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How did life originate ?

And why were left-handed amino acids

& right-handed sugars selected for its
architecture ?

« La lumiere a donné un sens a la vie »
Le Monde: 08-01-2011
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BUILDING BLOCKS OF LIFE: WHERE DO THEY COME FROM?
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Fig. 1 Schematic set-up of Miller-Urey
experiment.
Miller & Urey. Science 117, 528 (1953).
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Fig. 2: The Orion nebula - a happening place where stars are born - is stirring up the cosmic scene in this picture from
NASA's Spitzer Space Telescope (Jan 2010). The hottest stars in the region, called the Trapezium cluster, are bright spots at
center right. Radiation and winds from those stars has sculpted and blown away surrounding dust. The densest parts of

the cloud appear dark at center left.

Image credit: NASA/JPL-Caltech Meinert | 5



ORIGINS OF INTERSTELLAR BIOMOLECULES —

INSIGHTS FROM COMETARY AND METEORITIC MATTER

Total carbon 2%

Over 500 organic compounds

Aliphatic hydrocarbons
Aromatic hydrocarbons
Polar hydrocarbons
Volatile hydrocarbons
Aldehydes and ketones
Alcohols

Amines
Monocarboxylic acids
Dicarboxylic acids
Sulfonic acids
Phosphonic acids
N-heterocycles
Purines & Pyrimidines
Carboxamides
Hydroxy acids

Amino acids

Cronin J.R.: Clues from the origin of the Solar System:
meteorites. In: Brack, A., The Molecular Origins of Life.

>10 ppm
>10 ppm
> 100 ppm
>1 ppm
>10 ppm
>10 ppm
>1 ppm

> 100 ppm
>10 ppm
> 100 ppm
>1 ppm
>1 ppm
>1 ppm

> 10 ppm
> 10 ppm
> 10 ppm

Cambridge University Press 1998, pp. 119-146.
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Fig. 3: Fragment of the Murchison
Meteorite — CM2-type carbonaceous
chondrite)

Meinert | 6



10

11

12

13

HOOC

Y

Hz

HOOC

J

HOOC

B

H;

HOOC

T

" |dent*i“f|ed |n M

HOOC

I
>

I
[e]
(]
o 2
LT

Hy
HOOC
HOOC
—(
H,oN NH,
HOOC
H2N>_\— NH,
HOOC
N
H>N OH
HOOC

J

HoN falaYal|

16

17

18

19

20

21

23

24

25

26

27

28

HOOC  NH,
NH,
HooC
N
H
HooC
N—
H
HoOC
\_ NH
_
Hooc
N
\

...moreoothan 90 a
{J}CP\ISO

HOOC NH;
HOOC.

NH;
HOOC

/

NH;
HOOC

HoN

J

NH;
HOOC

J

HoN COOH

HOOC

L

HOOC

)

N

31

32

33

34

35

38

39

40

41

42

43

HOOC

ZI
I
S

HOOC

ZI
T
o

HOOC

[

HOOC

J

NH;

HOOC

\_Q

HOOC  COOH
N—
H
HooC
H,N  'COOH
HooC
H,N  COOH
HooC
H,N  COOH
HooC

46

47

48

49

50

52

53

54

55

56

57

58

HOOC

61
\—\_\; .
HOOC 62
COOH
HOOQ¥_<SE1 63
COOH
HOOC 64
o
HOOC 65

O

HoN

no

3

%9

nm

HOOC

H

N?

HOOC

X

HoN

HOOC

X

HoN

HOOC

H;

4

HOOC  NH,

s

HOOC

pd
I
Ny

HOOC

L

acids

orite!

67

68

69

70

71

72

73

HOOC

76
PﬁN>_<<—COOH
HOOC 77
H2N>_>7COOH
HOOC NH, 78
au
HOOC  NH, 79
B
HOOC 80
-
>_é 81
HOOC 82
HOOC 83
\_7<L—NH2
HOOC 84
HOOC 85
COOH
HOOC 86
HOOC 87
H2J>_<i_ﬂ\
HOOC 88

L

HOOC

HoN

4

HOOC NH,

s

HOOC

I
S
Z(\%

HOOC

I
ISy
?/\

HOOC

I
>
?/\

HOOC

I
>
\Z(\‘/

HOOC

I
ISy
Z(\L

I
N
;j

HOOC NH;

<k

HOOC

I
)
j/\

HOOC

)



MULTIDIMENSIONAL ENANTIOSELECTIVE GAS CHROMATOGRAPHY

Fig. 5b: working under clean
conditions...

T

Fig. 5a: Amino acid separation using enantioselective multidimensional gas
chromatography after derivatization as N-ethoxycarbonyl heptafluorobutanol ester.
Meinert | 8



PRINCIPLES OF MULTIDIMENSIONAL GAS CHROMATOGRAPHY (GC % GC)

asus® 4D GCxGC-TOFMS

-
i
|
Ini
! njector ToF-MS\
=
=

—

2nd
dimension
column
1stdimension
column

In GC x GC two columns are connected sequentially, typically the first dimension is a classical GC
column and the second dimension is a short fast GC type, with a modulator positioned between them.

Meinert & Meierhenrich. Angew. Chem. Int. Ed. 51 (2012), 10460-10470.



ENANTIOMER-ENRICHED AMINO ACIDS IN MURCHISON

Table 1| Enantiomeric excesses ee in the Murchison meteorite.

