The Potential Roles of Minerals in the Origins of Life
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Outline of Presentation

Time-line of Earth History

Habitability
Early Earth Environments for the Origins of Life (Ool)

Modern Earth Environments
Other Worlds

Minimal Definition of “Life.” Common Origin of all Life

Potential Effects of Minerals on “Protocell” Emergence

Predictive Model for Mineral Effects?



Time Line of Early Earth Events
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MINIMAL DEFINITION OF LIFE



A Common Origin: Minimal Protocell

mass transport in
and out

metabolism:

trans-membrane,

catalyzed energy

reproduction A=SEES %%
;P transfer cycles

membrane
boundary



Potential Roles of Minerals In Protocell Evolution

membrane
stability

mineral

Do the potential mineral effects depend on their properties such as crystal

structure, chemical composition, solubility, surface charge, particle size, etc.?

- enable development a model to predict effects of wide range of minerals?
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HABITABILITY



Visualization of Early Earth Environments: 4.5 - 3.9 Ga

| HadeanErad.5-~4.4Ga |  Archaean Era~ 4.4 Ga-4.1Ga _

© 2000 Don Pixon / cosmographica.com

Meteorite & comet heavy bombardment “Cool” early Earth: temps ~ 80 - 90 °C

hot, inhospitable, no atmospheric O, liquid H,0, oceanic crust, no atm. O,
Archaean Era~ 4.1 Ga-3.9 Ga Archaean Era: ~ 3.5 Ga

Continental crust | Earliest bacterial fossils?
fresh water, no atm. O, (compare to modern cyanobacterium)



Modern Habitable Geochemical Environments

Deep sea sulfidic hydrothermal vents
pH ~ 3-8, temp. ~ 375 -4°C

http://http://faculty.cascadia.edu/jvanleer/astro%20sum01/Hyrothremal%20Vent%20Fi
nal/hydrothermal_vents.htm

Kwabh ljen Volcanic Lake, Java, Indonesia
Sulfuric acid, pH ~ 0.5

http://en.wikipedia.org/wiki/ljen

Spotted Lake, Canada
pH > 7, Ca, Na, Mg sulfates

http://www.playbull.com/beautiful-places/spotted-lake-canada/

Ice core, Arctic
Temp. = 0 °C, high pressure at depth
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http://serc.carleton.edu/microbelife/extreme/cold/index.html



Tree of Extant Life

A Common Origin

| EUCARYA |

Animals Fungi  Plants

Ancyromonas

Protists

Aquifex

BACTERIA

Thermotoga

)0“\0

Q‘"i a

thermophiles,
other bacteria

Eukaryotes

Sulfolobus

Desulfurococcus

ARCHAEA

Pyrodictium

Thermoproteus
Pyrobaculum
Pyrococcus
Methanothermus
Methanopyrus
Archaeoglobus
Methanococcus

// ‘\ exre?vgggﬁxiles
' Extremophiles:

acidophiles, thermophiles,
A halophiles, psychrophiles,
i piezophiles

\ protocells

www.whoi.edu
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Other Solid Worlds ?

Mars Titan - Moon of Saturn Europa - Moon of Jupiter

Alluvial Fans Craters Ice Rafts

Fe,0; Concretions
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NASA



MINERAL EFFECTS ON

MEMBRANE STABILITY



Model Protocell Membranes

extracted lipids ...

meteorite:
carbonaceous chondrite

fatty acid molecule vesicle (membrane) synthetic vesicles
(e.g. decanoic acid)
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Model Protocell Membrane (Fatty Acid Vesicle) Dynamics

stop video at 7:77 seconds

http://www.molecularmovies.com/showcase/



Rocks Types Present on Early Earth (4.4 - 3.9 Ga)

Archaean Era
~4.1Ga-3.9Ga

Oceanic Crustal Rocks: Komatiite Continental Crustal Rocks: Tonalite

\ Weathering of these Rocks }

Minerals Formed: Oxides, Carbonates, Sulfides, Clays (Aluminosilicate)
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Some Rocks and Minerals Relevant to Early Earth Environments

komatiite

amorphous silica (SiO,)

montmorillonite
. (Na,Ca), 55(Al,Mg),(Si,0,,)(OH),-nH,O0

© geology.com

siderite (FeCO;) pyrite (FeS,)
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Transmission Electron Microscopy of Minerals and Rocks

