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Analytical procedures
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The Requirements for Life

(as we know It)

Major Biogenic + Energy + Water
Elements

Building Blocks: e.g. Sunlight Liquid
(photosynthesis) (chemistry)
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Prebiotic Chemical Environments
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Cosmic Dust Raining from Space
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~.Cesmic dust includes interplanetary dust particles,

micrometeorites, and meteorites
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Meteorites as a Prebiotic Record

 Many meteorites come
from parent bodies that
remained relatively
small in size

* Avoided most of the
heating that inner
planets experienced

e Contain a record of the
chemistry taking place
at this time, as well as
subsequent processing



Meteorite Organic Analysis

* Early organic analysis of meteorites
such as Orgueil (1864) were
hampered by contamination

* Fortuitous falls of Allende and
Murchison in 1969, coinciding with
preparations for lunar material

* Expansion in recent years beyond
Murchison to Tagish Lake, CR
chondrites and others

Blue-White Fireball
Sighted in Mexico

CHIHUAHUA, Mexico, Feb.
8 (UPI)—A blinding blue-white
fireball, possibly a  meteor;
turned night into day across
Mexico and the southwestern
United States early . today,
then appazently dropped to
earth.

“The light was so brilliant
we could see an ant walking
on the floor,” said Guillermo
Asunsolo, a Chihuahua news-
paper editor. “It was so bright
we had to shield our eyes.”

The light from the fireball
was sighted for at least 1000
miles along a line stretching
from central Arizona deep
into the superstition-ridden
outlands of northern Mexico.

“The people, especially the
people in the small villages,
are very alarmed,” Asunsolo
said. “They say this is an an-
nouncement that the world
will soon end.”

Asunsolo 'and other ‘wit-
nesses inthe two countries in-
dicated the suspected meteor
thundered to earth in the al-
most impassablé terrain of the
Sierra Madre Mountains south

of Chihuahua and north of;

Durango, Mexico.

A spokesman for the Smith-
sonian Astrophysical Observa-
tory at Cambridge, Mass., said
the fireball “most probably”

was a meteor but “could possi-

bly” have been a “polor orbit-|

ing satellite.” 2

Dr. 'Charles Olivier of the
‘American Meteorological So-
ciety said in Philadelphia the
fireball had characteristics of
both ‘a meteor and a satellite.
He said both a meteor and a
burning satellite entering the
earth’s atmosphere have light

brighter than the moon and|

can be seen over areas of 500
to 1000 miles.

The Mexico City Seismologi-
cal Station said its instru-
ments did not register any
tremor during the early morn-

ing hours, despite reports of .
sharp earth shocks from resi- |

dents.

Reports from such mountain |

towns as Parral, Santa Bar-
bara de Oro and Valle Allende
said the Mexican residents|
saw the fireball and felt it
pound to earth. e

But Dr. Ronald Schors, an‘
astronomer: with the Jet Pro-
pulsion Lab at Pasadena,

i

Calif.,  who was visiting the
McDonald Observatory at Fort |
Davis, Tex., said the fireball |
might have :broken .up and
never landed. He .said - the
tremors - might have

beenl
caused by a sonic- boom cre-|

lated by the streaking fireball.'



Meteorite samples

Falls
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Almahata Sitta TC, Ureilite (2008)

*first asteroid to be followed from detection in space to landing on Earth
-meteorites were linked to their asteroid parent body

*estimated at 80 tons (73 Mg o

r.73.,g0_kg) and 28m?>




Sutter’s Mill meteorite

Fell April 22, 2012

* Recovery by scientists,
general public, and
meteorite
hunters/collectors

* Scientific consortium to get
initial results quickly
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Meteorite samples




The Advantages of Sample Return Missions

* Allows for use of state-of-the-art analytical
techniques and equipment, providing for the
ultimate current precision, sensitivity, resolution,
and reliability
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Meteorite Classification
Irons Stony Meteorites Stony-lrons
(~ 5% falls) (> 90% falls) (~1% falls)

[ Chondrites ] [ Achondrites (lack ]

