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Part | Introduction to Astrobiology

1 What Is Astrobiology?
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From the Origins of Life to the Search for
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15 Biogenic and Abiogenic Graphite in Minerals and Rocks of the Early Earth
Takeshi Kakegawa
16 Cellular Microfossils and Possible Microfossils in the Paleo- and Mesoarchean
Kenichiro Sugitani
17 Great Oxidation Event and Snowball Earth
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A part of Hadean zircon grains has high oxygen isotope
(6180) values (Wilde et al. 2001), indicating that the Earth’s
oceans existed during the Hadean era. High 680 values of
zircon grains compared with the mantle are produced by low-
temperature interactions between rocks and liquid water.
Zircon grains with the ages of 3.91-4.28 Ga have high &80
values, suggesting interactions between the continental crust
and oceans (Wilde et al. 2001; Mojzsis et al. 2001).
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Fig. 14.1 Genda, 2019 Astrobiology in press

Pillow lava basalt (left) and sedimentary rock (right) in Isua, Greenland. The pillow lava
basalt erupted underwater at 3.8 Ga. The gray-green portion is the core of the pillow
and is mantled by a dark green portion, which in turn is rimmed by pale-colored chilled
margins, together with the matrix. The sedimentary rock is a conglomerate interlayered
with mafic terrigenous sediments. The scales are given by a hammer at the top of the
left photo and a pencil in the middle of the right photo. (Courtesy of Museum of
Evolving Earth, Tokyo Institute of Technology)
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Kakegawa, T.
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Figure 9: Contrasting
morphologies of graphite grains. A
Is from schist (meta-black shale)
and B is from a carbonate vein. A
shows various forms of graphite
grains including tubular (1 in
figure), polygonal (2 in figure) or
intermediate (3 in figure) forms.
Such variation is a typical
characteristic of biogenic
graphite. B shows uniform sheet-
like textures. Individual thin
sheets (or films) are aggregated.
Such uniformity is a characteristic
of abiogenic graphite.
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Fig. 2. Profiles of adenosine 5'-triphosphate (ATP) and total adenylates (A;) in the water col-
umn near the Galdpagos Rift vents.

284 H. W. Jannasch
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TABLE 2. MICROBIAL NUCLEOTIDES AT A HYDROTHERMAL VENT SITE
‘ (GALAPAGOS RIFT)T

sample ATP Ar GTP:ATP
surface seawater} 130432 340+112 0.164+0.08
(50 m) ng I7? ng |71
deep seawater] 1.740.3 3.44+0.3 0.075
(2400 m) g I3 ng 17!
‘Garden of Eden’ vent} 491 + 151 1494 + 553 0.864+0.17
(2500 m) ng 171 ng 17!
‘Garden of Eden’ vent§ 1943+ 1143 424842031 0.894+0.35
(2500 m) ng g~! ng g~}

T Data from Karl et al. 1980 (ATP, adenosine 5'-triphosphate; Ar, total adenylates:

GTP:ATP, ratio of guanosine 5'-triphosphate to adenosine 5'-triphosphate).
1 Filtered.
§ Settled particles.

H.W. Jannasch 43
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Table 2. Comparison of the compositions of actual warm vent water at several vent fields with those calculated as mixtures of hot (350°C) vent
water with seawater (concentrations in micromoles per kilogram of solution). Vent fields: Ocean Bottom Seismograph (OBS), Southwest (SW),
and Hanging Gardens (HG), all on the East Pacific Rise near 21°N; Clambake (CB), Garden of Eden (GE), Dandelions (DL), and Oyster Bed (OB)
sampled in 1977, plus Mussel Bed (MB), East of Eden (EE), and Rose Garden (RG) sampled in 1979 on the Galdpagos Rift near 86°W.

