar amino acids via ion-molecule reactions. Amino acids,
once formed, could potentially survive in the gas phase in hot molecular cores,
because the UV flux is sufficiently low (i.e., 300 mag of visual extinction) [31].
Alcohols, aminoalcohols, and formic acid evaporated from interstellar ice grains
(Table 1.2; [50-53]) may produce amino acids in hot molecular cores through
exothermic alkyl and aminoalkyl cation transfer reactions [52]. Aminoalkyl cation
transfer from aminomethanol and aminoethanol to HCOOH can produce protonat-
ed glycine and B-alanine, respectively via the following reactions [52]:

NH,CH,0H," + HCOOH — NH,CH,COOH," + H,0 (1.4)

NH,(CH,),0H, + HCOOH — NH,(CH,),COOH; + H,0 (1.5)

An electron recombination will then produce the neutral amino acids. Further
alkylation may produce a large variety of amino acids through elimination of a water
molecule [31, 52].
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Alternatively, Blagojevic et al. [54] have experimentally proven the gas-phase
formation of protonated glycine and B-alanine, by reacting protonated hydroxylamine
with acetic and propanoic acid, respectively:

NH,0H " + CH3COOH — NH,CH,COOH ™" + H,0 (1.6)

NH,OH " + CH3;CH,COOH — NH,(CH,),COOH* + H,0 (1.7)

Neutral amino acids could then be produced by dissociative recombination
reactions [54].

Independently of the mechanism of synthesis (solid-phase or gas-phase reactions),
once formed, amino acids would need to be resistant and survive exposure to cosmic
rays and UV radiation in the ISM. The stability of amino acids in interstellar gas and
on interstellar grains has been simulated [49]. Different amino acids [i.e., glycine,
r-alanine, o-aminoisobutyric acid (a-AIB), and B-alanine] were irradiated in frozen
argon, nitrogen, or water matrices to test their stability against space radiation. It was
shown that these amino acids have very low stability against UV photolysis.
Therefore, amino acids will not survive in environments subject to high UV flux,
such as the diffuse ISM. This does not eliminate formation of amino acids in the ISM,
but instead requires that amino acids are incorporated into UV-shielded environ-
ments such as hot molecular cores, in the interior of comets, asteroids, meteorites,
and IDPs.

13
Comets

Comets are agglomerates of ice, organic compounds, and silicate dust, and are
some of the most primitive bodies in the solar system (for reviews about comets, see,
e.g., [55-57]). Comets were first proposed to have delivered prebiotic molecules to the
early Earth by Chamberlin and Chamberlin [58]. Since then, space telescopes (such
as the Hubble Space Telescope, Infrared Space Observatory, and Spitzer Space
Telescope; e.g., [59-66]), ground-based observations (e.g., [67-69]), cometary fly-bys
(Deep Space 1 mission, and Vegal, Vega2, Suisei, Sakigake, ICE, and Giotto
spacecraft missions; e.g., [70-76]), impacts (Deep Impact mission, which impacted
into the 9P/Tempel comet’s nucleus; e.g., [77-79]), collection of dust from the coma
of a comet (Stardust mission to comet Wild-2; e.g., [80-84]), and rendezvous missions
(such as the Rosetta mission, which will encounter the comet 67P/Churyumov—
Gerasimenko in 2014) advanced our knowledge about these dirty snowballs.
Several organic compounds have been detected in comets (Table 1.3; for reviews,
see, e.g., [7, 8, 85]). Fly-by missions have suggested the presence of amino acids on
comet Halley [71], but their presence could not be confirmed due to the limited
resolution of the mass spectrometers on board the Giotto and Vega spacecrafts. In
addition, only an upper limit of less than 0.15 of glycine relative to water has been
determined in the coma of Hale-Bopp using radio telescopes (Table 1.3; [69]).
Although several amino acid precursors (see Section 1.4), including ammonia,

9
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Table 1.3 Molecular abundances of ices for comets Halley, Hyakutake, and Hale-Bopp.