(with chondrules) chondrules)

v \A v
Ordinary Carbonaceous Enstatite Other
(~75% falls) (~4% falls) (~2% falls) (K and R type)
v v v v v v
Cl M CR CcVv CcO CK CB CH
Ivuna Mighei Renazzo Vigarano Ornans Karoonda Bencubbin High Iron

Petrographic Type (Chondrites)

1 | 2 | 3 | 4 | 5 | 6
More aqueous | « More thermal
alteration | metamorphism




I
v v v v v v v v

Cl cM CR cv co CK CB CH

lvuna Mighei Renazzo Vigarano Ornans Karoonda Bencubbin High Iron

Murchison meteorite
Fell in Murchison, Australia, in 1969
Extensively analyzed

CM2 — moderate aqueous alteration

4

~30% soluble organics ~70% insoluble organics

George Cody’s lectures

More recent analyses show that Murchison is not representative of all
carbonaceous chondrites. For example, CR chondrites have more water-soluble
organics and more N-containing compounds.



Lots of Organics in Murchison!

Insoluble Organic Matter (IOM)

Macromolecular material
(C100H70N3012SZ)

Abundance

70-99% total organic C

High molecular diversity of extraterrestrial
organic matter in Murchison meteorite
revealed 40 years after its fall

Philippe Schmitt-Kopplin**%, Zelimir Gabelica®", Régis D. Gougeon', Agnes Fekete, Basem Kanawati’, Mourad Harir",
Istvan Gebefuegi®, Gerhard Eckel’, and Norbert Hertkorn*'

Soluble Organic Matter (SOM)

Concentration (ppm)

Table modified from:

Meteorites and the Early Solar System I, (2006) Pizzarello, S., Cooper, G. W., and Flynn,

G. )., pp. 625-651, eds. D. S. Lauretta and H. Y. McSween

Carboxylic acids >300
Polar hydrocarbons <120 -
Sulfonic acids 67 :
Amino acids (83 named) 60 “
Dicarboxyimides >50 - P m—
Aliphatic hydrocarbons >35 |

Dicarboxylic acids >30 | | (il

Polyols 30 L...l[.J’\ ’”HH TRV —
Aromatic hydrocarbons 15-28 © ropos i T ® omos ™

Hydroxy acids 15

Amines 13 R

Pyridine carboxylic acids >7 ? "';'JI"II“"I‘ﬂ",‘.f;fZ?J“‘“‘“é‘f‘"a"‘ e “JJ LI
N-heterocycles 7 High resolution mass

Phosphonic acids 2 spectrometry analysis revealed
Purines and pyrimidines 1

millions of diverse chemical
structures
(Schmitt-Kopplin et al. 2010)



A meteorite’s life in the lab



LON 94102
(CM2 carbonaceous chondrite)




1. Meteorite Grinding




2. Meteorite extraction and acid hydrolysis




2. Meteorite extraction and acid hydrolysis




3. Clean up samples with cation-exchange resin
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4. Dry Down and Concentration




4. Dry Down and Concentration




5. Analysis

PLC—UVFD—TOF

B



Common analytical techniques

Chromatography (gas or liquid)

sofvent continuously

applied to the top of
sample column from a large
applied reservoirof solvent

I 1 Fructose

mathx 0

0 [ ‘
porous i ]0 ‘l I Navel Orange Juice
plug f T T T 1
0 4 8 12 16 Min.
test
tube

———]

time fractionated molecules Chudy & Young (1999) Carbohydrate profiles of orange juice and apple juice by HPLC and evaporative light scattering detection
oluted and collected

Glucose
|| Sucrose
2
Sorbitol
' A Red Delicious Juice
solid A
b
i




Common analytical techniques

Chromatography (gas or liquid)

Mass spectrometry

UV-Vis or Fluorescence detection



Extraterrestrial or Contamination?

* How can we be sure these compounds are
indigenous?
— Controls: procedures, equipment, soil, etc.
— Molecular distribution
— Chirality

* Most non-biological processes produce equal
handedness, whereas life on Earth is based on L-amino
acids

— Isotopic measurements



Meteoritic Stable Isotope Analysis

e |sotope ratios of interest in prebiotic organic
chemistry: 3C/1°C, :>N/%*N, D/H

* Provide clues to chemical, physical, and biological
processes.