Amino acid ee (%) = 30 R ‘
Proteinogenic amino acids
Alanine 3.16 = 0.80 4.00
Aspartic acid 4.31 = 0.59 2.25 L-Val
Valine 4.88 = 0.73 3.20 D-Val
Glutamic acid 3.79 = 1.07 3.67 ‘ L-Norval = L-Leu
Isoleucine 9.49 = 1.16 9.00 ebiaresl D'Leu\
Leucine 26.33 = 0.76 4.75 Llle
non-proteinogenic amino acids D-Ala
2-Aminobutyric acid 2.04 £ 0.86 3.80 Ltert-Leu B-D-Leu
3-Aminobutyric acid 5.95 = 0.62 1.43 D-tert-Leu
Norvaline 0.55 + 0.21 4.50 prsLeu
Pyroglutamic acid 3.85 £ 0.78 3.20

2.7
non-proteinogenic a-dialkyl amino acids 22
Isovaline 4.61 = 0.83 1.67 ts 17 oy
Methylpyroglutamic acid 0.61 = 0.03 3.60 - g
Methylleucine 6.16 = 0.26 2.00 ' 35.0

Fig. 7: Resolution of amino acid enantiomers in a sample of
Murchison using ultra-modern GCxGC coupled to TOFMS.

Myrgorodska , Meinert et al. Angew. Chem. Int. Ed. 54 (2015), 1402-1412.
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ENANTIOMER-ENRICHED AMINO AcCIDS IN MURCHISON

Table 1| Enantiomeric excesses ee in the Murchison meteorite.

Amino acid ee (%) = 30 R
Proteinogenic amino acids

Alanine 3.16 = 0.80 4.00

Aspartic acid 4.31 = 0.59 2.25

Valine 4.88 = 0.73 3.20
Glutamic acid 3.79 = 1.07 3.67
Isoleucine 9.49 + 1.16 9.00

Leucine 26.33 = 0.76 4.75
non-proteinogenic amino acids

2-Aminobutyric acid 2.04 £ 0.86 3.80
3-Aminobutyric acid 5.95 = 0.62 1.43
Norvaline 0.55 = 0.21 4.50 -
Pyroglutamic acid 3.85 + 0.78 3.20 STdseE =

2,3998
. . . . . 1D time (min) 37,7901 2D time (s)
non-proteinogenic a-dialkyl amino acids

38,1234

mm) Isovaline 4.61 = 0.83 1.67 N 1,999 \
Methylpyroglutamic acid 0.61 = 0.03 3.60 \
Methylleucine 6.16 = 0.26 2.00

Fig. 8: Enantiomeric excess of L-isovaline detected in a
sample of Murchison using GCxGC -TOFMS.

Myrgorodska, MEINERT et al. Angew. Chem. Int. Ed. 54 (2015), 1402-1412.
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Interstellar dust particle (IDP) in diffuse and dense interstellar medium

Fig. 9b: IDP with thick ice

Fig. 9a: IDP with thin ice layer from the dense IM; in Fig. 9c: In the ice mantle
layer containing molecules the diffuse medium this ice of the IDP photoreactions
such as H,O0, CO,, CO, layer becomes irradiated by occur that form radicals
CH50H, and NH;. energetic UV-irradiation and organic molecules.

Image courtesy of Andy Christie, Slimfilms.com, Scientific American.
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GREENBERG — MODEL OF A COMETISSIMAL

Image courtesy of the Leiden
Observatory, The Netherlands

Fig. 10: A model of a piece of a comet. Refractory yellow material is formed when condensed
gases (water, carbon monoxide, carbon dioxide, methanol, ammonia) are irradiated by

energetic UV light.
J. M. Greenberg Nature 321 (1986), 385

Meinert | 13



PRIMITIVE CHEMICAL SYNTHESIS: WHAT IS POSSIBLE UNDER SIMULATED INTERSTELLAR CONDITIONS?

cold finger

vacuum |

IR detector gas molecules

Fig. 11: Principle of a simulation chamber for
interstellar photochemistry: the ice sample
composed of H,0, NH,, and 13CH,0H is deposited
in the center on a MgF,-window at a temperature
of 80 K and irradiated by vacuum UV light.

Meinert et al. ChemPlusChem 77 (2012), 186-191;
Mufioz-Caro et al. Nature 416 (2002), 403—-406.

Fig 12 Space simulation chamber at the Institut
dAstrophysique Spatiale (IAS), CNRS Université Paris-Sud,
Orsay.

Meinert | 14



LIFE’S BUILDING BLOCKS FORMED IN SPACE SIMULATOR . . .

cold finger

vacuum

Fig. 11: Principle of a simulation chamber for
interstellar photochemistry: the ice sample
composed of H,0, NH,, and 13CH,0H is deposited
in the center on a MgF,-window at a temperature

of 80K and irradiated by vacuum UV light. 1 iﬁo ) »~ t/min —

Fig. 13 GCxGC chromatogram depicting ECHFBE derivatives of 3C-
labelled amino acids.

LA

Meinert et al. ChemPlusChem 77 (2012), 186-191;
Mufioz-Caro et al. Nature 416 (2002), 403-406. Meinert | 15




AMINO & DIAMINO ACIDS DETECTED IN COMETARY ANALOGUES

Peptide nucleic acid (PNA) based on _,
N-(2-aminoethyl)glycine monomers NH B

cold finger

vacuum

IR detector gas molecules

Fig. 11: Principle of a simulation chamber for
interstellar photochemistry: the ice sample
composed of H,0, NH,, and 13CH,0H is deposited
in the center on a MgF,-window at a temperature
of 80 K and irradiated by vacuum UV light.

5.0

Time (min) 56 45 Time (sec)

62 30

Fig. 14: Close-up view of the 2D enantioselective gas chromatogram
depicting ECHFBE derivatives of 3C-labelled diamino acids.

LA

Meinert et al. ChemPlusChem 77 (2012), 186-191;
Mufioz-Caro et al. Nature 416 (2002), 403-406.

