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Earth-Life Science Institute (B) Origin of the Earth’s Life| (C) Evolution

1 1 B4. What was the state of the ocean C7. Why O: exists on Earth?
Research Obj ectives & the atmosphere when life emerged?| |C8. How Earth affects evolution:

B5. Where did the Earth’s life emerge?| |C9. How galaxy affects climate?

A) Formation of the Earth
B6. What were the genomes

A1. How was the Earth formed? Ethe fosl crrrciu RS - :
A2. Why does water exist on Earth? K G }——-»

A3. What is the deep part of the earth like? . ' ' d W~

-, The Early Earth

Protoplanetary(disk

D) Bioplanets in the Universe

D10. How unique is our planet?
D11. How to explore extraterrestrial life?
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The Origin of Life <« ithEkAdrDEIR
Origins of Life (C->Si / A-Life / NI 4E#)

EZnflo)=
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. NASAO)IFE% Joyce (1994)

“A self-sustaining system capable of Darwinian evolution”
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Prebiotic Chemistry (RjZE1L=F)

with energy
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FEREH (EBBAFEN?) - RNA world hypothesis

BEEEHROBN(EVNIL-FTT):
145 ke

DNA — RNA — A /\JE (&)
4 I

*DNAMIZWNEZ INTBE N TELL /I NGB OEDNANTELLY
*PEWZHEBEALH Y7 FEZRIRFIZEEIIZ/ELD X EE

Nucleus
RNA g RNA
(Gomafu, Xist, NEAT1, NEAT2)
)Mes enger RNA d ng RNA

\ Cytoplasm
: Protein

Cell




RNA world
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The 227 isomers of RNA computed by Cleaves et al. (2015).

The biological isomer is highlighted with a black cartouche.




A SR EE(1): “Tar Problem”
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A AnRCiIR D EE(1): “Tar Problem”
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A anrS R EE(1): “Tar Problem”

ROEE B(OH), BRFPTIIEDHTEYR—RAERMIZEELIES (Benner, 2004)
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4 mp SR D E%(3): “Dilution Problem”
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A ap g R D EE(3) : “Dilution Problem”

1E+12 -
UV photolysis
T
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(Chayba & Sagan, 1992; Stribling & Miller, 1987; Elderfield & Schitz, 1996)
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- AnECIR D EE(4): “CO, Problem”

CO, % T BRI AR TIHEMME RH HSk

gx® H,/CO/CH,/NH, -> amino acid, base, sugar,,,

(Urey’s cold accretion model)

Bie® CO,/N, - very low vyield

(e.g. Kasting)
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Prebiotic soup possible ??7?



A ankciIR D EE(4): “CO, Problem”
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R IA— v ERDCO,: ~100 bar

FES 500 ~ 2000 km E£TRITI-5HE Elkins-Tanton (2008)
H,0: 100 ~2000 bar °'[— — — ~  __
CO,: 20~ 400 bar

Variation due to

*initial H,0-CO, content
*depth of magma ocean

o
o

o
3

Table 3
Atmospheric degassing, final atmospheric pressure

o
>

Initial volatile contents of Earth
magma ocean: H,0, CO,

O
w

500 km 1000 km 2000 km

Fraction of initial volatile content
degassed into initial atmosphere: H>0, CO»

0.05, 0.01 0.79,0.84 0.75,0.81 0.70, 0.78

Saturation level in silicate magma ocean [mass%]

0.5,0.1 0.93,0.96 0.92,095 091,095 02Fr CO _ X
2 e

Final atmospheric pressure R -

(sum of CO, and H,0 partial pressures)(bar) . 1

0.05, 0.01 90 150 240 — CO — 0.0571%

05,0.1 1030 1890 3150 01 -~ Pco, = 2magma : Pa) |
P -

Volatile content of liquids remaining / 2 08 X 1 O

at 98% solidification: H,0, CO, (mass %)

0.05, 0.01 11, 0.2 13,02 1.5,0.2 : : . : ; . : ‘ ;