End-members Mixlu‘rcs at 12.6°C
5 Calculated composition: Calculated com- Measured (extrapolated or interpolated to
C?‘:‘nﬁo' SEC waters conservative position: reacted* 12.6°C = 800 pM Si)
OBS SW HG OBS Sw HG. OBS SW HG CB GE DL OB MB EE RG F:::;—
Vent waters
ZH,S 7300 7450 8370 219 224 251 105 127 102 20 120 2600 S0 500 180 (l0,11,17)
H, 1700 380 51 11 0 0 0 0.12 0.03 (17, 19)
CH, 45 53 1.4 1.6 31 88 24 17, 19)
Cco 0.31 0.67 0.0009 0.02 006 039 006 (/7
NH, <10 <10 <I0 <0.3 <0.3 <0.3 4 4 4 28 0.0 28 0.0 (11, 17)
NO,~ <0.1 ) <0.003 " 2 2 2 13 8.2 (11, 17)
N.O <0.02 0.06 <0.0006 0.0002 0.13 0.00 0.03 (17)
Fe** 1664 750 2429 50 23 - 13 0 0 0 30 05 -~3 <I (10, 11)
Mn?* 960 699 878 29 21 26 42 11 16 15 (10, 11)
ECQz 5720 2400 ‘ 2510 2580 (13)
Ambient seawater . .
0, 107 104 ' 0 0o 0 o 0o 0 o0 0 0 0 (10, 17)
NO,~ 39 38 0 0 0 0 10 0 0 0 11.5 (10, 17)
2CO, 2300 (11
Temperaturet (°C)

2.2 9.3 12.1 6.6 9.1 100 56 16.4 (l0,17)
*The reaction sequence used is: 2H, + O, — 2H,0; Fe>* + H,S— FeS + 2H"; 49H.S + 76NO,~ + 8H,0 — 32N, + 8NH,* + 4NO,~ + 4950, + 18H" + 32H,0;
H,S + 20, — SO~ + 2H". tTemperatures are for ambient secawater and for the highest temperature sample used in this data compilation.

720 SCIENCE, VOL. 229
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. 4H, + CO, = CH4 +2H,0 AR HER

. 4H, +H,80,=H,S +4H,0 FEET

. CH, + 4Fe0, = CO, + 2H,0 +4FeO,
AR Bk I=
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BFHEAE BFZEIRE It ZES A E FE
S2, So, 0, A F 7BRICHE + +
S,0,%

S2-, So, N Oy et g i) +
S,05*
H, 02 KRB E + +
H, N O, I KRB E -
H, S°, SO,% A F TV IRERI=RITHE TR
H, CO, X2 UHE. BFRRE + +
NH,*, NOy 0, LR +
Fe2t, Mn2* 0, TR ilE. ~ > BIHlE + +
CH,,CO 0, A 2 BRACHE. + +

— M1 ik =R R
H.W. Jannasch
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Metabolic energy potentially available
T. M. McCollom and E. L. Shock (1997) Giochim. Cosmochem. Acta, 61: 4375-4391

Conc(mM) T(°c) cal /kg vent fluid

H>
SOy
H>S
Fe
CH4
Mn?2"*

1.7 methanogenesis >40
28 sulfate reduction >40

7.3 oxidation <40
1.7 oxidation <40
0.07 oxidation <40
0.96 oxidation <40

10
10
760
10
10
10

subsurface mixing zone
subsurface mixing zone
plumes or diffuse mixing
plumes or diffuse mixing
plumes or diffuse mixing
plumes or diffuse mixing

APSKO04: Methanococcules, Archaeoglobales

APSK10: Thiomicrospira
APSKO7: Methylobacterium
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Abundances of organic matter from Murchinson
meteorite and few chondrites,

Compound class Concentration (ppm)
Amino acids 17-60

Aliphatic hydrocarbons >35
Aromatic hydrocarbons 3319
Fullerenes >100

Carboxylic acids >300
Hydrocarboxylic acids 15
Purines and pyrimidines 1.3
Alcohols 11

Sulphonic acids 68
Phosphonic acids 2

Ehrenfreund et al. (2002)
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Table 1. Amino acids in the Murchison meteorite.
T. Koga & H. Naraoka Scientific Reports 7, (2017)

a Glycine

o D-Alanine

o L-Alanine

o Sarcosine

o D-Serine

o L-Serine

B D-Isoserine”