Molecule Halley Hyakutake Hale-Bopp
H,0 100 100 100
H,0, <0.04 <0.03
CO 15 6-30“ 20°
CO, 3 <7* 6

CH, 0.2-1.2 0.7 0.6
C,H, ~0.3 0.5 0.1
C,H, ~0.4 0.4 0.3
CH,C,H <0.045
CH3;0H 1.3-1.7 2 2.4
H,CO 0-5 0.2-1¢ 1.1%
HCOOH 0.08
CH3COOH <0.06
HCOOCH; 0.08
CH;CHO 0.025
H,CCO <0.032
C,Hs;OH <0.05
CH;0CH; <0.45
CH,0HCHO <0.04
NH; 0.1-2 0.5 0.7
HCN ~0.2 0.1 0.25
HNCO 0.07 0.10
HNC 0.01° 0.04%
CH;CN 0.01 0.02
HC;N 0.02
NH,CHO 0.01
NH,CH,COOH <0.15
C,HsCN <0.01
CH,NH <0.032
HCsN <0.003
N,O <0.23
NH,OH <0.25
H,S 0.04 0.8 1.5
OCS 0.14 0.3%
SO 0.2-0.8"
CS, 0.1c 0.2°
SO, 0.23
H,CS 0.02

S, 0.005

NaCl <0.0008
NaOH <0.0003

Abundances are normalized to H,0 and were measured at around 1 AU from the Sun. Adapted

from [8, 32, 69, 86, 245].

“Extended sources (the abundance is model dependent).

bMeasured at 2.9 AU from the Sun.
“Abundance deduced from CS.
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HCN, formaldehyde, and cyanoacetylene, have been observed in the Hyakutake and
Hale—Bopp comets [7], only a very limited number of carbonyl compounds necessary
for the synthesis of amino acids were detected in comets [7, 32, 86]. The ultimate
proof for the presence of amino acids in comets is a sample return mission such as
Stardust, which collected dust from the coma of the Wild-2 comet using a lightweight
material called aerogel [80]. Analyses of comet-exposed aerogel samples show
a relative molar abundance of glycine that slightly exceeds that found in control
samples, suggesting a cometary origin for this amino acid [83]. Compound-specific
isotopic analyses of glycine present in comet-exposed aerogel samples have not yet
been performed and therefore it has not been possible to ultimately constrain
its origin. Other amino acids present in the comet-exposed aerogel samples included
€-amino-n-caproic acid, B-alanine, and y-amino-n-butyric acid (y-ABA). The similari-
ty in the distribution of these amino acids in the comet-exposed sample, the witness
tile (which witnessed all the terrestrial and space environments as the comet-exposed
samples, but did not “see” comet Wild-2), and the Stardust impact location soil
indicates a terrestrial origin (contamination) for these amino acids [83].

1.4
Meteorites

Meteorites are extraterrestrial objects that survived the passage through the Earth’s
atmosphere and the impact with the Earth’s surface. Excepting the lunar and Martian
meteorites [87-91], all meteorites are thought to have originated from extraterrestrial
bodies located in the asteroid belt (e.g., [92-98]). Although unproven, it was also
suggested that they could have originated from comets ([99-102] and references
therein). Meteorites can be divided into iron, stony-iron, and stony meteorites.
They can be further divided into classes according to their chemical, mineralogical,
and isotopic composition (for reviews, see, e.g., [103-105]). A very primitive class
of stony meteorites, named carbonaceous chondrites, has not been melted since
their formation early in the history of the solar system, around 4.6 billion years ago
(for reviews, see, e.g., [9, 10]). Within the class of carbonaceous chondrites, there are
the CI-, CM-, CK-, CO-, CR-, CV-, CH-, and CB-type chondrites. Chondrites are also
classified and grouped into petrographic types. This refers to the intensity of thermal
metamorphism or aqueous alteration that has occurred on the meteorite parent
body, ranging from types 1 to 6. A petrologic type from 3 to 1 indicates increasing
aqueous alteration. A petrologic type from 3 to 6 indicates increasing thermal
metamorphism.