Meinert | 16



CHEMICAL EVOLUTION & THE ORIGIN OF LIFE

MM %& . < €<
nNEAASNE O NPT S B + ---
S H E R
~X T ﬁ&j $ 55
H Tt < <2
Formation Stable Prebiotic Pre-RNA RNA First DNA/ Diversification
of Earth hydrosphere chemistry world world protein life of life
1 1 1 1 1 1 1
4.5 4.2 4.2-4.0 ~4.0 ~3.8 ~3.6 3.6—present

Fig.15: Timeline of events pertaining to the early history of life on Earth, with approximate
dates in billions of years before the present.

Joyce G.F.: The antiquity of RNA-based evolution. Nature 418 (2002), 214-221
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DEVELOPMENT OF GENETIC MATERIAL DURING CHEMICAL EVOLUTION

B
Fig. 16a: Peptide nucleic Fig. 16b: Ribonucleic acid (RNA) Fig. 16¢c: (TOP) Odorant binding
acid (PNA) based on First self-replicating molecules protein including a-helix and B-
2,4'-diaminobutanoic ,RNA-World“ sheet. (BELOW) Desoxyribonucleic
acid monomers acid (DNA). Final genetic material
Gilbert: Nature 319 (1986), 618, D- D-2-Desoxyribose
Nielsen et al.: Science Ribose in Furanose-Form

254 (1991), 1497

Meinert | 18



ALDEHYDES DETECTED IN COMETARY ANALOGUES

(a) 0 O O
HO\)LH %H HO/ﬁk)LH
OH OH
Glycolaldehyde Lactaldehyde Glyceraldehyde
(b) O € O (d) o)
H
\’_HLH \H)'LH \)’I\H
O 0]
Glyoxal Methylglyoxal Acrolein (Propenal)

Fig. 17: Selected aldehydes identified at room
temperature in simulated pre-cometary organic residues.

1000, 73

13C-glyceraldehyde — PFBO-TMS

(simulated pre-cometary matter)

I
> = 147 181
@ 2001 |59 220
e | P 251 328 a7
£ drsdh i, » VDU SIS~ V— o~
2 1000- 73
g 1000 12C-glyceraldehyde — PFBO-TMS
o
E 800 (standara) N/OR
600 TMSO H
103
400 | OTMS
147 181 (E)
200 4° 218
59 117
" u{ O . S
1 1 T
50 100 150 200 250 300 350 400

miz —»

587

7 W e

=15

Fig. 18: Close-up view of the 2D enantioselective gas chromatogram

depicting ECHFBE derivatives of 13C-labelled diamino acids.

deMarcellus & Meinert et al. PNAS 112 (2015), 965-970.
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ALTERNATIVE SYNTHESIS OF ACTIVATED RIBONUCLEOTIDES REQUIRES ALDEHYDES

(a) 0

Ho AL,

Glycolaldehyde

O

ﬁk)\H
OH
Lactaldehyde

HO/\*H'LH
OH
Glyceraldehyde

(b) O (c) O (d) 0
A gy
0 o}

Glyoxal

Methylglyoxal

Fig. 17: Selected aldehydes
temperature in simulated pre-cometary organic residues.

identified at

Acrolein (Propenal)

room

[/o O._OH
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9  OH h
N
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8 H.O O 11 V
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H,N NH \
S SN,
i —l HO 4o
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Sutherland et al. Nature 459(2009), 239-242
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RIBOSE DETECTED IN COMETARY ANALOGUES

Ribose, o QH 0. OH OH Xylose, a-pyranose
-pyranose Lyxose, OH OH
i e @ BY ranose OH
OH OH OH py
O. OH Arabitol
Arabinose, B-pyranose o
Xylitol
0 % Ribitol
0 OH
(@]
OH OH o
OH Ribulose
Arabinose, a-pyranose OH OH o O]
\ or o OH Xylose, B-pyranose
(0) Ribose, OR
OH O o-pyranose OH
OH OH
Lyxose, a-pyranose
Arabinoic acid
Ribonic acid
Lyxonic acid

Xylonic acid

11

59.40 62.60 . 66.20 69.40
t,/ min ——»

Fig. 19: RIBOSE - A key sugar found in RNA has been created in the laboratory under conditions
similar to those around comets.

Meinert et al. Science 352 (2016), 208-212. .
ener (2016) Meinert | 21



RIBOSE & ITS SISTER ALDOPENTOSES DETECTED IN COMETARY ANALOGUES

Aldoses

Ketoses

7 r," R = CH,OH, Ethylene glycol (550 ppm)
Lre CH,0H =CHO, Glycolaldehyde (2390 ppm)
= COOH, Glycolic acid (6330 ppm)
- R R = CH,OH, Glycerol (2860 ppm) CH,0H Dpihydroxy-
C-3 H—|—0H =CHO, Glyceraldehyde (302 ppm) O acetone
CH,OH = COOH, Glyceric acid (2440 ppm) CH,OH (540 ppm)
R R = CH,OH, Erythritol (5070 ppm) R R=CH,OH, Threitol (7200 ppm) CH,OH  Erythrulose
C-4 H—r—OH =CHO, Erythrose (<q.l.) HO——H =CHO, Threose (<d.l.) o (37 ppm)
e H—t+—OH =COOH, Erythronic acid H—f—OH = COOH, Threonic acid H OH
CH,OH (960 ppm) CH,OH (840 ppm) CH,OH
R R R R CH,OH CH,OH
H——0OH HO—1—H H——OH HO—1—H —0O —0
C-5 H——OH H—t+—OH HO——H HO——H H——OH HO——H
H——OH H—+—OH H——OH H—1—OH H——OH H——OH
CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH
R = CH,OH, Ribitol Arabitol Xylitol Arabitol
(560 ppm) (1150 ppm) (630 ppm) (1150 ppm)
= CHO, Ribose Arabinose Xylose Lyxose Ribulose Xylulose
(260 ppm) (200 ppm) (240 ppm) (145 ppm) (2010 ppm) (470 ppm)
= COOH, Ribonic acid Arabinoic acid Xylonic acid Lyxonic acid
(82 ppm) (165 ppm) (67 ppm) (140 ppm)

Meinert et al. Science 352 (2016), 208-212.