B L-Isoserine”

B B-Alanine

o o-AIBA

a D-a-ABA

o L-0-ABA

a D-Aspartic acid
a L-Aspartic acid
o D-Threonine

o L-Threonine

o D-allo-Threonine
o L-allo-Threonine
o DL-a-Methylserine”
o D-Homoserine”
o, L-Homoserine”

B D-B-ABA

B L-B-ABA

B D-B-AIBA

B L-B-AIBA

B DL-B-Homoserine”
DL-3-Amino-2-

B (hydroxy-methyl)
propanoic acid”

B DL-Isothreonine”

B D-allo-
Isothreonine®

B L-allo-
Isothreonine”

v DL-4-A-2-HBA*

vy D-4-A-3-HBA*

v L-4-A-3-HBA?

v v-ABA

a D-Valine

a L-Valine

o D-Norvaline

o L-Norvaline

o DL-Isovaline

o D-Glutamic acid

o L-Glutamic acid
D-j3-

B (Aminomethyl)-
succinic acid”
L-B-

B (Aminomethyl)-
succinic acid”
D-o-Aminoadipic
acid
L-a-Aminoadipic
acid

o D-Leucine

o L-Leucine

o D-Isoleucine

o L-Isoleucine
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Fig. 1.Distribution of guanine, hypoxanthine, xanthine, adenine, purine,and ZG-diaminopurine in 11
carbonaceous chondrites and one ureilite. The three CM2 carbonaceous chondrites in this study
(Murchison, LEW90500, and LON 94102) contained significantly higher (approximately 4 X to 12 X))

abundances of purine nucleobases as well as greater structurally di-versity. 81



(Fig. 1, Yabuta et al. Springer 2019)
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(Fig. 1, Yabuta et al. Springer 2019)

83



Diffuse

Medium - sis=%

Stellar Death
and Mass Ejection

Endogenous
Synthesis

Hydrothermal
Vents

Star and |
Planet Formation

Volcanic ':g/ %
Gl ‘ Meteorites
3

Miller-Urey

Syntheses

Courtesy by
Dr. Amie Elsila
(Deamer et al.
2002)



FIIBERTZETOT JAR(BUINDE

X)W TES, KIZBENT EZHVORTITHNT

o

T /A2 XT7x7
VINDBERFFTTER, BRIRD#E1E (K. Harada)

85



EFEEDFED

- P2/BRIETES,

- JAT4/48-290R2x7

- ZERIX ? RERIEE (X TED,

- CnblIfERPRICRERDOHM-TLNS,
- BREE I TELLY,

- BRDEIE?

A EIEDIRIFEIL?




ERICTE =D FIFEHES D
7J[|7J< \ﬁ¢?'é&7\/ﬁa7b\f%%>

M62 TNEFTORFRARICESTHMINE, BIBHELHK
ARNONFHEETIL" ¥



y ST

RMEITET=H

RNA () EDNA(T)

Q@ Q@ Q @

o:’@A> E:@ Q @

3 21

-o_ 2

_5, lo)
H\H HH
OH H

OH
3 2' 9 ! ) 2

88



89



— PNAGS ——————

B-UBOEXHR HENEEWY B BOXH




H 2 (K

x>
[Tull

= 51K



B)

EMAERILAFR
N ©

o
o 0 o
Y e 0-P-0-P-0-P-0-
6 O O
H WH

N b

o O
0-P-0-P-0-GH2 o HO
o O
H H/H

OH OH

CH2 o

L

H
OH

OH
CH2 o

\/o
ol
-

o
o



ZER (X)) U ERE R D

TEaREnt-

o O_.OH
J1a—L - ., Powneretal.
7ILTER ?H“p) Nature 459,
‘ l
T UTER H,N—CN %NH HOK@,-OH 239-241 (2009)
8 d 11
J=$ " NH2 | ﬁ\ HO = OH4()
7ka ~ \[Or — HO' 1% " NH NH,
) 6 — _,(%LO_X :/I‘:/‘\/
v ’ N H,
7ok S o 3
7)[/7_'\1:': T HO Y (\erHe
+H,0 O N~ _-N
R . pag
HO , OH
TeFLr HO.._OH
)8 —1-21—«;0
0 O NH
HO o . A
o -
N Y
0.0