Carbonaceous chondrites have a relatively high carbon content and can contain up
to 3wt% of organic carbon. More than 70% of it is composed of a solvent-insoluble
macromolecular material, while less than 30% is a mixture of solvent-soluble organic
compounds. Carbonaceous chondrites, as revealed by extensive analyses of the
Murchison meteorite, have a rich organic inventory that includes organic com-
pounds important in terrestrial biochemistry (Table 1.4). These include amino
acids (e.g., [106-108]), carboxylic acids (e.g., [109, 110]), purines and pyrimidines

1
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Table 1.4 Abundances (in ppm) of the soluble organic matter found in the Murchison meteorite.

Compounds Concentration
Carboxylic acids (monocarboxylic) 332
Sulfonic acids 67
Amino acids 60
Dicarboximides >50
Dicarboxylic acids >30
Polyols 24
Ketones 17
Hydrocarbons (aromatic) 15-28
Hydroxycarboxylic acids 15
Hydrocarbons (aliphatic) 12-35
Alcohols 11
Aldehydes 11
Amines 8
Pyridine carboxylic acid >7
Phosphonic acid 1.5
Purines 1.2
Diamino acids 0.4
Benzothiophenes 0.3
Pyrimidines 0.06
Basic N-heterocycles 0.05-0.5

Adapted from [9, 10, 161, 246].

(e.g., [111-113]), polyols [114], diamino acids [115], dicarboxylic acids (e.g., [116—
119]), sulfonic acids [120], hydrocarbons (e.g., [121, 122]), alcohols (e.g., [123]),
amines and amides (e.g., [124, 125]), and aldehydes and ketones [123].

The first evidence of extraterrestrial amino acids in a meteorite was obtained
by Kvenvolden et al. [121], after analyzing a sample of the Murchison meteorite
which had recently fallen in Australia in 1969. These authors detected several amino
acids in this meteorite, including the nonprotein amino acids o-AIB and isovaline,
which suggested an abiotic and extraterrestrial origin for these compounds. Since
then, Murchison has been the most analyzed carbonaceous chondrite for amino
acids, with more than 80 different amino acids identified, the majority of which are
rare (or nonexistent) in the terrestrial biosphere (for reviews, see, e.g., [107, 108]).
These amino acids have carbon numbers from C, through Cg, and show complete
structural diversity (i.e., all isomers of a certain amino acid are present). They can be
divided into two structural types, monoamino alkanoic acids and monoamino
dialkanoic acids, which can occur as N-alkyl derivatives or cyclic amino acids, with
structural preference in abundance order o >7y > . Branched-chain amino acid
isomers predominate over straight ones and there is an exponential decline in
concentration with increasing carbon number within homologous series.

Amino acids have also been reported in several other carbonaceous chondrites
besides Murchison (Table 1.5). Within the CM2 group the total amino acid abun-
dances and distributions are highly variable; Murray [126], Yamato (Y-) 74 662 [127,
128], and Lewis Cliff (LEW) 90500 [129, 130] show an amino acid distribution and



13

1.4 Meteorites

(panunguoD)

