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Main reactions

1. Paraffins (2n+1)H;+nCO— C H,,:, +nH,0
2. Olefins 2nH,+nCO— CH,, +nH,0
Side reactions
3. Water-Gas-Shift (WGS) CO+H,0-CO,+H,
4. Carbide formation yC +xM &M, C,
5. Alcohols 2nH,+1CO— C,Hy, +20 +(n-1)H,0
6. Boudouard reaction 2C0— C+CO,
M,O, + yH, «<»xM + yH,0

7. Catalyst reduction and oxidation
M0, + yCOxM + yCO,

8. Coking H, +CO—-C+H,0




HCOOH co HCOCOOH CH,CH,COOH
formic acid —» glyoxylic acid propionic acid
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Table 1. Soluble Organic Compounds in the Murchison

Meteorite”
class of compounds parts per million n’
aliphatic hydrocarbons >35 140
aromatic hydrocarbons 15-28 87
polar hydrocarbons <120 104
carboxylic acids >300 48
amino acids 60 i
imino acids nd® 10
hydroxy acids 1S 7
dicarboxylic acids >30 i
dicarboximides >50 2
! pyridinecarboxylic acids >7 7
sulfonic acids 67 -
phosphonic acids 2 -
N-heterocycles 31
amines 13 207
amides nd® 27

polyols 30 19
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Catalysts

Genetic
information

Mineral

components

Vesicle AN
(Ni, Fe, S) Protocell

Bacteria Archaea Bacteria Archaea

Bacterial \
phospholipids

Eukaryotes Bacteria Archaea

© O @
Bacterial \
phospholipids

Pre-cell stem o

with heterochiral Ps ek o

membrane; i
! heterochiral membrane;

Archaea

Acellular cenancestor;
no membrane

Bacteria

Mineral (FeS)-

compartmented

cenancestor; non-enzym_aﬁtlc enzymatic nonspecific

lipid or nonspecific .
no lipi ! - glycerol phosphate synthesis
membrane glycerol phosphate

Surface metabolism on pyrite synthesis t

Chemical evolution
Cell-like evolution in

mineral compartments
within a hydrothermal ) )
chimney Surface metabolism on pyrite
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The growth of large multilamellar fatty acid vesicles fed with fatty acid micelles, in a solution where
solute permeation across the membranes is slow, results in the transformation of initially spherical vesicles
into long thread-like vesicles, a process driven by the transient imbalance between surface area and volume
growth. Modest shear forces are then sufficient to cause the thread-like vesicles to divide into multiple
daughter vesicles without loss of internal contents.

Ting F. Zhu, and Jack W. Szostak J. Am. Chem. Soc., 2009, 131 (15), 5705-5713




Growth Division Growth . Division
0 =

Relative surface area

® agitate add

i . micelles -
* Imi%%?les .’:" T
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Time (min)

B
Growth Division Growth
» » P
Add Add

micelles Agitate micelles

‘ Volume

increase

Volume

increase ‘

Growth Division Growth
Add Add
micelles Agitate micelles

Cycles of vesicle growth and division. (A) Relative surface area after two cycles of addition of 5 equiv of oleate micelles (solid circles) or 5 equiv
of NaOH (open circles) to oleate vesicles, each followed by agitation. Inset micrographs show vesicle shapes at indicated times. Scale bar, 10 m. (B)
Vesicle shapes during cycles of growth and division in a model prebiotic buffer (0.2 M Na-glycine, pH 8.5, 1 mM initial oleic acid, vesicles contain 10

mM HPTS for fluorescence imaging). Scale bar, 20 m.

Ting F. Zhu, and Jack W. Szostak J. Am. Chem. Soc., 2009, 131 (15), 5705-5713
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HS ROS

8 + + %

Oleate vesicle pearling and division.

A. Radical-mediated oxidation of DTT.

B. An oleate vesicle (containing 2 mM HPTS, in 0.2 M Na-glycinamide,
pH 8.5, 10 mM DTT) 30 min after the addition of five equivalents of oleate
micelles.

C. and D. Under intense illumination (for 2 s and 12 s, respectively),

the long thread-like vesicle went through pearling and division

Scale bar, 10 m.

T. F. Zhu, K. Adamala, N. Zhang, J. W. Szostak PNAS, 2012, doi:10.1073/pnas.1203212109




Oleate vesicle pearling and division with various thiols in the solution.