EFEIEDFTED

- PR/BRITTES,

- JAT4/4K-2H90R7x7F

- BRERIE ? RRIEE(IXTES,

- hslFfEadzROo2-oTLNVS,
- RBRIITELGLY,

- BRDEIE?

- {EFEEDIRIFE(T ?

- ELETEER(RVLAFR)HTES.




EeFaYr%%
RNAD—)LE



B28

Bl F ILFOETEFRER

1. DNADOBIE DR BEELR LV E BB TE 3.

2. dNTPOEE EDNAZAEOEEA I T 5.
3. DNADO#E S,
4, BT DIEERI I ZFRTZ 5.

lml

ER{bFRIA BEEFIFI| LWEBEEE

S, BFRICOWCHRBATE 3.

96



00000

X2 1

: F$ED&FE (C)
> (P)
: 8% (O)
1 kZFE (H)
IBEFDC EN

DNA O 3R &

97



X2 -2 IEEX

KEWE KEWE

*$ S ES

N/H 0 CHs O.+-H/N/

TZ/Q H/Ek%g TZ/( He grﬂ$

N - N N— >7/N
= \ / Ng( _H" \

r N C r

¢
N
N
A A T /
—— s ( E3H E3H\ (E3H

il 7T G H v
g7

>
INEWE INEWE

ER{bFRIA BEEFIFI| LWEBEEE 98



2-3 TYrebU IV UOBEE

6 . 7 4
1 hl/’ N 3 hl/’ 5
¥
ZK\N ‘4 N>9 ZK\N ‘6
3 \ 1
H
71) > I

ER{bFRIA BEEFIFI| LWEBEEE 99



2«4 YRXTZLAFKE

FEEFL YRR LAF R

TAXD
OH OH K —2Z OH H R —2Z
JRX L FF K TFTAXIYRXXTILFFK

HER{bFRIA BEFIZF| LEREEE 100



A2 -5 T/ XJLAFAF K&
R X LFF K

(a) E/XULAFK m)fuz7v#%F

o) 0
1y |m o 5 BE

HOIIZ’OITOITOCHQON
OH OH OH &

H V4
OH H-OH
|
XT7LATR
XTPULFFFK
SIS &L Y] RAKT
IZXFIViES
a (7IV77) 6 (v—%)
B (X—=%) A (TL%)
y (=) o (GFAH)

ER{bFRIA BEEFIFI| LWEBEEE



OH
5
0
5 Kk © HC-0—P—0"
1) D ERE T 5 [
(@]
Y 5 A
5K (POLO-CH,
B
(0]
A
(0]
[ 5 T
(O ﬁ —0-—CH, o
(@)
2
(0]
- I ¥
0—P—0=CH, ;
(0}

7
.
"0-P—0=CH, ,
o)
b
3 K OH

G
C

X2+ 6 DNA_ZA3H

O
HZC — OPO32_ 5/ Xﬁ#’ﬁ

5

ER{bFRIA BEEFIFI| LWEBEEE 102



x2 -1

/— N>
=3 \
bR S X7 VEF TR X7 LVt F K
o s -
BIROWIE vy (x=yk—2) (X=1) e 21 2 10)
NH, TrT=Y T/ vV a3
. Ade Ado TrEI) Y1) U
NZ S A A AMP
Y
N |
X
o rr=v  ITvv a3 3
He . Gua Guo 7Ty )y ry—1) Uk
N IS G G GMP
s AN
HoNT SN ,
X
NH Yy v FIY F VIV
p Cyt Cyd SFVY—) U
)"“\ | C C CMP
o)
X
0 F3Iv FEXVFIVY FEIXVFIVIE
H b, Thy dThd FEFIFIVY—) UM
\N 3
)\ | T T dTMP
o7
dX
0 TSN mYI ) DIV
He Ura Urd AV IAVESRY IV /3
j\ | U U UMP
o)
X

