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ABSTRACT: The search for evidence of extraterrestrial life in our Solar System is
currently guided by our understanding of terrestrial biology and its associated
biosignatures. The observed homochirality in all life on Earth, that is, the
predominance of “left-handed” or L-amino acids and “right-handed” or D-sugars, is a
unique property of life that is crucial for molecular recognition, enzymatic function,
information storage and structure and is thought to be a prerequisite for the origin or
early evolution of life. Therefore, the detection of L- or D-enantiomeric excesses (ee) of
chiral amino acids and sugars could be a powerful indicator for extant or extinct life on
another world. However, studies of primitive meteorites have revealed they contain
extraterrestrial amino acids and sugar acids (aldonic acids) with large enantiomeric
excesses of the same chirality as terrestrial biology resulting from nonbiological
processes, complicating the use of chiral asymmetry by itself as a definitive
biosignature. Here we review our current knowledge of the distributions and
enantiomeric and isotopic compositions of amino acids and polyols found in

meteorites compared to terrestrial biology and propose a set of criteria for future life detection missions that can be used to help

establish the origin of chiral asymmetry.
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coded proteins and D-ribose and D-deoxyribose in nucleic
acids, coenzymes, and metabolic feedstock) is thought to be a
prerequisite for, or early product of, life. In terrestrial proteins,
enzymatic function is dependent on the folding of the amino
acid chain into a highly ordered structure, which is not possible
if the amino acids are racemic (equal amounts of both p- and L-
enantiomers).

The majority of life on Earth uses L-amino acids and D-
sugars (Figure 1, Tables 1 and 2), although there are some rare
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Figure 1. Fischer projections denoting the chirality of a generic a-
amino acid and aldose (chiral carbons denoted with asterisks), where
L-denotes left and p-denotes right. Based on naming convention for
amino acids, the assignment of D or L is based on the chirality of the
carbon closest to the carboxylic acid (by analogy to glyceraldehyde),
whereas for sugars, b or L is assigned based on the chiral center
farthest from the most oxidized carbon (in this figure, the aldehyde

group).

exceptions that add molecules of the opposite chirality for
specialized purposes.”” Since the individual r- and »-
enantiomers of these chiral molecules have identical physical
and chemical properties, there appear to be no biochemical
reasons why one enantiomer would be favored over the other.’
Although most proteins based on L-amino acids that interact
with sugar-containing substrates in biology evolved to
recognize D-sugars, experimental studies have shown that
some naturally occurring proteins can also catabolize L-
sugars,”” so incorporation of amino acids and sugars of the
opposite handedness in proteins and nucleic acids may not be
a strict requirement for life.” Thus, it has been inferred that the
selection of L-amino acids and D-sugars by life on Earth was a
random process and that life elsewhere could be based on
either enantiomer.'” The detection of p-amino acid or L-sugar
enantiomeric excesses (ee) with the opposite handedness as life
on Earth would be a very strong indicator of extraterrestrial
biology that evolved from an independent origin, since a
terrestrial origin could be ruled out and, as of yet, there are no
known abiotic sources of D-amino acid (single asymmetric
carbon) or L-sugar excesses within our Solar System (Section
2.3).

In stark contrast to terrestrial biology, laboratory chemistry
experiments conducted under a range of plausible prebiotic
conditions''~"> have shown that chiral species formed by
abiotic processes in the absence of a chiral driving force are
present in equal (racemic) mixtures of - and L-enantiomers.
(Even when absolute (R)- and (S)-notations are more
chemically appropriate, the amino acid literature uses p- and
L-notations based on analogy with glyceraldehyde; thus, for
consistency with the nomenclature used in previous meteoritic
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and origins of life amino acid studies, here we also use D and
L.) Miller spark discharge experiments simulating primordial
Earth conditions containing H,0, CH,, NH;, and H,S have
produced 34 different two- to six-carbon protein and
nonprotein amino acids'>~'7 (Table 1) with relative
abundances similar to those found in carbonaceous meteor-
ites.'”” Amino acid analyses of the Murchison CM2 type
meteorite shortly after its fall and recovery in Southeastern
Australia in 1969 also found that the chiral a-hydrogen protein
amino acids were racemic, suggesting an extraterrestrial, abiotic
origin.'®"® More recent amino acid analyses of Murchison and
a variety of other carbonaceous meteorites have found r-
enantiomeric excesses of several nonprotein a-dialkyl amino
acids that are rare on Earth***! including isovaline with
measured L-excesses as high as ~20%.7>7** Based on these
data, it has been proposed in NASA’s Ladder of Life Detection
criteria that L- or D-enantiomeric excesses of >20% in multiple
amino acids in an extraterrestrial sample would have a high
likelihood of being a biosignature provided that systematic
errors and other instrument measurement artifacts and
terrestrial contamination could be ruled out.*® However,
enantiomeric enrichments that exceed 20% have been reported
for some extraterrestrial chiral compounds; for example,
nonterrestrial L-aspartic acid and L-glutamic acid enantiomeric
excesses of up to 60% in the ungrouped C2 Tagish Lake
meteorite,” similarly large L-isoleucine and p-allo-isoleucine
excesses in two different CR2 carbonaceous chondrites,”” and
several nonterrestrial enantiopure (100% ee) D-sugar acids
(hereafter, p-aldonic acids) were discovered in the Murchison
meteorite, ™ evidencing that abiotic mechanisms can also
produce large enantiomeric enrichments for some chiral
compounds. Therefore, the proposed ee criteria for using
chirality as a chemical biosignature need to be revisited.

The growing body of evidence for large ee of amino acids
and aldonic acids in carbonaceous meteorites combined with
plausible prebiotic mechanisms for the production of chiral
asymmetry in interstellar environments’ and subsequent
enantioenrichment of both amino acids and sugars under
aqueous conditions”**™** complicates the use of chiral
asymmetry alone as a unique feature of life. This review does
not provide a detailed overview of the numerous characteristics
of “life as we know it” that have been described in detail as part
of the “Ladder of Life Detection” framework.”® The primary
goal of this paper is to provide a new framework for
establishing the origin of enantiomeric excesses in amino
acids and sugars that includes several important caveats based
on our current understanding of prebiotic chemistry from both
meteorites and laboratory experiments. We begin by giving an
overview of extraterrestrial amino acids and polyols (aldoses,
aldonic acids, alditols, etc.) that have been identified in
meteorites and compare their distributions, enantiomeric
ratios, and isotopic compositions to those found in terrestrial
biology and synthesized under simulated prebiotic conditions.
We then draw from these comparisons to propose new
guidelines for using chiral asymmetry as a biosignature in
future life detection missions. Finally, we discuss how these
measurement criteria can best be applied to future life
detection missions and describe the limitations of current in
situ spaceflight instrumentation.
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Table 1. List of Amino Acids by Number of Carbon Atoms That Have Been Identified by Name in the Murchison CM2
Meteorite,"”*”°? in Various Miller Spark Discharge Experiments'"'*~'7** and Ice Experiments®>**"* (as Simple Proxies for
Abiotic Syntheses), and/or Found in “Central” Metabolism in Terrestrial Biology, As Well As the Reported L-Enantiomeric
Excesses Detected in Carbonaceous Meteorites”

Name Meteorite %Leeb Occurrence
2 Carbons
Glycine achiral Biology, Spark, Meteorites, Ice
3 Carbons
Alanine 0, 33 in Murchison”®”” in Murchison (CM2), =3to 7  Biology (L)(D), Spark, Meteorites, Ice
in Tagish Lake (C2)*
Serine 43( (i:n?‘;\/lzéurchison (CM2),”” 56 to 81 in Tagish Lake  Biology (L), Spark, Meteorites, Ice
p-Alanine achiral Biology, Spark, Meteorites, Ice
DL-Isoserine 0 in Murchison (CM2)"* Spark, Meteorites
Sarcosine achiral Biology, Spark, Meteorites, Ice
2,3-Diaminopropanoic acid 0 in Murchison (CM2)”’ Spark, Meteorites, Ice
Cysteine nd Biology (L)
Selenocysteine® nd Biology (L)
Homocysteic acid® nd Spark
Cysteic acid, Thiocysteine, 3-Sulfinoalanine nd Biology (L)
4 Carbons
Aspartic acid 14 to 42 in Murchison (CM2),”7"* 43 to 59 in Tagish ~ Biology (L), Spark, Meteorites, Ice
Lake (C2)*
Threonine 16( (i:n2§\426urchison (CM2),”” 89 to 99 in Tagish Lake  Biology (L), Spark, Meteorites
Asparagine nd Biology (L)
allo-Threonine ee nr Spark, Meteorites
Isothreonine ee nr Meteorites
allo-Isothreonine —87 in Murchison (CM2)** Meteorites
Homoserine 2 in Murchison (CM2)” Biology (L), Meteorites
p-Homoserine ee nr Meteorites
a-Methylserine ee nr Meteorites
a-Amino-n-butyric acid 1 in Murchison (CM2)*> Spark, Meteorites, Ice
p-Amino-n-butyric acid 0 Eré é\;[?érchison (CM2),”>°7 4 to 5 in Tagish Lake Spark, Meteorites, Ice
y-Amino-n-butyric acid achiral Biology, Spark, Meteorites, Ice
a-Aminoisobutyric acid achiral Spark, Meteorites, Ice
p-Aminoisobutyric acid —79 in Murchison (CM2)** Biology (L), Spark, Meteorites, Ice
N-Ethylglycine achiral Spark, Meteorites, Ice
N,N-Dimethylglycine achiral Biology, Spark, Meteorites
N-Methylalanine ee nr Spark, Meteorites
N-Methyl-f-alanine achiral Meteorites
3-Amino-2-(hydroxymethyl)propanoic acid ee nr Meteorites
2,3-Diaminobutyric acid ee nr Meteorites, Ice
2,4-Diaminobutyric acid 0 in Murchison (CM2)”" Meteorites
3,3-Diaminoisobutyric acid achiral Meteorites, Ice
4-Amino-2-hydroxybutyric acid ee nr Meteorites
4-Amino-3-hydroxybutyric acid ee nr Meteorites
Aspartic acid semialdehyde, Homocysteine, Homoserine, 2- ee nr Biology (L)
Amino-acetoacetic acid
S Carbons
Valine 0 to 3 in Murchison (CM2)'%7%2> Biology (L), Spark, Meteorites, Ice
Glutamic acid 38 to 42 in Murchison (CM2),””** 51 to 55 in Tagish ~ Biology (L), Spark, Meteorites
Lake (C2)*
Proline 0, 49 to 81 in Murchison (CM2)'%* Biology (L)(D), Spark, Meteorites, Ice
Methionine nd Biology (L), Spark
Glutamine nd Biology (L)
Methionine sulfone nd Spark
Norvaline 0 t((()j ; )i?(’Murchison (CM2),”*** 2 to § in Tagish Lake ~ Spark, Meteorites, Ice
Isovaline 0 to 18.5 in Murchison (CM2),”"** 0 to 7 in Tagish  Spark, Meteorites, Ice
Lake(C2),%® 20.5 in ALH 85085 (CH3)*
Ornithine 0 in Murchison (CM2)”" Biology (L), Meteorites
3-Aminopentanoic acid ee nr Meteorites
3-Amino-2-methylbutanoic acid ee nr Meteorites
4662 DOI: 10.1021/acs.chemrev.9b00474
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Table 1. continued

Name

allo-3-Amino-2-methylbutanoic acid
3-Amino-2,2-dimethylpropanoic acid
3-Amino-3-methylbutanoic acid
3-Amino-2-ethylpropanoic acid
4-Aminopentanoic acid
4-Amino-2-methylbutanoic acid
4-Amino-3-methylbutanoic acid
S-Aminopentanoic acid
a-Methylaspartic acid
threo-f-Methylaspartic acid
N-Methylaspartic acid
4,4'-Diaminoisopentanoic acid
f-(Aminomethyl)-succinic acid

Glutamic acid semialdehyde, 4-hydroxyglutamic acid
semialdehyde, 4-hydroxyglutamic acid, methionine sulfoxide

Leucine

Isoleucine

Histidine
Arginine
Lysine
Ethionine

allo-Isoleucine

Norleucine

Pseudoleucine

Cycloleucine

a-Methylnorvaline

a-Methylvaline

Pipecolic acid
2-Amino-2-ethylbutanoic acid
2-Amino-2,3-dimethylbutanoic acid
3-Amino-2-ethylbutanoic acid
3-Amino-2,3-dimethylbutanoic acid
3-(Methylamino)pentanoic acid
4-Aminohexanoic acid
4-Amino-3,3-dimethylbutanoic acid
4-Amino-2-methylpentanoic acid
4-Amino-3-methylpentanoic acid
4-Amino-4-methylpentanoic acid
6-Aminohexanoic acid
a-Aminoadipic acid
p-Aminoadipic acid
2-Methylglutamic acid
Glucosaminic acid

Citrulline, 5-Hydroxylysine, 2-Aminoadipic acid semialdehyde,
2-Amino-3-oxoadipic acid

2-Amino-2,3,3-trimethylbutanoic acid
2-Amino-2-ethyl-3-methylbutanoic acid
2-Amino-2-ethylpentanoic acid
2-Amino-3-ethylpentanoic acid
a-Methyl-isoleucine
a-Methyl-alloisoleucine
2-Amino-2,4-dimethylpentanoic acid
2-Amino-3,3-dimethylpentanoic acid
2-Amino-3,4-dimethylpentanoic acid
2-Amino-4,4-dimethylpentanoic acid
allo-2-Amino-3,4-dimethylpentanoic acid
2-Amino-2-methylhexanoic acid

Meteorite %L,,”
S Carbons

ee nr
achiral
achiral
achiral
ee nr
ee nr
ee nr
achiral
ee nr
ee nr
ee nr
achiral
0 in Murchison (CM2)”*
nd

6 Carbons
72 in Murchison (CM2)*°

14 in GRA 95229 (CR2),”” 50 in MET 00426

(CR2)>
nd
nd
nd
nd

—12 in GRA 95229 (CR2),”” —60 in MET 00426

(CR2)”

ee nr

ee nr

ee nr

3 in Murchison (CM2)”*
3 in Murchison (CM2)"®
ee nr

achiral

ee nr

ee nr

ee nr

ee nr

ee nr

ee nr

ee nr

ee nr

ee nr

achiral

17 in Murchison (CM2)”*
ee nr

ee nr

nd

nd

7 Carbons
ee nr
ee nr
ee nr
ee nr
7 in Murchison (CM2)*°
9 in Murchison (CM2)*°
ee nr
ee nr
ee nr
ee nr
ee nr
4 in Murchison (CM2)”®

4663

Occurrence

Meteorites

Meteorites

Meteorites

Spark, Meteorites
Meteorites

Meteorites

Meteorites

Biology, Meteorites, Ice
Meteorites

Biology (L), Meteorites
Meteorites

Meteorites

Meteorites

Biology (L)

Biology (L), Spark, Meteorites
Biology (L), Spark, Meteorites

Biology (L)
Biology (L)
Biology (L)
Spark

Spark, Meteorites

Spark, Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Biology (L), Spark, Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Biology (L), Meteorites
Meteorites
Meteorites
Biology (D)
Biology (L)

Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites
Meteorites

Meteorites
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Table 1. continued

Name Meteorite %Leeb Occurrence

7 Carbons
2-Amino-3-methylhexanoic acid ee nr Meteorites
allo-2-Amino-3-methylhexanoic acid ee nr Meteorites
2-Amino-4-methylhexanoic acid ee nr Meteorites
allo-2-Amino-4-methylhexanoic acid ee nr Meteorites
2-Amino-5-methylhexanoic acid ee nr Meteorites
2-Aminoheptanoic acid ee nr Meteorites
a-Aminopimelic acid ee nr Meteorites
1-Aminocyclohexanecarboxylic acid ee nr Meteorites
2,6-diaminopimelic acid nd Biology (L,L)(meso)

8 Carbons
Isomers detected, but not identified ee nr Meteorites

9 Carbons
Phenylalanine ee nr Biology (L), Meteorites
Tyrosine ee nr Biology (L), Meteorites
Dopaquinone, 3,4-Dihydroxyphenylalanine, Iodotyrosenes nd Biology (L)
Isomers detected, but not identified ee nr Meteorites

10 Carbons
Kynurenine, 3-Hydroxykynurenine nd Biology (L)
Isomers detected, but not identified ee nr Meteorites

11 Carbons
Tryptophan nd Biology (L)
S-Hydroxytryptophan nd Biology (L)

12 Carbons
Pyrrolysine® nd Biology (L)

“Central metabolism is not intended to be exhaustive and only chiral primary amine, nonencoded amino acids that are not found in meteorites are

shown for simplicity. Those encoded in terrestrial proteins’*”*

are bold. All chiral amino acids synthesized in the spark discharge experiments are

racemic (D = L). Amino acid detections without associated isotope measurements may be terrestrial contamination, particularly if common in
biology. ee nr = enantiomeric excesses not reported, although compounds were identified in meteorites. nd = compound not detected in meteorites.
YAmino acid enantiomeric excesses found in meteorites are given in %L, = [(L — D)/(L + D)] X 100 (negative values correspond to D-excesses).
Isotopic measurements of the amino acid enantiomers are required to firmly establish the origin of any chiral asymmetry. “Nonstandard
proteinogenic amino acids. dOverlapping peaks interfered with enantiomeric measurements leading to higher uncertainty in the reported ee value.

“Oxidation product of homocysteine.

2. AMINO ACIDS IN METEORITES AND LIFE

2.1. Abiotic Distributions and Formation Pathways

Asteroids, comets, and their fragments including meteorites,
micrometeorites, and interplanetary dust particles (IDPs)
preserve records of physical and chemical processes and
conditions during the origin and early evolution of the Solar
System and serve as delivery vehicles for organic matter to the
Earth and other planets.”* At present, ~4 X 107 kg of
extraterrestrial material, ranging in size from micron-sized IDPs
to meter-sized meteorites and with organic carbon abundances
of up to several weight percent for meteorites and higher for
IDPs,*>* rain down on the Earth every year.”” Moreover, the
flux of organic matter delivered to the early Earth by IDPs and
carbon-rich meteorites ~4 billion years ago may have been
orders of magnitude higher than the present rate.”® Therefore,
exogenous delivery may have been an important source of
organic carbon on the early Earth and other Solar System
bodies, including the delivery of a wide range of complex
prebiotic molecules available for the origin of life.

It is presently unknown whether extraterrestrial life in our
Solar System would be similar to terrestrial biochemistry;
however, given the ubiquity of amino acids and sugars in life
on Earth and the potentially significant organic matter input
through exogenous delivery, these prebiotic molecules would
have been available and could have played a role in the
emergence of biochemistry on other planets. Thus, a detailed
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understanding of the chemical compositions of prebiotic
organic matter found in meteorites and IDPs is critical to
the search for evidence of life elsewhere, since these primitive
materials contribute both the raw ingredients for life as well as
a nonbiological chemical background “noise” that could
overprint chemical signatures of extinct or extant biotic
chemistry.

Over the past 50 years, a complex and highly diverse suite of
soluble organics have been identified in carbonaceous
chondrites,””*” a class of meteorites that can contain up to
~S wt % carbon, most of which is derived from organic matter
as opposed to inorganic carbonate, graphite, etc.’® The
carbonaceous chondrites are subdivided into eight groups
(CI, CM, CR, CH, CB, CO, CV, and CK) based on their
mineralogy and elemental and isotopic compositions,*"**
along with several ungrouped meteorites that are sufficiently
different from those eight groups, and other ungrouped
meteorites, to preclude specific classification. An additional
petrographic classification scheme divides the chondrites into
six types: types >3—6 reflect increasing thermal meta-
morphism, and types <3—1 reflect increasing degrees of parent
body aqueous alteration. Shortly after the fall of the Murchison
CM type 2 carbonaceous chondrite in 1969, Kvenvolden and
co-workers identified five common protein amino acids
(glycine, alanine, valine, proline, and glutamic acid) and 12
nonproteinogenic amino acids in the meteorite, including high
relative abundances of a-aminoisobutyric acid (a-AIB) and

DOI: 10.1021/acs.chemrev.9b00474
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Table 2. List of Chiral Polyols That Have Been Identified by Name in Meteorites, Their Percent p-Enantiomeric Excesses,
Presence in “Central” Metabolism*’* (All Species Have at Least Some Minor Presence in Biology), and Example Abiotic

Detections”

Class

Aldose
Deoxyaldose
Aldonic acid

Deoxyaldonic
acid

Aldose

Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid

Aldaric acid
Deoxyaldonic
acid
Deoxyaldonic
acid
Deoxyaldonic
acid
Deoxyaldonic
acid
Deoxyaldaric
acid
Alditol

Aldose
Aldose
Aldose
Aldose
Deoxyaldose
Ketose
Ketose
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Alditol
Alditol

Aldose
Aldose
Aldose
Deoxyaldose
Deoxyaldose
Ketose
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Aldonic acid
Aldaric acid
Alditol

Name

Glyceraldehyde
Lactaldehyde
Glyceric acid

Lactic acid

Erythrose

Erythro-2,3-dihydroxybutyric acid
Threo-2,3-dihydroxybutyric acid

Erythronic acid

Threonic acid

Tartaric acid

2,4-Dihydroxybutyric acid
2,3-Dihydroxybutyric acid
3,4-Dihydroxybutyric acid

2-Methylglyceric acid

Malic acid

Threitol

Ribose
Arabinose
Xylose
Lyxose
2-Deoxyribose
Ribulose
Xylulose
Ribonic acid
Arabinonic acid
Xylonic acid
Lyxonic acid
Arabinitol
Ribitol

Glucose
Galactose
Mannose
Fucose
Rhamnose
Fructose
Allonic acid
Altronic acid
Gluconic acid
Mannonic acid
Gluonic acid
Idonic acid
Galactonic acid
Talonic acid
Glucaric acid
Sorbitol

Meteorite %D,

3 Carbons
ee nr'
nd
b
ee nr

—3 to —12 in Murchison (CM2),%$-6 in LAP 02342
(CR2),%%-3 in GRA 95229 (CR2)%¢

4 Carbons
nd
0 in Murchison (CM2)”
0 in Murchison (CM2)”
54 in Murchison (CM2)"
33 to 5S in Murchison (CMZ)I’
34 in ALH 83102 (CM2)"
43 in GRA 95229 (CR2)”
ee nr’
0 in Murchison (CM2)”

b
ee nr

b
ee nr

0 in Murchison (CM2)”
ee nr’

0 in Murchison (CM2)”
0 in LAP 02333 (CM2)"
0 in ALH 83102 (CM2)"
0 in GRA 95229 (CR2)"
S Carbons
ee nr’
ee nr°
ee nr°
ee nr”
nd
nd
nd
57 in Murchison (CM2)"
47 to 60 in Murchison (CM2)"
82 to 100 in Murchison (CM2)"
61 to 100 in Murchison (CM2)"
0 in GRA 95229 (CR2)”
ee nr¥
6 Carbons
nd
nd
nd
nd
nd
nd
100 in Murchison (CM2)?
100 in GRA 06100 (CR2)”

100 in Murchison (CM2)?, 100 in GRA 06100 (CR2)”

ee nr’
b
ee nr
100 in GRA 06100 (CR2)®
100 in Murchison (CM2),”100 in GRA 06100 (CR2)”
100 in Murchison (CM2),100 in GRA 06100 (CR2)”
nd
nd
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Occurrence

Biology (D), Formose, Ice, Meteorites
Biology (D), Ice

Biology (D), Ice, Meteorites

Biology (D > L), Meteorites

Biology (D)

Ice, Meteorites
Ice, Meteorites
Ice, Meteorites

Biology (L), Ice, Meteorites

Biology (L), Meteorites

Meteorites
Meteorites
Meteorites
Meteorites
Biology (L), Meteorites

Formose, Ice, Meteorites

Biology (D), Formose, Ice, Meteorites
Biology (L), Formose, Ice, Meteorites
Biology (D), Formose, Ice, Meteorites
Formose, Ice, Meteorites

Biology (D), Formose, Ice

Biology (D > L), Formose

Biology (D,L), Formose

Ice, Meteorites

Ice, Meteorites

Biology (L), Ice, Meteorites

Biology (L), Ice, Meteorites

Biology (L), Formose, Ice, Meteorites
Biology (D), Formose, Meteorites

Biology (D), Formose
Biology (D), Formose
Biology (D), Formose
Biology (L)

Biology (L)

Biology (D), Formose
Meteorites

Meteorites

Biology (D), Meteorites
Meteorites

Biology (L), Meteorites
Meteorites

Meteorites

Meteorites

Biology (D)

Biology (D)
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Table 2. continued

“The more common enantiomers of simple chiral polyols in biology are shown, and all abiotic syntheses produce racemic products. Errors have not
generally been reported for individual analyses, but when multiple results are shown in a reference they are listed as ranges. Detections without
associated carbon isotope measurements (Table 3) may be terrestrial contamination, particularly if common in biology. The conditions and

197,198 189,192,205

reactants of both ice and formose

reactions can be adjusted to change the product distributions. %D, = (0 — L)/(p + L) X 100

(negative values correspond to L-excesses). Isotopic measurements are required to firmly establish the origin of any enantiomeric excesses. ee nr =
enantiomeric excess not reported, although compound was identified in meteorites. nd = compound not detected in meteorites. YCooper and
Rios*® “Cooper et al.>*> “Pizzarello et al.”*® “Furukawa et al.**” /Pizzarello et al.”” (Tables in supplement, not discussed in the text). Substantial

material was lost in the workup, complicating the interpretation.

isovaline (2-amino-2-methylbutanoic acid) that are both rare
on Earth."®* They concluded that all of the amino acids in the
meteorite were abiotic and extraterrestrial in origin based on
nearly equal abundances of L- and D-enantiomers of the chiral
amino acids that argued strongly against terrestrial biological
contamination that consists of mostly L-amino acids.