(A) 3-mercaptopropionic acid.

(B and C) An oleate vesicle (containing 2 mM HPTS, in 0.2 M Na-bicine,
pH 8.5, 10 mM 3-mercaptopropionic acid, 30 min after the addition of five
equivalents of oleatemicelles) went through pearling and division under
intense illumination (for 3 s and 15 s, respectively).

(D) 3-mercapto-1-propanol.

(E and F) An oleate vesicle as above but in 50 mM 3-mercapto-1-propanol,
went through pearling and division under intense illumination (for 2 s and
10 s, respectively).

(G) 1-mercapto-2-propanol.

(H and I) An oleate vesicle as above but in 50 mM 1-mercapto-2-propanol
went through pearling and division under intense illumination (for 2 s and 9
S, respectively).

(J) 3-mercapto-1,2,4-triazole.

(K and L) An oleate vesicle as above but in 50 mM 3-mercapto-1,2,4-
triazole went through pearling and division under intense illumination (for 3
s and 13 s, respectively).

Scale bar, 20 m.

T. F. Zhu, K. Adamala, N. Zhang, J. W. Szostak PNAS, 2012, doi:10.1073/pnas.1203212109
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o
f, . - a) Design of RNA-localizing molecules that include both nonpolar and cationic regions.
£ Imidazole © + Arg, His b) The change in zeta potential
-% c) Schematic of the FRET assay used to assess RNA localization to vesicle membranes
o) d) RNA (5-FAM-Ussand 5’-FAM-A:s) shows increasing localization to POPC membranes
lipophilic imidazole peptide that contain increased amounts of undecylimidazole.
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e ' ' e~ donor: FAM oligomer
0.0 0.2 0.4 0.6

[imidazole] / [POPC]

Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 -11739
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POPC POPC SUVs 2888
7
5'-FAM-U

no undecylimidazole

DIC green channel  red channel green channel  red channel DIC green channel  red channel

Microscopy of encapsulated RNA localization to POPC membranes with 2-undecylimidazole. Confocal images of 5’-FAM-U.s RNA (green)

association with giant POPC vesicles membranes in the presence of 2-undecylimidazole. Differential interference contrast (DIC) microscopy

images are shown for each vesicle.

a) RNA appears uniformly distributed in the interior of POPC GUVs.

b) The addition of SUVs containing a rhodamine-labeled lipid (red) leads to SUV aggregation and association with the giant vesicle
membranes, but RNA (green) remains uniformly encapsulated in the vesicle interior.

c) The addition of SUVs containing a rhodamine-labeled lipid (red) and 40 mol% 2-undecylimidazole leads to SUV association with vesicle
membranes and RNA (green) localizes to the vesicle surface. The scale bar is 20 mm.

+1 +! - /.01
Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 -11739
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Peptide-induced RNA—-membrane association. A FRET assay
reports RNA localization (5’-FAM-U:s) to POPC and oleic acid membranes
(7.5 mm) 10 h after the addition of 1 mm of various peptides to
the vesicle solution at pH 8. Data is reported as a percentage change
from control samples that lack peptide. n=4, error bars represent the
standard error of the mean.

Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 -11739
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OA/POPC POPC

no peptide

Microscopy of peptide-induced RNA—membrane association.
Confocal images show RNA localization (5’-AlexaFluor647-labeled
15-mer, cyan) to the outside of oleic acid/POPC (90%/10%) and pure
POPC membranes in the presence of R3F3 and R3W3 peptides.
Control samples had no peptide added. For each image, the left panel
shows the DIC image and the right panel shows AlexaFluor647
fluorescence. The scale bar is 20 mm.

no peptide +R3F3 +R3W3

DIC

green
channel

red
channel

Microscopy of encapsulated RNA localization to POPC
membranes with peptides. Confocal images show that RNA (5’-FAMU:s,
green) encapsulated in POPC vesicles (containing a rhodaminelabeled

lipid, red) becomes localized to the membrane of certain
vesicles after an overnight incubation with R3F3 and R3W3 peptides.
The scale bar is 20 mm.

Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 -11739
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M. Powner, J. Sutherland Phil. Trans. R. Soc. B 2011, 366, 2870-2877
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