RRILFREA

EBxFIFI LE

—— 103
HE=



— F = —
2?2 - 2 = =0 Hﬂ%?
B = B K B = B K

A A (Adenine 757=>) W AorT (Week 85\ VEEXNT)
G G (Guanine 7 7=>) S C or G (Strong i\ \iEEAT)
CRNI NG (Cylosine - o =) B | CorGorT (ATREVDTRD B)
I R g L o D | AorGorT (C THELD TR D)
NS i ot H | AorCorT (G TREVDTRD H)
I I (Inosine o /> >) Y, AorCorG (T Clx& vy
R AorG (puRine 7'1) >) UIdHdDTRDYV)
Y C or T (plemldlne t° 'J E :/“\/) N A or C or G or T
M | AorC (aMino 7 3 / E»##) (aNy EDBETH L)
K GorT (Keto & bED )

ER{bFRIA BEEFIFI| LWEBEEE 104



X2 7 E=D{THE A

(a) £ & DNA RU XS5 —+F
A1) H—+
CGGACCGCTACGCTACATACC-3

DNA S ¥ 58 gng‘,GCTT ,
@ AGCCTGGOGAT GCGATGT ATGG-5'
> ~ (5
_. « s 5- ATGGCTACCAAG-3 cC #% DNA
DNA YU =71 > 78 3 {AGCGATGGTTCCATCEN .
L7V —L

Gg

ER{bFRIA BEEFIFI| LWEBEEE 105



X2 7 E=D{THE A

(a) £ & DNA RU XS5 —+F
A1) H—+
CGGACCGCTACGCTACATACC-3

DNA S ¥ 58 gng‘,GCTT ,
@ AGCCTGGOGAT GCGATGT ATGG-5'
> ~ (5
_. « s 5- ATGGCTACCAAG-3 cC #% DNA
DNA YU =71 > 78 3 {AGCGATGGTTCCATCEN .
L7V —L

Gg

ER{bFRIA BEEFIFI| LWEBEEE 106



X2 7 E=D{THE A

(a) £ & DNA RU XS5 —+F
A1) H—+
CGGACCGCTACGCTACATACC-3

DNA S ¥ 58 gng‘,GCTT ,
@ AGCCTGGOGAT GCGATGT ATGG-5'
> ~ (5
_. « s 5- ATGGCTACCAAG-3 cC #% DNA
DNA YU =71 > 78 3 {AGCGATGGTTCCATCEN .
L7V —L

Gg

ER{bFRIA BEEFIFI| LWEBEEE 107



X2 7 E=D{THE A

(b) &z &

DNA

mRNA  5- AUGGCUACCAAGGUAGCUUGE

ER{bFRIA BEEFIFI| LWEBEEE 108



X2 7 E=D{THE A

(b) &z &

DNA

mRNA  5- AUGGCUACCAAGGUAGCUUGE

ER{bFRIA BEEFIFI| LWEBEEE 109



X2 7 E=D{THE A

(b) &z &

DNA

mRNA  5- AUGGCUACCAAGGUAGCUUGE

ER{bFRIA BEEFIFI| LWEBEEE 110



X2 7 E=D{THE A

UCGGACC
MRNA CUU@GCCAAGGG .
AG cAA
U C
5 JAUGGCUACCAAGE 5 AUGGGIACOAAGGUABCUUGS

UACCGA > UUGCAU

(c) ¥l

EH

Thr Lys Val

E P A NTF KEH E P A

U j—(\j_.L\ T
UAC CGA UGG UUC CAU

cooe0 <~

i OO

VaNWA
ER{bFRIA BEEFIFI| LWEBEEE 111



X2« 7 B TE&

5’'AUGGCUACCAAGGUAG

UAGCGABGG

ER{bFRIA BEEFIFI| LWEBEEE 112



2 -

o, 00
7,
\
it

m 4 X

U A G

Uuuu LUCUA UAU UuGu U

. UUC]Phe(F) UCC | o i UAC]Tyr(Y) UGC]Cys(C) s
UUA]mMU UCA UAA ik UGA &1k A
UUG UCG- UAG it UGG Trpw) (G
CUU- CCU- CAU]mﬁm CcCGU -