0.5,0.1 31,04 41,06 53,07 0 0 5 4 6 8 10 12 14 16 18 20

Atmospheric partial pressure [bar]
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Water Problem / Dilution Problem
BE(EdpoT-Dh 7

No dry land
in Hadean !
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Maruyama et al. (2012)
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http://ga.water.usgs.gov/edu/2010/gallery/global-water-volume.html
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0 Modern SW
Modern Seafloor basalt o B
0O MAR (Satake & Matsuda, 1979) IN g
A Galapagos ridge (Kawahata et al., 1987) ] g @)
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Tomiyasu et al. (in prep.)
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Japanese volcanic island grows to 11 times its original size -
and ain’t stopping

Get short URL

lished time: 27 Feb, 2015 15
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Dilution problem

1E+12 -
UV photolysis
T
1E+11 ||+ | € It takes 108 years for accumulating 1 mM organics -
= in the ocean of 10%! kg
o Lightning
> 1E+10 {-J----------------->= e s
Fe) (Miller-type)
= .
=~ T Extraterrestrial
Q 1E+09 || |- TR T T T T T T T T T T T  Tinputs
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(Chayba & Sagan, 1992; Stribling & Miller, 1987; Elderfield & Schitz, 1996)
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- AnECIR D EE(4): “CO, Problem”

NAKRRIECO,ZE LT HEERKIZoT=DH ?

gx® H,/CO/CH,/NH, - amino acid, base, sugar,,,
(Urey’s cold accretion model)

Bie® CO,/N, - very low vyield

(e.g. Kasting)

%\\

7 p A—‘\\
\T N Electrie spark\(

‘ f chamber

|

Prebiotic soup possible ??7?



S isotope anomaly: Message from atmosphere

325 95.02%

3S  0.75%
4SS 4.21%
36S  0.02%
Normal enrichment Thermochemical
33S = 0.5 §34S Biological, Physical processes
Anomaly A few photochemistry

d3S # 0.5 84S

¥ UV
A33S = §33S — 0.5 §34S K

¥




S isotope anomaly: Message from atmosphere

Oxidizing Atm. ’ uv ’

'S isotope anomaly” (A33S)
produced by SO, photolysis
& preserved in sediment

if atmosphere is anoxic

How reducing ??

" 0, <1 ppm (Pavlov&Kasting 2002) =

A33S %o
N

4.0 3.0 2.0 1.0
Age (billion years ago)



Early Atmosphere: Not pure CO, , More reducing

CO, + hv—> %0, + CO

pCO, < 0.1 bar for preserving A33S

OX|d|zmg Atm.

CO =0.01 bar

CO=0.001 bar

2 20
&
=
10
_ O
&
O | “— O
0.0001 0.001 0.01 0.1 1

pCO2 [bar]

Reaction model (Ueno et al., 2009)

+ revised fractionation factors
(Danielache et al., 2008; 2012; Endo et al., 2015; Hattori et al., 2011; 2014)




The low pCO, requires reducing gas (CH,, H,, CO, OCS,,,)
For solving the “Faint Young Sun Problem”

10 —= , .
//&70/0 - CO, warming model (Kasting, 1991)
069/7;) N
{ RN
1 L /QU/'O, 0)0\
Wez‘er OQD\
_ Stab’//z‘ \\_ _
= 9Uid oceg,, , y =~ ~ g
2, = L, N
8 01 4%\00 N\
O S MIFW TThIS study N
<Y \
T - \
Paleosols
Ysheldon, 200§; Rye et al., 1995)
0.01 - Cgl alteration SQ\ Ry ~ .
(Hessler et al., 2004) \ \
\ \
\
0.001 | No FeCO; in BIF - — \
(Rosing et al., 2010) ~ ]
. . . . D)
4 3 2 1 0

Time [Ga]