A variety of gas and liquid chromatography mass
spectrometry techniques have been used to characterize the
soluble organic composition of meteorites over the past five
decades.** For amino acids, meteorite powders are first
extracted in hot water, followed by acid hydrolysis of a portion
of the water extract to liberate “bound” amino acids or
generate free molecules from precursors, and then the extracts
are subjected to multiple dry-down and purification steps to
remove salts and metal jons that can interfere with chemical
derivatization and chromatographic separation of the amino
acids and their enantiomers.** To date, 96 different amino
acids have been named in the Murchison CM2 type
carbonaceous chondrite (Table 1), and likely hundreds more
have been detected but have yet to be identified.”* Other
meteorites have shown similar amino acid diversity, and many
have shown less, but no meteorite has shown greater amino
acid complexity than Murchison.”> The Murchison meteorite
contains 12 of the 20 most common protein amino acids found
in biology (Table 1); however, the vast majority of amino acids
identified in Murchison are rare or absent in the terrestrial
biosphere.”*” Amino acids that have been detected in
Murchison range from two- to ten-carbons in length and
appear to exhibit complete structural diversity of aliphatic
amino acids (all possible structural isomers present) with an
exponential decrease in abundance with increasing carbon
number within a homologous series.***’ Based on the total
number of possible enantiomers and isomers for acyclic
monoamino alkanoic acids with carbon numbers up to ten
(e.g., 8 possible enantiomers and isomers of four-carbon amino
acids, 23 possible five-carbon amino acids, >100 possible six-
carbon amino acids, etc.), and also including cyclic and
diamino alkanoic and alkanedioic acids that have been found in
meteorites,”’ > it is likely that there are thousands of
individual amino acids in the Murchison meteorite. Most of
these amino acids have not yet been identified due to
insufficient analytical sensitivity, insufficient chromatographic
separation of higher molecular weight amino acids, and a lack
of commercially available standards to enable unambiguous
identification of amino acids with six or more carbons.*’
Owing to the inherently limited sample masses of IDPs and
micrometeorites, there have been no reports on the
composition of any soluble organic compounds in IDPs and
only two reports of the extraterrestrial amino acid a-AIB in
micrometeorites collected in Antarctica.””>* As analytical

. sgr sgs . . . 55
techniques and sensitivities improve with time,” our knowl-
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edge of the soluble organic diversity of IDPs and micro-
meteorites should greatly expand.

Multiple formation pathways and synthetic routes for amino
acids in meteorites (Figure 2) have been proposed based on
the observed distributions and relative abundances of various

i OH
Strecker Synthesis HO CN +2H,0
R#\(o
y ROR -NFs R on
j\ Cyanohydrin a-Hydroxy Acids
RTTR _*NHs NH +HCN
| NH,
Carbonyl - H,0 R/I\R' +2H0 R o
compound -NHg R
Imine OH
R and R' = Alkyl or H a-Amino Acids
Michael Addition
R +NH3 NH, +2H,0 NHy O
E—— R
RN CN RN “NH, j,\/U\OH
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2 NH; R
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products

catalysts (Fe, Ni, Co)

Figure 2. Plausible chemical formation pathways for amino acids
found in meteorites. @-Amino acids are produced by HCN
polymerization (not shown) or the Strecker-cyanohydrin pathway in
the presence of water and ammonia. f-Amino acids are formed by
Michael addition of ammonia to a,f-unsaturated nitriles forming a f-
aminonitrile that can undergo hydrolysis/reduction steps to form f-
amino acids. y- and &-Amino acids can be produced by
decarboxylation of a-amino dicarboxylic acids or by the hydrolysis
of lactams that are found in meteorites. n-@-Amino acids and many
other straight-chain hydrocarbons can be formed by Haber—Bosch/
Fischer—Tropsch-Type (HB/FTT) mineral surface-catalyzed reac-
tions of H,, CO, and NHj at elevated temperatures. Modified version
of a figure published in Primitive Meteorites and Asteroids: Physical,
Chemical, and Spectroscopic Observations Paving the Way to Exploration,
D. P. Glavin, C. M. O’ D. Alexander, J. C. Aponte, J. P. Dworkin, J. E.
Elsila, and H. Yabuta, The Origin and Evolution of Organic Matter in
Carbonaceous Chondrites and Links to Their Parent Bodies, Page
229, Copyright Elsevier (2018).
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isomers. The amino acids in the Murchison CM2 carbona-
ceous chondrite as well as less altered CR2 type carbonaceous
meteorites are dominated by a-amino isomers (Figure 1;
amino group is attached to the central carbon immediately
adjacent to the carboxylic acid group), although other
structural isomers are present in these meteorites at lower
abundances.”” The presence of high relative abundances of a-
amino acids and the analogous a-hydroxy acids and
iminodicarboxylic acids found in Murchison®*™** suggests
that amino acid Strecker-cyanohydrin synthesis occurred
within the Murchison meteorite parent body during an
aqueous alteration phase. The formation of a-amino acids by
polymerization of HCN during aqueous alteration has also
been suggested;”” however, only two amino acids (glycine and
alanine) are produced at significant levels from HCN by this
mechanism.”” @-Amino acids could also have been formed
prior to incorporation into the 6parent body on ice grain
surfaces exposed to radiation,’’"®* for example, by carbox-
ylation of amines with CO, or of nitriles under proton
irradiation.”>®* The wide diversity of amino acids in
Murchison and other aqueously altered CI, CM, and CR
meteorites also include /-, -, and d-amino acids that cannot be
formed by Strecker synthesis and indicate that multiple amino
acid formation mechanisms were active in these meteorite
parent bodies.”> For example, -amino acids in carbonaceous
meteorites have been hypothesized to form under aqueous
conditions by Michael addition of ammonia to a,f-unsaturated
nitriles, followed by reduction and hydrolysis.*”** It has also
been proposed that some y- and §-amino acids found in the
Murchison meteorite could have been formed by decarbox-
ylation of @-amino dicarboxylic acids or the hydrolysis of
lactams that have also been identified in the meteorite.”®

In contrast to the aqueously altered CI, CM, and CR
carbonaceous chondrites, thermally metamorphosed meteor-
ites that were exposed to additional parent body heating such
as the moderately heated CO3 and CV3 chondrites and the
extensively heated CK4—6 chondrites have a much more
limited distribution of amino acids dominated by achiral
straight-chain terminal amine “n-w-amino acids” including
glycine, f-alanine, y-amino-n-butyric acid, -aminovaleric acid,
and e-amino-n-caproic acid.””*® The predominance of these
linear, straight-chain amino acids and depletion of other
branched isomers in these thermally altered meteorites may be
the result of Haber—Bosch/Fischer—Tropsch type (HB/FTT)
mineral-surface catalyzed reactions that occurred between
trapped CO, H,, and NHj; gases and metals (e.g, Fe, Co, or
Ni) inside the meteorites as they cooled on their parent
bodies.””” Alternatively, laboratory hydrothermal reactions of
potassium cyanide, formaldehyde, and ammonium hydrogen
carbonate at elevated temperatures and pressures (up to 400
°C at 250 atm) can also yield n-@-amino acids."* In summary,
a wide range of amino acid compositions have been observed
in carbonaceous chondrites, including both simple and highly
complex distributions that can be attributed to the availability
of their corresponding starting materials in presolar environ-
ments and Solar System parent bodies and to the different
formation mechanisms as well as physical and/or chemical
characteristics and compositions of their respective parent

bodies.
2.2. Amino Acids in Terrestrial Biology

Amino acids are the monomers of proteins and enzymes, the
molecular machines responsible for catalyzing nearly all
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chemical reactions necessary for life on Earth. Protein amino
acids account for approximately 55% of the total dry weight of
a single prokaryotic cell’" and are prevalent in the terrestrial
biosphere. In contrast to the broad diversity of amino acids
found in meteorites and produced in prebiotic experiments
(Table 1), all life on Earth uses only 20 standard genetically
encoded (proteinogenic) L-amino acids.”” There are also 2
additional nonstandard amino acids (L-selenocysteine and L-
pyrrolysine) in some organisms that are not coded for directly
in the genetic code but can be encoded by special translational
mechanisms.”””* The same 20 standard amino acids have been
used in proteins in life on Earth since the existence of the Last
Universal Common Ancestor (LUCA). With the exception of
glycine which is achiral, all proteinogenic amino acids are chiral
and terrestrial biology has evolved to use only L-amino acids in
the production of genetically encoded proteins.

There are many other noncoded amino acids known to
occur in biology; however, they are used as metabolic
intermediates in biosynthesis, are post-translationally formed
in proteins, or possess a physiological role, such as neuro-
toxins.”> For example, L-ornithine is a metabolic intermediate
that is biosynthetically produced but is not incorporated into
proteins. Although all proteinogenic amino acids are a-amino
acids, there are some non-a-amino acids that are used in
biology (e.g., f-alanine is a component of vitamin Bg and y-
amino-n-butyric acid acts as a major inhibitory neuro-
transmitter in mammals). f-alanine and y-amino-n-butyric
acid are also found in marine sediments,”>’® and their presence
is generally attributed to bacterially mediated a-decarbox-
ylation of aspartic and glutamic acids, respectively, which takes
place during the diagenesis of sedimentary organic matter.”” In
most bacteria, the only p-amino acids produced in significant
quantities are D-alanine and D-glutamic acid, that are
incorporated into cell wall peptidoglycan,”® and a few other
D-amino acids that are produced in some organisms to help
modulate cell wall synthesis’’ and other specialized func-
tions.”” Some fungal peptides contain the rare nonprotein a-
dialkyl amino acids (usually) p-isovaline and a-AIB, which
have antibiotic properties.*"*

Prior to the emergence of biosynthetic pathways on Earth,
there were at least 10 prebiotic a-amino acids (Ala, Asp, Glu,
Gly, Ile, Leu, Pro, Ser, Thr, and Val) available for protein
formation,*” and experimental and modeling results suggest
that 10 amino acids are at the theoretical minimum limit for a
foldable set.**”®® It remains unclear why terrestrial biology
evolved to use a specific set of only 20 standard a-amino acids
since prebiotic environments on the early Earth should have
included a wide variety of amino acids, based on laboratory
experiments simulating primordial environments and delivery
from meteorites.'"'*** This likely reflects an evolutionary
compromise between diminishing improvements in protein
folding and function from increasing the amino acid alphabet,
and decreases in translation fidelity and buffering capacity
against mutations that would result from reduced degeneracy
in the genetic code.

It is unknown whether or not life elsewhere would evolve
independently to use the same set of 20 protein amino acids
present in life on Earth. Nevertheless, a search for chiral amino
acids with a limited distribution of structural isomers, including
protein amino acids such as histidine and tryptophan that are
present in terrestrial biology but have not yet been reported in
abiotic syntheses under plausible prebiotic conditions (Table
1), should be part of a robust life detection strategy. Two

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

important caveats to this approach must be considered to
avoid false negatives and false positives. Amino acid
racemization (conversion of one enantiomer to the other,
leading to an equal abundance of both enantiomers) can slowly
erase homochiral signatures of extant biology after death,
eventually resulting in a racemic mixture that could be
mistaken for an abiotic origin (false negative). In addition,
racemization (epimerization) can also facilitate the non-
biological amplification of one amino acid enantiomer over
the other under certain environmental conditions that could
lead to a false positive detection of extant life. Both possibilities
will be discussed in more detail in the following sections.

2.3. Amino Acid Racemization

The racemization rates of a-hydrogen protein amino acids
have been studied in great detail and vary with amino acid
species, position of the amino acid within the protein,
temperature, pH, water availability, and ionic strength.'*"'"!
Amino acids and sugars in the presence of water will undergo
racemization (conversion of one enantiomer into the other
until a racemic mixture is reached) over relatively short periods
on geological time scales.'””'°>'"> For example, total
racemization of L-aspartic acid in wet sediments was estimated
to occur in ~4 X 10 years at 300 K and ~2 X 107 years at 252
K.'9%'% Under dry conditions over the same temperature
range, complete racemization of L-aspartic acid in a desiccated
sample would occur in ~3 X 10° years and ~5 X 10° years,
respectively.104 Enantiomeric measurements of protein amino
acids recovered from extinct ~1 million-year-old Pleistocene
fossil mollusk shells had b/L aspartic acid, /1 alanine, and p/L
valine ratios of 0.88, 0.95, and 0.85, respectively, indicating that
significant amino acid racemization had occurred."” With
knowledge of the past environmental conditions (including
burial temperature, humidity, pH, etc.), the measured amino
acid p/L ratio (assuming D/L < 1) can be used to estimate the
age of an extinct organism.'*”'® However, if complete amino
acid racemization has occurred (p/L = 1), it would be
impossible from the enantiomeric ratio alone to distinguish
between an extinct biological origin and abiotic chemistry that
could also result in racemic mixtures. In this case, the amino
acid abundance, distribution, and knowledge of their stable
isotopic compositions would be needed to establish their
origin.

Cohen and Chyba calculated the p/L ratios of several a-
hydrogen amino acids found in meteorites based on their
known racemization half-lives over a variety of asteroid parent
body thermal histories and determined that in many cases a-
hydrogen amino acids with an original enantiomeric excess
would not undergo complete racemization since the time of
their formation.'”” In contrast to the a-hydrogen amino acids,
a-dialkyl amino acids such as isovaline found in meteorites and
fungal peptides are not prone to rapid racemization under
aqueous or radiogenic conditions on geologic time
scales."'”""" In fact, a-dialkyl amino acids with a chiral center
decompose much faster than they racemize.''> Therefore, any
enantiomeric excesses should be preserved for these non-
proteinogenic amino acids since the time of their formation.
On Mars or other Solar System bodies where conditions are
much colder and drier than Earth, amino acid racemization and
hydrolysis would be extremely slow and any chiral signature of
past life could be preserved for billions of years.'**""
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2.4. Amino Acid Asymmetry and Amplification
Mechanisms

One of the key open questions in origins of life research is how
and when homochirality began. Reports over the last two
decades of large protein amino acid enantiomeric excesses in
some meteorites, likely not due to terrestrial contamination,
provide evidence that the transition to homochirality could
have been initiated by abiotic mechanisms, prior to the start of
life. The first such report was by Engel and Macko,""* who
reported a 33% L-enantiomeric excess for alanine in the
Murchison meteorite (Table 1). They argued against terrestrial
alanine contamination based on the L- and D-enantiomers both
being significantly enriched in "N (§"°N = +60 and +57%o,
respectively), compared to terrestrial biology, which produces
amino acids that are less enriched in >N (Section 4). It was
argued by others, however, that the compound-specific stable
N isotope measurements could have been interfered with by
coeluting compounds.''> That same year, Cronin and
Pizzarello reported L-enantiomeric excesses for four a-methyl
amino acids from the Murchison (CM2) meteorite, ranging
from 2.8 to 10.4%."'® The authors did not provide isotopic
measurements but argued that the enantiomeric excesses were
likely not the result of contamination because the amino acids
found in excess are not common in terrestrial biology and the
a-hydrogen analogs of these amino acids were racemic. Over
the next decade, Pizzarello, Cronin, and others observed amino
acid enantiomeric excesses up to ~15% in multiple meteorites,
including Murchison (CM2), Murray (CM2), and Graves
Nunataks (GRA) 95229, a CR2 chondrite.”"”®""7!'% All of
these studies were performed by chemical derivatization of
concentrated and purified meteorite water extracts followed by
gas chromatography—mass spectrometry (GC-MS) analysis of
various N-trifluoroacetyl-isopropyl derivatives, which is well-
suited for the separation of complex suites of amino acids
found in many carbonaceous meteorites.

Glavin and Dworkin and co-workers built on these results by
developing analytical methods to analyze meteorite extracts
based on o-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC)
derivatization and ultrahigh performance liquid chromatog-
raphy—mass spectrometry (LC-MS), which offers orders of
magnitude greater sensitivity than GC-MS for amino acids,
enabling the analysis of smaller masses of meteorite samples
and less abundant amino acids, albeit with somewhat reduced
chromatographic separation eﬂiciency.22’49’119 Focusing on
amino acids from two- to five-carbons in length, LC-MS based
amino acid analyses have now been performed on meteorite
samples from each of the eight carbonaceous chondrite groups,
including all petrographic subtypes that are available for each
group, as well as ungrouped chondrites.””””'*%"*! These
analyses have revealed L-enantiomeric excesses for the amino
acid isovaline of up to ~20% (Table 1), with a general
correlation between the extent of aqueous alteration and
magnitude of enantiomeric excess, particularly for CI, CM, and
CR chondrites. Analyses of multiple samples of the Tagish
Lake meteorite, an ungrouped C2 chondrite that has both
heavily hydrated and slightly hydrated lithologies, revealed that
the least aqueously altered sample had isovaline that was
essentially racemic, while the most aqueously altered fragment
analyzed had an L-isovaline enantiomeric excess of ~7%,
further supporting the correlation between extent of aqueous
alteration and isovaline enantiomeric excesses.””'*> There is an
additional trend observed in carbonaceous meteorites, where
the magnitude of L-isovaline enantiomeric excess is inversely
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correlated with total abundance. Pizzarello and co-workers also
noted that there appeared to be a link between the abundance
of hydrated minerals (serpentine) and the isovaline enantio-
meric excesses measured in the Murchison meteorite.”'

In addition to the original report by Engel and Macko on L-
alanine enantiomeric excesses in Murchison, there have been
more recent reports of L-enantiomeric excesses for multiple
proteinogenic amino acids that appear to be extraterrestrial in
origin. Pizzarello and co-workers have focused on isoleucine,
which has two chiral centers, and, therefore four possible
stereoisomers: L-isoleucine (S,S); p-isoleucine (R,R); p-allo-
isoleucine (R,S); and L-allo-isoleucine (S,R). Enantiomeric
excesses of up to S0% for L-isoleucine (relative to p-isoleucine)
and up to 60% for p-allo-isoleucine (relative to L-allo-
isoleucine) have been reported in CR2 chondrites."'®"** Slight
D-enantiomeric excesses of the nonproteinogenic amino acids
allo-isothreonine (D,, ~ 8%) and f-aminoisobutyric acid (D,
~ 7%) have also been recently reported in the Murchison
meteorite (Table 1); however, the analytical uncertainties in
these measurements were >10%,”” so it is not clear if these p-
amino acid excesses are real. In addition, stable isotope
measurements for these amino acids were not made to firmly
establish their extraterrestrial origin, and it was argued that
there could have been analytical interferences that affected the
enantiomeric ratios.””"**'>

Glavin and co-workers reported an excess of L-aspartic acid
of up to ~60% in the Tagish Lake meteorite (Table 1), and
stable carbon isotope measurements revealed that both
enantiomers were significantly enriched in C (§"C
+24%0 and +29%o, respectively), confirming that the large L-
aspartic acid excesses in the meteorite were extraterrestrial in
origin.26 Interestingly, other proteinogenic amino acids
including glutamic acid, serine, and threonine were also
present with large L-enantiomeric excess in the Tagish Lake
meteorite (L, ~ 50 to 99%, Table 1), whereas alanine, another
common protein amino acid, was nearly racemic. Although an
extraterrestrial origin for the L-glutamic acid, L-serine, and L-
threonine excesses in Tagish Lake could not be confirmed by
stable isotope measurements due to low abundances and
analytical challenges, it is striking that alanine was found to be
racemic in the same sample. Typically, in meteorites that have
experienced terrestrial biological contamination, the samples
do not have racemic mixtures of any common proteinogenic
amino acids.'*”"*’ Friedrich and co-workers made a similar
observation for multiple samples of the Murchison meteorite,
where aspartic acid, glutamic acid, and serine were also all
present with large L-enantiomeric excesses up to 43% (Table
1), but alanine was racemic.'*’ Notably, in both Murchison
and Tagish Lake, the abundances of aspartic acid and glutamic
acid are not significantly lower (within a factor of 2 or less)
than the alanine abundances,**”” so these observations cannot
be readily explained by biological contamination.

The evidence for amino acid enantiomeric excesses in
meteorites at this point is overwhelming, particularly for
isovaline and other a-methyl amino acids not commonly used
in biology. It is also important to emphasize that all of the
amino acids found in enantiomeric excess have been @-amino
isomers, and, with the one exception of Dp-allo-isoleucine
excesses in two CR2 type carbonaceous chondrites,”” only 1-
amino acid enantiomeric excesses have been found in
meteorites so far, as these are the structural and stereoisomers
used universally in biology. It is at least plausible, then, that the
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preference for a-L-amino acids was driven by a process that
existed very early in the history of our Solar System.
Understanding how and where the amino acids formed and
how they have evolved over time during meteorite parent body
alteration can provide important clues as to how the initial
amino acid asymmetry occurred and how any small
enantiomeric imbalances could have been amplified, either
outside or inside the meteorite parent bodies. Considering that
all of the amino acids present in enantiomeric excess have been
a-isomers, we focus here on reactions capable of producing a-
amino acids. The Strecker-cyanohydrin synthesis (Section 2.1)
is one particularly well-known mechanism, in which an
aldehyde or ketone reacts with ammonia and cyanide to
form an amino nitrile, which is subsequently hydrolyzed to an
amino amide and then an amino acid (Figure 2). The
detection of all of the necessary reaction components,
including cyanide, ammonia, and a range of aldehydes and
ketones, along with the presence of structurally analogous a-
hydroxy acids produced as side products of this pathway,
provides evidence of its plausibility.”®"*"'*> With respect to
chirality, chiral amino acids produced by Strecker chemistry
are expected to be racemic in composition for multiple reasons.
First, no asteroid-relevant processes have yet been demon-
strated that are capable of stereochemically selective addition
of cyanide to achiral imines, which are the Strecker precursors
for isovaline, aspartic acid, and most of the amino acids found
in enantiomeric excess in meteorites. Second, the cyanide
addition step is readily reversible at a much faster rate than the
effectively irreversible step of nitrile hydrolysis (reaction half-
life on the order of a thousand Jears at 0 °C), which fixes the
chirality at the a-carbon.”>'** In other words, any parent
body-relevant Strecker-type mechanism or catalyst preferen-
tially forming L- or D-amino nitriles would also need to catalyze
subsequent nitrile hydrolysis sufficiently rapidly to retain that
chirality. Although the Strecker aldehyde precursor for
isoleucine (2-methylbutanal) is chiral, and therefore could
preferentially favor cyanide addition to one face of the adjacent
imine, there would still need to be a viable mechanism for
rapid cyanide hydrolysis. Thus, while the Strecker synthesis
remains a viable route for the racemic production of amino
acids, there is no evidence suggesting it could generate
appreciable levels of enantiomeric excesses in those amino
acids. An alternative route to a-amino acids compatible with
meteorites is reductive amination, where a-keto acids react
with ammonia to produce a-imino acids, which are then
reduced to @-amino acids. In this case, the reduction step
creates the chiral center and is not readily reversible, and a-
keto acids have been found in meteorites.>> However, a-
methyl amino acids cannot be produced by this chemistry,
meaning that this route could not explain the isovaline
enantiomeric excesses observed in meteorites. Given the
present state of knowledge, in the absence of a chiral
enantioenriched initiator, there are no routes to generate the
observed enantiomeric excesses in the interior of asteroids.
An avenue that has shown great promise is the preferential
synthesis or destruction of a single enantiomer bz exposure to
ultraviolet circularly polarized light (UV-CPL)."*° Interstellar
and circumstellar UV-CPL is considered to be a potential
symmetry breaking generator; when an enantiomer of a given
chiral molecule has a higher optical response or absorption
(i.e., differential extinction coefficient Ae'*”) toward left- or
right-handed CPL, this results in its faster photolytic
destruction relative to its enantiomer of opposite handedness,
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thus generating an enantiomeric excess (e¢) of the less
absorbing enantiomer."**"*” Conversely, the synthesis of
enantioenriched amino acids in cold interstellar ice analogs
using UV-CPL will largely depend on various factors including
the type of polarization used, the photon energy intensity (eV),
and the nature of both the starting materials and intermediates
generated during irradiation.'*” Although the degree of circular
polarization is negligible for low to medium mass stars
including our Sun, strong circular polarization has been
detected in light from the Orion star formation region with
up to 17% polarization for high mass O- and B-type
stars.”'*"'** Therefore, it is possible that our Solar System
was exposed to CPL of a single sign from one quadrant of a
neighboring massive star which would lead to preferential
destruction and/or synthesis of a single hand of any chiral
molecules such as amino acids present in the young solar
nebula. The resulting amino acid chiral asymmetry could then
be incorporated inside comets and asteroids and delivered to
young planets. Other potential astronomical sources of UV
CPL that could have led to chiral molecule symmetry breaking
in the solar nebula are described in detail elsewhere.'**~'*

The synthesis or destruction of a single enantiomer depends
on the interaction between a given chiral molecule and UV
CPL. The magnitude of the response is dependent on the
anisotropy factor g (1), which is defined as the ratio of Ae and
the extinction coeflicient €. Therefore, anisotropy may be
defined as the direct measure of the effectiveness of
asymmetric photochemical reactions; meaning that for photo-
chemical reactions, ee is a function of g (1), where higher g
values will lead to higher enantioenrichments.””"*”'*"" After
calculating the specific g values at varying wavelengths, amino
acids such as alanine, leucine, and isovaline were predicted to
yield enantiomeric excesses ranging from 2 to 5% in
quantitative asymmetric photolytic reactions (99.999% extent
of reaction, &);"*”"** those values are in agreement with the L-
enantiomeric excesses found for amino acids present in
interstellar ice analo§s6l'140'149’150 and those found in carbona-
ceous chondrites.””***’ Similarly, the anisotropy values
measured for aliphatic chiral monoamines, monoalcohols,
and monocarboxylic acids'>' suggested that these compounds
would yield low (0.1 to 0.5%) enantiomeric excesses after
complete asymmetric photolysis, which is in agreement with
enantiomeric measurements of meteoritic chiral amines and
carboxylic acids.'**™"*® From those same experiments,*' the
anisotropy values of a prochiral epoxide (S-glycidol, —3%) and
a vicinal diol (25,3S-butanediol, 0.4%) were significantly larger
than that of an isolated diol (S-1,3-butanediol, 0.2%). These
results are consistent with the varying levels of ee that have
been observed in some meteoritic polyols (Table 2). Although
much work remains to identify and measure the enantiomeric
composition of these diols and other chiral organic species in
meteorites, the anisotropy factor of various chiral molecules
determined as a function of specific UV-CPL wavelengths can
be a useful tool to predict which organic compounds in
meteorites or other extraterrestrial samples would be expected
to possess enantiomeric excesses.