C ke Leu(L) Kt Pro(P) e L Arg(R) .
CUA CCA CAA]@MQ CGA Alx
CUG- CCG- CAG CGG G

=
%

AUU - ACU - AAU AGU U
AUC |Te® |ACC AAC AN | hgclser®) g g

Al AUA- ACA |Thr(™ AAAT L0 [AGAT A |A
AUG Met(M) | ACG- AAG- Y AGG- " G
GUU GCU - GAU]mmm GGU U
GUC GCC GAC GGC C

G GUA Val (V) GCA Ala(A) GAA]GI © GGA]GIy(G) A
GUG GCG- GAG- YUY GGG G

Ala Ry BZ 5 Gly (G) 7U> > Pro (P) 77001 >

Arg (R) 7IL¥=> His (H) EXF$ > Ser (8) &>

Asn (N) 7 RXIx5 ¥ Ile (I) 1va1>> Thr (T) bl#t=>

Asp (D) 7RINZ X B Leu (L) O P> Trp(W) NUTRT 7>

Gys (C) e X571 & Lys (K) U > Tyr (Y) FO> >

Gin (Q) 7iu3> Met (M) X FH+=> val (V) /N>

Glu (E) 7)L%2 3 B8 Phe (F) ZzZIL75=>
ER{bFRIA BEEFIFI| LWEBEEE 113



X2-9 FUINJE ()T F—L)DILIFEE

EENT

ER{bFRIA BEEFIFI| LWEBEEE 114



=Y DETDILHEA

DNAKR ) A S5—+1

1
DNA RS
RNAK Y £ 5—+ $ e
MRNA
RNA-7 = /B
——— BN
(rRNA, 22 /\D8)
2INDE

(7E/BBOEEWF)

115



HOERRIEHBIEDFE

- DNADSDNAAN DS &Y

- DNADNSRNANDERE

- RNAMWS A INIE ~DFIER

- RGPS OMIEIXIN\O8



RNAIZDNAD KL 2
- RNAZS /LELTHEHDOO4ILRAR

- R

=RNDE IZRNAHNSDNA

- IBEELRNANSA INDENTES
(mRNA, tRNA, rRNA)

117



RNADY 2 NOBDRHY ?

- YRFALDFER

-Aobra M B 2 #IERIZFRESN S (Cech,
T.R)

- BROWBERICRNADLZTOFEER
- ATP, CTP, NAD, FAD

« B INDE S BIZRNADN{TOTULNS
» YIRY—L DR TR INDE S EIZRNAM
THoTLNS,

118



Fig 6.2. Molecular fossils from the RNA world

Coenzymes often contain ribonucleotide moieties. RNA components in the
coenzymes are colored in black. (a) adenosine triphosphate (ATP), (b) flavin
adenine dinucleotide (FAD), (c) nicotinamide adenine dinucleotide (NAD"),
and (d) S - adenosylmethionine (SAM).