0091 0012 008S 0089 0056 009 SS 00¥8 00S8 009 CT 008 +1 [e30L,
» aN 9¢T F6S1 » 81> v » aN v 60T F 8S¥ SUI[BAOS]-1
01> aN 6 F ¢t oCL> > »SLOY  ,E€8F90¢1 aN  ,08LF +€8C €81 F 0S¢ SuleAos[-d
v v 8LF 101 » 81> L06 » » » 86 F L¥¢ Vav-o-1
»SF 6L €0 0LF 001 »1ST> 11> £06  ,6STF 1y »169 »89 F €9¥ 111 F S6C vav-r-d
0¥ F 0S¢ 144! 6ICFOvL 9¥¢ F 8S¥ 9T F 80¢ 0€97C  LLETFI0LT I8¢  0SE€F896L  8CEF 106C q1v-r
[A% %% v » » » So6vl oy FTLl fa v » vav-g-1
8F¢¢ o7EL 0STFL8Y YT FE¢8C 081 F68¢ €GLT> 91 F St S S8LF¥y  ,LLLF80L vav-g-a
6T F¥El » LSF L¥E 0TI Free 0T F €Il £16¢ 191 F ¢s¢ » 8S F L¥9 1L1F 956 SUIUE[Y-1
vy F 011 »091 81 F0¥C 6F Sl €1F8CL S68C TL1F €ve »8S11 6LF L19 S6F0CL SuluE[y-d
P 14" aN 4% aN 9¢81 p aN 88 F L¥1 0T F eve LAIv-g-1'a
»89 F 80¢ 60¢  ISEFICIT  LBTF8YST  SYIFSTv9 S6¥ pLCF¥91 Jo€SLT COLFLIL  TLYF 1Ll vav-i
1€ F8¢c¢ 091 CLFL68 L6F96L  LSTF 96T Y441 8CTF Uy LYZT 89T F €901  COTF69C1 utuely-¢
SLF00¢€ 8%S 99F88L 6CLFSILL 9F s6¥ 0¢T¥l T8I F 8+l €65 YYIFOLIC ¢y F616C AUDATD
s> v - - » 9l SeT> » » » QULIdS-1
> »CY »£CF 89 V8 F LTE 209> ¥8 61> »1C pCEFT6  HLTTTFICY SuLISS-d
9F¢C v YCF6LT  OT1F €001 €8F0¢1 88S SSFI1¢E v STF19C 002+ 108  pbE dwuEmH-1
LFIC oLL1 8Y FI11 VLFIIC 1 F6¥ 0¢S SSF L€ »CES 0§ FS¢el LITFLeS PR OIUEM[D-d
9F ¢ v (4494 901 F 81¥ LFPel 08¢ €LF ST v 9T+ 99 €01 F Tve proe dnredsy-1
¥ F 6T »981 9+ 601 SETF €91 CEFU 97t YT F LTT »091 I€F IS ST+ 001 pre dnredsy-a
00LE8 HIV  90€ /L VHIV PYSIN eoSoN 199ss3  86L L6L-A 00506 MIT1  T99VL-A keuny  uosiyany p1ae oulwy

(4}

'S3]LIPUOYD SNO3JBUOGUED JO SIOBIIXS Jajem-10y pazh|odpAy-pide |DH N 9 ay3 ul (qdd u) uoieljusduod pioe oulwe pajdaliod jue|q a3elaAe ay) jo AlewWNS §°L 9|qel