In an early study, it was demonstrated that leucine
enantiomeric excesses of up to 2.5% could be generated with
the destruction of ~75% of the starting leucine by asymmetric
photolysis with UV-CPL (212.8 nm)."** In another study, the
synthesis of amino acids by the gas-phase proton irradiation of
carbon monoxide, ammonia, and water yielded alanine that
was then subsequently enantioenriched up to 0.5% by exposure
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to UV-CPL.">” More recently, there has been a systematic
campaign to understand the effects of UV-CPL on amino acids
and related compounds, such as amines, sugars, and aldehydes
and ketones, both during molecule synthesis and destruc-
tion."*® These studies demonstrated that the chirality and
extent of induced enantiomeric excess are dependent on the
helicity, wavelength, and flux of irradiating UV-CPL."**"*’ In
one study, 16 amino acids (24 amino acids counting individual
enantiomers) containing two to five carbon atoms were
produced by the irradiation of methanol, water, and ammonia
ice at 10.2 eV."® Of these amino acids, five (alanine, 2,3-
diaminopropanoic acid, 2-aminobutanoic acid, valine, and
norvaline) were present in sufficient abundance to have their
enantiomeric compositions accurately measured. For each of
those five amino acids, enantiomeric excesses of 0.2% to 2.5%
were induced, and importantly, all of the enantiomeric excesses
were in the same direction (all L- or all D-excesses) for a given
UV light polarization. Although aspartic acid was produced in
these experiments, it was not sufficiently abundant for
enantiomeric measurements to be made, and thus it has not
yet been experimentally demonstrated that aspartic acid
enantiomeric excesses could be generated by UV-CPL, though
it seems plausible. Isovaline was also not detected in these
experiments, but its behavior under UV-CPL irradiation has
been well characterized.'®*'®! Interestingly, in contrast with a-
hydrogen amino acids, the direction of enantiomeric excesses
induced in isovaline does not vary with irradiation wavelength,
but only with light polarization. However, UV-CPL-induced
enantiomeric excesses observed thus far tend to be significantly
smaller than the observed enantiomeric excesses in meteorites,
meaning that if UV-CPL is responsible for breaking chiral
symmetry, there must have been a process to amplify these
small chiral excesses. Other chiral symmetry breaking
mechanisms at the level of elementary particle interactions
(e.g., parity violation in the weak interaction) have also been
proposed.'®*

A variety of enantioenrichment mechanisms for amino acids
and other chiral molecules have been suggested and are
discussed in detail elsewhere.”*”'**7'% Here we focus on one
promising mechanism for amplifying enantiomeric excesses
that is based on the behavior of chiral molecules during phase
transitions, such as from solid/vapor and solid/solution
transitions. For example, Viedma and others have demon-
strated that sublimation of amino acids could be used to
preferentially separate an enantiomer present in excess away
from a racemic solid."®”’~**° Viedma, Blackmond, Breslow, and
others have also demonstrated that this phenomenon can be
exploited in the solution phase.'”*~""* Serine, which exhibits a
very high eutectic enantiomeric excess of >99% in water at 25
°C, provides a virtually enantiopure solution from a nearly
racemic sample under solid—liquid equilibrium conditions.*”
The physical separation of enantiomers can be applied to most
of the 20 proteinogenic amino acid and is based on them
forming racemic crystals (D and L) that have lower solubility
(or vapor pressures) than enantiopure solids (b or L) of those
same compounds.‘u’175 If one enantiomer is present in excess
over the other, that will be the predominant molecule chirality
in the solution or gas phase above the solid. The
enantioenriched gas or liquid phase can then be moved
away, leaving behind the racemic solid phase material. Other
amino acids preferentially form enantiopure (conglomerate)
crystals, meaning that enantioenriched pools of amino acids
cannot be formed by this process. However, if one enantiomer
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Figure 3. Ilustration of the solid—liquid phase behavior of amino acids that form conglomerate (left) and racemic (right) solid crystals.
Amplification of a small initial excess (in this case, the L-enantiomer) for conglomerate amino acids such as aspartic acid and glutamic acid will
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(2018).

is present in excess over the other, it is possible that a different
enantioenrichment process can occur. If one enantiomer
happens to form larger crystals than the other enantiomer
(because there is more of it, for example), the larger crystals
will dissolve more slowly than smaller crystals. The solution
phase will be racemic, but if there is enough time to epimerize
molecules in the solution phase prior to recrystallization, it is
possible to convert nearly all of the minor enantiomer to the
major enantiomer, which has been experimentally demon-
strated, yielding true enantiomeric enrichment.'”""’°~'7% An
illustration of the solid—liquid phase behavior of amino acids
that form conglomerate and racemic solid crystals is shown in
Figure 3.

With respect to the amino acids found in enantiomeric
excess in meteorites, both aspartic acid and isovaline form
enantiopure conglomerate crystals, whereas isoleucine forms
racemic crystals. Thus, isoleucine could undergo physical
separation to yield both enantioenriched and racemic pools of
amino acids. Isovaline and aspartic acid, on the other hand,
could have experienced some interconversion of their p-
enantiomers into L-enantiomers via racemization within their
parent asteroids. A caveat to this is that isovaline, as an a-
methyl amino acid, is much more difficult to epimerize than a-
hydrogen amino acids. The most plausible mechanism for
epimerization of isovaline in the meteorite parent body would
have been radioracemization.'”’ Nevertheless, conglomerate
crystal amplification during parent body alteration remains
arguably the most plausible asteroid-relevant mechanism for
amplification of UV-CPL-generated enantiomeric excesses.
The fact that only r-amino acid excesses with a single
asymmetric carbon have been observed in meteorites within
analytical uncertainties suggests that the origin of life on Earth
or elsewhere in our Solar System could have been biased
toward L-amino acid homochirality from the very beginning. It
is also likely that similar amino acid amplification mechanisms
occurred in ancient sedimentary environments on the early
Earth where prebiotic amino acid mixtures could be exposed to
multiple wet—dry cycles.'® It has even been suggested that
spontaneous resolution of conglomerates is the most likely
terrestrial mechanism for the origin of homochirality on the
early Earth.'®' Finally, given the preponderance of evidence for
prebiotic L-amino acid excesses in primitive meteorites, it could
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be expected that if life originated elsewhere in our Solar System
from similar starting materials, it would be based on the same
handedness as life on Earth.

3. POLYOLS IN METEORITES AND LIFE

3.1. Distributions and Formation Pathways

Terrestrial biology relies on homochirality not only in amino
acids but also in sugar compounds (polyols). Sugars make up
approximately 2% of the total dry mass of a prokaryotic cell,”"
so their abundances relative to amino acids (55% dry mass of
cell’") are much lower in terrestrial biological samples. Sugars
are fundamental components of nucleic acids (p-ribose in RNA
and p-2-deoxyribose in DNA), are found in coenzymes as
metabolic intermediates, and are the monomers of structural
and energy storage polymers. The majority of biological sugars
and their derivatives contain higher abundances of the p forms
relative to the L forms.

Polyols are aliphatic compounds with three or more
hydroxyl groups. A few examples of three-carbon polyols are
given in Figure 4. By convention, sugar-related compounds are

o
OH o HO /N*HL OH OH
Ho _k_o  Ho M _on o Ho A _ on
glyceraldehyde dihydroxyacetone glyceric acid glycerine
(aldose) (ketose) (aldonic acid) (alditol)
O O o
HO
HO OH +“OH OH j—:N
OH OH >~ OH HO
tartronic acid lactic acid 2-hydroxy-n-propanol 2,3-dihydroxypropanenitrile

(aldaric acid)  (deoxyaldonic acid) (deoxyalditol) (aldonitrile)

Figure 4. Example structures of 3-carbon polyols and related
compounds. Carbons with an asterisk represent chiral centers. All
but the deoxy alditol and aldonitrile have been detected in meteorites.

polyols where every carbon is bound to an oxygen, except in
the case of so-called deoxy sugars that have one or more
alcohols replaced by a methylene. Sugars are polyols with
either an aldehyde (aldose) (glycolaldehyde (HO—CH,—
CHO) is categorized as the simplest aldose, though it is not a
polyol and is achiral.) or ketone (ketose). These are in
equilibrium with the geminal diol or hydrate. Sugar acids
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Table 3. Comparison of the Stable Isotopic Values of Amino Acids and Sugars from Terrestrial and Extraterrestrial Sources”

Terrestrial amino Terrestrial Murchison (CM2) amino ~ GRA 95229 (CRZ) amino  LAP 02206 (CV3) Murchison
] - 1.220-222 207,230,231 - 1.223,224,234,235 - 789,152,236 : 570 207,229

Isotope ratio acids sugars acids acids amino acids polyols

s1C —70 to +11 —52to =§ —6to +52 —18 to +51 ~=25° +5 to +82
(%cVPDB)

SN (%0AIR) —20 to +30 n/a +37 to +184 +77 to +139 nr n/a

6D —270 to +66" or +180 to +3419 +868 to +7245 nr nr
(%cVSMOW)

“n/a = not applicable since there is no nitrogen in compound for isotopic measurement. nr = data not reported. “Values are for bulk organic
hydrogen, not just amino acids, in a variety of materials. “Only achiral n-@-amino acids were measured.

(aldonic acids) resemble aldoses, except that they have a
carboxylic acid instead of an aldehyde, and sugar diacids
(aldaric acids) have an additional acid group on the terminal
carbon. Sugar alcohols (alditols), a class of polyols without any
carbonyls, provide an energy source in terrestrial biology, are
found in carbonaceous meteorites, and are commonly
produced through the hydrogenation of sugars. Sufficiently
large carbonyl-containing sugars frequently cyclize into S- or 6-
membered rings (furanose and pyranose, respectively for
sugars) and sugar acids cyclize into lactones under aqueous
conditions. Larger polyols can have multiple chiral centers
creating numerous diastereomer isomers. Naturally, other
more complicated branched structures or those with multiple
functional groups are also possible and found in terrestrial
biology (e.g., sialic acids, glucuronic acid, sulfoquinovose,
glucosamine, ascorbic acid, etc.) as well as dimers and larger
polymers.

Butlerow (1861) first demonstrated and many others have
investigated the formose reaction'®~"*—the polymerization
of formaldehyde under aqueous basic conditions in the
presence of divalent metal ion (typically calcium). It was
even proposed as a food source for astronauts'®’ and
cosmonauts,** though the toxicity of the complex and racemic
mixture proved to be an obstacle.'"®” The formose reaction
produces a wide array of racemic sugars,"*'*” and numerous
variations of the reaction have been explored under conditions
with varying relevance to meteorite parent body conditions,
leading to different product distributions.'**"”*™"** Most
studies have focused on the formation of aldoses, especially
ribose, with only minor attention on the aldonic acids, aldaric
acids, and alditols; the abundances of these products depend
on whether the reaction conditions permit Cannizzaro
reactions, an aldehyde redox reaction producing the acid and
alcohol, which is usually viewed as a dead-end to the desired
aldose."” Thus, comparisons with the breadth of meteoritic
polyols have been limited. Furthermore, the standard formose
reaction produces insoluble organic material that is spectrally
similar to meteoritic insoluble organic material'”> and could
plausibly be related to it.

Polyols have also been synthesized under nonformose
reaction conditions, such as simulated interstellar or icy body
conditions where water, methanol, and ammonia ices were
photolyzed at low temperature to produce a suite of two- to
six-carbon aldoses, ketoses, aldonic acids, and alditols'”*""” or
their deoxy variants from photolysis of ices without
ammonia.'”® Aldoses in particular are well-known to be
unstable in the presence of amines (Mannich reaction) and
general bases,””” and follow a complex decomposition
pathway. Even at neutral pH, the half-life of ribose is 73 min
at 100 °C and 44 years at 0 °C."”” Small aldoses efficiently
dimerize, oxidize to aldonic acids, and react with cyanide to
form aldonitriles (sugar nitriles). These serve as intermediates
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in reactions similar to Kiliani—Fischer or Ruftf degradation
reactions”*”*°" to form a complex network of species. It is thus
unsurprising that the detection of free sugars has been difficult
in meteorites since these samples have been exposed to varying
degrees of hydrothermal alteration on their parent bodies.

The most comprehensive search for various polyols in
meteorites has been conducted by Cooper et al,”***
resulting in the discovery of a suite of aldonic acids and
alditols, including several aldonic acids with significant D-
enantiomeric enrichments (Table 2). As with amino acids,
sugar derivatives in meteorites typically follow a decreasing
abundance with increasing number of carbon atoms. The
comparison of meteorite petrographic type with polyol
abundance and enantiomeric excess has elicited speculation
and predictions, but as of yet none have been confirmed.**®
Since aldoses are highly susceptible to oxidation or other
degradation, extensive testing of standards must be performed
to understand the system.”” The methods currently used to
extract and analyze polyols in meteorites are complex”® and
not yet readily adaptable for spaceflight. In short, crushed
meteorite samples are extracted in ambient temperature water
under agitation and inert atmosphere followed by repeated
cycles of centrifugation and washes. Combined washes were
acidified, concentrated, purified via cation exchange resin,
concentrated and made alkaline and then further purified on
anion exchange resins and dried. Small compounds were
analyzed as their trimethylsilyl derivatives and others as their
acyclic isopropyl ester/trifluoroacetyl ester derivatives via gas
chromatography.*® Stable carbon isotopic measurements of the
sugar derivatives can also be made by gas chromatography
isotope ratio mass spectrometry.”” The derivatization protocols
used require stepwise reactions and carefully controlled drying
steps. The level of operator care, the number of transfers, and
number of steps required to analyze polyols makes their
analysis by robotic spacecraft instrumentation impractical with
current technologies (discussed further in Section 6).

The extraction and identification of aldoses such as ribose,
xylose, arabinose, and lyxose in carbonaceous meteorites by gas
chromatography mass spectrometry have proven to be a
challenge,”” and even these analyses lack enantiomeric
separation due to the complexity of the samples and relatively
low sugar abundances. In all cases of meteoritic polyol
detection, further work is needed to understand how their
distribution and enantiomeric compositions vary between
meteorite lithologies and across meteorite petrologic types. A
more complete characterization of polyols in carbonaceous
meteorites as has been done for amino acids will be required to
understand the abundances of the terrestrially rare, branched,
or other chemically related (nitrile-, thio-, amino-sugars, etc.)
species to further elucidate the chemistry leading to their
syntheses and associated enantiomeric excesses and isotopic
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compositions needed to distinguish abiotic from biotic
carbohydrates.

3.2. Aldonic Acid Enantiomeric Excesses in Meteorites

Aldoses, ketoses, aldonic acids, and alditols often exhibit at
least one chiral center, and many are diastereomers.
Surprisingly, D-excesses in aldonic acids in the CM2 Murchison
meteorite range from 0% (racemic) in glyceric acid and all
alditols up to 100% (enantiopure) for six-carbon acids and are
believed to be nonterrestrial in origin based on some heavy
carbon isotopic measurements and comparisons to sugars
found in terrestrial soils. Like amino acids, no “unnatural” (in
this case L) aldonic acid enrichments in meteorites have been
observed, with the exception of a report of lactic acid (%L, = 3
to 12; Table 3) where 70%—80% of lactic acid was lost during
meteorite extraction and workup.”’® Such large analyte losses
could lead to fractionation and even enantiomeric ratio
changes that could complicate data interpretation. However,
lactic acid is the hydroxy acid analog of alanine, so an r-lactic
acid excess may derive from the unknown mechanism leading
to L-alanine excesses in some samples of the CM2 Murchison
meteorite. Likewise, an abiotic mechanism to produce
enantiopure D- or L-sugars is not known. In addition, the
mechanism to preferentially enrich larger over smaller polyols
is also not known,**> but the observed enantioenrichment of
larger polyols in meteorites may be associated with
amplification via polymerization reactions as has been
suggested by Sandars.'®> The lower aqueous solubility of
polyols relative to amino acids makes the crystallization
enrichment methods previously discussed more difficult to
invoke since you need a saturated solution.

It is possible that the coexistence of L-amino acid and D-
aldonic acid excesses found in meteorites is not a coincidence.
A number of mechanisms to transfer chiral preference between
sugars and amino acids have been investigated. Sugar syntheses
in the presence of short r-peptides”™ and r-amino acid
excesses have been observed to enrich small p-sugars”” ">
and vice versa.”> Though provocative, the prebiotic relevance
of these reactions has been vigorously discussed in the
literature. It is also possible that the chiral interaction of
carbohydrates and amino acids has been important in their
macromolecules”"? or even potential pre-RNA precursors.”"*

Studies of meteorites across different petrologic types both
with and without amino acid and carbohydrate enantioenrich-
ments may be necessary to understand if there is coincidence,
correlation, or causation of chirality. However, comparisons of
glycerol to erythritol ratios across CM and CR meteorites has
not produced an obvious correlation.”” In stark contrast to
meteorites or experimental systems, terrestrial biology shows
remarkable specificity for the stereochemistry of all positions in
sugars. This leads to selective uses of small numbers of polyol
structural isomers and D-enantiomers for sugars similar to the
isomeric selectivity and L-enantiomer preference used for
amino acids in biology. These are likely the result of extensive
competition in a complex ecosystem”'> and may be associated
with full exploitation of biological niches, which would be
readily detected by other means. Though there are notable
exceptions for specific structural carbohydrates (e.g,, S—10% L-
arabinose in some plants).”'

Informational macromolecules employ only two closely
related aldoses (ribose and deoxyribose), and the presence of
chiral impurities is detrimental to polymerization.”'” Con-
temporary (and probably ancient)'® terrestrial biology also
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employs a small and chemically related range of sugars in
coenzymes, metabolic intermediates, and structural material. It
is therefore not unreasonable to expect extraterrestrial
organisms to have similar specificity over the chirality and
regiochemistry of any carbohydrates it uses. However, the
limited state of knowledge of the prebiotic chemical diversity
of polyols across multiple meteorite types, our lack of a clear
understanding of the mechanism of formation of the large,
nonterrestrial D-enantiomeric enrichments that have been
observed for some aldonic acids in meteorites, as well as
their known chemical fragility and analytical measurement
issues provide a significant challenge for in situ spaceflight
measurements of trace polyols in extraterrestrial samples and
the use of chiral asymmetry of polyols as a robust chemical
biosignature.

4. ISOTOPIC MEASUREMENTS OF AMINO ACIDS
AND POLYOLS

4.1. Terrestrial vs Extraterrestrial Stable Isotopic Ratios

Stable isotopic ratios reflect the formation mechanisms and
environments of compounds and can thus serve as an
important means of understanding the origins of observed
enantiomeric excesses. In particular, the Bc/2c, BN/MN, and
D/H ratios of compounds observed in extraterrestrial environ-
ments can be used to determine whether these compounds
have a biological (terrestrial contamination) or abiotic
(extraterrestrial origin). Biological fractionation processes
(e.g., photosynthesis) used by terrestrial life result in a strong
preference for lighter isotopes;”'” for example, although amino
acids isolated from a range of microorganisms possess 5'°C
values that reflect differences in metabolic pathways, all are
relatively depleted in *C (Table 3).”*° Similarly, biolo%ical
amino acids favor *N over *N and H over D (Table 3).>*"***
The preference in terrestrial biology for these lighter isotopes
is known as the “kinetic isotope effect”, and the resulting
departure from the equilibrium isotopic ratios of a given planet
can be a powerful signature for life.

In contrast to biology, meteoritic amino acids tend to be
enriched in heavy isotopes’****~>** (Table 3). This fact has
typically been interpreted as reflecting formation of the amino
acids or their precursors in cold, interstellar environments.
However, not all meteoritic amino acids show heavy isotope
enrichment. For example, the n-@-amino acids detected in
thermally altered CV and CO meteorites are depleted in "*C
compared to amino acids in CM and CR chondrites, with 8BC
values falling within terrestrial ranges.”” The light carbon
isotopic ratios of amino acids observed in CV and CO
chondrites may reflect a higher temperature gas-phase
formation, such as FTT reactions, that could occur under
different conditions than those that formed amino acids in CM
and CR chondrites under lower temperature aqueous
conditions; FTT reactions have been shown to produce "*C-
depleted hydrocarbons.”**"*** Additionally, it is also possible
that the formation of n-@-amino acids having isotopically light
values resulted from an unknown, yet specific, amount of
starting materials (e.g‘, CO, HCN, NH;, H,O, etc.) that
accreted inside the parent bodies of thermally altered
chondrites which were not present or were present at different
concentrations inside various types of parent bodies. It is
important to note, however, that the isotopically light amino
acids detected in the thermally altered meteorites are all
achiral; all chiral amino acids present in meteorites are
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isotopically enriched in *C, N, and D relative to terrestrial
biology (Table 3). Therefore, measurement of a light isotopic
composition (i.e., depleted in *C, '*N, and D) of chiral amino
acids in an extraterrestrial sample might point to a biological
origin.

The polyols that have been detected in the Murchison
meteorite, including ribose,””” are also enriched in C
compared to terrestrial sugars””***7**' (Table 3). H-isotope
measurements of terrestrial sugars or polyols in meteorites
have not been reported. Nevertheless, the '*C enrichment in
meteoritic polyols may be due to similar reasons as those cited
for amino acids, such as formation from enriched interstellar
precursors or formation in cold environments.

4.2, Isotopes and Enantiomeric Excesses

In addition to providing information about the formation
mechanisms of meteoritic compounds, stable isotopic ratios
can also help in understanding observed enantiomeric excesses
of chiral molecules. Chiral compound-specific isotopic
techniques allow for the measurement and comparison of
isotopic ratios in individual p- and L-enantiomers. Isotopic
measurements of individual enantiomers can distinguish
between biological and abiotic origins of chiral asymmetry.

As discussed in Section 2.3, the first reported L-enantiomeric
excesses of a meteoritic amino acid were made for alanine in
the Murchison meteorite, with an L-alanine enrichment of
~33% over p-alanine.””* Because alanine is a protein amino
acid, one likely cause for this excess would be terrestrial L-
alanine contamination of the meteorite. In addition, since
alanine forms racemic crystals and is therefore unlikely to
undergo enantiomeric enrichment via crystallization,”” the
detection of a 33% L-alanine excess in an extraterrestrial sample
without any additional isotopic information could easily be
misinterpreted as a biosignature. However, carbon and
nitrogen isotopic ratios of the two alanine enantiomers in
Murchison showed similarly enriched values for both, strongly
suggesting an extraterrestrial, nonbiological origin for the L-
excess.”””***** Similarly, L-enantiomeric excesses of aspartic
acid in the Tagish Lake meteorite of up to 60% that could be
misinterpreted as biology were shown to be of nonterrestrial,
abiotic origin through compound-specific isotopic measure-
ments that showed similarly enriched 5'>C values of +24%o (p-
aspartic) and +29%o (r-aspartic). If terrestrial biological
contamination was the source of the L-aspartic acid excess in
the Tagish Lake meteorite, the SBC value of L-aspartic acid
should have been significantly lower than the 5"*C value of p-
aspartic acid, and this was not observed.”®

This use of isotopes to understand enantiomeric excesses
can be extended to applications for biosignature detection and
recognition. For this purpose, the context of isotopic
measurements and differences between stable isotope ratios
in enantiomers is essential. As described above with the Tagish
Lake meteorite, similar isotopic ratios for two enantiomers
suggest a similar origin (ie., abiotic or biotic). Racemization
does not appear to create significant carbon or nitrogen
isotopic fractionation of neutral amino acids in biological
proteins, although it has been speculated that partial hydrolysis
of acidic protein amino acids in fossil shells can lead to small (a
few per mil) differences in the carbon and nitrogen isotopic
ratios with the L-enantiomer slightly enriched in *C and N
relative to the D-enantiomer.””” If an enantiomeric excess is
observed with a corresponding significant difference in isotopic
ratio, particularly with a lighter isotopic signature in the excess
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enantiomer, this would be difficult to explain abiotically and
could be an indicator of a biological origin of the excess.
Isotopic differences between structurally similar amino acids
may also indicate a biogenic origin, although in this case it
would be important to consider potential differences in abiotic
formation mechanisms as well.