Meinert | 22



RIBOSE & ITS SISTER ALDOPENTOSES FORMED Vid « INTERSTELLAR FORMOSE REACTION »

OH 0
O OH
OH = OH
OH OH
OH OH

C5 sugar

o Ho\/lL HO
lyceraldehyde

Q
glycolaldehde \\
JL

H
OH -Q formaldehyde HO

HO H

H dlhydroxyacetone

C4 sugar \~ OH

@)
OH
OH
C4 sugar

branched C4 sugar

Fig. 20: The formose reaction.
Formaldehyde condenses under
autocatalytic reaction kinetics to form
glycolaldehyde, which undergoes an
aldol reaction by forming
glyceraldehyde. C3 sugar molecules
react with Glycoldaldehye forming
pentulose, which isomerizes to an
aldopentose such as ribose.
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AMINO AcCIDS & SUGAR COMPOUNDS IN COMETARY MATTER ?

Meinert | 24



ROSETTA —
INTERNATIONAL MISSION'TO A COMET, IN SEARCH OF LIFE'S ORIGIN

.

An activist uses science (o Abattle of principlesinthe  Counting molecular garbage
fight animal rescarch . o e-cigareties debate o chutes in intact earoas 5 o

Science::

Catching P R

a comet 34
Rosetta follows a relic

of the early solar system R

toviard the Sun

P 3558387 Y

Meinert | 25



Meinert | 26



Meinert | 27

—



AMINO ACIDS IN COMETARY MATTER

RESEARCH ARTICLE

SPACE SCIENCES

2016 © The Authors, some rights resenved;
exclusive licensee American Assodation for

Prebiotic chemicals—amino acid and phosphorus— = Ademenen of sence Dissibues

under a Creative Commaons Attribution

in the coma of comet 67P/Churyumov-Gerasimenko  tecommersi eense so(ccsvna,

10. 1126/ dadv. 1600285

Kathrin Altwegg,"?* Hans Balsiger,” Akiva Bar-Nun,? Jean-Jacques Berthelier,* Andre Bieler,"® Peter Bochsler,’
Christelle Briois,® Ursina Calmonte,” Michael R. Combi,® Hervé Cottin,” Johan De Keyser,® Frederik Dhooghe,®?
Bjomn Fiethe,” Stephen A. Fuselier,'® Sébastien Gasc,' Tamas |. Gombosi,” Kenneth C. Hansen,” Myrtha Haessig,'"°
Annette Jackel," Ernest Kopp,' Axel Korth,'" Lena Le Roy,? Urs Mall,"" Bemard Marty,"? Olivier Mousis,*

Tobias Owen,’* Henri Réme,"® ' Martin Rubin,’ Thierry Sémon,’ Chia-Yu Tzou,' James Hunter Waite,'® Peter Wurz'

The importance of comets for the origin of life on Earth has been advocated for many decades. Amino acids are
key ingredients in chemistry, leading to life as we know it. Many primitive meteorites contain amino acids, and it
is generally believed that these are formed by aqueous alterations. In the collector aerogel and foil samples of the
Stardust mission after the flyby at comet Wild 2, the simplest form of amino acids, glycine, has been found
together with precursor molecules methylamine and ethylamine. Because of contamination issues of the samples,
a cometary origin was deduced from the '*C isotopic signature. We report the presence of volatile glycine
accompanied by methylamine and ethylamine in the coma of 67P/Churyumov-Gerasimenko measured by
the ROSINA (Rosetta Orbiter Spectrometer for lon and Neutral Analysis) mass spectrometer, confirming the
Stardust results. Together with the detection of phosphorus and a multitude of organic molecules, this result
demonstrates that comets could have played a crucial role in the emergence of life on Earth.

INTRODUCTION

The possibilities that organic molecules were brought to the early
Earth through impacts of small bodies and that these molecules
contributed to spark the emergence of life have been the subject of
significant debates (I). Many primitive meteorites contain amino acids
(2), and it is genenally believed that these are formed by aqueous al-

[P . - [ - ]

glycine is not among them. In contrast, methylamine has been ob-
served in the interstellar medium (ISM) (6). There was a rigorous at-
tempt to verify the presence of glycine in the ISM by Snyder et al. (7)
after a tentative detection by Kuan ef al (8). This attempt concluded
that the observed lines do not prove the existence of glycine in the

PR R . L EataT Tl Y

1S1AS @AM TEARE AT LA T RARBA AR
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12 Novembre 2014 : Atterrissage !
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PHILAE FOUND!

BT o e A
h&;i:'?."“?{r‘ o

S

The images were taken on 2 September 2016 by the OSIRIS narrow-angle camera as the orbiter came
within 2.7 km of the surface and clearly show the main body of the lander, along with two of its three
legs.

Meinert | 31




SCIENTIFIC INSTRUMENTS OF THE PHILAE LANDER

SD2
SESAME
ROMAP
CIVA
CIVA
COSAC
PTOLEMY MUPUS
CONSERT
O
SESAME
O SESAME
APXS
MUPUS
SD2
SESAME

Fig. 21: Scientific instruments of the Philae lander. This view shows the ‘balcony’, which is an experiment carrier
located in front of the hood that covers the warm compartment and carries the solar generator

Meierhenrich U.J.: Comets and Their Origin. Wiley-VCH (2015) Meinert | 32
einer



GENERALIZED FORMATION SCHEME OF 67P-COMPOUNDS IDENTIFIED BY COSAC / ROSETTA

e
i—P__ _“————___-..? T —
H,O cO CH, NH; ~

P o G S
Alcohols Carbonyls Amines Nitriles <> Amides <> Isocyanates
1,2-Ethanediol Ethanal Methylamine  Methanenitrile Methanamide Isocyanic acid
(CH,OH), CH,CHO CH,NH, HCN HCONH,  HNCO

2-Hydroxyethanal Ethylamine Ethanenitrile  Ethanamide Isocyanatomethane

CH,OHCHO C,H:NH, CH,CN CH,CONH, CH,NCO

2-Propanol Propanal

(CH,),CHOH  C,H.CHO

Propanone
(CH,),CO
Fig. 22: Possible formation pathways of COSAC compounds. Species in red not confidently identified, species in

green reported for the first time in comets by COSAC.