'I4| 1 Extraterrestrial Amino Acids

068 0061 00TY 00 0S8 00¢Y 00S¢ 0L 0 [elor,

» » v v an an an an an QUI[EAOS]-T

» F 95> 2S€> »€91> V61> anN anN an anN anN QUI[BAOS]-A

» » v » an an an an an VaV-o-T

07 F#8 o> SLFCL SJTFET an an an an an vav-o-a

LT> 01> €CF oY L€ F 6 01 F 8T 087 F 188 L6 F 08¢ an an qIv-o

» v v » an an an an an vav-g-1

290> 29> HCPL F 8EY 266 F €€ an an an an an vav-g-a

ST FSL 6F LT YT FLST 6F 69 S¥ F 87T 6£7 T 8701 6¥1 F S09 v 5 SUIUE[Y-1

SFOT > T8 6F69 1L F 10 SETF0£9 L8 F 68¢ »C 3 SuIUE[y-a

an 9> (A% 0LF 8h1 an an an an aN LAIv-g-1a

0L FLL 6C1 F LO€ 009~ Y67 F 879 0L F 6 19 F 65C S¢€F891 an an vav-t

OLF¥9 8TF LIS 9T F 10V1 11€ F 2502 9F91 6€ F 691 1CF L61 1 14 surue[y-¢g

LIF L¥1 121 F LS €8F L19 08 F LOL LIFSS 6ST FSLS LT1F 69¢€ 61 L SUALD

anN » v v v v » v » SULIAG-T

an L6¥1 F IV S FLIT LT FIS LTF 10T 2CSFLYT SVLT> »ST oL1 JULIdS-a

8% F 90¢ ¥ F 6T€ ITF UL I€F19 0L F+9 YLF VLT 0SF¥L1 an aN PIDE DIWUEIN[D-T

TF91 L> I1F8 9F<I €T YL F¥S 6T €€ an anN PIDE JIWEM[D-A

8F €8 T F 001 8F9¥1 8L F¥S ST F 6T 19 F 10 6€F 66 v » proe dnredsy-1

IFII L> 7F0¢ 91 F 8¢ 1F0I LTF 90T 81 F 89 20T 01 poe dnredsy-a

e yside) spud||y BUNA| j1endio £T20 dY1 0£010 1IN S¥088 H1V ¥06.-9 LEE6L-A pioe oulwy
o) €AD LD LD ZND

(panunuod) s'1L a|qeL



15

1.4 Meteorites

‘pauriiiioldp Jou = N

"31BWNSI 0} [[EWS 00} INq PNy
"vgv-4 01 Apsow spuodsariod anea oy,
'Vgv-A 01 Surpuodsariod 1[92 st} ut pajrodar sT adUBRpUNGE [B10] AT} OS “pasn suonNIpuod diyderdorewoIyd ay} Iopun pajeredsas aq 1ou PNod ygy-g-1a pue ygy-i,
"vev-A 01 Burpuodsor1od [[20 oyp ur papiodar sI 2dUEPUNAE [€10} Y} 0S ‘pIsn suoRIpuod diyderSojeworyd 2y 1opun pajeredss oq J0u Pod gIv-g-1'd pue vev-i,
"UONBDNUIPT JLIDUIONURUD 10J J[qe[TeAe jou piepuels aind A[reondQ,

"UONEDYNUSPI JANEIUS],,
“ISWONUBUS-A 3} 10J MOI I} UT pa310dal ST SPIde OUTWE 3} JO dUepuUnqe (1+a) [e10} 3} 05 ‘A[[eNPIAIPUT P1IA]SP 3q JOU P[NOD SISWONUEU,,

[2r1-0¥T ‘8€T-9€T ‘€€T-0€T ‘871—9¢1] woiy pardepy ‘onfea 25e19AE ) JO UOIEIAID PIEPUE]S S} UO PIskq dIE SIOLID PAJEIIOSSE Y,

0SL 00¢¢ 00¢t 000 S€C 000791 [e101,

v > » » ” SUI[BAOS]-T

pLET> €> »€€ F 6¥¢ »6CTTF SYT 6T 265 F 908 TC SUITEAOS]-d
aN v v 0CI F SS6¢C SCF ¥yl vav-e-1

aN »S> 268> STT F9S6C ySFeCll vdv-r-d

¢F 8y SF e ¢L> 9T F LSTOE 048 F01Z0S div-n

» > » Y6¥ F+ 6¢Ch 66 F8Sv1 vav-g-1

»S F 6 9> VT YES LLE F €06¢ ¢eF LTeT vav-g-a
0CF96 65 F0¢¢€ > CLOOFIVIIS €8ST FL6CTTC QUIUE[Y-1
CFYL YT F¥LC 8¢> 0989 F 99+ ¢S 600T F+99 1T QUIUETY-d
¢F0¢ > o> SO¥ F 160C ceeF oyl L4Iv-g-1'a
9F¥S ¢CF o6y ¢¥CF 601 86¢ F¥161 99 F CIST vav-i
9F 1 0T+ 79 SSF €Tt S6v F €v1¢ 0S F9¥0¢ surue[y-g
YILF9¢l SSFLIY 88T F S8 8C0T F96¥ 0 809 F SL6¥T SUDA[D
v ¥eF0rl » » » QULISG-1
»ITF0S TTF¢e »CLTFS61 »V8F LOST wCY F VL QULISS-d
¢F 0¥ ¢ F 68Y 881 968 SIY F 60Ty €0S F 89 PIE STWEM[D-T
9F91 LF YT 97> 68¢ F 68¥¢ Ty F060¢ Ppe dSrem[H-a