The isotopic composition of organic material relative to the
inorganic material in the sample may also be a marker of
biological origin, although again this must be interpreted
carefully. A lighter isotopic composition of organics compared
to inorganics may result from biological fractionation, but this
requires understanding of the isotopic composition of various
reservoirs and food sources, as well as knowledge of metabolic
processes. For example, it is possible that microorganisms in a
sample could become isotopically enriched compared to the
typically light isotopic compositions that are characteristic of
terrestrial biology by incorporating '*C enriched carbon from
inorganic material (e.g., carbonate) or organic matter of
exogenous, nonbiological origins in the sample. Although the
isotopic composition of organics on its own may not
definitively point to a specific origin, the combination of
compound-specific isotopic composition with the context of
isomeric and enantiomeric distributions can still serve as a
powerful biosignature.

5. PROPOSED FRAMEWORK FOR USING CHIRALITY
AS A BIOSIGNATURE

Based on our current understanding of both terrestrial
biochemistry and abiotic chemistry from carbonaceous
meteorites and laboratory experiments, we propose three
criteria that must be met to establish a credible biological
origin of asymmetric amino acids or polyols detected in
extraterrestrial environments. These criteria serve as a guide for
a set of measurements that should be made on future life
detection missions to establish the origin of any chiral
asymmetry detected and expand beyond the search for >20%
enantiomeric excesses as a biosignature proposed previously.25
Chiral amino acids and sugars detected in an extraterrestrial
sample that show enantiomeric excess (L > D or D > L) display
structural isomer preference, are enriched in the lighter
isotopes ('*C, "N, and H) relative to inorganic material in
the same sample as illustrated by the overlapping region in the
Venn diagram (Figure 5), would provide the strongest
evidence for a biological origin. It should be re-emphasized
that chiral asymmetry of amino acids, sugars, or other chiral
molecules in an extraterrestrial sample is only one of several
biosignatures that would likely be required to establish
unambiguous evidence of extraterrestrial life.

5.1. Detection of Chiral Asymmetry

It has been proposed that the detection of enantiomeric
excesses of >20% in multiple amino acid types would provide a
high likelihood of being an extraterrestrial biosignature
provided that terrestrial contamination could be ruled out.””
This enantiomeric excess threshold is based on the largest L-
excesses of the a-dialkyl amino acid isovaline that have been
found in carbonaceous meteorites.”* However, we argue that it
is best not to specify an absolute enantiomeric excess threshold
to meet a biosignature requirement since several nonterrestrial
amino acids and aldonic acids in meteorites of nonbiological
origin have enantiomeric excesses that greatly exceed 20%. In
addition, any chiral amino acids or sugars from extinct life
could have racemized or decomposed significantly over time,
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Figure S. Venn diagram showing the three key molecular attributes of
amino acids and sugars (chiral asymmetry, simple distribution with
structural isomer preference, and a light isotopic composition) needed
to establish a likely biotic signature. Images adapted from NASA -
NSSDC, ID number: P-48040; NASA/JPL-Caltech/USGS, ID
number: PIA00407; NASA/Visible Earth — MODIS, The Blue
Marble.

erasing any initial homochiral signatures. Furthermore,
depending on the specific amino acids and sugars displaying
the enantiomeric excesses and their isotopic compositions,
abiotic enantioenrichment mechanisms such as asymmetric
autocatalysis® or amplification during crystallization® may
also be possible and could lead to false positives. One strategy

to identify amino acids of biological origin would be to search
for enantiomeric excesses present in known racemic-crystal-
forming amino acids that are usually present as racemic or near
racemic mixtures in meteorites such as alanine, valine, f-
amino-n-butyric acid and whose enantiomeric excesses do not
appear to change significantly as a result of nonbiological
processes.

Several hypothetical relative enantiomeric abundances of
amino acids covering the range of possibilities that could be
measured in an extraterrestrial sample are shown in Figure 6.
By far, the most intriguing possible evidence of extraterrestrial
biotic chemistry would be the detection of D-amino acid
excesses indicating extant (D > L) or extinct (p > L) life, since
as yet no D-enantiomeric excesses of amino acids with a single
asymmetric carbon have been found in meteorites. This would
be a very exciting discovery, suggesting a biological origin and
perhaps a second, independent origin of life in our Solar
System. Similarly, the detection of enantiomeric excesses of a
suite of L-sugars in an extraterrestrial sample would also
provide evidence of biology that evolved independently from
Earth’s. However, based on our current knowledge of prebiotic
organic chemistry in meteorites and the potential mechanisms
for chiral symmetry breaking during Solar System formation, a
case can be made that the probability of finding amino acids
and sugars with the opposite handedness as life on Earth is
very low, given that the prebiotic inventory of these molecules
in our Solar System from which life could emerge appears to
have been biased toward L-amino acids and p-aldonic acids
from the very beginning. In any case, although the discovery of
such excesses would be suggestive of life, it would be important
to understand their context, particularly through measurements
of isomeric distributions and isotopic ratios.

Large L-amino acid excesses (L > b, L, > ~60%) could also
provide an indication of extant but rare or recently extinct
biology, provided that the amino acids displaying the L-
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Figure 6. Some hypothetical relative abundances of p- and L-amino acid enantiomers and their possible biotic or abiotic origins.
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enrichment are not among the amino acids that are also known
to have large L-excesses formed by abiotic processes in
meteorites. Multiple amino acids with L- or D-enantiomeric
excesses that correlate to racemization rates, rather than
plausible enrichment mechanisms (e.g, conglomerate crystal-
lization) would be stronger evidence of extant or recently
extinct life. For example, first order rate constants (k) for the
interconversion of the L- and p-enantiomers of several protein
amino acids including isoleucine, alanine, and aspartic acid
have been measured for both wet and dry (desiccated) lake
sediments with the following equation: In[(1 + p/L)/(1 — b/
L)] — constant = 2-k-t, where t = time and p/L is the amino
acid enantiomeric ratio."’" Isoleucine epimerization has one of
the slowest amino acid racemization rates, while alanine
racemization is about 3X faster and aspartic acid is
approximately 7—9X faster than isoleucine.'*>""? If we assume
that these three protein amino acids were biological in origin
and initially mostly L prior to extinction, then racemization of
the L-amino acids to D-amino acids over time would lead to
different enantiomeric ratios with /L aspartic acid > p/L
alanine > D/L isoleucine as has been observed in marine
sediments.'® In contrast, the enantiomeric ratios of the same
amino acids produced by nonbiological processes in meteorites
typically display a different order with p/L alanine > p/L
aspartic acid ~ D/L isoleucine as has been observed in
Murchison and other carbonaceous meteorites (Table 1).
However, these observations are general trends under modern
terrestrial ocean conditions. It would be crucial to
experimentally measure the different racemization and
decomposition rates of target compounds under the relevant
local extraterrestrial conditions over time (e.g, temperature,
pH, activity, radiation, etc.) to assess the likelihood of a
biological origin.

Smaller L-amino acid excesses (L > D, L,, < 20%), even if
present in multiple amino acid types, would be a much less
convincing signature of extinct life, since both abiotic
chemistry and terrestrial L-amino acid contamination would
have to be ruled out first. Establishing the origin of racemic
mixtures (D = L) of amino acids or sugars would be extremely
challenging since both abiotic and extinct biotic origins would
be possible. Although the enantiomeric ratios of ribose recently
detected in carbonaceous meteorites’®” and ribose and other
aldopentoses synthesized in interstellar ice analog irradiation
experiments'~’ have not yet been measured, the detection of
large p-aldonic acid excesses in the CM2 Murchison meteorite
and the CR2 GRA 95229 meteorites of nonbiological origin
that range from 33 to 100%"" presents a significant challenge
in the search for evidence of D-sugar or D-sugar acid excesses of
biological origin. One exception would be the detection of
large enantiomeric excesses of D- or L-glyceric acid, a common
biological three carbon sugar acid present as p-glyceric acid in
terrestrial biology that is also the most abundant sugar acid of
nonbiological origin in the Murchison meteorite but is not
present in enantiomeric excess above analytical uncertainty
within Murchison.*®

5.2. Simple Distribution

Since biochemistry on Earth has evolved to use only ~20
coded amino acids in proteins with the same isomeric structure
(a) and chirality (L), despite the likely presence of a much
broader diversity of prebiotic amino acids that would have
been available on the early Earth, the identification of a simple
distribution of amino acids with a strong isomeric preference
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could be a signature of biochemistry. There is one important
caveat here. At elevated temperatures and pressures, abiotic
chemistry (e.g, HB/FTT synthesis, hydrothermal reactions)
can also result in a simple distribution of amino acids with
structural isomeric preference and light carbon isotope
values."*”® However, even under these conditions, the n--
amino acids produced are all achiral, so the detection of a
simple distribution of chiral amino acids with isomeric
preference could be a biosignature. It is also worth noting
that other abiotic chemical reactions at lower temperatures and
pressures, such as those that occurred in the Miller spark
discharge experiments, also resulted in the synthesis of a
limited set of both achiral and chiral amino acids (34 amino
acids identified to date, Table 1); however, only racemic amino
acid mixtures were produced in these experiments and the
nonprotein a-, ff-, and y-amino acids synthesized did not
display any isomeric preference, with relative abundances
similar to those found in meteorites.">™"”

In summary, the detection of a simple distribution of chiral
amino acids displaying isomeric preference in an extraterres-
trial sample could be a strong indicator of extinct or extant
biotic chemistry, especially if large enantiomeric excesses and
light stable C-, N-, and H-isotopic compositions are also
observed.

5.3. Isotopic Composition

Stable hydrogen, carbon, and nitrogen isotopic ratios (6D,
5"C, and §"N) of organic compounds and their enantiomers
can reveal important information about their origin and
formation pathways. The isotopic compositions of amino acids
and sugars derive from both their precursor molecules and
their formation environments and pathways. As previously
discussed, many extraterrestrial chiral amino acids and aldonic
acids found in carbonaceous meteorites are typically enriched
in heavy isotopes (D, *C, and '*N) relative to biologically
derived terrestrial compounds which is a reflection of the cold
environments in which these meteoritic compounds or their
chemical precursors were formed.”””*****” The D/H and
ISN/MN ratios of amino acids in meteorites fall well outside
the terrestrial range and in most cases the *C/"*C ratio of
meteoritic amino acids is also higher than what is found in
terrestrial biology (Table 3). Organic compounds found in
biology are depleted in 3C, N, and D which can be
attributed to kinetic effects during biological reactions (e.g.,
photosynthesis, bacterial processes) where the lighter isotope
is enriched in the reaction product relative to the substrate.”**
Assuming similar kinetic effects would act to fractionate
isotopes toward lighter isotopic compositions in an extra-
terrestrial biotic system, then the detection of nonequilibrium
isotopic compositions of amino acids or polyols that are
depleted in *C, N, and D in an extraterrestrial sample
relative to the inorganic substrate, could be an important
marker of biochemistry.

One caveat is that some straight-chained n-w-amino acids
found in thermally altered meteorites and possibly formed by
FTT processes also have light carbon isotope values (5"°C ~
—25%o) that fall within the known terrestrial amino acid range
of §3C = =70 to +11%o (Table 3). However, these #-@-amino
acids are all achiral and not likely to be predominant in
extraterrestrial biochemical systems that require homochiral
molecules. Moreover, all of the nonbiological chiral amino
acids measured in meteorites to date have isotopic
compositions that are heavily enriched in *C, N, and D
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relative to terrestrial biology, and their enantiomers have
similar isotopic values. This is an important observation since
it implies that the detection of isotopically depleted chiral
amino acids or sugars found in an extraterrestrial sample
relative to the inorganic substrate would be a biosignature.
Finally, if these chiral amino acids and sugars also possessed
large enantiomeric excesses, the presence of an extant
biochemistry could be inferred.

Thus, both the molecular and environmental context of the
analyte must be understood to use isotopic ratios as
biomarkers.

6. RELEVANT PAST, CURRENT AND FUTURE
MISSIONS

In situ and sample return missions to high priority Solar System
targets such as comets, primitive asteroids, Mars, Ceres, and
the outer planet ocean worlds will continue to contribute to
our knowledge of the origin and evolution of organic material,
including a much deeper understanding of the organic
chemistry that preceded and/or evolved independently from
life on Earth. Robotic missions can dramatically reduce the
terrestrial organic contamination of a sample by controlling
and carefully documenting the sample exposure history to
contaminants™*” in a way that is impossible with meteorites
that are rapidly contaminated after their fall to Earth. Sample
return missions enable scientists to use state-of-the-art ground-
based analytical instruments to analyze the returned samples
without the resource constraints (mass, power, volume, data
rate, etc.) inherent to in situ analyses. Moreover, ground-based
measurements give scientists an enormous amount of flexibility
to make changes to analytical procedures or instrument
parameters to fine-tune measurements and utilize new
technologies over decades, which are not possible for in situ
spaceflight missions.

Sample return missions from comets such as NASA’s
Stardust mission and from carbonaceous asteroids including
JAXA’s Hayabusa2 and NASA’s Origins, Spectral Interpreta-
tion, Resource Identification, Security-Regolith Explorer
(OSIRIS-REx) missions that will return pristine material
from the surface of the carbon-rich asteroids Ryugu and
Bennu to Earth in late 2020 and 2023, respectively, will
provide unique opportunities to analyze extraterrestrial ma-
terial, yielding valuable information about the effects of the
main alteration processes of primitive organics including
aqueous alteration, heating, and radiation.”*" Analysis of
these samples, as well as those from future comet nucleus
return missions, will greatly advance our understanding of the
origin of chiral amino acid and sugar asymmetry in the early
Solar System, and how subsequent parent body processes
altered their initial D/L ratios due to their much lower levels of
terrestrial contamination compared with meteorite samples
recovered on Earth. Finally, the analysis of materials returned
from primitive bodies will provide important constraints on the
range of possible abiotic organic chemistry needed to help
guide our search for chemical biosignatures on Mars and other
potentially habitable environments such as the outer planet
ocean worlds.

6.1. Comets

Comets represent the most primitive Solar System materials
that are available for organic analysis. Studies of cometary
material have occurred through both in situ and sample return
missions. NASA’s Stardust mission, which flew through the
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coma of comet 81P/Wild (Wild 2) and returned a total mass
of ~1 mg of cometary and interstellar dust grains to Earth on
January 15, 2006,>*" allowed for the first detailed laboratory
analyses of this material. Studies of the returned cometary
material revealed the presence of one amino acid (glycine) and
two amines (methylamine and ethylamine).”*>*** Carbon
isotopic ratios were required to confirm the extraterrestrial
origin of the glycine detected in elevated abundances on the
collector tray aerogel and foils.”** Although this represented
the first detection of a cometary amino acid, the amines
identified were all achiral, with no enantiomers to provide
chiral information.

The European Space Agency’s Rosetta mission to comet
67P/Churyumov-Gerasimenko (67P/C-G) confirmed and
extended these observations of cometary organics. The Rosetta
Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA)
instrument also identified glycine, methylamine, and ethyl-
amine in the coma of 67P/C-G.*** As with Stardust, only
achiral molecules were observed by ROSINA; in both cases,
sampling was limited to the smaller, more volatile molecules
present in the comets’ comae, without access to the more
refractory organic materials present in the nucleus. In contrast,
Rosetta’s Philae lander was planned to land on and directly
sample the nucleus, with its Cometary Sampling and
Composition (COSAC) instrument package specially designed
for the detection of complex organic molecules, including
amino acid chirality measurements.”*> The failure of the
anchoring harpoons on Philae, however, and the subsequent
bounce of the lander to its final resting place on an area of the
comet with hard and rugged terrain,>*® meant that the planned
drilling and delivery of nucleus surface material to COSAC was
not possible. COSAC did carry out analyses of volatile material
released from dust ejected into the instrument inlet shortly
after the first bounce on the cometary surface, detecting
methylamine, ethylamine, and several other volatile organic
compounds,”*’ but the planned wet chemistry experiment and
GCMS analyses of the refractory organic component of the
comet nucleus, including an investigation of the possible
presence of chiral amino acids and sugars, were not possible
and remain an unstudied area for the future.

Future comet nucleus sample return missions would provide
the primitive refractory and volatile material from the comet
nucleus needed to establish whether comets contain chiral
molecules and, if so, the magnitude and preference of any
initial enantiomeric excesses present in the early Solar System.
Comets that originated in the outer Solar System represent a
distinct chemical environment from asteroids or other small
bodies in the inner Solar System that were altered by heating,
with a presumed lower level of aqueous activity over their
history compared to asteroids due to colder temperatures.”*® A
detailed comparison of primitive comet nucleus material with
asteroidal material, as measured through analyses both of
meteorites and of returned samples (Section 6.2), will greatly
improve our understanding of the initial chiral asymmetry in
our Solar System and the role of aqueous alteration in the
amplification of enantiomeric excesses. The cold temperature
history of comets should also better preserve relatively unstable
sugars or other organic compounds formed in ices that could
be destroyed or significantly altered during parent body
processing on asteroids.
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6.2. Asteroid Sample Return and Ceres

In 2010 JAXA’s Hayabusa spacecraft’” returned 1,534
particles from the surface of near-Earth spectral type S asteroid
(25143) Itokawa.”™® The particles are organic-depleted and
similar to type LLS/6 meteorites™'. Two-dimensional high-
performance liquid chromatography and time-of-flight-secon-
dary ion mass spectrometry measurements of solvent extracts
of 50—100 ym diameter grains from Itokawa found no amino
acids or any other organic compounds above procedural blank
levels.””" JAXA’s Hayabusa2 and NASA’s OSIRIS-REx
missions will collect and return more material from the near-
Earth carbonaceous asteroids (162173) Ryugu and (101955)
Bennu, respectively, which should be much more organic-rich
than asteroid Itokawa. Hayabusa2 will eventually return grains
and gas collected from two different sites on Ryugu totaling
~100 mg in sample mass, while OSIRIS-REx is expected to
return 60—2,000 g of surface material collected from one
sampling site.

Ryugu is a rare spectral type C,, 1 km diameter, spinning-top
shaped macroporous rubble pile édensity =1.19 + 0.02 g/cm?)
asteroid”*” with a low albedo (4.5 + 0.2 at 550 nm)>> and
relatively featureless infrared spectrum, with indications of a
very weak global hydration feature at 2.72 ym.”>* The near-
infrared spectra of Ryugu are characteristic of thermally
metamorphosed or shocked CI or CM type carbonaceous
chondrites and reminiscent of the CI1 Ivuna meteorite after
heating to 500 °C. Although previous amino acid analyses of
the CI1 chondrites Orgueil and Ivuna have revealed part-per-
million (ppm) levels of primarily glycine and p-alanine,®®
thermally altered CI chondrites that have been heated at 500—
600 °C are essentially devoid of indigenous amino acids.”>
Asteroid Bennu, a 490 m diameter, spectral type B asteroid, is
also a spinning-top shaped rubble pile***™>** with a porosity of
40—50% inferred from its relatively low density (1.19 + 0.013
g/cm?),*??° and a low albedo (4.4 + 0.2 at 550 nm).**!
Bennu also has a relatively featureless infrared spectrum, but
with much stronger indications of a global hydration band at
2.74 pm reminiscent of a mildly heated and relatively altered
CM carbonaceous chondrite of petrographic subtype <2.5
based on the alteration scale developed for CMs by Rubin et
al.*** Aqueously altered CM carbonaceous chondrites typically
show a more complex distribution of amino acids than CI1
chondrites and also possess large L-isovaline and other L-amino
acid enrichments believed to the result of parent body
alteration.”” Aldonic acids with large D-enantiomer enrich-
ments and racemic alditols have also been identified in the
CM2s Murchison and Murray as well as CR2 meteorites”® but
have not been reported in more altered CI and CM type 1
chondrites. Although the 2.7 ym hydration feature of Bennu”*®
is significantly stronger than that of Ryugu,”* consistent with a
higher degree of thermal alteration of Ryuguy, it is also possible
that space weathering has reduced the intensity of the
hydration feature in the infrared accessible depth of these
asteroids.”®* Therefore, the strength of the near-infrared
features may not reflect the actual concentration of water
and complex organics in the returned samples that will include
subsurface material. The return of samples from Ryugu and
Bennu will provide a unique opportunity to evaluate the effects
of parent body processing on the distributions and
enantiomeric abundances of amino acids and other prebiotic
molecules in carbon-rich asteroids.

Unlike meteorites recovered from terrestrial finds and even
soon after observed falls, asteroid samples returned by
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spacecraft have a much more limited exposure to terrestrial
contamination, and the potential sources of contamination
have been archived and are available for study if needed.”*’
Robotic asteroid sample return missions avoid the uncertain-
ties of the extent of biological contamination from sample
exposure to air and soil, liquid water or ice, and during
collection by humans, and take advantage of rigorous
spacecraft hardware cleaning procedures and contamination
knowledge. Such clean samples provide researchers the ability
to study them without intrusive biolog}7.265 As such, the
concerns about chiral asymmetry or changes in the distribution
and isotopic compositions of amino acids and sugars
introduced by biological contamination, as discussed through-
out this manuscript, are significantly reduced. Therefore,
samples returned from the carbonaceous asteroids Ryugu and
Bennu will provide the first opportunity to investigate the
extent of chiral asymmetry in amino acids and sugars produced
solely by nonbiological processes.

(1) Ceres is the largest object in the asteroid belt (between
Mars and Jupiter) with an average radius of about 470 km and
mass of 10? kg.266 Ceres is classified as a Dwarf Planet, and its
surface shows similarities to type C or G asteroids based on IR
spectral analyses,”*” similar to Bennu and Ryugu. These types
of carbon-rich asteroids are believed to most closely resemble
CM and CI meteorites in collections on Earth, and in situ
observations of Ceres from the Dawn mission broadly support
this relationship.”*® However, due to its orders of magnitude
larger size, Ceres does have many notable differences from
Bennu and Ryugu and other carbon-rich asteroids. In
particular, Ceres has undergone some differentiation and is
thought to have a core composed of hydrated silicate
minerals.”® Data also reveal that Ceres contains significant
amounts of water ice (~25% on average), including within a
meter of its surface (~20%) and throughout its ~30 km
crust.”® Furthermore, numerical modeling of Ceres’ high
water content, driven initially by radiogenic heating and
subsequent serpentinization, suggests it had a global muddy
ocean for ~3 billion years and could still have several
subsurface “mud sea” regions today.””"

Characterization of the surface composition of Ceres have
revealed regions that contain exposed ice, high concentrations
of aliphatic organics (up to 10 wt % and higher) compared to
carbonaceous meteorites, and ammoniated clays, serpentines,
and carbonates.””'™*”° Taken together, the data from Dawn
reveal that Ceres has experienced recent geologically activity
with a potentially water-rich history throughout much of its 4.5
billion-year lifetime. It seems certain, then, that at a minimum
Ceres has hosted abiotic chemistry comparable to what has
been observed in carbonaceous meteorites. Thus, it would be
expected that Ceres samples would also contain ppb to ppm
levels of a diverse suite of amino acids and other organic
compounds. Moreover, if the aqueously mediated amplification
mechanisms for amino acid enantiomeric excesses are correct,
it is reasonable to expect that analysis of surface and subsurface
samples from Ceres would also contain amino acids in
enantiomeric excess, regardless of whether life was ever
present. In summary, Ceres offers a unique environment to
explore planetary-scale water-rock interactions with potentially
advanced prebiotic chemistry on a body with similarities to
both carbonaceous asteroids and outer Solar System ocean
worlds.
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6.3. Mars Exploration and Sample Return

The exploration of habitable environments on Mars, including
an assessment of the preservation potential for complex
organics of either abiotic or biological origin is a key goal of the
Mars Science Laboratory (MSL) mission, which has been
exploring Gale Crater with the Curiosity rover since it landed
there on August 6, 2012.”’° The Curiosity rover analytical
payload includes the Sample Analysis at Mars (SAM)
instrument suite’”’ that is conducting the most extensive
search for volatiles and organic compounds on the surface of
Mars since the Viking lander missions using a combination of
wet chemistry and pyrolysis gas chromatography mass
spectrometry. Given the extremely cold and dry surface
conditions presently on Mars, it is expected that amino acid
hydrolysis and racemization would be extremely slow and any
chiral or isotopic signatures of extinct life could be preserved
for billions of years assuming average temperatures <250
K 104113

Even in the absence of indigenous biological or abiotic
chemistry on Mars, exogenous organic matter delivered by
micrometeorites and interplanetary dust particles’® should
have accumulated on the martian surface due to the
continuous meteorite influx. It has been estimated that the
martian regolith could contain 60 parts-g)er-million (ppm) total
organic carbon from exogenous sources”® assuming a constant
flux of carbonaceous micrometeorites of ~2.4 X 10° g/yr279 to
the martian surface over its entire history, an average
micrometeorite organic carbon content of ~10 wt %,2 0
efficient mixing of a ~100 m regolith, and no degradation of
the organic material over time, although some degradation is
inevitable given the known surface radiation and oxidative
environment.”*' >** Benner et al.”** predicted that nonvolatile
organic salts derived from the oxidation of meteoritic organic
matter would accumulate in the upper meter of the martian
surface with benzenecarboxylate concentrations up to ~S500
ppm by weight.