Estimated pCO, & pH of Hadean Seawater

3
(1)Magma Ocean (2) Partitioned
steam atm, 100025C0,  into first Ocean calcite
H,Ov + CO;, | \..  magnesite
10 bars CO2 \
Log | ’ MNJitration
Peo, (3)Cq rbongte afloor weathering
0 byffering
-1
‘2 10x present
-3 present atmos.
-4
| 2 3 4 o) o) 7 8 S
pH

(Carbonate buffering eq. from Garrels & Christ, 1965; Macleod et al., 1994)



CO, is unstable against UV
(e.g., Young & DeMore, 1982)

A) 100 "
o H,: 200ppm | |co

60

“Run away CO” .
CO,+hv>CO+0O

Altitude (km)
N
S

30 |

® 100 CO-loss (mainly CO + OH > CO, + H) is slow.
90
80 |
_ f CO is accumulated in the atmosphere
% :2 E under reducing condition
S wf (e.g., high-H,, Fe(ll) in the ocean)
30
20 | I.:’ll
10 - rl
0 I |

, | . . . ] L] -

107 10° 100 10¢ 10° 10% 107 1 P re b | Otl C UV Ch e m | Stry
Mixing ratio

Fig. 5 Vertical mixing ratio profiles of H,, CH,, and CO in our Case 1 ecosystem RO I e Of C O

for f(H,) = (a) 200 ppmv and (b) 800 ppmv. The CO, mixing ratio was fixed
at 2500 ppmv for both cases. In the absence of a biotic sink, CO can quickly
accumulate to very high levels in a methanogenic ecosystem.

1D model (Kharecha et al., 2005)




Prebiotic UV chemistry revisited

under reducing atmosphere (CO, << 1bar)...

* CO produced by CO,-photolysis
« UV hits reducing ocean/lake rich in Fe?*

Rapid UV photolysis

x10*3PAL ¥ UV
CO, — O HO x
0.01 ~ 1 bar <OH oxidation L/UV\ s

(>10*3 PAL)

Hadean Ocean or Lake ? ?
HCHQO?
Fe2+ CH,CHO? / CH,COOH??

1 1

_ 5 ‘\‘ Prebiotic 1\ 5

Need more experiments | 7\ chemistry 1 °

1 1
) / ) /

Sugars??? C3-C5 ?7??



New Prebiotic UV Experiments T

MV

Latctor A
“° CO, (0.1 bar) + H,O (100 ml)
1 + UV (3h)

10-f

°f | [

o:o S e 20 a0 40 a0 e 4:—"; g 70 2.0 90 100
" £ O

Latctor O — \J

] ST
“ CO (0.1 bar) + H,O (100 ml) -
»l 4+ UV 5 3

; (3h) s S
2 O - N

1 0 T
10 (= <LE) O /\

[ 1 [ _'_‘-YA - ek - "

80 1 2 a4 s es s s fo0

e CO converted into Formate (1.2%) & Acetate (0.3%) +o.



New Prebiotic UV Experiments (comparison)

>

OCD
Y

\5

CO + H,0(l) (This study)

% yield against initial CO

%
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<0
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—
—

Lactic acid??
(unidentified)

time (hour)

CO+ HZO(V) (Bar-Nun & Chang, 1983)

%o
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New Prebiotic UV Experiments (mechanism) T

(} H20 CO:
h\/ Hz h\/

Hk OI—JOWCO

—

HCOX=

\&rmaldehyde HCHO

Formate C1|/HCOOH

KC—C bonding
@)
Bx
®)
L

CHs
Acetaldehyde | CH:CHO

Acetate C2 [CH:COOH

CHsO

key reactions
H20 + /v —H + OH

CO+OH —H+CO=
CO+H+M —HCO +M

HCO + HCO —» HCHO + CO
aldehyde

HCHO + OH - HCOOH +H

carboxylic acid !

CHs+ HCO + M
— CH3:CHO + M

C2 compound !!

Redox state
(H/OH) is critical

*

In reality,
H/OH controlled by
surrounding environment
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A ap g R D EE(3) : “Dilution Problem”
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RNA world ? ?