.é][ﬁ?ﬂ@[?[é)ﬂﬂ@@ﬂ@ @ﬂﬂ@ e tonallite:
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1. Do Minerals Disrupt Vesicles Membranes?

a. Visualization by Cryo-Transmission Electron Microscopy

Zincite (ZnO)

Goethite
(0.-FeOOH)
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v

1. Do Minerals Disrupt Vesicles Membranes?

b. Quantitation by Calcein (Fluorescent Self-Quenching Dye) Leakage Assay

Mineral

20



Membrane Disruption or Total Rupture (Leakage)

Y O X X ‘\
— — ,%

Mineral I
12 minerals and rocks studied:
komatiite: early tonalite: early

oceanic crust continentalcrust o wide range of composition,

Ais

crystal structure, surface charge

e did not destabilize membranes

compared to no mineral present
pyrite (FeS,)

- Excellent news!
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Vesicle Formation from Fatty Acid Micelles

http://www.molecularmovies.com/showcase/




Rate of Membrane Formation

- S,
é KA TeN
e W
‘ g
slow fast
1x 500 x 1,000 x 10,000 x 100,000 x

no min. ~ SiO,

g 3
Zincite (ZnO)

komatiite: early tonalite: early Pyrite (FeS,)
oceanic crust continental crust

--- surface charge +++ surface charge

e 12 minerals and rocks significantly promoted formation rate.
o Effect varies systematically with mineral properties (charge, particle size)

- have developed model to predict effect of minerals not tested here )3



Isoelectric Point (Surface Charge) Depends on Crystal Structure
and Chemical Composition

0-Si0, Crystal System: trigonal; Spacegroup P 3, 2 1; Unit cell: a = 4.914 A ,c=5.401A

Pauling bond strength, s 0, = 4/IV=1.0 I'si.o, sio2 = 1.64 A Esioz = 3.81

a-Al,0, Crystal System: trigonal; Spacegroup R -3 ¢; Unit cell: a = 4.762 A, c=12.994 A

Sal o-a203 = 3/V1=0.50 Faro, eoaizos = 1.93 A

s = 3/IV=0.75 ra =1.81A
Al, tet Al-O, tet Sverjensky & Sahai, 1996
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Summary: Mineral and Rock Effects on Membranes
X destabilize (disrupt) membranes?
v promote formation rate of membranes?

v/ mineral effects depend on chemical composition,

crystal structure, surface charge, particle size

—> predictive model for rate effects

membrane stability on other worlds?
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Potential Roles of Minerals in Protocell Evolution

Minerals as Catalysts (“Prebiotic Enzymes”) ?

mass

transport

metabolism:

genes:

replication 7

membrane stabNiy

catalyzed energy

transfer cycles

Mineral ‘
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Concluding Remarks

The Earth’s atmospheric, oceanic and rock compositions have

evolved over time.

Life probably originated early in Earth history.

Earth’s environment and life co-evolved after the origin of life.

Minerals do not rupture membranes and promote membrane

formation rate.

Minerals as “prebiotic enzymes” remains to be examined.

Life on other worlds? 27
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Proposed Mechanism of Mineral Effects on Lipid Membranes
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Summary: Mineral Crystal Chemistry Affects Model Protocell Viability

micelle = vescicle R
. o J— —
transition rates -
, =t
— —
i
————————————————————————— > |
[0,V of— |

>

- Mineral Surface Charge <+

Crystal Chemistry
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lon Leaching from Rocks and Minerals in Bicine Buffer (pH 8)

1.00

0.90

0.80
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0.50

0.40

0.30

concentration, mM

0.20

0.10

0.00

ICP-OES analysis mCa
B Mg
M Fe

| Si

K I -

Siderite 0.1 Siderite 1 Komatiite Komatiite 1Tonalite 0.1 Tonalite 1 Voliclay 0.1 Voiclay 1
mg/mL mg/mL 0.1 mg/mL mg/mL mg/mL mg/mL mg/mL mg/mL

> low siderite loading: cations may bridge vesicle head groups = vesicle formation rate 1