SAM evolved gas measurements of sedimentary rocks in
Gale Crater have detected low temperature CO, and CO
releases consistent with the presence of oxidized organic
matter (~160 to 2,400 ppm of C(co,)) that may be derived
from the combustion or thermal decarboxylation of organic
acid salts in the samples.”® Despite these relatively high total
carbon concentrations measured by SAM, the only reduced
organic molecules that have been identified so far by the SAM
gas chromatograph mass spectrometer include sub-ppm levels
of several chlorinated methanes, dichloroalkanes, and chlor-
obenzene that result from reactions between perchlorates and
organics during pyrolysis,”*® and sub-ppm to ppm levels of a
variety of S-containing organic molecules including meth-
anethiol, dimethylsulfide, thiophene, and methylthiophenes
released at elevated temperatures due to possible breakdown of
more refractory macromolecular organic material.”*’

In order to target less volatile and refractory organic
compounds with reduced thermal degradation during pyrolysis
and combustion, the SAM instrument also includes a “one-pot”
wet chemistry experiment where the solid sample is exposed
directly to a derivatization agent [ N-methyl-N-(tert-butyldime-
thylsilyl)-trifluoroacetamide (MTBSTFA) mixed with dime-
thylformamide (DMF) or tetramethylammonium hydroxide
(TMAH) in methanol] prior to pyrolysis and GCMS
analysis.”””*****” Although lab experiments with MTBSTFA
that simulate the SAM-like wet chemistry protocols have
shown that amino acids can be extracted from Mars analog
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materials and identified above picomole levels,”* enantiomeric
separation and stable isotopic analyses of MTBSTFA amino
acid derivatives are not possible. In addition, reactions between
iron oxides and hydrated minerals present on Mars with
MTBSTEFA can greatly reduce the derivatization efficiency of
amino acids and other organic acids,”* and peptide or protein
bound amino acids cannot be detected since acid hydrolysis of
the sample prior to MTBSTFA derivatization would be
required.

The first full SAM MTBSTFA wet chemistry experiment on
a scooped sample of the Bagnold dune material called
Ogunquit Beach detected several higher molecular weight
MTBSTFA reaction products;zgo’291 however, no amino acid
derivatives were identified above the SAM GCMS background
levels.””" Based on the measured radiolytic constants of pure
amino acids exposed to y radiation,””* the destruction of amino
acids and other organic compounds in the martian near-surface
by ionizing radiation may be rapid on geological time scales.
Pavlov et al”>” calculated that the abundances of complex
organics with molecular masses >100 Da at a depth of ~5 cm
below the surface would be reduced by a factor of 1000 in less
than a billion years of ionizing radiation exposure. If the
radiolysis constants from amino acids and clay mineral
mixtures are used,””* the Pavlov et al.**® model predicts near
complete destruction of amino acids in the martian near-
surface on time scales of tens of millions of years.

Conversely, recent analysis of the martian shergottite
Roberts Massif (RBT) 04262 showed evidence for part-per-
billion (ppb) levels of several nonterrestrial, straight-chained,
amine-terminal n-w-amino acids including glycine, f-alanine,
and y-amino-n-butyric acid in the meteorite.”” It is possible
that the amino acids in the RBT 04262 meteorite were
synthesized by abiotic HB/FTT reactions of trapped gases
during igneous processing on Mars or after impact ejection. A
light carbon isotope value (6"*C ~ —24%0) was measured for
P-alanine in RBT 04262 which is in the range of carbon
isotopic measurements of reduced macromolecular organic
matter of igneous origin found in 12 other martian
meteorites””® and is also consistent with *C-depletions
observed previously in hydrocarbons produced by HB/FTT
reactions””’ and abiotic synthesis of organic compounds under
hydrothermal conditions.””® Although the simple distribution
of n-w-amino acids in RBT 04262 shows isomeric preference
and has a light carbon isotopic composition, the amino acids
are all achiral and therefore do not meet all three criteria for a
biological origin. Nevertheless, the detection of indigenous
amino acids in a martian meteorite is a surprising result and
may indicate that radiolysis is not as destructive on the surface
of Mars as has been modeled previously.”” It is also possible
that the depth of the sample excavated by the impacts that
liberated all of these meteorites from Mars may have been
beyond the range of ionizing radiation exposure. The RBT
04262 results provide a unique reference of abiotic amino acid
chemistry on Mars that will be very useful in the future search
for chiral molecules of possible biological origin.

The ExoMars mission scheduled for launch in July 2020 is
planning to deliver a Russian lander and a European rover,
named Rosalind Franklin, to the surface of Mars at Oxia
Planum, an ancient Noachian sedimentary environment with
one of the largest exposures of clay-bearing rocks on Mars. The
rover includes a robotic drill designed to acquire samples
below the intense radiation surface layer down to a depth of
~2 m and deliver the samples to a suite of analytical
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instruments to investigate the habitability of Mars and search
for chemical biosignatures, including amino acids.>*®® One of
the rover payload instruments called the Mars Organic
Molecule Analyzer (MOMA) will carry out a broad and
highly sensitive search for organic molecules with laser
desorption mass spectrometry and gas chromatography mass
spectrometry.”®’ The MOMA instrument also contains a wet
chemistry experiment package that includes the N,N-
dimethylformamide-dimethyl acetyl (DMF-DMA) derivatiza-
tion reagent designed specifically for the detection of chiral
amino acids and measurement of their enantiomeric
composition at ppm concentrations or higher.’*"?%* If
successful, the ExoMars 2020 mission and MOMA will be
the first mission to sample material from the martian
subsurface that has not been exposed to intense ionizing
radiation and will make the first in situ measurements of amino
acid chirality on Mars or any other Solar System body. Like
SAM, the MOMA instrument does not have the ability to
make compound specific stable isotopic measurements.
Therefore, establishing an unambiguous origin of any chiral
amino acid asymmetry on Mars, if detected by MOMA, will be
challenging.

NASA is also planning to launch a rover to Mars in the same
time frame as the ExoMars mission, with a primary goal of
assessing past habitability and searching for evidence of ancient
life on Mars including the potential for preservation of
biosignatures in near-surface materials using a variety of in situ
imaging and spectroscopy techniques.’”® The Mars 2020 rover
will be landed in Jezero Crater, an ancient lake-delta system
that includes clays and carbonates that may have collected and
preserved ancient organic molecules and other signs of
microbial life that flowed into the crater billions of years ago.
Although the Mars 2020 rover does not have an analytical
laboratory to make bulk mineralogical and chemical
composition measurements of drill and scoop samples like
Curiosity, Mars 2020 will collect and cache dozens of surface
sample cores for possible future return to Earth.’”® Another
sample return opportunity from the vicinity of Mars is JAXA’s
Martian Moons Exploration (MMX) mission®”* which is
currently scheduled to launch in 2024 and aims to collect
surface samples from Mars’ moon Phobos and return them to
Earth in 2029. Although Phobos may be a captured asteroid or
was formed in situ from the debris disk generated from a giant
impact on Mars,”* the returned sample could contain martian
dust and other surface materials released from Mars for billions
of years.

With the detection of indi%enous organic matter in
sedimentary rocks on Mars,”****" Curiosity has significantly
advanced our understanding of the preservation of potential
chemical biosignatures on the martian surface. However, given
the complexity of robotic spacecraft operations on Mars, and
the known analytical challenges associated with in situ
extraction and characterization of trace reduced organic
compounds in ancient rocks, coordinated state-of-the-art
laboratory measurements of returned surface and subsurface
samples from Mars that would include spatially resolved
chemical, mineralogical, and isotopic studies and molecule
specific stable isotopic and enantiomeric measurements will be
required to firmly establish the origin of complex organic
matter. Ultimately, sample return may be our best chance of
identifying chemical biosignatures from a past or present
martian biota if one ever existed on Mars.
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7. CONCLUSIONS

The search for definitive evidence of extinct or extant signs of
life in our Solar System will require a suite of measurements
that focus on identifying the characteristic features of life (i.e.,
potential biosignatures). The homochirality of amino acids and
sugars is one of many unique features of life on Earth that will
be investigated in the search for chemical evidence of
extraterrestrial life. The detection of chiral asymmetry in
amino acids or other organic compounds will need to be
carefully interpreted in the context of other key observations.
The previously proposed “Ladder of Life Detection” threshold
for biotic chemistry based on the degree of amino acid
asymmetry (>20% enantiomeric excess of a few amino acids™”)
is insufficient based on our current knowledge of prebiotic
chemistry in meteorites and experimental evidence for
nonbiological enantioenrichment processes that can produce
even larger enantiomeric excesses. Instead of providing an
absolute enantiomeric excess value threshold that might be
indicative of biotic chemistry and that could be dependent on
the specific compound as well as the enantiomeric preference
(L >Dorp > 1), we propose a set of criteria that can be used to
help discriminate between biological or nonbiological origins
of chiral asymmetry. The most compelling case of a biological
origin of chiral asymmetry would be the detection of a limited
distribution of chiral compounds with the opposite handedness
as life on Earth that display structural isomeric preference and
whose individual enantiomers have isotopic compositions that
are similarly depleted in '*C, "*N, and D relative to inorganic
material in the same sample.

There are many exciting in situ and sample return missions
currently in flight or under development that will conduct
detailed investigations of prebiotic chemistry as well as a robust
search for extinct or extant chemical biosignatures, including
chirality measurements. At present, in situ sample extraction
and analysis of polyols as well as chiral molecule enantiomer-
specific stable isotopic measurements are beyond the
capabilities of spaceflight instrumentation. Significant advances
in spaceflight-qualified sample extraction, purification, deriva-
tization, and chromatographic separation technologies coupled
with high-resolution mass spectrometry are needed to make
these measurements. Given the complexity and limited
duration of spaceflight operations and the analytical challenges
associated with in situ measurements of complex organics in
extraterrestrial samples, returning samples to Earth may
ultimately provide the best chance to firmly establish the
origin of chiral asymmetry and other potential biosignatures in
our Solar System.

AUTHOR INFORMATION
Corresponding Author

*E-mail: daniel.p.glavin@nasa.gov.
ORCID

Daniel P. Glavin: 0000-0001-7779-7765
Jose C. Aponte: 0000-0002-0131-1981
Jason P. Dworkin: 0000-0002-3961-8997

Notes
The authors declare no competing financial interest.
Biographies

Daniel Glavin earned a B.S. in physics from the University of
California at San Diego in 1996 and a Ph.D. in earth sciences from the

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


mailto:daniel.p.glavin@nasa.gov
http://orcid.org/0000-0001-7779-7765
http://orcid.org/0000-0002-0131-1981
http://orcid.org/0000-0002-3961-8997
http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

Scripps Institution of Oceanography in 2001 where he studied the
amino acid and nucleobase composition of meteorites and exogenous
delivery as a mechanism for delivering prebiotic organic compounds
to the early Earth. He joined the 2002—03 Antarctic Search for
Meteorites (ANSMET) team that recovered over 900 meteorites in
Antarctica. In 2003, Dr. Glavin joined the NASA Goddard Space
Flight Center in Greenbelt, Maryland, where he later cofounded the
Astrobiology Analytical Laboratory at NASA Goddard. He was
selected to be a Participating Scientist on the Mars Science
Laboratory (MSL) mission in 2011 and was part of the team that
discovered the first evidence of indigenous organic compounds on
Mars using the Sample Analysis at Mars (SAM) instrument. He
became NASA Goddard’s Associate Director for Strategic Science in
the Solar System Exploration Division in 2014. Dr. Glavin is a Co-
Investigator on the OSIRIS-REx asteroid sample return mission. In
recognition of Dr. Glavin’s meteorite research, the International
Astronomical Union named an asteroid after him, asteroid (24480)
Glavin. He has received numerous awards including the 2007 NASA
Goddard Internal Research and Development Innovator of the Year
Award, the 2010 Nier Prize from the Meteoritical Society, and the
2014 NASA Robert H. Goddard Exceptional Achievement Award for
Science.

Aaron Burton earned both his B.S. in biochemistry (200S) and Ph.D.
in chemistry (2010) from Portland State University in Portland,
Oregon. He was a NASA Postdoctoral Program Fellow in the
Astrobiology Analytical Laboratory at the NASA Goddard Space
Flight Center in 2010 and started an organic geochemistry laboratory
at the NASA Johnson Space Center (JSC) in 2013. Dr. Burton’s
research at JSC focuses on investigating links between meteorite
mineralogy and organic molecule content, as well as the effects of
impact, hydrothermal, and magmatic processes on biologically
relevant organic molecules. Burton is a Co-Investigator on the
SHERLOC instrument that is part of the Mars 2020 mission
instrument payload and was part of the team that demonstrated
sequencing DNA and RNA works just as well off-planet on the ISS as
it does on Earth. He has received several awards including NASA’s
Exceptional Achievement Medal in 2017.

Jamie Elsila earned a B.A. in chemistry from Kalamazoo College in
1996 and a Ph.D. in chemistry from Stanford in 2004. She joined the
Astrobiology Analytical Laboratory at NASA Goddard in 2007, where
her research focuses on the stable isotopic signatures of extraterrestrial
organic compounds, including amino acids in carbonaceous
chondrites, lunar samples, and cometary material returned by the
Stardust mission. She is also a Co-Investigator of the Goddard Center
for Astrobiology node of the NASA Astrobiology Institute and a
collaborator on the OSIRIS-REx asteroid sample return mission; in
recognition of her contributions, the International Astronomical
Union named asteroid (117657) Jamieelsila after her. Her awards
include NASA’s Early Career Achievement Medal and the Robert H.
Goddard Award for Exceptional Achievement in Science.

José Carlos Aponte was born in Lima, Peru, where he obtained his
B.Sc. in chemistry. In 2005 he moved to Louisville, Kentucky, where
he pursued his Ph.D. in organic chemistry and natural products
working on the isolation and synthesis of bioactive molecules from
Peruvian medicinal plants. He then went to Brown University as a
postdoctoral fellow, where he researched the isolation of organic
compounds from meteorites. In 2012 José became a NASA
Astrobiology Institute postdoctoral fellow and moved to Maryland,
where he is currently a Research Associate working at the
Astrochemistry Analytical Laboratory at NASA Goddard Space Flight
Center. For his collaboration with the OSIRIS-REx mission and his
research on meteorites, the 2017 Asteroid (2005 EY161) was

4681

renamed as asteroid (117652) Joséaponte by the International
Astronomical Union.

Jason Dworkin was a high school intern at the University of Houston
studying potentially prebiotic coenzymes until 1987. He earned an
A.B. in biochemistry from Occidental College in 1991 and a Ph.D. in
biochemistry from the University of California at San Diego in 1997,
where he studied potential pre-RNA chemistry. He conducted
postdoctoral research at NASA Ames Research Center studying
laboratory presolar ice chemistry. In 2002, Dr. Dworkin joined the
NASA Goddard Space Flight Center in Greenbelt, Maryland, where
he cofounded the Astrobiology Analytical Laboratory at NASA
Goddard. He became NASA Goddard’s Chief of Astrochemistry in
2009. Dr. Dworkin is the project scientist on the OSIRIS-REx asteroid
sample return mission. In recognition of Dr. Dworkin’s contamination
control and meteorite research, the International Astronomical Union
named an asteroid after him, asteroid (27347) Dworkin. He has
received numerous awards including the 2012 NASA Outstanding
Leadership Medal, the American Chemical Society 2015 Maryland
Chemist of the Year award, and the 2017 NASA Silver Achievement
Medal (Team).

ACKNOWLEDGMENTS

D.P.G, J.EE, J.CAA, and ].P.D. acknowledge support from the
NASA Astrobiology Institute through award 13-13NAI7-0032
to the Goddard Center for Astrobiology, NASA’s Planetary
Science Division Research Program, and a grant from the
Simons Foundation (SCOL award 302497 to J.P.D.). A.S.B.
also acknowledges support from NASA’s Planetary Science
Division Research Program. We are also grateful to the
Smithsonian National Museum of Natural History, the
Antarctic Search for Meteorites (ANSMET) Program, and
the NASA Johnson Space Center Astromaterials Acquisition
and Curation Office for providing the meteorite samples
discussed in this review. We appreciate J. Friedlander for
graphics support and the helpful comments from three
anonymous reviewers.

REFERENCES

(1) Pace, N. R. The Universal Nature of Biochemistry. Proc. Natl.
Acad. Sci. U. S. A. 2001, 98, 805—808.

(2) MacDermott, A. J. The Ascent of Parity-Violation: Exochirality
in the Solar System and Beyond. Enantiomer 2000, S, 153—168.

(3) MacDermott, A. J. Perspectives and Concepts: Biomolecular
Significance of Homochirality: The Origin of the Homochiral
Signature of Life. In Comprehensive Chirality; E. M. Carreira, H. Y.,
Ed.; Elsevier: Amsterdam, 2012; Vol. 8, pp 11—-38.

(4) Newton, J. W. Metabolism of D-Alanine in Rhodospirillum-
Rubrum and Its Bacilliform Mutants. Nature 1970, 228, 1100—1101.

(5) Moazeni, F.; Zhang, G. S.; Sun, H. J. Imperfect Asymmetry of
Life: Earth Microbial Communities Prefer D-Lactate but Can Use L-
Lactate Also. Astrobiology 2010, 10, 397—402.

(6) Milton, R. C; Milton, S. C; Kent, S. B. Total Chemical
Synthesis of a D-Enzyme: The Enantiomers of Hiv-1 Protease Show
Reciprocal Chiral Substrate Specificity. Science 1992, 256, 1445—
1448.

(7) Livesey, G; Brown, J. C. Whole-Body Metabolism Is Not
Restricted to D-Sugars Because Energy-Metabolism of L-Sugars Fits a
Computational Model in Rats. J. Nutr. 1995, 125, 3020—3029.

(8) Shimizu, T.; Takaya, N.; Nakamura, A. An L-Glucose Catabolic
Pathway in Paracoccus Species. J. Biol. Chem. 2012, 287, 40448—
40456.

(9) Carter, C. W. J. What RNA World? Why a Peptide/RNA
Partnership Merits Renewed Experimental Attention. Life 2018, S,
294-320.

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

(10) Bada, J. L. Biomolecules - Origins of Homochirality. Nature
1995, 374, 594—59S.

(11) Miller, S. L. A Production of Amino Acids under Possible
Primitive Earth Conditions. Science 1953, 117, 528—529.

(12) Miller, S. L. The Mechanism of Synthesis of Amino Acids by
Electric Discharges. Biochim. Biophys. Acta 1957, 23, 480—489.

(13) Yoshino, D.; Hayatsu, R.; Anders, E. Origin of Organic Matter
in Early Solar System - III. Amino Acids: Catalytic Synthesis. Geochim.
Cosmochim. Acta 1971, 35, 927—938.

(14) Islam, M. N; Kaneko, T.; Kobayashi, K. Determination of
Amino Acids in a Supercritical Water Flow Reactor Simulating
Submarine Hydrothermal Systems. Anal. Sci. 2001, 17, 11631—i1634.

(15) Wolman, Y.; Haverlan, W. J.; Miller, S. L. Non-Protein Amino-
Acids from Spark Discharges and Their Comparison with Murchison
Meteorite Amino-Acids. Proc. Natl. Acad. Sci. U. S. A. 1972, 69, 809—
811.

(16) Johnson, A. P.; Cleaves, H. J.; Dworkin, J. P.; Glavin, D. P.;
Lazcano, A,; Bada, J. L. The Miller Volcanic Spark Discharge
Experiment. Science 2008, 322, 404.

(17) Parker, E. T.; Cleaves, H. J.; Dworkin, J. P.; Glavin, D. P.;
Callahan, M.; Aubrey, A.; Lazcano, A.; Bada, J. L. Primordial Synthesis
of Amines and Amino Acids in a 1958 Miller H2s-Rich Spark
Discharge Experiment. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 5526—
SS31.

(18) Kvenvolden, K. A.; Lawless, J. G.; Ponnamperuma, C.
Nonprotein Amino Acids in the Murchison Meteorite. Proc. Natl.
Acad. Sci. U. S. A. 1971, 68, 486—490.

(19) Kvenvolden, K.; Lawless, J.; Pering, K.; Peterson, E.; Flores, J.;
Ponnamperuma, C.; Kaplan, I. R;; Moore, C. Evidence for
Extraterrestrial Amino Acids and Hydrocarbons in the Murchison
Meteorite. Nature 1970, 288, 923—926.

(20) Cronin, J. R.; Pizzarello, S. Enantiomeric Excesses in Meteoritic
Amino Acids. Science 1997, 275, 951—958.

(21) Pizzarello, S.; Zolensky, M.; Turk, K. A. Nonracemic Isovaline
in the Murchison Meteorite: Chiral Distribution and Mineral
Association. Geochim. Cosmochim. Acta 2003, 67, 1589—1595.

(22) Glavin, D. P.; Dworkin, J. P. Enrichment of the Amino Acid L-
Isovaline by Aqueous Alteration on CI and CM Meteorite Parent
Bodies. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 5487—5492.

(23) Burton, A. S.; Elsila, J. E.; Hein, J. E.; Glavin, D. P.; Dworkin, J.
P. Extraterrestrial Amino Acids Identified in Metal-Rich CH and CB
Carbonaceous Chondrites from Antarctica. Meteorit. Planet. Sci. 2013,
48, 390—402.

(24) Glavin, D. P., Alexander, C. M. O’D., Aponte, J. C., Dworkin, J.
P., Elsila, J. E, Yabuta, H. The Origin and Evolution of Organic
Matter in Carbonaceous Chondrites and Links to Their Parent
Bodies. In Primitive Meteorites and Asteroids; Abreu, N., Ed.; Elsevier:
2018; pp 205—271.

(25) Neveu, M.; Hays, L. E.; Voytek, M. A.; New, M. H.; Schulte, M.
D. The Ladder of Life Detection. Astrobiology 2018, 18, 1375—1402.

(26) Glavin, D. P.; Elsila, J. E.; Burton, A. S; Callahan, M. P,;
Dworkin, J. P; Hilts, R. W.; Herd, C. D. K. Unusual Nonterrestrial L-
Proteinogenic Amino Acid Excesses in the Tagish Lake Meteorite.
Meteorit. Planet. Sci. 2012, 47, 1347—1364.

(27) Pizzarello, S.; Schrader, D. L.; Monroe, A. A.; Lauretta, D. S.
Large Enantiomeric Excesses in Primitive Meteorites and the Diverse
Effects of Water in Cosmochemical Evolution. Proc. Natl. Acad. Sci. U.
S. A. 2012, 109, 11949—11954.

(28) Cooper, G.; Rios, A. C. Enantiomer Excesses of Rare and
Common Sugar Derivatives in Carbonaceous Meteorites. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, E3322—E3331.

(29) Myrgorodska, 1; Meinert, C.; Hoffmann, S. V.; Jones, N. C,;
Nahon, L.; Meierhenrich, U. J. Light on Chirality: Absolute
Asymmetric Formation of Chiral Molecules Relevant in Prebiotic
Evolution. ChemPlusChem 2017, 82, 74—87.

(30) Soai, K; Shibata, T.; Morioka, H.; Choji, K. Asymmetric
Autocatalysis and Amplification of Enantiomeric Excess of a Chiral
Molecule. Nature 1995, 378, 767—768.

4682

(31) Blackmond, D. G. Asymmetric Autocatalysis and Its
Implications for the Origin of Homochirality. Proc. Natl. Acad. Sci.
U. S. A. 2004, 101, 5732—5736.

(32) Klussmann, M.; Iwamura, H.; Mathew, S. P.; Wells, D. H,;
Pandya, U,; Armstrong, A.; Blackmond, D. G. Thermodynamic
Control of Asymmetric Amplification in Amino Acid Catalysis. Nature
2006, 441, 621—623.

(33) Wagner, A. J.; Zubarev, D. Y.; Aspuru-Guzik, A.; Blackmond, D.
G. Chiral Sugars Drive Enantioenrichment in Prebiotic Amino Acid
Synthesis. ACS Cent. Sci. 2017, 3, 322—328.

(34) Chyba, C,; Sagan, C. Endogenous Production, Exogenous
Delivery and Impact-Shock Synthesis of Organic Molecules: An
Inventory for the Origins of Life. Nature 1992, 35S, 125—132.

(35) Thomas, K. L;; Keller, L. P.; Blanford, G. E.; Mckay, D. S.
Quantitative-Analyses of Carbon in Anhydrous and Hydrated
Interplanetary Dust Particles. Anal. Interplanet. Dust 1993, 165—172.

(36) Pearson, V. K; Sephton, M. A; Franchi, I. A.; Gibson, J. M.;
Gilmour, I. Carbon and Nitrogen in Carbonaceous Chondrites:
Elemental Abundances and Stable Isotopic Compositions. Meteorit.
Planet. Sci. 2006, 41, 1899—1918.

(37) Love, S. G.; Brownlee, D. E. A Direct Measurement of the
Terrestrial Mass Accretion Rate of Cosmic Dust. Science 1993, 262,
550—5S53.

(38) Jenniskens, P.; Wilson, M. A.; Packan, D.; Laux, C. O.; Krueger,
C. H;; Boyd, L. D.; Popova, O. P,; Fonda, M. Meteors: A Delivery
Mechanism of Organic Matter to the Early Earth. Earth Moon Planets
2000, 82—83, 57—70.

(39) Sephton, M. A. Organic Compounds in Carbonaceous
Meteorites. Nat. Prod. Rep. 2002, 19, 292—311.

(40) Schmitt-Kopplin, P.; Gabelica, Z.; Gougeon, R. D.; Fekete, A,;
Kanawati, B.; Harir, M.; Gebefuegi, I; Eckel, G.; Hertkorn, N. High
Molecular Diversity of Extraterrestrial Organic Matter in Murchison
Meteorite Revealed 40 Years after Its Fall. Proc. Natl. Acad. Sci. U. S.
A. 2010, 107, 2763—2768.