)czN\
CH (o] Q o)
N/C\\ /i \_.0 \ \ o
il /C’N PP L
CH_N CH '0/ 0’ O/ \o
\ ,CH—C
CI-I,0,|CH Adenosine triphosphate (ATP)
HO =~ OH phosphate transferenergy transfer
o
/ CH o Q o HCZ ¢~ NH,
s A VI [l
Il c—N P: B HC\\ /CH
CH_./ N7\ N,
~N CH,0 (&) o—cI:H2 I
SH— c‘\H'o\CH
CH o~ICH ,CH—Q’H
HO = OH HO OH
Nicotinamide adenine dinucleotide
(vitamin = niacin)
oxidation, reduction
Va
HzN\ HN—(‘\
/C;N\ =N
d CH Q o — \
N~ /i \ o \ N=— C—C{-I
L =" L n—c”  No—ch,
C“LN\ cHo” 07 So—cH, Ne=d
H—C _CH CH c\
/ HO ek
CH.o~{CH en—ch CHs
HO =~ OH
HO OH
Flavin adenine dinucleotide
H.N (vitamin = riboflavin)
2 p ;N\ oxidation, reduction
{ " Qo Q% p
/4 \." cH,
L. PP CHy-SH
CH./ cHo” o7 \O—?—CHg e /7
\ o S NH—CH,
/ HO— C\ CH,
CHeo-ICH CH—NH

Coenzyme A
(vitamin = pantothenic acid)
carbon-carbon bond formation

H\ﬁ/i\'r/l

N

#Z(ribose)

0=pP—O0—CH,

Uracil
z’“%o

0
i



RNA world ? ?
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cis-aconitate
N
OI‘/E& (C6) OH Isocitrate
H2 O HO
HO OH HO "
_malonate I | o 0 0o |
C lipids OM oxalosuccinate
ez o 0
H OH ( ‘10 r
CB) o o)
° i (C2)+CO, N
- OH
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¥E alanine, o . glutamate _
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Proto-metabolism Not making material, but “system”

Definition:
“A geochemical system providing specific building blocks
that is taken over by enzymatic system”

substrate (a) substrate (b) fee m Qﬁ

A EEY T
o (Proto-)
\ Metabolism - /
| product
T O/ ™~ ‘AR XX

*Continuous supply can drive (UV?/hydrothermal?)
*Possibly started from pathway, “auto-catalytic cycle” later
*Evolvable (before Darwinian)



Driver of “Proto-metabolism” Ty

CC{
CO\ Cc6
Citrate
C1 o

o o o
C2}J\. C5 Ho’n\r'\o/u\oH +NHs

cetate core
a ketogh?tarate—»Amino Acids

&L metabolism
s /.

OH
o Pyruvate C4Ho @ —»Nucleobases

Oxaloacetate
O
N\ c3 /
PEP »Sugars

o)

o /OH
HO s
J\f />oH
\ )

HO

»Lipids



Driver of “Proto-metabolism” O

Continuous supply of HCOOH into hydrosphere

CO: : B
\ é~N~ | Proto-metabolism
\ uv C6 [ —
Citrate P
Yo Ice Sheet ?
1 Ho
\o 0 o 2nd stage I
NH polymer
C2Ac;t1:e core C5 HOWH e

0]

o
, a ketoglutarate—» Amino Acids—»
L metabolism J O ACIHES
C3

OH
AL C4H+o > »Nucleobases—

. HO
Minerals
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Find “Trajectory” in Environment Space

Genome Science / Geology A
g 4) Evolution of Earth-Life

LUCA

A
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S Synthetic Biology £ &
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= Enzy Replication / Metabolism / Mebmrane —
Enzymd
Origins of Life 5
w ©
Prebiotic Chemistry @ g  /
2) Proto-metabolism Se
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Nucleotides Geochemistry e E
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: Fountain of Life £

Environment Space (T, pH, [X], redox, etc.)

Earth/Planetary Science
0) Formation of the Earth