> high siderite concentrations: cations precipitate out the lipid 2 no vesicles
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Table 1. Mineral characterization

Characterization of Minerals and Rocks

isoelectric point

B.E.T. surface area primary particle size,

mineral chemical formula (IEP)* (m2/g)¥ secondary particle size (nm)#
silica (Aerosil-300) Sio, 1.5-25 288+5 15+5,50-500
quartz (Minusil-5) Sio, 2-3* 6+0.5 50 -100, 200 — 400
komatiite oceanic crust 1.5-25 305 300 -400, 600 — 1000
tonalite continental crust 3-4 6+0.5 300 - 400, 600 — 1000
rutile Tio, 4-5 0.7+0.2 200 - 400, 600 - 1000
anatase Tio, 54-6 54+2 15+5,50-500
pyrite FeS, 6.3-7.3% 0.5+0.1 800 — 3000

siderite FeCO, 7.2-7.6 9+0.5 500 - 3000

zincite ZnO 83-8.7 3+0.3 50 - 400, 600 — 2000
y-alumina y-Al,O, 83-93 119+3 15+5, 50 - 500
goethite FeO(OH) 8.7-9.3 63+2 50 - 400, 600 — 2000

# determined by measuring {-potential of minerals at different pH in water;
* Sverjensky D.A. and Sahai N., Geochim. Cosmochim. Acta, Vol. 60, No. 20, pp. 3773-3797, 1996
§ LIU Jian-she, et al., Trans. Nonferrous Met. Soc. China, 16, 676-680, 2006
¥ measured using nitrogen adsorption-desorption isotherm at 77 k (Micromeritics Tristar I 3020 analyzer)
* Measured in 200 mM Bicine pH 8;

£ Estimated from the TEM images (Figure S1)
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Peptide-Catalyzed RNA Polymerization
le oF P

PR T S
RS

RNA nucleotide S ‘0»' peptides
monomers @
N ;FO polymerization

RNA oligomer N

polymer = folding 2>
functional RNA (e.g., riboswitch)

Kaddour and Sahai, (in review), Life; http://moodle.schoolnet.lk/file.php/21/nutrition/macro.htm; http://en.bioinformatyk.eu/biochemistry/riboswitches-natural-rna-sensors.html 33



Lipid-Catalyzed RNA Polymerization

2N
&‘C’b" *’%O?
PR

RNA nucleotide N O lipid membranes

monomers N, O polymerization
N

polymer = folding =
functional RNA (e.g., riboswitch)

Kaddour and Sahai, (in review), Life; http://en.bioinformatyk.eu/biochemistry/riboswitches-natural-rna-sensors.html
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Amphiphiles Investigated

Single-Chain Amphiphiles
O

Decanoic Acid, C10 (DA) /\/\/\/\)I\OH

1-Decanol, C10 (DOH) NN 0

Oleic Acid, C18 (OA) O

OH

Double-Chain Amphiphiles: Phospholipids

1-Palmitoyl-2-oleoylphosphatidylcholine, C42 (POPC)

\/\/’\/\/:\/"\/\/\)L
\/\/\/\/\/\/\/\I.I/\/K/ ;\\
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RNA versus DNA Differences
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Nucleotide Bases (NBs)

Adenine (A) Guanine (G) Cytosine (C) Thymine (T)

Sopee Rl

Adenine (A) Guanine (G) Cytosine (C)  Uracil (U)




Nucleotide Polymerization (Single Chain)

http://www.chem.wisc.edu/deptfiles/genchem/netorial/modul
es/biomolecules/modules/dnal/dnal3.htm



Nucleotide Polymerization (Single Chain)
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Amino Acid Polymerization:
Peptide (Amide) Bond Formation

Glycine (G) Serine (S) Phenylalanine (F)
o [e] (o]
|

H,;N——CH—C——OH H,;N——CH—C——OH H,;N——CH—C——OH

H CH, CH,

. . |
Amino Acids Arginine (R) oH
HzN_CH_Ll_OH Glutamate (

. |
| CH
CH, |
| CH,
NH |
| c—o
C==NH |
| OH
NH,

[ I
Dipeptide H;N—CH—C—N (|)H—C—OH
H CHy



The Central Paradigm of Biology

transcription

DNA RNA
: enzymes
deoxyribonucleic
acid ribonucleic
acid

& Other Proteins

Enzymes |

metabolic cycles

DNA polymerase NADP reductase "



The Central Problem

How to Make One without the Other ?