(41) Weisberg, M. K;; McCoy, T. J.; Krot, A. N. Systematics and
Evaluation of Meteorite Classification. In Meteorites and the Early
Solar System II; Lauretta, D. S., McSween, H. Y., Jr., Eds.; University
of Arizona Press: Tucson, 2006; pp 19—52.

(42) Krot, A. N.; Keil, K; Scott, E. R. D.; Goodrich, C. A.; Weisberg,
M. K. Classification of Meteorites and Their Genetic Relationships. In
Meteorites and Cosmochemical Processes; Davis, A. M., Ed.; Elsevier-
Pergamon: Oxford, 2014; Vol. 1, pp 1-63.

(43) Kvenvolden, K.; Lawless, J.; Pering, K; Peterson, E.; Flores, J.;
Ponnamperuma, C.; Kaplan, I. R; Moore, C. Evidence for
Extraterrestrial Amino-Acids and Hydrocarbons in the Murchison
Meteorite. Nature 1970, 228, 923—926.

(44) Simkus, D. N.; Aponte, J. C.; Elsila, J. E.; Parker, E. T.; Glavin,
D. P.; Dworkin, J. P. Methodologies for Analyzing Soluble Organic
Compounds in Extraterrestrial Samples: Amino Acids, Amines,
Monocarboxylic Acids, Aldehydes, and Ketones. Life 2019, 9, 47.

(45) Elsila, J. E; Aponte, J. C.; Blackmond, D. G.; Burton, A. S,;
Dworkin, J. P,; Glavin, D. P. Meteoritic Amino Acids: Diversity in
Compositions Reflects Parent Body Histories. ACS Cent. Sci. 2016, 2,
370—-379.

(46) Cronin, J. R; Chang, S. Organic Matter in Meteorites:
Molecular and Isotopic Analyses of the Murchison Meteorite. In The
Chemistry of Life’s Origins; Kluwer Academic Press: 1993; pp 209—
258.

(47) Burton, A. S.; Stern, J. C.; Elsila, J. E.; Glavin, D. P.; Dworkin, J.
P. Understanding Prebiotic Chemistry through the Analysis of
Extraterrestrial Amino Acids and Nucleobases in Meteorites. Chem.
Soc. Rev. 2012, 41, 5459—5472.

(48) Cronin, J. R; Pizzarello, S. Amino Acids of the Murchison
Meteorite. III - Seven Carbon Acyclic Primary Alpha-Amino Alkanoic
Acids. Geochim. Cosmochim. Acta 1986, 50, 2419—2427.

(49) Glavin, D. P.; Callahan, M. P.; Dworkin, J. P.; Elsila, J. E. The
Effects of Parent Body Processes on Amino Acids in Carbonaceous
Chondrites. Meteorit. Planet. Sci. 2010, 45, 1948—1972.

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

(50) Cronin, J. R; Chang, S. Organic Matter in Meteorites:
Molecular and Isotopic Analysis of the Murchison Meteorite. In The
Chemistry of Life’s Origins; Greenberg, J. M., Mendoza-Gdmez, C. X.,
Pirronello, V., Eds.; Kluwer Academic Publishers: Dordrecht, 1993;
Vol. 416, pp 209—-258.

(51) Cronin, J. R;; Pizzarello, S. Amino Acids in Meteorites. Adv.
Space Res. 1983, 3, 5—18.

(52) Botta, O.; Bada, J. L. Extraterrestrial Organic Compounds in
Meteorites. Surv. Geophys. 2002, 23, 411—467.

(53) Brinton, K. L. F; Engrand, C; Glavin, D. P; Bada, J. L;
Maurette, M. A Search for Extraterrestrial Amino Acids in
Carbonaceous Antarctic Micrometeorites. Origins Life Evol. Biospheres
1998, 28, 413—424.

(54) Matrajt, G.; Pizzarello, S.; Taylor, S.; Brownlee, D.
Concentration and Variability of the AIB Amino Acid in Polar
Micrometeorites: Implications for the Exogenous Delivery of Amino
Acids to the Primitive Earth. Meteorit. Planet. Sci. 2004, 39, 1849—
1858.

(55) Callahan, M. P.; Martin, M. G.; Burton, A. S.; Glavin, D. P.;
Dworkin, J. P. Amino Acid Analysis in Micrograms of Meteorite
Sample by Nanoliquid Chromatography-High-Resolution Mass
Spectrometry. J. Chromatogr. A 2014, 1332, 30—34.

(56) Peltzer, E. T.; Bada, J. L.; Schlesinger, G.; Miller, S. L. The
Chemical Conditions on the Parent Body of the Murchison
Meteorite: Some Conclusions Based on Amino, Hydroxy and
Dicarboxylic Acids. Adv. Space Res. 1984, 4, 69—74.

(57) Lerner, N. R; Peterson, E.; Chang, S. The Strecker Synthesis as
a Source of Amino Acids in Carbonaceous Chondrites: Deuterium
Retention During Synthesis. Geochim. Cosmochim. Acta 1993, S7,
4713—4723.

(58) Lerner, N. R; Cooper, G. W. Iminodicarboxylic Acids in the
Murchison Meteorite: Evidence of Strecker Reactions. Geochim.
Cosmochim. Acta 2008, 69, 2901—2906.

(59) Levy, M; Miller, S. L.; Brinton, K; Bada, J. L. Prebiotic
Synthesis of Adenine and Amino Acids under Europa-Like
Conditions. Icarus 2000, 145, 609—613.

(60) Elsila, J. E.; Dworkin, J. P.; Bernstein, M. P.; Martin, M. P.;
Sandford, S. A. Mechanisms of Amino Acid Formation in Interstellar
Ice Analogs. Astrophys. J. 2007, 660, 911—-918.

(61) de Marcellus, P.; Meinert, C.; Nuevo, M.; Filippi, J. J.; Danger,
G.; Deboffle, D.; Nahon, L.; d'Hendecourt, L. L. S.; Meierhenrich, U.
J. Non-Racemic Amino Acid Production by Ultraviolet Irradiation of
Achiral Interstellar Ice Analogs with Circularly Polarized Light.
Astrophys. ], Lett. 2011, 727, 1L27.

(62) Bernstein, M. P.; Dworkin, J. P.; Sandford, S. A.; Cooper, G.
W.,; Allamandola, L. J. Racemic Amino Acids from the Ultraviolet
Photolysis of Interstellar Ice Analogues. Nature 2002, 416, 401—403.

(63) Hudson, R. L.; Moore, M. H.; Dworkin, J. P.; Martin, M. P.;
Pozun, Z. D. Amino Acids from Ion-Irradiated Nitrile-Containing
Ices. Astrobiology 2008, 8, 771—779.

(64) Hudson, R. L.; Moore, M. H.; Dworkin, J. P.; Martin, M. P.
Enigmatic Isovaline: Investigating the Stability, Racemization, and
Formation of a Nonbiological Meteoritic Amino Acid. Astrobiology
2007, 7, 485—48S.

(65) Ehrenfreund, P.; Glavin, D. P.; Botta, O.; Cooper, G.; Bada, J.
L. Extraterrestrial Amino Acids in Orgueil and Ivuna: Tracing the
Parent Body of Cl Type Carbonaceous Chondrites. Proc. Natl. Acad.
Sci. U. S. A. 2001, 98, 2138—2141.

(66) Cooper, G. W.; Cronin, J. R. Linear and Cyclic Aliphatic
Carboxamides of the Murchison Meteorite: Hydrolyzable Derivatives
of Amino Acids and Other Carboxylic Acids. Geochim. Cosmochim.
Acta 199§, 59, 1003—1015.

(67) Burton, A. S.; Elsila, J. E,; Callahan, M. P.; Martin, M. G.;
Glavin, D. P.; Johnson, N. M.; Dworkin, J. P. A Propensity for N-o-
Amino Acids in Thermally Altered Antarctic Meteorites. Meteorit.
Planet. Sci. 2012, 47, 374—386.

(68) Burton, A. S.; McLain, H.; Glavin, D. P.; Elsila, J. E.; Davidson,
J.; Miller, K. E.; Andronikov, A. V.; Lauretta, D.; Dworkin, J. P. Amino

4683

Acid Analyses of R and CK Chondrites. Meteorit. Planet. Sci. 2015, S0,
470—482.

(69) Hayatsu, R; Studier, M. H.; Anders, E. Origin of Organic
Matter in Early Solar System - IV. Amino Acids: Confirmation of
Catalytic Synthesis by Mass Spectrometry. Geochim. Cosmochim. Acta
1971, 3§, 939-951.

(70) Burton, A. S.; Elsila, J. E,; Callahan, M. P.; Martin, M. G.;
Glavin, D. P.; Johnson, N. M.; Dworkin, J. P. A Propensity for N-o-
Amino Acids in Thermally Altered Antarctic Meteorites. Meteorit.
Planet. Sci. 2012, 47, 374—386.

(71) Neidhardt, F. C.; Ingraham, J. L.; Schaechter, M. Physiology of
the Bacterial Cell: A Molecular Approach; Sinauer Associates:
Sunderland, MA, 1990; pp 506.

(72) Berg, J. M.; Tymoczko, J.; Stryer, L. Biochemistry, 7th ed.; W. H.
Freeman and Company: New York City, NY, 2012; pp 1026.

(73) Ambrogelly, A.; Palioura, S.; Soll, D. Natural Expansion of the
Genetic Code. Nat. Chem. Biol. 2007, 3, 29—38.

(74) Zhang, Y,; Gladyshev, V. N. High Content of Proteins
Containing 2Ist and 22nd Amino Acids, Selenocysteine and
Pyrrolysine, in a Symbiotic Deltaproteobacterium of Gutless Worm
Olavius Algarvensis. Nucleic Acids Res. 2007, 35S, 4952—4963.

(75) Whelan, J. K. Amino-Acids in a Surface Sediment Core of
Atlantic Abyssal Plain. Geochim. Cosmochim. Acta 1977, 41, 803—810.

(76) Keil, R. G.; Tsamakis, E; Giddings, J. C.; Hedges, J. L
Biochemical Distributions (Amino Acids, Neutral Sugars, and Lignin
Phenols) among Size-Classes of Modern Marine Sediments from the
Washington Coast. Geochim. Cosmochim. Acta 1998, 62, 1347—1364.

(77) Schroeder, R. A. Absence of Beta-Alanine and Gamma-
Aminobutyric Acid in Cleaned Foraminiferal Shells - Implications for
Use as a Chemical Criterion to Indicate Removal of Non-Indigenous
Amino-Acid Contaminants. Earth Planet. Sci. Lett. 1975, 25, 274—278.

(78) Holtje, J. V. Growth of the Stress-Bearing and Shape-
Maintaining Murein Sacculus of Escherichia Coli. Microbiol. Mol.
Biol. Rev. 1998, 62, 181—203.

(79) Lam, H.; Oh, D. C.; Cava, F,; Takacs, C. N.; Clardy, J.; de
Pedro, M. A.; Waldor, M. K. D-Amino Acids Govern Stationary Phase
Cell Wall Remodeling in Bacteria. Science 2009, 325, 1552—15SS.

(80) Yoshimura, T.; Esaki, N. Amino Acid Racemases: Functions
and Mechanisms. J. Biosci. Bioeng. 2003, 96, 103—109.

(81) Bruckner, H.; Becker, D.; Gams, W.; Degenkolb, T. Aib and Iva
in the Biosphere: Neither Rare nor Necessarily Extraterrestrial. Chem.
Biodiversity 2009, 6, 38—56.

(82) Elsila, J. E,; Callahan, M. P.; Glavin, D. P.; Dworkin, J. P.;
Bruckner, H. Distribution and Stable Isotopic Composition of Amino
Acids from Fungal Peptaibiotics: Assessing the Potential for
Meteoritic Contamination. Astrobiology 2011, 11, 123—133.

(83) McDonald, G. D.; Storrie-Lombardi, M. C. Biochemical
Constraints in a Protobiotic Earth Devoid of Basic Amino Acids:
The "BAA-World”. Astrobiology 2010, 10, 989—1000.

(84) Longo, L. M.; Blaber, M. Protein Design at the Interface of the
Pre-Biotic and Biotic Worlds. Arch. Biochem. Biophys. 2012, 526, 16—
21.

(85) Longo, L. M; Lee, J.; Blaber, M. Simplified Protein Design
Biased for Prebiotic Amino Acids Yields a Foldable, Halophilic
Protein. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 2135—2139.

(86) Newton, M. S.; Morrone, D. J,; Lee, K. H; Seelig, B. Genetic
Code Evolution Investigated through the Synthesis and Character-
isation of Proteins from Reduced-Alphabet Libraries. ChemBioChem
2019, 20, 846—856.

(87) Koga, T.; Naraoka, H. A New Family of Extraterrestrial Amino
Acids in the Murchison Meteorite. Sci. Rep. 2017, 7, 636.

(88) Pizzarello, S.; Cooper, G. W.; Flynn, G. J. The Nature and
Distribution of the Organic Material in Carbonaceous Chondrites and
Interplanetary Dust Particles. In Meteorites and the Early Solar System
II; Lauretta, D. S., McSween, H. Y., Jr.,, Eds.; University of Arizona
Press: Tucson, 2006; pp 625—651.

(89) Pizzarello, S.; Holmes, W. Nitrogen-Containing Compounds in
Two CR2Meteorites: N Composition, Molecular Distribution and

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

Precursor Molecules. Geochim. Cosmochim. Acta 2009, 73, 2150—
2162.

(90) Pizzarello, S.; Shock, E. The Organic Composition of
Carbonaceous Meteorites: The Evolutionary Story Ahead of
Biochemistry. Cold Spring Harbor Perspect. Biol. 2010, 2, a002105.

(91) Meierhenrich, U. J; Caro, G. M. M, Bredehoft, J. H,;
Jessberger, E. K;; Thiemann, W. H. P. Identification of Diamino Acids
in the Murchison Meteorite. Proc. Natl. Acad. Sci. U. S. A. 2004, 101,
9182—-9186.

(92) Koga, T.; Naraoka, H. A New Family of Extraterrestrial Amino
Acids in the Murchison Meteorite. Sci. Rep. 2017, 7, 636.

(93) Miller, S. L. Production of Some Organic Compounds under
Possible Primitive Earth Conditions. J. Am. Chem. Soc. 195§, 77,
2351-2361.

(94) Mufoz Caro, G. M.; Melerhenrich, U. J.; Schutte, W. A;
Barbier, B.; Segovia, A. A,; Rosenbauer, H,; Thiemann, W. H.-P,;
Brack, A.; Greenberg, J. M. Amino Acids from Ultraviolet Irradiation
of Interstellar Ice Analogues. Nature 2002, 416, 403—406.

(95) Nuevo, M.; Meierhenrich, U. J.; d’'Hendecourt, L.; Caro, G. M.
M.; Dartois, E.; Deboftle, D.; Thiemann, W. H. P.; Bredehoft, J. H.;
Nahon, L. Enantiomeric Separation of Complex Organic Molecules
Produced from Irradiation of Interstellar/Circumstellar Ice Analogs.
Adv. Space Res. 2007, 39, 400—404.

(96) Engel, M. H.; Macko, S. A. Isotopic Evidence for
Extraterrestrial Non-Racemic Amino Acids in the Murchison
Meteorite. Nature 1997, 389, 265—268.

(97) Friedrich, J. M.; McLain, H. L.; Dworkin, J. P.; Glavin, D. P.;
Towbin, W. H,; Hill, M; Ebel, D. S. Effect of Polychromatic X-Ray
Microtomography Imaging on the Amino Acid Content of the
Murchison CM Chondrite. Meteorit. Planet. Sci. 2019, 54, 220—228.

(98) Pizzarello, S.; Cronin, J. R. Non-Racemic Amino Acids in the
Murray and Murchison Meteorites. Geochim. Cosmochim. Acta 2000,
64, 329—338.

(99) Engel, M. H,; Nagy, B. Distribution and Enantiomeric
Composition of Amino-Acids in the Murchison Meteorite. Nature
1982, 296, 837—840.

(100) Bada, J. L. Kinetics of Racemization of Amino Acids as a
Function of Ph. J. Am. Chem. Soc. 1972, 94, 1371—-1373.

(101) Bada, J. L. Amino-Acid Racemization Dating of Fossil Bones.
Annu. Rev. Earth Planet. Sci. 1985, 13, 241—268.

(102) Fedoronko, M.; Konigstein, J. Kinetics of Mutual Isomer-
ization of Trioses and Their Dehydration to Methylglyoxal. Collect.
Czech. Chem. Commun. 1969, 34, 3881—3894.

(103) Kim, J. S; Lee, Y. S. Enolization and Racemization Reactions
of Glucose and Fructose on Heating with Amino-Acid Enantiomers
and the Formation of Melanoidins as a Result of the Maillard
Reaction. Amino Acids 2009, 36, 465—474.

(104) Bada, J. L.; Mcdonald, G. D. Amino-Acid Racemization on
Mars - Implications for the Preservation of Biomolecules from an
Extinct Martian Biota. Icarus 1995, 114, 139—143.

(105) Bada, J. L.; Schroeder, R. A. Amino-Acid Racemization
Reactions and Their Geochemical Implications. Naturwissenschaften
1975, 62, 71-79.

(106) Wehmiller, J. F. Interlaboratory Comparison of Amino-Acid
Enantiomeric Ratios in Fossil Pleistocene Mollusks. Quat. Res. 1984,
22, 109—-120.

(107) Helfman, P. M.; Bada, J. L. Aspartic-Acid Racemization in
Tooth Enamel from Living Humans. Proc. Natl. Acad. Sci. U. S. A.
1975, 72, 2891—2894.

(108) Perspectives in Amino Acid and Protein Geochemistry;
Goodfriend, G. A, Collins, M., Fogel, M., Macko, S., Wehmiller, J.
F., Eds.; Oxford University Press: New York, 2000; pp 384.

(109) Cohen, B. A.; Chyba, C. F. Racemization of Meteoritic Amino
Acids. Icarus 2000, 145, 272—281.

(110) Bonner, W. A.; Blair, N. E.; Lemmon, R. M,; Flores, J. J.;
Pollock, G. E. Radioracemization of Isovaline - Cosmochemical
Implications. Geochim. Cosmochim. Acta 1979, 43, 1841—1846.

(111) Pollock, G. E.; Cheng, C. N.; Cronin, S. E.; Kvenvolden, K. A.
Stereoisomers of Isovaline in Murchison Meteorite. Geochim.
Cosmochim. Acta 1975, 39, 1571—1573.

(112) Bada, J. L. Amino-Acid Cosmogeochemistry. Philos. Trans. R.
Soc, B 1991, 333, 349—358.

(113) Aubrey, A; Cleaves, H. J.; Chalmers, J. H; Skelley, A. M,;
Mathies, R. A.; Grunthaner, F. J.; Ehrenfreund, P.; Bada, J. L. Sulfate
Minerals and Organic Compounds on Mars. Geology 2006, 34, 357—
360.

(114) Engel, M. H.; Macko, S. A. Isotopic Evidence for
Extraterrestrial Non-Racemic Amino Acids in the Murchison
Meteorite. Nature 1997, 389, 265—268.

(115) Pizzarello, S.; Cronin, J. R. Alanine Enantiomers in the
Murchison Meteorite. Nature 1998, 394, 236—236.

(116) Cronin, J. R.; Pizzarello, S. Enantiomeric Excesses in
Meteoritic Amino Acids. Science 1997, 275, 951—955.

(117) Pizzarello, S; Huang, Y. The Deuterium Enrichment of
Individual Amino Acids in Carbonaceous Meteorites: A Case for the
Presolar Distribution of Biomolecule Precursors. Geochim. Cosmochim.
Acta 2008, 69, 599—605.

(118) Pizzarello, S;; Huang, Y.; Alexandre, M. R. Molecular
Asymmetry in Extraterrestrial Chemistry: Insights from a Pristine
Meteorite. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 3700—3704.

(119) Glavin, D. P.; Dworkin, J. P.; Aubrey, A.; Botta, O.; Doty, J.
H.; Martins, Z.; Bada, J. L. Amino Acid Analyses of Antarctic
CM2Meteorites Using Liquid Chromatography-Time of Flight-Mass
Spectrometry. Meteorit. Planet. Sci. 2006, 41, 889—902.

(120) Burton, A. S.; Elsila, J. E.; Hein, J. E.; Glavin, D. P.; Dworkin,
J. P. Extraterrestrial Amino Acids Identified in Metal-Rich CH and CB
Carbonaceous Chondrites from Antarctica. Meteorit. Planet. Sci. 2013,
48, 390—402.

(121) Burton, A. S; McLain, H.; Glavin, D. P,; Elsila, J. E;
Davidson, J.; Miller, K. E.; Andronikov, A. V.; Lauretta, D.; Dworkin,
J. P. Amino Acid Analyses of R and CK Chondrites. Meteorit. Planet.
Sci. 2015, 50, 470—482.

(122) Herd, C. D. K;; Blinova, A.; Simkus, D. N.; Huang, Y.; Tarozo,
R.; Alexander, C. M. O. D.; Gyngard, F.; Nittler, L. R.; Cody, G. D,;
Fogel, M. L,; et al. Origin and Evolution of Prebiotic Organic Matter
as Inferred from the Tagish Lake Meteorite. Science 2011, 332, 1304—
1307.

(123) Pizzarello, S.; Schrader, D. L.; Monroe, A. A.; Lauretta, D. S.
Large Enantiomeric Excesses in Primitive Meteorites and the Diverse
Effects of Water in Cosmochemical Evolution. Proc. Natl. Acad. Sci. U.
S. A. 2012, 109, 11949—-54.

(124) Pizzarello, S.;; Monroe, A. A. Reply to Elsila et al.: Large
Enantiomeric Excesses in Primitive Meteorites, an Analytical and
Computational Supplement. Proc. Natl. Acad. Sci. U. S. A. 2012, 109,
E3289—E3289.

(125) Elsila, J. E.; Glavin, D. P.; Dworkin, J. P.; Martins, Z.; Bada, J.
L. Inconclusive Evidence for Nonterrestrial Isoleucine Enantiomeric
Excesses in Primitive Meteorites. Proc. Natl. Acad. Sci. U. S. A. 2012,
109, E3288—E3288.

(126) Burton, A. S.; Glavin, D. P.; Callahan, M. P.; Dworkin, J. P.;
Jenniskens, P.; Shaddad, M. H. Heterogeneous Distributions of
Amino Acids Provide Evidence of Multiple Sources within the
Almahata Sitta Parent Body, Asteroid 2008 TC3. Meteorit. Planet. Sci.
2011, 46, 1703—1712.

(127) Jenniskens, P.; Fries, M. D.; Yin, Q.-Z.; Zolensky, M.; Krot, A.
N.; Sandford, S. A,; Sears, D.; Beauford, R.; Ebel, D. S.; Friedrich, J.
M,; et al. Radar-Enabled Recovery of the Sutter’s Mill Meteorite, a
Carbonaceous Chondrite Regolith Breccia. Science 2012, 338, 1583—
1587.

(128) Onstott, T. C.; Magnabosco, C.; Aubrey, A. D.; Burton, A. S.;
Dworkin, J. P,; Elsila, J. E,; Grunsfeld, S.; Cao, B. H.; Hein, J. E;
Glavin, D. P.; et al. Does Aspartic Acid Racemization Constrain the
Depth Limit of the Subsurface Biosphere? Geobiology 2014, 12, 1-19.

(129) Burton, A. S.; Glavin, D. P.; Elsila, J. E.; Dworkin, J. P.;
Jenniskens, P.; Yin, Q.-Z. The Amino Acid Composition of the

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

Sutter’s Mill CM2 Carbonaceous Chondrite. Meteorit. Planet. Sci.
2014, 49, 2074—2086.

(130) Friedrich, J. M; McLain, H. L.; Dworkin, J. P.; Glavin, D. P.;
Towbin, W. H.; Hill, M; Ebel, D. S. Effect of Polychromatic X-Ray
Microtomography Imaging on the Amino Acid Content of the
Murchison Cm Chondrite. Meteorit. Planet. Sci. 2019, 54, 220—228.

(131) Pizzarello, S.; Feng, X,; Epstein, S.; Cronin, J. R. Isotopic
Analyses of Nitrogenous Compounds from the Murchison Meteorite -
Ammonia, Amines, Amino-Acids, and Polar Hydrocarbons. Geochim.
Cosmochim. Acta 1994, 58, 5579—5587.

(132) Pizzarello, S. Hydrogen Cyanide in the Murchison Meteorite.
Astrophys. J. Lett. 2012, 754, 3.

(133) Peltzer, E. T.; Bada, J. L.; Schlesinger, G.; Miller, S. L. The
Chemical Conditions on the Parent Body of the Murchison
Meteorite: Some Conclusions Based on Amino, Hydroxy and
Dicarboxylic Acids. Adv. Space Res. 1984, 4, 69—74.

(134) Miller, S. L., Van Trump, J. E. Origin of Life. Wolman, Y., Ed,;
Reidel: Dordrecht, Holland, 1981; pp 135—141.

(135) Cooper, G.; Reed, C; Nguyen, D.; Carter, M.; Wang, Y.
Detection and Formation Scenario of Citric Acid, Pyruvic Acid, and
Other Possible Metabolism Precursors in Carbonaceous Meteorites.
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 14015—14020.