Y F61 €CF 681 08 F ¢LT 1SF9LS YC+F 9y pIoE dnIedsy-1
CFel SFLS (1F6¥y SLF 1SS ¥ F 60¥ poe dniedsy-a
LLS 56 OYD €€0 451ys 0zZeudy 6CC 56 ViD Zv0¢Z6 133 pide oulwy

L4d

[4-b)




16

1 Extraterrestrial Amino Acids

abundance similar to the CM2 Murchison. While the CM2 Y-791198 has an
extremely high total amino acid concentration (71 ppm [131, 132]), which is about
5 times as high as Murchison (15 ppb), the CM2s Essebi, Nogoya, Mighei [133], Allan
Hills (ALHA) 77306 [134-136], ALH 83100 [130], Y-79331, and Belgica (B-)
7904 [137] have much lower amino acid abundances, some being depleted in amino
acids (Table 1.5). For Essebi, Botta et al. [133] consider that the high abundances
(relative to glycine) of y-ABA and B-alanine are derived from terrestrial contamination
at the fall site.

CM1s chondrites were analyzed for the first time for amino acids by Botta
et al. [138]. ALH 88045, MET (Meteorite Hills) 01070, and LAP (La Paz) 0227 have
total amino acid concentration much lower than the average of the CM2s. According
to Botta et al. [138], these results and the similar relative amino acid abundances
between the CM1 class meteorites and the CM2 Murchison are explained by
decomposition of a CM2-like amino acid distribution during extensive aqueous
alteration in the CM1s meteorite parent body.

The CI1 chondrites Orgueil and Ivuna have total amino acid abundances of about
4.2 ppm, with B-alanine, glycine, and y-ABA as the most abundant amino acids, while
glycine and o-AlIB are the most abundant amino acids in the CM2 chondrites
Murchison and Murray [136]. The CV3 Allende [133, 139] and the ungrouped C2
Tagish Lake meteorites [133, 140] are essentially free of amino acids (total amino acid
abundances of 2 and 1 ppm, respectively), with most of the amino acids probably
being terrestrial contaminants.

The highest amino acid abundances ever measured in a meteorite were found
on the CR2s EET 92042 and GRA 95 229, with total amino acid concentrations of
180 and 249 ppm, respectively [141]. The most abundant amino acids present in
these meteorites are the o-amino acids glycine, isovaline, o-AIB and alanine.
The high 8C results together with the racemic enantiomeric ratios deter-
mined [141] for most amino acids indicate an extraterrestrial origin for these
compounds (see Section 1.4.1). In addition, these authors analyzed the CR1 GRO
95577, which was found to be depleted in amino acids (1 ppb). Other CRs analyzed
include the CR2 chondrites Renazzo [133] and Shigr 033 [142]. Renazzo has a total
amino acid abundance of only 4.8 ppm, which is similar to the CI chondrites
Orgueil and Ivuna. This meteorite has a distinct amino acid distribution, with -
ABA, glycine, and 1-glutamic acid as the most abundant amino acids. Only upper
limits for alanine and o-AIB were reported for Renazzo, while isovaline was
tentatively identified [133]. The most abundant amino acids in the Shigr 033
meteorite are glycine, 1-glutamic acid, r-alanine, and r-aspartic acid. In addition
to this, Shigr 033 p/L protein amino acid ratios are smaller than 0.4 and in
agreement with the b/t amino acid ratios of Shigr 033 fall-site soil. These results
suggest extensive amino acid contamination of the meteorite (see Section 1.4.1).
However, Shigr 033 contains a small fraction of extraterrestrial amino acids, as
indicated by the presence of o-AIB [142].