N

GENETIC CODE

PROTEIN

42



DNA Replication

<———Overall direction of replication———— | gading

DNA pol lll Lagging, N\
strand

Paranlal DMNA

http://www?2.le.ac.uk/departments/genetics/vgec/diagrams/95-DNA-replication.gif



DNA Replication

Overview
Origin of replication
Leading strand Lagging strand

Lagging strand Leading strand

Overall directions
of replication

Origin of replication

RNA primer
“Sliding clamp”

DNA pol I1I
Parental DNA l

Copyright © 2008 Pearson Education, inc., publishing as Pearson Benjamin Cummings.

http://www.bio.miami.edu/dana/pix/leadingstrand.jpg



Mineral Surface Charge Depends on Crystal Structure & Composition

> MOH® + H* => MOHS logK,,
> MO~ + HY* => MOH°® logK,,
>M0_+ 2H+ :>MOHél_ logKPZC

1
PZC = E(logl‘(a1 + logK,, ) = IEP

AGads Ht — AGsolv'l' Gelec + Gchem

86 o= fi(2 =)+ (81) +f. (%) A () 4 5 (22) 4 Fagnen

To—-H TM-o0oH

1 S
AGadS HT — C1 (Sk) + () (TM_O) + C3

Pauling bond strength: s = valence/coordination number

Sverjensky (1994); Sverjensky & Sahai (1996); Sahai & Sverjensky (1997a, b); Sahai (2002) 45



ApK =log K 2 - log K 1
12.0 . | l | ' |
- SO” + SOH " = 2 SOH |
10.0 | N
8.0 |-
- GOETHITE
A4
2 6.0 RUTILE —
v-Al 203 -
4.0 Davis et al. (1978) _
Sverjensky and Sahai,
B 1995, in prep. .
20 I ] L | L |
0.10 0.20 0.30 0.40




Importance of Early Earth Environments

e.g., Non-Enzymatic RNA Nucleotide Synthesis

HO

Laboratory Synthesis

PO, =1M

pH=7
T=25°C

NB

H H
H H
(|) OH
0O—P—O

Present Earth

PO, =1/1000 M

pH=1-12
T=-50to 140 °C

Early Earth

PO, = ??

pH=7??
T=?
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Initial Rate of Vesicle Formation Depends on Mineral Surface Charge
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Table 1. Mineral characterization

Characterization of Minerals and Rocks

isoelectric point

B.E.T. surface area primary particle size,

mineral chemical formula (IEP)* (m2/g)¥ secondary particle size (nm)#
silica (Aerosil-300) Sio, 1.5-25 288+5 15+5,50-500
quartz (Minusil-5) a-Sio, 2-3* 6+0.5 50-100, 200 - 400
komatiite oceanic crust 1.5-25 305 300 -400, 600 — 1000
tonalite continental crust 3-4 6+0.5 300 - 400, 600 — 1000
rutile a-Tio, 4-5 0.7+0.2 200 - 400, 600 - 1000
anatase B-TiO, 54-6 54+2 15+5,50-500
pyrite o-FeS, 6.3-7.3% 0.5+0.1 800 — 3000

siderite FeCO, 7.2-7.6 9+0.5 500 - 3000

zincite ZnO 83-8.7 3+0.3 50 - 400, 600 — 2000
y-alumina y-Al,O, 83-93 119+3 15+5, 50 - 500
goethite o-FeO(OH) 8.7-9.3 63+2 50 - 400, 600 — 2000

# determined by measuring {-potential of minerals at different pH in water;
* Sverjensky D.A. and Sahai N., Geochim. Cosmochim. Acta, Vol. 60, No. 20, pp. 3773-3797, 1996
§ LIU Jian-she, et al., Trans. Nonferrous Met. Soc. China, 16, 676-680, 2006
¥ measured using nitrogen adsorption-desorption isotherm at 77 k (Micromeritics Tristar I 3020 analyzer)
* Measured in 200 mM Bicine pH 8;

£ Estimated from the TEM images (Figure S1)

49