(136) Garcia, A. D.; Meinert, C; Sugahara, H.; Jones, N. C,;
Hoffmann, S. V.; Meierhenrich, U. J. The Astrophysical Formation of
Asymmetric Molecules and the Emergence of a Chiral Bias. Life 2019,
9, 29.

(137) Meinert, C.; Bredehoeft, J. H.; Filippi, J. J.; Baraud, Y.; Nahon,
L.; Wien, F; Jones, N. C; Hoffmann, S. V.; Meierhenrich, U. ]J.
Anisotropy Spectra of Amino Acids. Angew. Chem., Int. Ed. 2012, 51,
4484—4487.

(138) Meierhenrich, U. J.; Nahon, L.; Alcaraz, C.; Bredehoft, J. H.;
Hoffmann, S. V.; Barbier, B.,; Brack, A. Asymmetric Vacuum Uv
Photolysis of the Amino Acid Leucine in the Solid State. Angew.
Chem., Int. Ed. 2005, 44, 5630—5634.

(139) Garcia, A. D.; Meinert, C; Sugahara, H.; Jones, N. C,;
Hoffmann, S. V.; Meierhenrich, U. J. The Astrophysical Formation of
Asymmetric Molecules and the Emergence of a Chiral Bias Dagger.
Life 2019, 9, 29.

(140) Modica, P.; Meinert, C.; de Marcellus, P.; Nahon, L.;
Meierhenrich, U. J; d’Hendecourt, L. L. Enantiomeric Excesses
Induced in Amino Acids by Ultraviolet Circularly Polarized Light
Irradiation of Extraterrestrial Ice Analogs: A Possible Source of
Asymmetry for Prebiotic Chemistry. Astrophys. J. 2014, 788, 79.

(141) Fukue, T.; Tamura, M.; Kandori, R.; Kusakabe, N.; Hough, J.
H,; Bailey, J; Whittet, D. C. B,; Lucas, P. W,; Nakajima, Y,;
Hashimoto, J. Extended High Circular Polarization in the Orion
Massive Star Forming Region: Implications for the Origin of
Homochirality in the Solar System. Origins Life Evol. Biospheres
2010, 40, 335—346.

(142) Bailey, J. Astronomical Sources of Circularly Polarized Light
and the Origin of Homochirality. Origins Life Evol. Biospheres 2001,
31, 167—183.

(143) Greenberg, J. M;; Kouchi, A; Niessen, W.; Irth, H;
Vanparadijs, J.; Degroot, M.; Hermsen, W. Interstellar Dust, Chirality,
Comets and the Origins of Life - Life from Dead Stars. J. Biol. Phys.
1995, 20, 61—70.

(144) Smith, F. G.; Jones, D. H. P.; Dick, J. S. B.; Pike, C. D. The
Optical Polarization of the Crab Pulsar. Mon. Not. R. Astron. Soc.
1988, 233, 305—319.

(145) Cocke, W. J.; Muncaster, G. W.; Gehrels, T. Upper Limit to
Circular Polarization of Optical Pulsar NP 0532. Astrophys. ]. 1971,
169, L119.

(146) Chanmugam, G. Magnetic-Fields of Degenerate Stars. Annu.
Rev. Astron. Astrophys. 1992, 30, 143—184.

(147) Meinert, C.; Hoffmann, S. V.; Cassam-Chenai, P.; Evans, A.
C.; Giri, C.; Nahon, L.; Meierhenrich, U. J. Photonenergy-Controlled
Symmetry Breaking with Circularly Polarized Light. Angew. Chem., Int.
Ed. 2014, 53, 210—214.

4685

(148) Bredehoft, J. H.; Jones, N. C.; Meinert, C.; Evans, A. C;
Hoffmann, S. V.; Meierhenrich, U. J. Understanding Photochiro-
genesis: Solvent Effects on Circular Dichroism and Anisotropy
Spectroscopy. Chirality 2014, 26, 373—378.

(149) Flores, J. J.; Bonner, W. A,; Massey, G. A. Asymmetric
Photolysis of (Rs)-Leucine with Circularly Polarized Ultraviolet Light.
J. Am. Chem. Soc. 1977, 99, 3622—3625.

(150) Takano, Y.; Takahashi, J.; Kaneko, T.; Marumo, K
Kobayashi, K. Asymmetric Synthesis of Amino Acid Precursors in
Interstellar Complex Organics by Circularly Polarized Light. Earth
Planet. Sci. Lett. 2007, 254, 106—114.

(151) Meinert, C.; Jones, N. C.; Hoffmann, S. V.; Meierhenrich, U.
J. Anisotropy Spectroscopy of Chiral Alcohols, Amines, and
Monocarboxylic Acids: Implications for the Analyses of Extra-
terrestrial Samples. J. Photochem. Photobiol, A 2016, 331, 130—137.

(152) Pizzarello, S; Huang, Y.; Alexandre, M. R. Molecular
Asymmetry in Extraterrestrial Chemistry: Insights from a Pristine
Meteorite. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 3700—3704.

(153) Aponte, J. C.; Dworkin, J. P.; Elsila, J. E. Assessing the Origins
of Aliphatic Amines in the Murchison Meteorite from Their
Compound-Specific Carbon Isotopic Ratios and Enantiomeric
Composition. Geochim. Cosmochim. Acta 2014, 141, 331—34S.

(154) Aponte, J. C.; Tarozo, R.; Alexandre, M. R.; Alexander, C. M.
O.; Charnley, S. B,; Hallmann, C.; Summons, R. E,; Huang, Y. S.
Chirality of Meteoritic Free and IOM-Derived Monocarboxylic Acids
and Implications for Prebiotic Organic Synthesis. Geochim.
Cosmochim. Acta 2014, 131, 1—12.

(155) Aponte, J. C.; Woodward, H. K; Abreu, N. M,; Elsila, J. E;
Dworkin, J. P. Molecular Distribution, C-13-Isotope, and Enantio-
meric Compositions of Carbonaceous Chondrite Monocarboxylic
Acids. Meteorit. Planet. Sci. 2019, 54, 415—430.

(156) Aponte, J. C.; McLain, H. L.; Dworkin, J. P.; Elsila, J. E.
Aliphatic Amines in Antarctic CR2, CM2, and CM1/2 Carbonaceous
Chondrites. Geochim. Cosmochim. Acta 2016, 189, 296—311.

(157) Takano, Y.,; Kaneko, T.; Kobayashi, K; Takahashi, J. L;
Pizzarello, S.; Cronin, J. R. Formation of Asymmetric Bioorganics by
Synchrotron Radiation. Uchui Seibutsu Kagaku 2001, 15, 236—237.

(158) de Marcellus, P.; Meinert, C.; Nuevo, M.; Filippi, J.-J.; Danger,
G.; Deboftle, D.; Nahon, L; Le Sergeant d’Hendecourt, L.;
Meierhenrich, U. J. Non-Racemic Amino Acid Production by
Ultraviolet Irradiation of Achiral Interstellar Ice Analogs with
Circularly Polarized Light. Astrophys. J. 2011, 727, L27

(159) Modica, P.; Meinert, C.; de Marcellus, P.; Nahon, L.;
Meierhenrich, U. J.; d'Hendecourt, L. L. S. Enantiomeric Excesses
Induced in Amino Acids by Ultraviolet Circularly Polarized Light
Irradiation of Extraterrestrial Ice Analogs: A Possible Source of
Asymmetry for Prebiotic Chemistry. Astrophys. ]. 2014, 788, 79.

(160) Meierhenrich, U. J.; Filippi, J.-J.; Meinert, C.; Bredehoft, J. H.;
Takahashi, J.-i.; Nahon, L.; Jones, N. C.; Hoffmann, S. V. Circular
Dichroism of Amino Acids in the Vacuum-Ultraviolet Region. Angew.
Chem., Int. Ed. 2010, 49, 7799—7802.

(161) Meinert, C.; Bredehoft, J. H.; Filippi, J.-J.; Baraud, Y.; Nahon,
L.; Wien, F; Jones, N. C; Hoffmann, S. V.; Meierhenrich, U. ]J.
Anisotropy Spectra of Amino Acids. Angew. Chem., Int. Ed. 2012, 51,
4484—4487.

(162) Takahashi, J.; Kobayashi, K. Origin of Terrestrial Bioorganic
Homochirality and Symmetry Breaking in the Universe. Symmetry
2019, 11, 11.

(163) Kondepudi, D. K.; Kaufman, R. J.; Singh, N. Chiral Symmetry
Breaking in Sodium Chlorate Crystallization. Science 1990, 250, 975—
976.

(164) Fletcher, S. P.; Jagt, R. B. C.; Feringa, B. L. An
Astrophysically-Relevant Mechanism for Amino Acid Enantiomer
Enrichment. Chem. Commun. 2007, 266, 2578—2580.

(165) Sandars, P. G. H. A Toy Model for the Generation of
Homochirality During Polymerization. Origins Life Evol. Biospheres
2003, 33, 575—587.

(166) Kawasaki, T.; Hatase, K; Fujii, Y.; Jo, K.; Soai, K.; Pizzarello,
S. The Distribution of Chiral Asymmetry in Meteorites: An

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

Investigation Using Asymmetric Autocatalytic Chiral Sensors. Geo-
chim. Cosmochim. Acta 2006, 70, 5395—5402.

(167) Viedma, C.; Noorduin, W. L.; Ortiz, J. E.; de Torres, T.;
Cintas, P. Asymmetric Amplification in Amino Acid Sublimation
Involving Racemic Compound to Conglomerate Conversion. Chem.
Commun. 2011, 47, 671—-673.

(168) Viedma, C.; Ortiz, J. E; de Torres, T.; Cintas, P.
Enantioenrichment in Sublimed Amino Acid Mixtures. Chem.
Commun. 2012, 48, 3623—3625.

(169) Perry, R. H,; Wu, C. P,; Nefliu, M.; Cooks, R. G. Serine
Sublimes with Spontaneous Chiral Amplification. Chem. Commun.
2007, 1071-1073.

(170) Viedma, C. Chiral Symmetry Breaking and Complete Chiral
Purity by Thermodynamic-Kinetic Feedback near Equilibrium:
Implications for the Origin of Biochirality. Astrobiology 2007, 7,
312-3109.

(171) Viedma, C.; Ortiz, J. E.; Torres, T. d.; Izumi, T.; Blackmond,
D. G. Evolution of Solid Phase Homochirality for a Proteinogenic
Amino Acid. J. Am. Chem. Soc. 2008, 130, 15274—15275.

(172) Breslow, R.; Levine, M. S. Amplification of Enantiomeric
Concentrations under Credible Prebiotic Conditions. Proc. Natl. Acad.
Sci. U. S. A. 2006, 103, 12979—12980.

(173) Levine, M.; Kenesky, C. S.; Mazori, D.; Breslow, R.
Enantioselective Synthesis and Enantiomeric Amplification of
Amino Acids under Prebiotic Conditions. Org. Lett. 2008, 10,
2433—-2436.

(174) Blackmond, D. G. The Origin of Biological Homochirality.
Cold Spring Harbor Perspect. Biol. 2010, 2, a002147.

(175) Klussmann, M.; White, A. J. P.; Armstrong, A.; Blackmond, D.
G. Rationalization and Prediction of Solution Enantiomeric Excess in
Ternary Phase Systems. Angew. Chem., Int. Ed. 2006, 45, 7985—7989.

(176) Blackmond, D. G. "Chiral Amnesia” as a Driving Force for
Solid-Phase Homochirality. Chem. - Eur. ]. 2007, 13, 3290—3295.

(177) Noorduin, W. L.; Izumi, T.; Millemaggi, A.; Leeman, M,;
Meekes, H.; Van Enckevort, W. J.; Kellogg, R. M.; Kaptein, B.; Vlieg,
E.; Blackmond, D. G. Emergence of a Single Solid Chiral State from a
Nearly Racemic Amino Acid Derivative. J. Am. Chem. Soc. 2008, 130,
1158—1159.

(178) Viedma, C.; Verkuijl, B. J. V.; Ortiz, J. E.; de Torres, T,;
Kellogg, R. M.; Blackmond, D. G. Solution-Phase Racemization in the
Presence of an Enantiopure Solid Phase. Chem. - Eur. J. 2010, 16,
4932—4937.

(179) Bonner, W. A.; Blair, N. E.; Lemmon, R. M. Racemization of
Isovaline By Gamma-Radiation: Cosmological Implications. J. Am.
Chem. Soc. 1979, 101, 1049—1050.

(180) Viedma, C. Enantiomeric Crystallization from DI-Aspartic and
DI-Glutamic Acids: Implications for Biomolecular Chirality in the
Origin of Life. Origins Life Evol. Biospheres 2001, 31, 501—509.

(181) Bonner, W. A. Origins of Molecular Chirality. In Exobiology;
Ponnamperuma, C., Ed.; North-Holland Publishing: Amsterdam, The
Netherlands, 1972; pp 170—234.

(182) Butlerow, A. Bildung Einer Zuckerartigen Substanz Durch
Synthese. Jus. Lieb. Ann. Chem. 1861, 120, 295—298.

(183) Breslow, R. On the Mechanism of the Formose Reaction.
Tetrahedron Lett. 1959, 1, 22—26.

(184) Ricardo, A.; Frye, F.; Carrigan, M. A,; Tipton, J. D.; Powell, D.
H.; Benner, S. A. 2-Hydroxymethylboronate as a Reagent to Detect
Carbohydrates: Application to the Analysis of the Formose Reaction.
J. Org. Chem. 2006, 71, 9503—9505.

(185) Shapiro, R. Prebiotic Ribose Synthesis - a Critical Analysis.
Origins Life Evol. Biospheres 1988, 18, 71—85.

(186) Cairns-Smith, A. G.; Ingram, P.; Walker, G. L. Formose
Production by Minerals: Possible Relevance to the Origin of Life. J.
Theor. Biol. 1972, 35, 601—604.

(187) Mizuno, T.; Weiss, A. H. Synthesis and Utilization of Formose
Sugars. Adv. Carb. Chem. Biochem. 1974, 29, 173—227.

(188) Sinyak, Y. Y. The Possibility of Physicochemical Synthesis of
Carbohydrates in Space. Prob. Space Biol. USSR 1964, 3, 401.

4686

(189) Decker, P.; Schweer, H.; Pohlmann, R. Bioids 0.10.
Identification of Formose Sugars, Presumable Prebiotic Metabolites,
Using Capillary Gas-Chromatography Gas-Chromatography Mass-
Spectrometry of Normal-Butoxime Trifluoroacetates on OV-225. J.
Chromatogr. 1982, 244, 281-291.

(190) Kim, H. J; Ricardo, A.; lllangkoon, H. I; Kim, M. J.; Carrigan,
M. A,; Frye, F.; Benner, S. A. Synthesis of Carbohydrates in Mineral-
Guided Prebiotic Cycles. J. Am. Chem. Soc. 2011, 133, 9457—9468.

(191) Schwartz, A. W.; Degraaf, R. M. The Prebiotic Synthesis of
Carbohydrates - a Reassessment. J. Mol. Evol. 1993, 36, 101—106.

(192) Kopetzki, D.; Antonietti, M. Hydrothermal Formose Reaction.
New J. Chem. 2011, 35, 1787—1794.

(193) Lamour, S.; Pallmann, S.; Haas, M.; Trapp, O. Prebiotic Sugar
Formation under Nonaqueous Conditions and Mechanochemical
Acceleration. Life 2019, 9, E52.

(194) Muller, D.; Pitsch, S.; Kittaka, A.; Wagner, E.; Wintner, C. E,;
Eschenmoser, A. Chemistry of Alpha-Aminonitriles - Aldomerisation
of Glycolaldehyde Phosphate to Rac-Hexose 2,4,6-Triphosphates and
(in Presence of Formaldehyde) Rac-Pentose 2,4-Diphosphates - Rac-
Allose 2,4,6-Triphosphate and Rac-Ribose 2,4-Diphosphate Are the
Main Reaction-Products. Helvet. Chim. Acta 1990, 73, 1410—1468.

(195) Cody, G. D.; Heying, E.; Alexander, C. M. O.; Nittler, L. R;;
Kilcoyne, A. L. D.; Sandford, S. A; Stroud, R. M. Establishing a
Molecular Relationship between Chondritic and Cometary Organic
Solids. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 19171—19176.

(196) de Marcellus, P.; Meinert, C.; Myrgorodska, L; Nahon, L.;
Buhse, T.; d’'Hendecourt, L. L.; Meierhenrich, U. J. Aldehydes and
Sugars from Evolved Precometary Ice Analogs: Importance of Ices in
Astrochemical and Prebiotic Evolution. Proc. Natl. Acad. Sci. U. S. A.
2018, 112, 965-970.

(197) Meinert, C.; Myrgorodska, 1; de Marcellus, P.; Buhse, T.;
Nahon, L.; Hoffmann, S. V.; d'Hendecourt, L. L.; Meierhenrich, U. J.
Ribose and Related Sugars from Ultraviolet Irradiation of Interstellar
Ice Analogs. Science 2016, 352, 208—212.

(198) Nuevo, M.; Cooper, G.; Sandford, S. A. Deoxyribose and
Deoxysugar Derivatives from Photoprocessed Astrophysical Ice
Analogues and Comparison to Meteorites. Nat. Commun. 2018, 9,
5276.

(199) Larralde, R; Robertson, M. P.; Miller, S. L. Rates of
Decomposition of Ribose and Other Sugars - Implications for
Chemical Evolution. Proc. Natl. Acad. Sci. U. S. A. 1995, 92, 8158—
8160.

(200) Hudson, C. S. The Fischer Cyanohydrin Synthesis and the
Configurations of Higher-Carbon Sugars and Alcohols. Adv. Carboh.
Chem. 1945, 1, 1-36.

(201) Serianni, A. S.; Nunez, H. A, Barker, R. Cyanohydrin
Synthesis - Studies with Cyanide-C-13. J. Org. Chem. 1980, 45, 3329—
3341.

(202) Cooper, G.; Kimmich, N.; Belisle, W.; Sarinana, J.; Brabham,
K,; Garrel, L. Carbonaceous Meteorites as a Source of Sugar-Related
Organic Compounds for the Early Earth. Nature 2001, 414, 879—883.

(203) Cooper, G.; Rios, A. C.; Nuevo, M. Monosaccharides and
Their Derivatives in Carbonaceous Meteorites: A Scenario for Their
Synthesis and Onset of Enantiomeric Excesses. Life 2018, 8, E36.

(204) Michal, G. Biochemical Pathways; F. Hoffmann-La Roche Ltd:
2014.

(205) Shigemasa, Y.; Sasaki, Y.; Ueda, N.; Nakashima, R. Formose
Reactions. XXI. A Selective Formation of Dihydroxyacetone in the
Formose Reaction in N,N-Dimethylformamide. Bull. Chem. Soc. Jpn.
1984, 57, 2761—2767.

(206) Pizzarello, S.; Wang, Y.; Chaban, G. M. A Comparative Study
of the Hydroxy Acids from the Murchison, GRA 95229 and LAP
02342 Meteorites. Geochim. Cosmochim. Acta 2010, 74, 6206—6217.

(207) Furukawa, Y.; Chikaraishi, Y.; Ohkouchi, N.; Ogawa, N. O,;
Glavin, D. P.; Dworkin, J. P.; Abe, C.; Nakamura, T. Extraterrestrial
Ribose and Other Sugars in Primitive Meteorites. Proc. Natl. Acad. Sci.
U.S.A. 2019, DOI: 10.1073/pnas.1907169116.

(208) Weber, A. L.; Pizzarello, S. The Peptide-Catalyzed Stereo-
specific Synthesis of Tetroses: A Possible Model for Prebiotic

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1073/pnas.1907169116
http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

Molecular Evolution. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 12713—
12717.

(209) Pizzarello, S.; Weber, A. L. Prebiotic Amino Acids as
Asymmetric Catalysts. Science 2004, 303, 1151—1151.

(210) Breslow, R; Levine, M;; Cheng, Z. L. Imitating Prebiotic
Homochirality on Earth. Origins Life Evol. Biospheres 2010, 40, 11—26.

(211) Breslow, R. The Origin of Homochirality in Amino Acids and
Sugars on Prebiotic Earth. Tetrahedron Lett. 2011, 52, 4227—4227.

(212) Breslow, R; Ramalingam, V.; Appayee, C. Catalysis of
Glyceraldehyde Synthesis by Primary or Secondary Amino Acids
under Prebiotic Conditions as a Function of Ph. Origins Life Evol.
Biospheres 2013, 43, 323—329.

(213) Carter, C. W.; Kraut, J. Proposed Model for Interaction of
Polypeptides with RNA. Proc. Natl. Acad. Sci. U. S. A. 1974, 71, 283—
287.

(214) Wittung, P.; Eriksson, M.; Lyng, R; Nielsen, P. E.; Norden, B.
Induced Chirality in Pna-Pna Duplexes. J. Am. Chem. Soc. 1995, 117,
10167—-10173.

(215) D’Haeze, W.; Holsters, M. Surface Polysaccharides Enable
Bacteria to Evade Plant Immunity. Trends Microbiol. 2004, 12, 555—
S61.

(216) Kotake, T.; Yamanashi, Y.; Imaizumi, C,; Tsumuraya, Y.
Metabolism of L-Arabinose in Plants. . Plant Res. 2018, 131, 565—
565.

(217) Joyce, G. F.; Visser, G. M.; Vanboeckel, C. A. A.; Vanboom, ]J.
H.; Orgel, L. E; Vanwestrenen, J. Chiral Selection in Poly(C)-
Directed Synthesis of Oligo(G). Nature 1984, 310, 602—604.

(218) Joyce, G. F. The Antiquity of Rna-Based Evolution. Nature
2002, 418, 214—221.

(219) Fogel, M. L; Cifuentes, L. A, Isotope Fractionation During
Primary Production. In Organic Geochemistry: Topics in Geobiology;
Engel, M. H.,, Macko, S. A,, Eds.; Springer: Boston, MA, 1993, Vol. 11.

(220) Scott, J. H.; O’Brien, D. M.; Emerson, D.; Sun, H.; McDonald,
G. D,; Salgado, A.; Fogel, M. L. An Examination of the Carbon
Isotope Effects Associated with Amino Acid Biosynthesis. Astrobiology
2006, 6, 867—880.

(221) Styring, A. K;; Sealy, J. C.; Evershed, R. P. Resolving the Bulk
"N Values of Ancient Human and Animal Bone Collagen Via
Compound-Specific Nitrogen Isotope Analysis of Constituent Amino
Acids. Geochim. Cosmochim. Acta 2010, 74, 241—-251.

(222) Coplen, T. B,; Hopple, J. A; Bohlke, J. K; Peiser, H. S.;
Rieder, S. E.; Krouse, H. R;; Rosman, K. J. R;; Ding, T.; Vocke, R. D,,
Jr; Revesz, K. M, et al. Compilation of Minimum and Maximum
Isotopic Ratios of Selected Elements in Naturally Occurring Terrestrial
Materials and Reagents; U.S. Geological Survey: Reston, VA, 2002.

(223) Elsila, J. E;; Charnley, S. B.; Burton, A. S; Glavin, D. P,;
Dworkin, J. P. Compound-Specific Carbon, Nitrogen, and Hydrogen
Isotopic Ratios for Amino Acids in CM and CR Chondrites and Their
Use in Evaluating Potential Formation Pathways. Meteorit. Planet. Sci.
2012, 47, 1517—1536.

(224) Engel, M. H,; Macko, S. A; Silfer, J. A. Carbon Isotope
Composition of Individual Amino Acids in the Murchison Meteorite.
Nature 1990, 348, 47—49.

(225) Pizzarello, S; Huang, Y. The Deuterium Enrichment of
Individual Amino Acids in Carbonaceous Meteorites: A Case for the
Presolar Distribution of Biomolecule Precursors. Geochim. Cosmochim.
Acta 20085, 69, 599—605.

(226) McCollom, T. M.; Seewald, J. S. Carbon Isotope Composition
of Organic Compounds Produced by Abiotic Synthesis under
Hydrothermal Conditions. Earth Planet. Sci. Lett. 2006, 243, 74—84.

(227) Lancet, M. S.; Anders, E. Carbon Isotope Fractionation in the
Fischer—Tropsch Synthesis and in Meteorites. Science 1970, 170,
980—982.

(228) Yuen, G. U,; Pecore, J. A.; Kerridge, J. F.; Pinnavaia, T. J;
Rightor, E. G.; Flores, J.; Wedeking, K.; Mariner, R.; Des Marais, D. J.;
Chang, S. Carbon Isotope Fractionation in Fischer—Tropsch Type
Reactions. Abstracts of the Lunar Planet. Sci. Conf. 1990, 21, 1367—
1368.

4687

(229) Cooper, G.; Rios, A. C. Enantiomer Excesses of Rare and
Common Sugar Derivatives in Carbonaceous Meteorites. Proc. Natl.
Acad. Sci. U. S. A. 2016, 113, E3322—E3331.

(230) van der Meer, M. T. J.; Schouten, S.; Sinninghe Damstg, J. S.;
de Leeuw, J. W,; Ward, D. M. Compound-Specific Isotopic
Fractionation Patterns Suggest Different Carbon Metabolisms
among Chloroflexus-Like Bacteria in Hot-Spring Microbial Mats.
Appl. Environ. Microbiol. 2003, 69, 6000—6006.