Ayukawa, S. et al. (2019) Springer in press.
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Dry Polymerization of 3’,5’-Cyclic GMP to Long Strands of RNA

Matthias Morasch et al. ChemBioChem 2014, 15, 879 — 883
O min 60 min
80°C  80°C
M 1 2 3 4

HOCH2 o
H H/H
0.,.0
0 "0
— |, 0
CGMPZz B IR S %
J— ~

&£ 30088 < H Ly
Eﬁ/—\j_ % Figure 4. Dried cGMP shows 3'-5’-linked oligomers without further
= treat- ment. Gel electrophoresis of dried cGMP before (lanes 1, 2)

and after (lanes 3, 4) 1 h incubation at 80 8C. Size markers (“M”,
17-300 bases) at the left show sizes for all four lanes. For each
pair, the right-hand lane is a longer run of the same sample givin? a
better resolution of longer strands. 30



Fig. 6.4 Kiga et al. 2019 Springer
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Fig. 6.4 Kiga et al. 2019 Springer
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Table 6.1. Abilities of RNA polymerase ribozymes

Extension Length of
Ribozyme Error rate Condition
length [nt]
[nt]
b1-233( 6 96 15%1072 60 mM MgCl, 22°C,6Days Eklancll9856BarteL
(Table 1-1) gLl ,oDay
Round-18 Johnston, Unrau,
i - Lawrence,
ribozyme 14 189 3.3x1072 200 mM MgCl, 22°C,24h Glasner. &
(Table 1-2) Bartel, 22)01
Wochner,
tC19 ° Attwater,
(Table 1-3) 95 198 2.7X 102 200 mM MgCl, 17°C,7Days Coulson, &
Holliger, 2011
tC9Y Attwater,
(Table 1-4) 206 202 2.3X102 200 mM MgCl,_ 17°C,7Days chhner, &
Holliger, 2013
tC9-4M 10 mM MgCl,+6 upM Ky, S Tagami, etal.,
(Table 1-5) 195 177 2.2%X102 17°C, 21Days K,,: Lysine April 2017
decapeptide Nature Chem.

20018 D Y RH A LIF200iEE DRNA # 8T X 3
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4 T g R
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

Figure Timeline of events pertaining to the early history of life on Earth, with approximate dates in billions of years s&tie the pre

Joyce, G. F., Nature 418, 214-221 (2002)
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Martin, W. and Russell, M. J., Phil. Trans. R. Soc. Lond. B358, 59-85 (2003) hydrothermal solution
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)7RY—L. RNAT—)LK
Ricardo, A. and J. W. Szostak, Scientifi Ameriman 2009, Sep. 54

T,

Warm side of pond

Membrane
7o ! incorporates new
Protocell 4 8 fatty molecules

: divides, and Az & and grows
ASSISTED REPRODUCTION Ay _ daughter cells :
Once released from clay, the newly @ repeat the cycle
formed polymers might become engulfeg®
in water-filled sacs as fatty acids sponta- 3
neously arranged themselves into mem- ¢
branes. These protocells probably re-
quired some external prodding to begin
duplicating their genetic material and
thus reproducing. In one possible scenar-
i0 {right), the protocells circulated
between the cold and warm sides of a :
pond, which may have been partially 44 - Fatty
frozen on one side (the early earth was molecules
mostly cold) and thawed on the other
side by the heat of a volcano.

On the cold side, single RNA strands 3
@ acted as templates on which new @, Nucleotictos — Nucleotides
nucleotides formed base pairs (with As enter and form o
pairing with Us and Cs with Gs), resulting ;;torr:rp])cliementary - S & Hoat separates
in double strandgz. On the hot side, : 2 % the strands
heat would break the double strands
apartg . Membranes could also slowly
grow ¢ until the protocells divided into
“daughter” protocellgs , which could
then start the cycle again. A
Once reproduction cycles got going, double

evolution kicked in-driven by random strand . ‘
mutations—and at some point the o ¥ ¢ Protocell
protocells gained the ability to e 5 reaches
reproduce on their own. Life was born. ) ' “maturity”




);RY—L RNAD—)LF
Ricardo, A. and J. W. Szostak, Scientifi Ameriman 2009, Sep. 54

Journ ey SO e @ RNA CATALYSYS
v A “ T Ribozymesfolded RNA molecules
JEO J[ h e 7 -y ? analogous to protein-based en-
I\/I O d e ' =1 i as speeding up reproduction and & .
C el I 5 . & strengthening the protocell's merfises

brane. Consequently, protocells g
begin to reproduce on their own. 8

After life got started, cof =
petition among life-formss
fueled the drive toward evas

more complex organisms.