F. Goesmann et al., Science 349 (2015), aab0689.
Meinert | 33



AMINO ACIDS AND SUGARS DETECTED IN INTERPLANETARY OBJECTS &/OR IN SIMULATED COMETARY MATTER
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polyols in meteorites, leaving a gap in our understanding of the
origins of biologically important organic compounds on Earth.
Here we report that a variety of polyols are present in, and
indigenous to. the Murchison and Murrav meteorites in amounts

has hitherto been no conclusive evidence for the existence of |

letters to nature
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ASTROCHEMISTRY

Ribose and related sugars from ultraviolet
irradiation of interstellar ice analogs

Cornelia Meinert,'* Iuliia Myrgorodska,"? Pierre de Marcellus,” Thomas Buhse,*
Laurent Nahon,? Seren V. Hoffinann,® Louis Le Sergeant d’Hendecourt,” Uwe J. Meierhenrich'*

Ribose is the central molecular subunitin RNA, but the prebiotic origin of ribose remains unknown.
We observed the formation of substantial quantities of ribose and a diversity of structurally related
sugar molecules such as arabinose, xylose, and lyxose in the room-temperature organic residues of
photo-processed interstellar ice analogs initially composed of H;0, CH3;0H, and NHs. Our results
suggest that the generation of numerous sugar molecules, including the aldopentose ribose, may
be possible from photochemical and thermal treatment of cosmic ices in the late stages of the
solar nebula. Our detection of ribose provides plausible insights into the chemical processes that
could lead to formation of biologically relevant molecules in suitable planetary environments.

NA is the genetic source code for all known | tates the complementary purine and pyrimidine
living organisms. It is currently thought nucleobases for efficient base pairing. Ribose thereby
that DNA evolved from a primordial ribo- | forms the essential part of the RNA backbone.
nucleic acid RNA world state (1, 2), in However, ribose is difficult to form, and the source
which ribose chemically binds and orien- | of the ribose subunits in the sugars that consti-

Fig. 1. Aldoses and
ketoses as identified in a
sample generated under
simulated precometary

R
CH..OH - e

T R

tute the key stereodictating elements in nucleic
acid structure remained unknown (3, 4). We de-
scribe here the identification of precursor mole-
cules, including ribose, in simulated precometary
ices using the sensitive two-dimensional gas chro-
matography time-of-flight mass spectrometry
(GCxGC-TOFMS) technique.

Our astrophysical scenario involves the simu-
lation of the photo- and thermo-chemistry of pre-
cometary ices. It is based on the assumption that
planetesimals (including asteroids, comets, and
the parent bodies of meteorites) were formed in
the solar nebula from the aggregation of icy grains

!Université Nice Sophia Antipolis, Institut de Chimie de Nice,
UMR 7272 CNRS, 28 Avenue Valrose, 06108 Nice, France.
zSym:hmlmn SOLEIL, L'Orme des Merisiers, St Aubin BP48,
91192 Gif-sur-Yvette, France. *Institut d Astrophysique
Spatiale, CNRS, Université Paris-Sud, Université Paris-Saclay,
bat 121, 91405 Orsay, France. “Centro de Investigaciones
Quimicas, Universidad Auténoma del Estado de Morelos,
Avenida Universidad 1001, 62209 Cuernavaca, Mexico.
SAarhus University, Department of Physics and Astronomy,
Ny Munkegade 120, 8000 Aarhus, Denmark.

*Corresponding author. E-mai: comeliameinert@unice.fr (C.M.);
uwe.meierhenrich@unice.fr (U.J.M.)

i R =CH,OH, Ethylene glycol (550 ppm)
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CHIRALITY

A Brief Refresher:

1. Optical activity was first demonstrated in 1812, when french physicist Jean Baptiste
Biot discovered that quartz crystals could rotate a beam of plane-polarized light. He
also determined that many natural products (ex. turpentine, camphor, tartaric acid) also
had this property.

2. In 1848, Pasteur separated sodium ammonium tartrate crystals into two different
forms (now known as enantiomers) and showed that they had identical properties with
the exception of the rotation of polarized light.

Since both the salt as well as dissolved solutions of the salt displayed optical activity, this
demonstrated that optical activity was not a property of the crystals, but rather a
property of the molecules themselves.

3.In 1874, Jacobus Van't Hoff and Joseph Le Bel proposed the concept of the tetrahedral
carbon, stereocenters, and chirality

Louis Pasteur

Joseph Le Bel

Jacobus Van’t Hoff



IMIOLECULES CAN BE CHIRAL, SUCH AS HANDS ARE!

Fig. 23: Chiral compounds exist as enantiomers which
are non-superimposable mirror images of each other.
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IMIOLECULES CAN BE CHIRAL, SUCH AS HANDS ARE!

Fig. 23: Chiral compounds ekis\d as enantiomers which
k|
are non-superimposable mirror images of each other.

1
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HOMOCHIRALITY OF LIFE!

HO OH

chiral
monomer OH

D-2-deoxyribose

L carbohydrates J

__chiral HZN/Y

monomer

a-L-amino acids

Amino acids
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How TO INDUCE ASYMMETRY?