 Expressed in delta notation:
O3C = [(13C/12C)Samlole - (13¢/14C) 4] x 1000
(13C/12C)std

 “Enriched” = heavier (more positive)
 “Depleted” = lighter (more negative)



Meteoritic Stable Isotope Analysis
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Isotopic enrichment in cold environments

 Differences in masses between

. - . H2 molecule
isotopes cause differences in zero - -
point energies

* Heavier atoms lead to lower zero- —
point energies, creating more stable
bonds

* At low temperatures, this effect is HD molecule

masses of the isotopes, so it is
larger for D/H than for 13C/*2C

magnified, preferentially

incorporating heavy isotopes into

bonds —
* The effect depends on relative



General characteristics of soluble meteoritic organics

* Homologous series (HCOOH, CH,COOH, CH,CH,COOH)

e Structural diversity, especially compared to biological
specificity (all possible isomers of a given formula)

* Enriched in heavier isotopes

sec-

tert- iso-

Sec-

o-amino isomer [3-amino isomer

d-amino isomer

acid (3-a-2,2-dmpa)

'l COOH
H,N

2
D,L 3-Amino-2-ethylpropanoic
acid (3-a-2-epa)

* = chiral carbon

NH, . NH,
COOH
Mcoon /\N;\ COOH MR coon
D,L 2-Aminopentanoic acid D,L 3-Aminopentanoic acid D,L 4-Aminopentanoic 5-Aminopentanoic acid
(norvaline; Nva) (3-apa) acid (4-apa) (5-apa)
NH,
- T~ ~cooH /\/J&
COOH NH, H,N COOH
D,L 2-Amino-2- D,L& D,L allo- D,L 4-Amino-2-
methylbutanoic acid 3-Amino-2-methylbutanoic acid methylbutanoic acid
(isovaling; lva) (3-a-2-mba & allo-3-a-2-mba) (4-a-2-mba)
NH,
\ COOH HlN/\’r\(:OOH
COOH NH,
D,L 2-Amino-3- . . . D,L 4-Amino-3-
methylbutanoicacid 3-Am|no-3;-3n;eghﬁlqbbg aaaaaaaa d methylbutanoic acid
(valine; Val) e (4-a-3-mba)
HZN\ﬂL 23 C; isomers + enantiomers
COOH
CsHsNO
3-Amino-2,2-dimethylpropanoic ( 50N 2)



Astrobiologically Important Compounds

Cell Nucleus Nucleobases
*._. 4 DNA Replication
DNA Polymerase % Organophosphates
Chromosome
# RNA Transcription

Carboxylic Acids

RNA Processing

M RNA
essenger 5 y

Nuclear Membrane Polyols
mRNA Transport

Heterocycles

!,?, Amino Acids



Table 1. Classes of organic compounds in the Murchison meteorite,

Compound Class Structure & Example Molecule Compound Class Structure & Example Molecule
Carborylic acids H,C—COOH Acetic acid _ o _
Purines & Pyrimidines NH, Adenine
Amino acids \H, Alanine N’AWN\>
AC--C00k LA
H
H Hydrocarbons:
Hydroxy acids OH Lactic acid Alyphatic H,C-CHy-CH, Propane
HC-L-COOH
|.|4 Aromatic
Naphthalene
Ketoacids Pyruvic acid
HC-CH lsoquinoline
Dicarboxylic acids iﬂg Succinic acid
HOOC-G-COOH
Sugar alcohols & acids OHOH Glyceric acid
H-L-cHO
; Insoluble
Aldehydes & Ketones 0 Acetaldehyde Mateid
HSC—E)—H (estimated)
Amines & Amides H{CCH M, Ethyl amine
Pyridine carb. acids

%,-C00H Nicotinic acid
(Nj

From Pizzarello and Shock (2010) Cold Spring Harbor Perspectives in Biology 2(3), a002105.



Amino acids
|

H,N C

\OH
R R

Astrobiological significance: Amino acids are the building
blocks of proteins and essential to life as we know it.

Meteorites: Carbonaceous chondrites contain diverse and

abundant suites of amino acids, with significant differences
correlated to meteorite class and alteration type.