We may never know the

exact details of early evolu-

tion, but here is a plausible 0 EVOLUTION STARAS
sequence of some of the  The first protocell is just a sac

: of water and RNA and reqwres v B 7 s - s § Other ribozymes catalyze metabo-
majpreverits that led from external stimulus (such as cyclGSR e, lism—chains of chemical reactions

the first protocell to DNA- of heat and cold) to reproduce. .\ { ' {72 that enable protocells to tap into
based cells such as bacteriaBut it will soon acquire new traitsSEuEES . 75 nutrients from the environment.
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Proteins take on a wide range of %
tasks within the cell. Protein-baseg
catalysts, or enzymes, gradually £g
replace most ribozymes.

Complex systems of RNA cata-'_'ﬁ k¢ . @ ‘ ‘ | . ‘ L WORLD
lysts begin to translate strings %% ' . ; Other enzymes begin to make DNA.Organisms resembling modern

of RNA letters (genes) into " o K7 Thanks to its superior stability, bacteria adapt to living virtually
chains of amino acids (proteins). === A N { LI DNA takes on the role of primary everywhere on earth and rule
Proteins later prove to be more \NA \ 4 genetic molecule. RNA's main role unopposed for billions of years,
efficient catalystsand ableto o prang X $ is now to act as a bridge between until some of them begin to evolve
carry out a variety of tasks.  protein di o vk DNA and proteins. into more complex organisms.

-
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Deamer , D. W. and Pashley, R. M., Orig. Life Evol. Bioshph.
19, 21-33 (1989)

AMP:POPC UMP:POPC d
00
BEEEEAR (AMP)ZRY—LE
— &I, Bz EE T RRYIRT &
RNAD EESHEET-
&1 £ .10
- 10 bp
- ladder
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Mulkidjanian, A. Y . Et al., Proc. Natl. Acad. Sci. USA, (2012)

Tablke 1 .Approximateconcentrationsofkeyions i nvariousenvironments

lon,mol/L Moder n seawater Anoxic water ofprimordialocean Cellcytoplasm
Na 0.4 >0.4 0.01

K! 0.01 ~0.01 0.1

Ca’ 0.01 ~0.01 0.001

Mg™* 0.05 ~0.01 0.01

Fe 10 % (mostlyFe™ 10 3 107to10"
Mn”* 103 10%to10°® 108

Zn'~ 10° <10 * 10%to010"

Cu 10¥ (Cu*Y <104 Cu % 10 ®

Cl 0.5 >0.1 0.1

PO.? 10%to10° <10® ~10 4 (mostly bound)

The intracellular concentrationisdl@medhereasthetotalcontent of a particular elementdividedbythecell
volume andshouldbe discrimnatedfromthemuchlowerfreeionconcentration,which does notaccountforthe

ionsthatarebound to biologicalmolecules. The reconstructedchemicdcomposition of t h eanoxicocean
includesdatafromrefs.14 1558 14 1Thedata onintracellular concentrationsofdifferentchemicalelements

arebased onrefs.14 14P45.

151



Mulkidjanian et al. Proc.Natl.Acad.Scie. Early ed.

- HBAARK+/Na+5 0\

- Chemistry conservation principle

N

- BIKIEK+/Na+HELY, 2B Mn, ZniELY
- BE_L#hEth R, 25K AE
- K+/Na+5 L\

— H2S, CO2,
- MIZZnSHEFE. BIEFERI. UV —ILE
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Mulkidjanian, A. Y . Et al., Proc. Natl. Acad. Sci. USA, (2012)
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Mulkidjanian, A. Y . Et al., Proc. Natl. Acad. Sci. USA,
(2012)
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Yamagishi (2013) Proc. Natl. Acad. Scie. USA. 110,
11067-11072
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Bacteria Archaea Eukarya

G3P G1P G3P
Fatty acid ¥ on Y Fatty acid @
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