Origin of chiral bias

random process determinated by
I |

Statistic Parity Violation
fluctuations of D- Energy Chiral Fields
& L-enantiomers difference

— Enantiomorph — Inherent energy
crystals difference between
enantiomers

— Adsorption on — Magnetic fields

chiral crystals _ Asymmetric B-
decay — Gravitational fields

Scheme 2: Theories for an abiogenic origin of life’s L-enantiomeric excess
leading to homochirality on early Earth.

Evans, Meinert et al. Chem. Soc. Rev. 41 (2012), 5447-5458
Meinert et al. Phys. Life Rev. 8 (2011), 307-330
Meinert et al. Symmetry 2 (2010), 1055-1080
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CPL IN STAR FORMATION REGIONS

(A)

Image provided by the National Astronomical
Observatory of Japan (SIPROL telescope, 2010)

Fig. 24: Circular polarization image of the OMC-1 star formation region at 2.2 um. (Left) Percentage of circular
polarization ranging from — 5 % (black) to +17 % (white). (Right) This image was captured using SIRPOL, the SIRIUS
camera's mode of measuring circular polarity (IR). Yellow color expresses left-handed circular polarization. Red
color expresses right-handed circular polarization. (A) expresses ~400 times the size of the solar system, and (B)
shows ~100 times the size of the Solar System.

OMC-1: Bailey et al. Science 281 (1998), 672-674; Fukue et al.: OLEB 40 (2010), 335-346.
NGC6334: Kwon et al.: ApJL 765 (2013), L6.
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PHOTOCHEMISTRY WITH CPL — PREBIOTIC ORIGIN OF OPTICAL ACTIVITY?

hv=6.6eV CO, CO,, H,O hv =6.6 eV
T=80K NH;, CH,OH T=80K
I-cpl r-cpl
hv=84eV
T=12K

unpolarised hv

0] 0] 0]
NHE - NH2 _— = NHQ
HO HO HO -
I'-Gp| r-cpl H
R R R
L-Alanine D-/L-Alanine D-Alanine

Scheme 3: Asymmetric photochemistry with circularly
polarized light (CPL).

Left circularly polarized light Right circularly polarized light

Meinert
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ASYMMETRIC AMINO ACID PHOTOREACTIONS
L-Alanine

hv=6.6eV CO, CO,, H,O hv =6.6 eV
T=80K NH;, CH,OH T=80K
I-cpl r-cpl
hv=84eV
T=12K

unpolarised hv

0]
NHE - NH2 _— = NHQ
HO HO HO -
I-cpl r-cpl H
R R R
L-Alanine D-/L-Alanine D-Alanine

Scheme 3: Asymmetric photochemistry with circularly
polarized light (CPL).

Enantiospecific photochemistry depends on: Ae = ER—E,

EVANS, MEINERT et al. Chem. Soc. Rev. 41 (2012), 5447-5458,;
MEINERT et al. Phys. Life Rev. 8 (2011), 307—-330; MEINERT et al. Symmetry 2 (2010), 1055-1080. Meinert | 42



VACcUUM UV CIRCULAR DICHROISM SPECTRA OF SOLID STATE AMINO ACIDS

a) 200

150

o
o

CD Signal / mdeg —»
O
o

Fig. 27: Temperature- and pressure-controlled UHV chamber for
controlled sublimation of amino acids (A). Scanning electron
microscope (SEM) images of isotropic amorphous L-valine and (B) D-o-
methyl valine (C). The non-crystalline isotropic amorphous films show

o % & no long-range order.
{Cﬂ,
iC

CD Signal / mdeg ——
N N W
o O O O O

&
(4]

@) o © @
HN,. /O HN,
HyC HiC

'
o
o

HyC

Meierhenrich, MEINERT et al. Angew. Chem. Int. Ed. 49 (2010), 7799-7802.

-125
140 160 180 200 220 240 260 280 300 320

Alnm —s
Fig. 26: CD spectra of isotropic amorphous amino acid films
between 140 and 190 nm. a) Blue lines: L-alanine; red lines: D-
alanine. b) L-isovaline (black), D-isovaline (red), L-a-methyl valine
(blue), D-a-methyl valine (orange).
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FROM CIRCULAR DICHROISM TO ANISOTROPY SPECTROSCOPY

15

{Water

NH2
Phe

OH

180 230

LU T W N O O

180 230
Wavelength / nm

g (A) =4R/D = A¢c/e

W. Kuhn Naturwissenschaften 17 (1929), 227.

Amino acid

CD Signal = A -Ag

%‘\[ Alternating left
PEM

and right CPL
Monochromatic

light

PMT detector

HV

Fig. 28: Experimental set-up for recording anisotropy spectra in the
VUV spectral range using a synchrotron radiation (SR) source. Both the
differential absorption AA of alternating |- and r-CPL by optically active
amino acid enantiomers and the sample absorbance A is recorded

simultaneously to obtain anisotropy spectra g(A)=AA/A.

Evans, MEINERT et al. Anisotropy spectra for chiral differentiation of
biomolecular building blocks. Topics in Current Chemistry. Ed. Cintas P,

Springer, Berlin (2013)
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FROM CIRCULAR DICHROISM SPECTROSCOPY TO ANISOTROPY SPECTROSCOPY

15 -
1 Water o]
10 + OH
5 E_ NH2
g Phe
~ 0
[a]
(@]
-5 F
<10 E‘
_15 g 1 1 : 1 I L 1 : 1 L L I :
130 180 230 280
Wavelength / nm
15
Solid
10
0‘&‘* —
130 180 230 280