Will be discussed in detail in second lecture



Purmes and Pyrimidines

Astrobiological significance: The nucleobases that are the structural
bases of information storage in RNA and DNA are substituted purines
and pyrimidines.

Meteorites:

* Reports of biologically common purines and pyrimidines in the
Murchison meteorite in the 1970s; difficult to rule out contamination
* Carbon isotopic measurements in 2008 suggested extraterrestrial

origin

Vandervelden, W. & Schwartz, A. (1977) GCA 41, 961-968.
Stoks, P. G. & Schwartz, A. W. (1979) Nature 282, 709-710.
Martins Z., et al. (2008) Earth and Planetary Science Letters 270, 130-136.



Purines and pyrimidines

Meteorites (cont’d):
°ln 2011, nucleobases were detected in 11 carbonaceous chondrites,

including terrestrially and biologically rare compounds, supporting a

meteoritic origin. NH,
250 - . NZ SN N N\ o
1 EEE%%M <1INZ KN l Ng /k > o)\NH

I Adenine adenine hypoxanthine guanine xanthine
200~ | g Purine

NH
[ 2,6-Diaminopurine NHz %
; N
oy )I\> GRS
150 1 )\ k\
X\ NH o S NH N~ NH

purine 2,6-diaminopurine 6,8-diaminopurine

100

parts-per-billion

—m b .
N\ N\ N\ N\ D N ) O ) ) S\ k2
0 ¢ ¢ @“\ F & & & oF
¢ &F & &£ 8 a9° & &F & &R
@ o QIO F F o F S
£ ¢ & & & ¢ & & & &
Y}

Callahan et al. (2011) PNAS 108, 13995-13998



Purines and pyrimidines

Meteorites (cont’d):
*Nucleobases may have formed from reactions of HCN and ammonia
on parent bodies.

*Nonbiological (alternative) nucleobases could form Watson-Crick
base pairs and serve a role in an alternate early genetic code
(Benner and co-workers).

Callahan et al. (2011) PNAS 108, 13995-13998



Sugar alcohols and acids

ethylene glycol glycerol

glycerlc acid
dihydroxyacetone

Astrobiological significance: Polyols are key components of DNA
and RNA, cell membranes, and energy sources. Many are chiral.

Meteorites: Several polyols detected in water extracts of Murchison
and Murray; carbon isotopes suggested extraterrestrial origin.
*Decreasing abundance with increasing carbon number; structural
(isomeric) diversity

Cooper G. et al. (2001) Nature 414, 879-883.



Sugar alcohols and acids

Meteorites (cont’d):
*Possible excess of D-enantiomers; still being investigated.

OH (0]
e /\/k)J\ :
OH HO - - OH
OH OH OH

riboni i i i
bonic acid mannonic acid

oln
I

threonic acid

*Potential formation through formaldehyde chemistry (formose

reaction)



Amphiphiles
&é&&&é&&&é&&&é&&&&&é&$&
}D Monolayer at interface

L7 B - S e &
"g 3—} Y UMM, B

Micelle Bilayer membrane

—0
Aphphl in liquid solutio Hydrophobic | |_111]11
carbon chain tail head o

Astrobiological significance: Cell membranes

Meteorites:

*An amphiphilic component was extracted from CM?2
meteorites with chloroform/methanol. Molecular identity of
the amphiphiles is not known (long chain carboxylic acids?)

*The amphiphilic component could encapsulate other
compounds and had some fluorescence

Deamer( 1985), Nature, 317, 792-794.




Murchison Extracts Form Fluorescent
Droplets in Aqueous Media

Fluorescence

~10 pm

Deamer et al (1985) Nature, 317, 792.



Residue droplets from UV irradiation of a H,0:CH;OH:NH;:CO = 100:50:1:1 interstellar ice
analog viewed at x400 via phase microscopy.

Phase Fluorescence
A

Dworkin J P et al. PNAS 2001;98:815-819



Phosphonic/sulfur acids

Astrobiological significance: Sulfur and phosphorus are
important elements in biology.

Meteorites:

|ldentified in Murchison as a homologous series that
decreases in abundance with increasing carbon number.
e Structural diversity observed

* In Tagish Lake, only one sulfonic acid detected and no
phosphonics.