Apart from carbonaceous chondrites, amino acid analyses have also been carried
out on Martian meteorites. As our present knowledge of amino acids potentially
present in Mars may be accessed from these meteorites (see also Section 1.6), amino
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acid analyses have been performed in the Martian meteorites EET 79 001 [143],
ALH 84001 [144], and Miller Range (MIL) 03 346 [145]. In all three samples, the
meteoritic amino acid distribution was similar to the one in the Allan Hills ice, which
suggested that the ice meltwater was the source of the amino acids in these
meteorites. In addition, analysis of the Nakhla meteorite, which fell in Egypt, shows
that the amino acid distribution (including the p/L ratios) is similar to the one in the
sea-floor sediment from the Nile Delta [146].

1.4.1
Sources of Meteoritic Amino Acids (Extraterrestrial versus Terrestrial Contamination)

In order to determine if the amino acids present in carbonaceous chondrites are
indigenous to the meteorites, four approaches are generally applied: (i) detection
of amino acids that are unusual in the terrestrial environment, (ii) comparison of
the absolute abundances of amino acids in the meteorites to the levels found in the
fall-site environment (soil or ice), (iii) determination of enantiomeric ratios (p/t
ratios), and (iv) determination of compound specific stable isotope ratios of hydrogen,
carbon, and nitrogen.

1.4.1.1 Detection of Amino Acids that are Unusual in the Terrestrial Environment
The majority of the more than 80 different amino acids identified in carbonaceous
meteorites are nonexistent (or rare) in terrestrial proteins (for a review, see,
e.g., [108]). Extraterrestrial meteoritic nonprotein amino acids such as o-AlB,
isovaline, B-ABA, and B-AIB have concentrations usually in the order of a few
hundred parts per billion maximum (Table 1.5). However, Murchison [126] has a
higher abundance of a-AIB (2901 ppb), while Murray and LEW90 500 [126, 129, 130]
contain higher abundances of both a-AIB (1968 and 2706 ppb, respectively) and
isovaline (2834 and 1306 ppb, respectively). The highest abundances of o-AIB,
isovaline, B-ABA, and B-AIB were detected in the CR2 chondrites EET92 042
and GRA95 229 [141]. The CM2 Y791 198 ([131, 132]) contained similar abundances
of 0-AIB, B-ABA, and B-AIB as EET92 042 and GRA95 229, but lower abundance of
isovaline (Table 1.5).

1.4.1.2 Determination of the Amino Acid Content of the Meteorite Fall Environment
Samples collected from meteorite fall sites have been analyzed for amino acids and
their distribution compared to the one from the carbonaceous chondrites. Ice from
the Antarctic regions of Allan Hills [143, 144] and La Paz [130, 147] contained only
trace levels of aspartic acid, serine, glycine, alanine, and y-ABA (less than 1 ppb of
total amino acid concentration). No isovaline or f-ABA was detected above detection
limits. Only an upper limit of a-AIB (<2 ppt) was detected in the Allan Hills ice [144],
while a relatively high abundance (ranging between 25 and 46 ppt) of o-AIB was
detected in the La Paz Antarctic ice [130, 147].

Soil samples from the Shigr 033 fall site show that the most abundant amino
acids are r-glutamic acid, 1-aspartic acid, glycine, and r-alanine, with nonprotein
amino acids absent from the soil [142]. In addition, comparison of the protein
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amino acid enantiomeric ratios of Shisr 033 to those of the soil (p/L<0.4) shows
agreement, indicating that most of the amino acids in this meteorite are terrestrial
in origin. On the other hand, a soil sample collected close to the fall site of the
Murchison meteorite showed much smaller amino acid relative concentrations
(glycine=1) when compared to the Murchison meteorite, indicating that the
majority of the amino acids present in this meteorite are extraterrestrial in
origin [133].

1.4.1.3 Determination of Enantiomeric Ratios

Chirality is a useful tool for determining the origin (biotic versus abiotic) of amino
acids in