(231) van der Meer, M. T. J; Schouten, S.; van Dongen, B. E;
Rijpstra, W. L. C.; Fuchs, G.; Damstg, J. S. S.; de Leeuw, J. W.; Ward,
D. M. Biosynthetic Controls on the 13C Contents of Organic
Components in the Photoautotrophic Bacterium Chloroflexus
Aurantiacus. J. Biol. Chem. 2001, 276, 10971—-10976.

(232) Engel, M. H.,; Macko, S. A. The Stereochemistry of Amino
Acids in the Murchison Meteorite. Precambrian Res. 2001, 106, 35—
4S.

(233) Silfer, J. A; Qian, Y.; Macko, S. A; Engel, M. H. Stable
Carbon-Isotope Compositions of Individual Amino-Acid Enantiomers
in Mollusk Shell by GC-c-IRMS. Org. Geochem. 1994, 21, 603—609.

(234) Pizzarello, S.; Huang, Y.; Fuller, M. The Carbon Isotopic
Distribution of Murchison Amino Acids. Geochim. Cosmochim. Acta
2004, 68, 4963—4969.

(235) Pizzarello, S.; Huang, Y. S. The Deuterium Enrichment of
Individual Amino Acids in Carbonaceous Meteorites: A Case for the
Presolar Distribution of Biomolecule Precursors. Geochim. Cosmochim.
Acta 2008, 69, 5163—5163.

(236) Martins, Z.; Alexander, C. M. O. D.; Orzechowska, G. E.;
Fogel, M. L.; Ehrenfreund, P. Indigenous Amino Acids in Primitive
CR Meteorites. Meteorit. Planet. Sci. 2007, 42, 2125—2136.

(237) Charnley, S. B.; Ehrenfreund, P.; Millar, T. J.; Boogert, A. C.
A.; Markwick, A. J.; Butner, H. M.; Ruiterkamp, R.; Rodgers, S. D.
Observational Tests for Grain Chemistry: Posterior Isotopic Label-
ling. Mon. Not. R. Astron. Soc. 2004, 347, 157—162.

(238) Hoefs, J. Stable Isotope Geochemistry, 2nd ed.; Springer-Verlag
Berlin Heidelberg: 2009; pp XII, 286.

(239) Dworkin, J. P.; Adelman, L. A.; Ajluni, T.; Andronikov, A. V.;
Aponte, J. C.; Bartels, A. E.; Beshore, E.; Bierhaus, E. B.; Brucato, J.
R; Bryan, B. H,; et al. OSIRIS-REx Contamination Control Strategy
and Implementation. Space Sci. Rev. 2018, 214, 19.

(240) Brunetto, R;; Lantz, C. Laboratory Perspectives on Sample
Returns from Hayabusa2 and OSIRIS-REx. Nat. Astron. 2019, 3,
290—292.

(241) Brownlee, D.; Tsou, P.; Aleon, J.; Alexander, C. M. O. D,;
Araki, T.; Bajt, S.; Baratta, G. A,; Bastien, R;; Bland, P.; Bleuet, P,;
et al. Comet 81P/Wild 2 under a Microscope. Science 2006, 314,
1711—-1716.

(242) Elsila, J. E; Glavin, D. P.; Dworkin, J. P. Cometary Glycine
Detected in Samples Returned by Stardust. Meteorit. Planet. Sci. 2009,
44, 1323—1330.

(243) Glavin, D. P.; Dworkin, J. P.; Sandford, S. A. Detection of
Cometary Amines in Samples Returned by Stardust. Meteorit. Planet.
Sci. 2008, 43, 399—413.

(244) Altwegg, K; Balsiger, H.; Bar-Nun, A.; Berthelier, J.-J.; Bieler,
A.; Bochsler, P.; Briois, C.; Calmonte, U.; Combi, M. R.; Cottin, H.,
et al. Prebiotic Chemicals—Amino Acid and Phosphorus—in the
Coma of Comet 67P/Churyumov-Gerasimenko. Sci. Adv. 2016, 2,
1600285

(245) Goesmann, F.; Rosenbauer, H.; Roll, R.; Szopa, C.; Raulin, F.;
Sternberg, R.; Israel, G.; Meierhenrich, U.; Thiemann, W.; Munoz-
Caro, G. COSAC, the Cometary Sampling and Composition
Experiment on Philae. Space Sci. Rev. 2007, 128, 257—-280.

(246) Hand, E. Philae Probe Makes Bumpy Touchdown on a
Comet. Science 2014, 346, 900—901.

(247) Goesmann, F.; Rosenbauer, H.; Bredehoft, J. H.; Cabane, M.;
Ehrenfreund, P.; Gautier, T.; Giri, C.; Kriiger, H; Le Roy, L,
MacDermott, A. J.; et al. Organic Compounds on Comet 67P/
Churyumov-Gerasimenko Revealed by COSAC Mass Spectrometry.
Science 2015, 349, aab0689.

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

(248) Davidsson, B. J. R; Sierks, H.; Guttler, C.; Marzari, F.; Pajola,
M.,; Rickman, H.; A'Hearn, M. F.; Auger, A. T.; El-Maarry, M. R;;
Fornasier, S.,, et al. The Primordial Nucleus of Comet 67p/
Churyumov-Gerasimenko. Astron. Astrophys. 2016, 592, A63

(249) Fujiwara, A.; Kawaguchi, J.; Yeomans, D. K;; Abe, M.; Mukai,
T.; Okada, T.; Saito, J.; Yano, H.; Yoshikawa, M.; Scheeres, D. J.; et al.
The Rubble-Pile Asteroid Itokawa as Observed by Hayabusa. Science
2006, 312, 1330—1334.

(250) Nakamura, T.; Noguchi, T.; Tanaka, M.; Zolensky, M. E;
Kimura, M.; Tsuchiyama, A.; Nakato, A.; Ogami, T.; Ishida, H,;
Uesugi, M.; et al. Itokawa Dust Particles: A Direct Link between S-
Type Asteroids and Ordinary Chondrites. Science 2011, 333, 1113—
1116.

(251) Naraoka, H.; Mita, H.; Hamase, K; Mita, M.; Yabuta, H,;
Saito, K.; Fukushima, K.; Kitajima, F.; Sandford, S. A.; Nakamura, T.;
et al. Preliminary Organic Compound Analysis of Microparticles
Returned from Asteroid 25143 Itokawa by the Hayabusa Mission.
Geochem. J. 2012, 46, 61—72.

(252) Watanabe, S.; Hirabayashi, M.; Hirata, N.; Hirata, N,;
Noguchi, R.; Shimaki, Y.; Tkeda, H.; Tatsumi, E.; Yoshikawa, M,;
Kikuchi, S.; et al. Hayabusa2 Arrives at the Carbonaceous Asteroid
162173 Ryugu—a Spinning Top—Shaped Rubble Pile. Science 2019,
364, 268—272.

(253) Sugita, S.; Honda, R.; Morota, T.; Kameda, S.; Sawada, H,;
Tatsumi, E.; Yamada, M.; Honda, C.; Yokota, Y.; Kouyama, T.; et al.
The Geomorphology, Color, and Thermal Properties of Ryugu:
Implications for Parent-Body Processes. Science 2019, 364, eaaw0422.

(254) Kitazato, K.; Milliken, R. E.; Iwata, T.; Abe, M.; Ohtake, M.;
Matsuura, S.; Arai, T.; Nakauchi, Y.; Nakamura, T.; Matsuoka, M,;
et al. The Surface Composition of Asteroid 162173 Ryugu from
Hayabusa2 near-Infrared Spectroscopy. Science 2019, 364, 272—275.

(255) Burton, A. S.; Grunsfeld, S.; Elsila, J. E.; Glavin, D. P
Dworkin, J. P. The Effects of Parent-Body Hydrothermal Heating on
Amino Acid Abundances in CI-Like Chondrites. Polar Sci. 2014, 8,
255-263.

(256) Lauretta, D. S; DellaGiustina, D. N.; Bennett, C. A.; Golish,
D. R;; Becker, K. J; Balram-Knutson, S. S.; Barnouin, O. S.; Becker, T.
L.; Bottke, W. F.; Boynton, W. V,; et al. The Unexpected Surface of
Asteroid (101955) Bennu. Nature 2019, 568, 55—60.

(257) Hergenrother, C. W.; Maleszewski, C. K.; Nolan, M. C.; Li, J.
Y.; Drouet d’Aubigny, C. Y.; Shelly, F. C.; Howell, E. S.; Kareta, T. R;;
Izawa, M. R. M.; Barucci, M. A;; et al. The Operational Environment
and Rotational Acceleration of Asteroid (101955) Bennu from Osiris-
Rex Observations. Nat. Commu. 2019, 10, 1291.

(258) Walsh, K. J.; Jawin, E. R; Ballouz, R. L.; Barnouin, O. S.;
Bierhaus, E. B.; Connolly, H. C.; Molaro, J. L.; McCoy, T. J.; Delbo’,
M.; Hartzell, C. M.; et al. Craters, Boulders and Regolith of (101955)
Bennu Indicative of an Old and Dynamic Surface. Nat. Geosci. 2019,
12, 242-246.

(259) Barnouin, O. S.; Daly, M. G.; Palmer, E. E,; Gaskell, R. W,;
Weirich, J. R.; Johnson, C. L.; Al Asad, M. M.; Roberts, J. H.; Perry,
M. E.; Susorney, H. C. M,; et al. Shape of (101955) Bennu Indicative
of a Rubble Pile with Internal Stiffness. Nat. Geosci. 2019, 12, 247—
252.

(260) Scheeres, D. J.; McMahon, J. W.; French, A. S.; Brack, D. N.;
Chesley, S. R,; Farnocchia, D.; Takahashi, Y.; Leonard, J. M,
Geeraert, J.; Page, B.; et al. The Dynamic Geophysical Environment of
(101955) Bennu Based on OSIRIS-REx Measurements. Astron. 2019,
3, 352—-361.

(261) DellaGiustina, D. N.; Emery, J. P,; Golish, D. R.; Rozitis, B.;
Bennett, C. A.; Burke, K. N.; Ballouz, R. L.; Becker, K. J.; Christensen,
P. R; Drouet d’Aubigny, C. Y,; et al. Properties of Rubble-Pile
Asteroid (101955) Bennu from OSIRIS-REx Imaging and Thermal
Analysis. Nat. Astron. 2019, 3, 341-351.

(262) Rubin, A. E,; Trigo-Rodriguez, J. M.; Huber, H.; Wasson, J. T.
Progressive Aqueous Alteration of CM Carbonaceous Chondrites.
Geochim. Cosmochim. Acta 2007, 71, 2361—2382.

(263) Hamilton, V. E.; Simon, A. A.; Christensen, P. R.; Reuter, D.
C.; Clark, B. E; Barucci, M. A.; Bowles, N. E.; Boynton, W. V;

4688

Brucato, J. R.; Cloutis, E. A,; et al. Evidence for Widespread Hydrated
Minerals on Asteroid (101955) Bennu. Nat. Astron. 2019, 3, 332—
340.

(264) Lantz, C.; Brunetto, R; Barucci, M. A.; Fornasier, S.; Baklouti,
D.; Bourcois, J.; Godard, M. Ion Irradiation of Carbonaceous
Chondrites: A New View of Space Weathering on Primitive Asteroids.
Icarus 2017, 285, 43-57.

(265) Lee, N. N,; Fritz, J.; Fries, M. D.; Gil, J. F.; Beck, A.; Pellinen-
Wannberg, A.; Schmitz, B.; Steele, A.; Hofmann, B. A. The Extreme
Biology of Meteorites: Their Role in Understanding the Origin and
Distribution of Life on Earth and in the Universe. In Adaption of
Microbial Life to Environmental Extremes: Novel Research Results and
Application; Stan-Lotter, H., Fendrihan, S., Eds.; Springer Interna-
tional Publishing: Cham, 2017; pp 283—325.

(266) Park, R. S.; Konopliv, A. S.; Bills, B. G.; Rambaux, N.; Castillo-
Rogez, J. C,; Raymond, C. A; Vaughan, A. T.; Ermakov, A. I; Zuber,
M. T,; Fu, R. R; et al. A Partially Differentiated Interior for (1) Ceres
Deduced from Its Gravity Field and Shape. Nature 2016, 537, 515.

(267) Takir, D.; Emery, J. P. Outer Main Belt Asteroids:
Identification and Distribution of Four 3-mm Spectral Groups. Icarus
2012, 219, 641—654.

(268) McSween, H. Y., Jr.; Emery, J. P.; Rivkin, A. S.; Toplis, M. J.;
C. Castillo-Rogez, J.; Prettyman, T. H.; De Sanctis, M. C.; Pieters, C.
M.; Raymond, C. A,; Russell, C. T. Carbonaceous Chondrites as
Analogs for the Composition and Alteration of Ceres. Meteoritics
Planetary Sci. 2018, 53, 1793—1804.

(269) Prettyman, T. H.; Yamashita, N.; Toplis, M. J.; McSween, H.
Y.; Schorghofer, N.; Marchi, S.; Feldman, W. C,; Castillo-Rogez, J.;
Forni, O.; Lawrence, D. J.; et al. Extensive Water Ice within Ceres’
Aqueously Altered Regolith: Evidence from Nuclear Spectroscopy.
Science 2017, 355, 55—59.

(270) Travis, B. J,; Bland, P. A; Feldman, W. C; Sykes, M. V.
Hydrothermal Dynamics in a CM-Based Model of Ceres. Meteorit.
Planet. Sci. 2018, 53, 2008—2032.

(271) Marchi, S.;; Raponi, A.; Prettyman, T. H.; De Sanctis, M. C,;
Castillo-Rogez, J.; Raymond, C. A.; Ammannito, E.; Bowling, T.;
Ciarniello, M.; Kaplan, H.; et al. An Aqueously Altered Carbon-Rich
Ceres. Nat. Astron. 2019, 3, 140—14S.

(272) De Sanctis, M. C.; Ammannito, E.; Raponi, A.; Marchi, S,;
McCord, T. B.; McSween, H. Y,; Capaccioni, F.; Capria, M. T,;
Carrozzo, F. G.; Ciarniello, M,; et al. Ammoniated Phyllosilicates with
a Likely Outer Solar System Origin on (1) Ceres. Nature 2018, 528,
241.

(273) Ammannito, E.; DeSanctis, M. C.; Ciarniello, M.; Frigeri, A;
Carrozzo, F. G.; Combe, J.-P.; Ehlmann, B. L.; Marchi, S.; McSween,
H. Y,; Raponi, A,; et al. Distribution of Phyllosilicates on the Surface
of Ceres. Science 2016, 353, aaf4279.

(274) De Sanctis, M. C.; Ammannito, E.; McSween, H. Y.; Raponi,
A.,; Marchi, S.,; Capaccioni, F.; Capria, M. T.; Carrozzo, F. G;
Ciarniello, M.; Fonte, S.; et al. Localized Aliphatic Organic Material
on the Surface of Ceres. Science 2017, 355, 719—722.

(275) Carrozzo, F. G.; De Sanctis, M. C.; Raponi, A.; Ammannito,
E.; Castillo-Rogez, J.; Ehlmann, B. L.; Marchi, S.; Stein, N.; Ciarniello,
M.; Tosi, F.; et al. Nature, Formation, and Distribution of Carbonates
on Ceres. Sci. Adv. 2018, 4, No. e1701645.

(276) Grotzinger, J. P.; Crisp, J.; Vasavada, A. R;; Anderson, R. C,;
Baker, C. J; Barry, R; Blake, D. F.; Conrad, P.; Edgett, K. S;
Ferdowski, B.; et al. Mars Science Laboratory Mission and Science
Investigation. Space Sci. Rev. 2012, 170, 5—56.

(277) Mahaffy, P. R.; Webster, C. R;; Cabane, M.; Conrad, P. G.;
Coll, P.; Atreya, S. K,; Arvey, R.; Barciniak, M.; Benna, M.; Bleacher,
L.; et al. The Sample Analysis at Mars Investigation and Instrument
Suite. Space Sci. Rev. 2012, 170, 401—478.

(278) Steininger, H.; Goesmann, F.; Goetz, W. Influence of
Magnesium Perchlorate on the Pyrolysis of Organic Compounds in
Mars Analogue Soils. Planet. Space Sci. 2012, 71, 9—17.

(279) Flynn, G. J.; Mckay, D. S. An Assessment of the Meteoritic
Contribution to the Martian Soil. . Geophys. Res. 1990, 95, 14497—
145009.

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

Chemical Reviews

(280) Flynn, G. J. The Delivery of Organic Matter from Asteroids
and Comets to the Early Surface of Mars. Earth, Moon, Planets 1996,
72, 469—474.

(281) Moores, J. E.; Schuerger, A. C. Uv Degradation of Accreted
Organics on Mars: Idp Longevity, Surface Reservoir of Organics, and
Relevance to the Detection of Methane in the Atmosphere. J. Geophys.
Res. Planet. 2012, 117, n/a

(282) Biemann, K; Oro, J.; Toulmin, P.; Orgel, L. E.; Nier, A. O,;
Anderson, D. M.; Simmonds, P. G.; Flory, D.; Diaz, A. V.; Rushneck,
D. R;; et al. Search for Organic and Volatile Inorganic-Compounds in
2 Surface Samples from Chryse-Planitia Region of Mars. Science 1976,
194, 72—-76.

(283) Yen, A. S.; Kim, S. S.; Hecht, M. H.; Frant, M. S.; Murray, B.
Evidenct That the Reactivity of the Martian Soil Is Due to Superoxide
Tons. Science 2000, 289, 1909—1912.

(284) Benner, S. A.; Devine, K. G.; Matveeva, L. N.; Powell, D. H.
The Missing Organic Molecules on Mars. Proc. Natl. Acad. Sci. U. S. A.
2000, 97, 2425—2430.

(285) Sutter, B.; McAdam, A. C.; Mahaffy, P. R; Ming, D. W,;
Edgett, K. S.; Rampe, E. B.; Eigenbrode, J. L.; Franz, H. B.; Freissinet,
C.; Grotzinger, J. P,; et al. Evolved Gas Analyses of Sedimentary
Rocks and Eolian Sediment in Gale Crater, Mars: Results of the
Curiosity Rover’s Sample Analysis at Mars Instrument from
Yellowknife Bay to the Namib Dune. ]. Geophys. Res. Planet. 2017,
122, 2574-2609.

(286) Freissinet, C.; Glavin, D. P.; Mahaffy, P. R; Miller, K. E,;
Eigenbrode, J. L.; Summons, R. E.; Brunner, A. E,; Buch, A.; Szopa,
C; Archer, P. D; et al. Organic Molecules in the Sheepbed
Mudstone, Gale Crater, Mars. J. Geophys. Res. Planet. 2015, 120, 495—
S514.

(287) Eigenbrode, J. L.; Summons, R. E.; Steele, A.; Freissinet, C.;
Millan, M.; Navarro-Gonzalez, R.; Sutter, B.; McAdam, A. C.; Franz,
H. B.; Glavin, D. P.; et al. Organic Matter Preserved in 3-Billion-Year-
Old Mudstones at Gale Crater, Mars. Science 2018, 360, 1096—1100.

(288) Stalport, F.; Glavin, D. P.; Eigenbrode, J. L.; Bish, D.; Blake,
D.; Coll, P.; Szopa, C.; Buch, A;; McAdam, A.; Dworkin, J. P.; et al.
The Influence of Mineralogy on Recovering Organic Acids from Mars
Analogue Materials Using the "One-Pot” Derivatization Experiment
on the Sample Analysis at Mars (SAM) Instrument Suite. Planet.
Space Sci. 2012, 67, 1-13.

(289) Williams, A. J.; Eigenbrode, J.; Floyd, M.; Wilhelm, M. B,;
O’Reilly, S.; Johnson, S. S.; Craft, K. L.; Knudson, C. A;
Andrejkovicova, S.; Lewis, J. M. T.; et al. Recovery of Fatty Acids
from Mineralogic Mars Analogs by Tmah Thermochemolysis for the
Sample Analysis at Mars Wet Chemistry Experiment on the Curiosity
Rover. Astrobiology 2019, 19, 522—546.

(290) Malespin, C. A., Freissinet, C., Glavin, D. P., Mahaffy, P. R,
Millan, M., Buch, A., Szopa, C., Teinturier, S. In The First Complete
Sam Wet Chemistry Experiment on Mars, 49th Lunar and Planetary
Science Conference, The Woodlands, TX, Lunar and Planetary
Institute: The Woodlands, TX, 2018, abstract #2351.

(291) Millan, M., Mahaffy, P. R,, Freissinet, C., Glavin, D. P., Buch,
A, Szopa, C., Srivastava, A., Pozarycki, C., Andrejkovicova, S. C,,
McAdam, A., Teinturier, S., Malespin, C., Williams, R. H., Williams,
A. ], Coscia, D., Eigenbrode, J. L., Raaen, E., Dworkin, J. P., Navarro-
Gonzalez, R, Johnson, S. In Optimization of the Sample Analysis at
Mars Wet Chemistry Experiment for the Detection of Organics in Glen
Torridon, AGU Fall Meeting 2019, San Francisco, CA.

(292) Kminek, G.; Bada, J. L. The Effect of Ionizing Radiation on
the Preservation of Amino Acids on Mars. Earth Planet. Sci. Lett.
2006, 245, 1-5.

(293) Pavlov, A. A; Vasilyev, G; Ostryakov, V. M,; Pavlov, A. K;
Mahafly, P. Degradation of the Organic Molecules in the Shallow
Subsurface of Mars Due to Irradiation by Cosmic Rays. Geophys. Res.
Lett. 2012, 39, n/a

(294) Bonner, W. A;; Hall, H; Chow, G.; Liang, Y.; Lemmon, R. M.
The Radiolysis and Radioracemization of Amino-Acids on Clays.
Origins Life Evol. Biospheres 1985, 15, 103—114.

4689

(295) Callahan, M. P.; Burton, A. S.; Elsila, J. E.; Baker, E. M,
Smith, K. E.; Glavin, D. P.; Dworkin, J. P. A Search for Amino Acids
and Nucleobases in the Martian Meteorite Roberts Massif 04262
Using Liquid Chromatography-Mass Spectrometry. Meteorit. Planet.
Sci. 2013, 48, 786—795.

(296) Steele, A.; McCubbin, F. M.; Fries, M.; Kater, L.; Boctor, N.
Z.; Fogel, M. L.; Conrad, P. G.; Glamoclija, M.; Spencer, M.; Morrow,
A. L; et al. A Reduced Organic Carbon Component in Martian
Basalts. Science 2012, 337, 212—215.

(297) Lancet, M. S.; Anders, E. Carbon Isotope Fractionation in
Fischer—Tropsch Synthesis and in Meteorites. Science 1970, 170, 980.

(298) McCollom, T. M.; Seewald, J. S. Carbon Isotope Composition
of Organic Compounds Produced by Abiotic Synthesis under
Hydrothermal Conditions. Earth Planet. Sci. Lett. 2006, 243, 74—84.

(299) Dartnell, L. R; Desorgher, L; Ward, J. M.; Coates, A. J.
Martian Sub-Surface Ionising Radiation: Biosignatures and Geology.
Biogeosciences 2007, 4, 545—558.

(300) Vago, J. L.; Westall, F.; Coates, A. J.; Jaumann, R.; Korablev,
O.; Ciarletti, V.; Mitrofanov, I; Josset, J. L; De Sanctis, M. C,;
Bibring, J. P.; et al. Habitability on Early Mars and the Search for
Biosignatures with the Exomars Rover. Astrobiology 2017, 17, 471—
S10.

(301) Goesmann, F.; Brinckerhoff, W. B.; Raulin, F.; Goetz, W.;
Danell, R. M,; Getty, S. A; Siljestrom, S.; Missbach, H.; Steininger,
H.; Arevalo, R. D,; et al. The Mars Organic Molecule Analyzer
(MOMA) Instrument: Characterization of Organic Material in
Martian Sediments. Astrobiology 2017, 17, 655—68S.

(302) Freissinet, C.; Buch, A; Sternberg, R.; Szopa, C.; Geffroy-
Rodier, C.; Jelinek, C.; Stambouli, M. Search for Evidence of Life in
Space: Analysis of Enantiomeric Organic Molecules by N,N-
Dimethylformamide Dimethylacetal Derivative Dependant Gas
Chromatography-Mass Spectrometry. J. Chromatogr. A 2010, 1217,
731—-740.

(303) williford, K. A. F.; Stack, K. M; K. C. Allwood, A. C.; Beaty,
D. W,; Beegle, L. W,; Bhartia, R.; Brown, A. J.; de la Torre Juarez, M,;
Hamran, S.-E.; Hecht, M. H.; Hurowitz, J. A.; Rodriguez-Manfredi, J.
A.; Maurice, S.; Milkovich, S.; Wiens, R. C. The Nasa Mars 2020
Rover Mission and the Search for Extraterrestrial Life. In From
Habitability to Life on Mars; Cabrol, N. A., Grin, E. A, Eds.; Elsevier:
2018; pp 275—308.

(304) Campagnola, S.; Yam, C. H.,; Tsuda, Y.; Ogawa, N;
Kawakatsu, Y. Mission Analysis for the Martian Moons Explorer
(MMX) Mission. Acta Astronaut. 2018, 146, 409—417.

(305) Rosenblatt, P. The Origin of the Martian Moons Revisited.
Astron. Astrophys. Rev. 2011, 19, 1-26.

DOI: 10.1021/acs.chemrev.9b00474
Chem. Rev. 2020, 120, 4660—4689


http://dx.doi.org/10.1021/acs.chemrev.9b00474