Wavelength / nm

Bredehoeft, MEINERT et al. Chirality 26 (2014), 373—-378
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FIRST ANISOTROPY SPECTRA OF SOLID STATE AMINO ACIDS

g (A) =4R/D = Ae/e

0-010 < - P - . ¢ § § § ¥ § § § ¥ il 8
& 4 6
X - >(1-=(1-=§)9/2 0
0.005 | 1 a ee2(1-(1-¢§)9?%) x100 %
1 2 o
0.000 0 =
£ 4 -2 X L .
> £ - = a) prediction of the sign of
-0.005 F 4 -4 )
g ] & the induced ee,
0010 B v in e g b) determination of kinetics
130 170 210 250 290 330 and ees of enantioselective
Al nm —> photolysis,
Fig. 29: Anisotropy spectra of isotropic amorphous p-alanine (red) and
t-alanine (blue) in the vacuum UV and UV spectral region. Thin lines C) the selection of the CPL

represent the L-enantiomeric excess (ee,) inducible by either left- or right-

cpl into alanine at a given photolysis rate of 99.99 %. Wavelength best suited for

inducing ee.
MEINERT et al. Angew. Chem. Int. Ed. 51 (2012), 4484-4487
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ASYMMETRIC PHOTOLYSIS USING CHIRAL PHOTONS @ SYNCHROTRON SOLEIL

S y @
¢ ° % (RCP)

S
B
> Jcﬁ; (LCP)

| total intensity
p fractional degree of polarization

Fig. 30: Schematic outline of energy-tunable asymmetric
photolysis. b, Photolytic induction of ee into amino acids as a
function of CPL energy and circular polarization. Energy-tunable
and tailored elliptical polarization as defined by its Stokes
parameters (S, S, and S, ¢) are provided by the HU640
undulator at the DESIRS beamline on the SOLEIL storage ring.
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ASYMMETRIC PHOTOLYSIS USING CHIRAL PHOTONS @ SYNCHROTRON SOLEIL S.LEIL

SYNCHROTRON
a) [ b) [ \

E—

E,— E,—
Fig. 31: Measured polarization ellipses (thick
lines) at the sample location as produced by
the OPHELIE2, HU640 type undulator.
Absolute circular polarization rates are of
91 % for r-CPSR (b) and 94 % for |-CPSR (a).

Fig. 32: The synchrotron SOLEIL is a third generation
synchrotron optimized for intense photon fluxes. It
started its activities in December 2006.
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FIRST PHOTON-ENERGY-CONTROLLED SYMMETRY BREAKING
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Fig. 33: Energy- and polarization-dependent CPL-induced symmetry breaking. (a, b) Anisotropy spectra g(A) and
inducible ee, of 1-Ala & D-Ala. (c—=d) Enantioselective GCXGC of 3C-Ala after irradiation with different CPL-

polarization and at different photon energies for 5h.

MEINERT et al. Angew. Chem. Int. Ed. 53 (2014), 210-214
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FIRST PHOTON-ENERGY-CONTROLLED SYMMETRY BREAKING

» UV CPL forms enantiomer-
enriched amino acids

»sign of induced ee
depends upon helicity of CPL

» sign of induced ee
depends upon the energy of
I-CPL and r-CPL

I~cpl
200 nm

4.19 % ee,
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Fig. 34: Energy- and polarization-dependent CPL-induced symmetry breaking. (a, b) Anisotropy spectra g(A) and
inducible ee, of 1-Ala & D-Ala. (c—=d) Enantioselective GCXGC of 3C-Ala after irradiation with different CPL-

polarization and at different photon energies for 5h.

MEINERT et al. Angew. Chem. Int. Ed. 53 (2014), 210-214

Abundance

Meinert | 50



ABSOLUTE ASYMMETRIC AMINO ACID SYNTHESIS

SSR '

/\
i U

UN

Enantioselective analysis
...................................................... ’

H,0, NH,
13CH,OH

Xe

;’_’ /\
CPSR VUV-CPLY )/

(6.64 eV)

Fig. 35: Set-up of asymmertic VUV photolysis at the sychrotron radiation facility
SOLEIL (left). Multidimensional gas chromatograms of 3C-alanine enantiomers

for the three polarization regimes (right).

DE MARCELLUS, MEINERT et al. Astroph. J. Letters 727 (2011), L27
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ASYMMETRY INDUCED IN EXTRATERRESTRIAL ICE ANALOGUES

% L-2-Aba
oAla AR 0-2-Aba 0-DAP
L-DAP

L-Norval

o-Val o-Norval Table 2| Enantiomeric excesses ee induced via

asymmetric photolysis/synthesis into achiral interstellar
ice analogues at photon energy 10.2 eV.

L-Val

15
10 \
g

05 "

0

25

20

25 154 ;
35 36.0 370 412 as4

t/ min —»
Fig. 36: Multidimensional enantioselective GC resolution of 3C enantiomers of
alanine (Ala), 2-aminobutyric acid (2-Aba), valine (Val), norvaline (Norval), and
2,3-diaminopropionic acid (DAP) produced by 10.2 eV UV photoirradiation with (a)
L CPL, (b) UPL, and (c) R CPL.

742 756

Modica, Meinert et al. Astroph. J. Letters 727 (2014) L27.

Amino acid I-CPL r-CPL
ee, [%] ee, [%]
a-Alanine -0.34 £ 0.24 1.04 £ 0.39
2-Aminobutyric acid -2.54 = 0.28 1.28 = 0.22
Valine -1.82 = 0.30 1.08
Norvaline -0.78 = 0.39 0.90 + 0.33
2,3-Diaminopropionic -0.20 = 0.14 2.06 = 0.34
acid
> UV CPL forms enantiomer-

enriched amino acids

»sign of induced ee is identical for all
amino acids for a given helicity

» sign of induced ee depends upon

the energy of /-CPL and r-CPL

Meinert | 52



SUMMARY

We are made of stardust...

(1) Interstellar Ice Chemistry:
laboratory produced ice photo-
chemistry under controlled
astrophysical conditions

(2) ROSETTA — International mission
to a comet, in search of life’s
biomolecular origins

(3) Life requires Homochirality
in certain biomolecules

170 210 250 299 334°

A/nm
(4) Anisotropy spectra to study
the chiroptical properties of
biomolecules
.\

(5) Enantioselective photolysis &
photosynthesis Meinert | 53



WHAT TO DO NEXT ?