Cooper et al. (1992) GCA, 56, 4109-4115



Pyridine carboxylic acids

= ‘ oH
\N
nicotinic acid
Astrobiological significance: Nicotinic acid is part of the co-factor of

several enzymes that catalyze oxidation-reduction reactions in cell
metabolism (NAD, NADP)

Meteorites:

*Detected in Murchison and other meteorites.

 Suite of pyrimidine monocarboxylic acids, isomers, and
methyl/dimethyl homologs.

*|sotopic data indicates extraterrestrial origin, less enriched than
amino acids.

Pizzarello S., et al. (2001) Science 293, 2236-2239.



Carboxylic acids

o)
I HO
C OH
R/ \OH

Astrobiological significance: Fatty acids play a rolg in lipids

Meteorites:

*Most abundant soluble organic compounds in Murchison; identified in
others (Orgueil, CR2 chondrites, Tagish Lake, ...) .

*lsomerically diverse — branched and linear chains, declining abundance
with increasing C number.

*|sotopic measurements show 6*3C higher for branched chains; decreases
with increasing length, indicating formation by addition to lower
homologs

*Branched chains have oD significantly and consistently higher than linear
species, indicating a cold, H-fractionating processes
J. G. Lawless, et al. Nature, 1974, 251, 40.

J. R. Cronin, et al., Geochim. Cosmochim. Acta, 1993, 57, 4745.
Pizzarello S. and Huang Y. S. (2002) Meteoritics and Planetary Science 37(5), 687-696.



Hydroxy acids and keto acids

') O

H3C OH
OH H;C

OH 0

Astrobiological significance: May provide information on
formation of amino acids via Strecker synthesis; chiral
molecules may help understand origin of homochirality.

Meteorites: Detected in Murchison and CR chondrites,
distributions of 2-H, 2-hydroxy acids similar to amino acids
(but lower abundance). Enantiomeric excesses of L-lactic
acid were detected.

Pizzarello et al. (2010) Geochimica et Cosmochimica Acta 74(21), 6206-6217.
Cooper G. et al. (2005) Lunar & Planetary Science Conference , 2381.



Aldehydes and ketones

O

H,C H

Astrobiological significance: Precursors to other molecules
such as amino acids. Chiral molecules could lead to
enantiomeric excesses.

Meteorites: Detected in various carbonaceous chondrites;

acetone is the most abundant species. May be bound or
chemisorbed, explaining the difficulty in their extraction.

Pizzarello S. and Holmes W. (2009) Geochimica et Cosmochimica Acta 73(7), 2150-2162.



Amines and amides

PN

HsC NH-

Astrobiological significance: Amines can form from

decarboxylation of amino acids; amides and lactams form
amino acids

Meteorites: Amines typically found with amino acids, often
in comparable abundances. Structurally diverse, decrease
in abundance with increasing carbon number in Murchison,
but not in some other meteorites.

Cooper G. W. and Cronin J. R. (1995) Geochimica et Cosmochimica Acta 59, 1003-1015.
Pizzarello S. and Holmes W. (2009) Geochimica et Cosmochimica Acta 73, 2150-2162.



Aliphatic hydrocarbons
N

H,C CHa

Meteorites: Easily contaminated by terrestrial hydrocarbons,
particularly n-alkanes; useful in understanding how quickly
contamination can occur. Depth profiles and isotopic
measurements help distinguish terrestrial contamination.

Volatile hydrocarbons appear indigenous; decreasing 6*3C
with increasing carbon number, indicating kinetic formation.



Aromatic hydrocarbons

Astrobiological significance: Oxidized aromatics are important in
terrestrial biochemistry, participating in electron transport and
pigmentation.

Meteorites:

*Rich suites of PAHs detected in a variety of carbonaceous chondrites.
*Heterogeneous distributions. Correlation between concentration and
volatility. Low petrographic types (more aqueous alteration) have
more volatile aromatics

o. Differences in isomer (phenanthrene vs fluorene) 613C = different
pathways to cyclization
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Aromatic Cyclization

Naraoka H., Shimoyama A., and Harada K. (2000) Earth Planet. Sci. Lett. 184, 1-7.
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