* Asymmetric photolysis: tuning energy-selective photolysis of ribose and sugar
precursor structures to understand the asymmetry of the genetic material

* Absolute asymmetric synthesis: ice simulation experiments using UV-CPL to form
in-situ enantioenriched aldehydes, sugars, and amino acids

» Cross-linked interpretation with carbonaceous chondrites / micrometeorites /
ExoMars, Hayabusa 2, OSIRIS Rex ...

Some questions to ponder:

How might enantioenrichment have been (autocatalytically) amplified and
maintained in aqueous, racemizing environments ?

Is homochirality a requirement for life or a result of it?

What might have been the requirements for the first biopolymers & what molecules
can fullfill these requirements?

Meinert | 54
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IR-SPECTRA OF INTERSTELLAR ICE AND INTERSTELLAR ICE ANALOGUE

o]0 N CH,
L CcO H,0

13CO,

S0
- Co,

of
ot |

Silicates

Flus (Jy)

10

Wavelength {micron)

Fig. A-1: 1ISO SWS (S01) spectrum of the source RAFGL 7009S between 2.5 and 18
microns (bottom), compared with a laboratory spectrum of a photolysed ice
mixture H,0:CO:CH,:NH,:0, = 10:2:1:1:1 (top).
D’Hendecourt et al. Astron. Astroph. Lett. 315 (1996, L27-L40
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PRINCIPLES OF MULTIDIMENSIONAL GAS CHROMATOGRAPHY (GC % GC)

Pegasus® 4D GCxGC-TOFMS

c) cold jets — cooled N, ., a)
| | or CO3 jiguig
\I \[i 8
- v ~ hot jets - E
% & @ 5
Fo  edieye’ U :
& ﬁn e

15t dim. column Press-Tight® connector 2™ dim. column

. 11*
oY %

(oeve n

|
“i [ re-injection
— I onto ?D column
4 &
w¥ %
0l @ ¥
I Figure 1. lllustration of a GCxGC chromatogram. a) Chromatographic
"F ‘k' peaks («t, B, and v) eluted from a typical apolar 'D column sequentially
sliced into distinct fractions during a defined modulation period (Py).
> Non-resolved analytes are often better resolved on a (generally polar)
i - short micro-bore 2D column. b) The data stream from the detector is
L @ ;
@ e then plotted based on the modulation in a 2D contour color plot
v e & L format or c) directly showing signal intensities in 3D presentation as

conical peaks.

Meinert, Meierhenrich: Angew. Chem. Int. Ed., 51 (2012), 10460-10470. _
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RNA WORLD

A. Major Issue: NH,

H H N0
OH OH
H Hon off
B. Alternative Synthetic Solution:
HO
o)
OH \\Ubase
N\Y NHz 4+ HWH —> iz
% Bt 5
o) OH O P, R
' "0 0
GLYCERALDEHYDE where base = Cytidine/Uracil

Scheme 1: (A) The RNA World is thermodynamically unfavourable if originating
from ribose sugar plus nucleobase; (B) an alternative route to an RNA World.

Sutherland et al. Nature 459 (2009), 239-242
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RIBOSE DETECTED IN COMETARY ANALOGUES

7 '2C-Ribose - standard
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Meinert et al. Science 352 (2016), 208-212.
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THE SIXTEEN MOLECULES USED TO FIT THE COSAC MASS SPECTRUM

Name Formula Molar mass [u] MS fraction Relative to water
Water H,0 18 80.92 100
Methane CH, 16 0.70 0.5
Methanenitrile (Hydrogen cyanide) HCN 27 1.06 0.9
Carbon monoxide co 28 1.09 1.2
Methylamine CH;NH, 31 1.19 0.6
Ethanenitrile (Acetonitrile) CH,CN 41 0.55 0.3
Isocyanic acid HNCO 43 0.47 0.3
Ethanal (Acetaldehyde) CH;CHO 44 1.01 0.5
Methanamide (Formamide) HCONH, 45 3.73 1.8
Ethylamine C,HsNH, 45 0.72 0.3
Isocyanomethane (Methyl isocyanate) CH;NCO 57 3.13 1.3
Propanone (Acetone) CH;COCH;, 58 1.02 0.3
Propanal (Propionaldehyde) C,H;CHO 58 0.44 0.1
Ethanamide (Acetamide) CH;CONH, 59 2.20 0.7
2-Hydroxyethanal (Glycolaldehyde) CH,OHCHO 60 0.98 0.4
1,2-Ethanediol (Ethylene glycol) CH,(OH)CH,(OH) 62 0.79 0.2

Goesmann et al., Science 349 (2015), aab0689
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COSAC EXPERIMENT ONBOARD ROSETTA - IN SEARCH OF LIFE’S MOLECULAR ORIGINS

COSAC ion source

COSAC Exhaust pipe (one of two),
looking downward to Comet surface

Fig. 22: Cross section of the COSAC exhaust; the
image shows one of the exhaust tubes in cross
section (19 mm inner diameter) where cometary
dust could have entered.

Goesmann, Meierhenrich et al., Science 349 (2015), aab0689
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MASS SPECTRA TAKEN BY COSAC IN M S-ONLY MODE
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Fig. 23: Top (green): spectrum taken 25 minutes after first touchdown; the m/z 18 peak reached a height of 330 counts, but
the spectrum is truncated to show smaller peaks more clearly; middle (red): final spectrum, taken two days later at the
current Philae position; bottom (blue) first spectrum, obtained in orbit 27 days prior to landing, from a distance of 10 km.

F. Goesmann et al., Science 349 (2015), aab0689.

Meinert | 64



