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Overview of the course

Origin of the Universe — stars, planets, elements

Origin of biorelevant monomers — primordial soup

Complex chemical processes on the way to living systems

Protocells and LUCA



Basic classes of biomolecules
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Y Abiotic synthesis of aminoacids
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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
Murchison meteorite pyridinecarboxylic acids >7 7
chondrite sulfonic acids 67 -
phosphonic acids 2 -
N-heterocycles 31
amines 13 207
amides nd® 27

polyols 30 19



The origins of homochirality

Chemistry World, R. Brasil 26.10.2015



Condensation of aminoacids into peptides
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Emerging functions of oligopeptides
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Encapsulation — essential for life

Formation of membranes is most easy to explain among major cellular
components of the prebiotic Earth.
Many amphiphilic organic compounds spontaneously form vesicles in water at
sufficiently high concentrations

Levine, R.M., Pearce, T.R., Adil, M., Kokkoli, E. Langmuir, 2013, 29 (29): 9208—-9215.
The vesicle will encapsulate an aqueous solution inside a thin layer of organic material



Fischer-Tropsch synthesis

Long hydrocarbon chains from CO + H, in presence of metal catalysts and high pressure,
fatty acids and alcohols are minor by-products

The mixture of D, and CO over meteoritic iron or iron ore produced alkanes and n-fatty acids
Oro, J. et al. Geochim. Cosmochim. Acta 1976, 40, 915-924.



Hydrothermal Fischer-Tropsch synthesis

HCOOH coO HCOCOOH CH,CH,COOH

formic acid —» glyoxylic acid propionic acid
Formic or oxalic acid heated in water
co .

/ / " l at 150-2500C (stainless steel reactor)
CH,COOH CH,COCOOH 2):COOH yielded a mixture of C,-Cy; lipids
acetic acid —’ pyruvic acid aIkanonc acids

e Rushdi, A., Simoneit B. Origins Life
nco?- [H]l Evol. Biospheres 2001, 31, 103-118
CH,(CH,).CH,OH [H CH{(CH),CHO
alkanol alkanal When CO, H, and NH, are allowed to
HCOOH react at 200-700°C in presence of Ni,
Al, or clay catalysts, aminoacids are
Hy(CH,),.,CHCH, HCOOH CH4(CH,),CH,OCHO detected:
alkene alkyl formate

glycine, alanine, sarcosine, aspartic
+H20l [H] acid, glutamic acid, arginine, histidine,
lysine and ornithine

Yoshino, D.; Hayatsu, R.; Anders, E.
Geochim. Cosmochim. Acta 1971, 35, 927-938

CH,(CH,),,COCH, CH,(CH,),CH,
alkanone alkane



Encapsulation — essential for life

Fatty acids have been found in meteorites — plausible prebiotic synthesis
pathways existed in the early Solar System

Meteorite extracts

b Yo OO 0'g% C
R 177 D )

W

2 OH

or O
u
AT AW W VLY.
7 ou

Decyl phosphonic acid OH

H,0

Decanoic acid

Extracts of meteorites containing these compounds spontaneously form
vescicles when hydrated



concentration

Spontaneous generation of lipid vesicles

The first protocell membranes may have assembled from fatty acids and related single-chain

lipids available in the prebiotic environment.
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At different concentrations, fatty acids can partition between several
different phases, including soluble monomers, micelles, and lamellar
vesicles, with higher concentrations favoring larger vesicle aggregates.
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Jack Szostak

(* November 9, 1952) - Canadian American biologist of Polish British descent,

Nobel Prize laureate 2009 for Physiology and Medicine, for the discovery of how
chromosomes are protected by telomeres; Professor of Genetics at Harvard Medical

School.

Szostak has made significant contributions to the field of genetics. His achievement
helped scientists to map the location of genes in mammals and to develop techniques
for manipulating genes.

04 7 His research findings in this area are also instrumental to the Human Genome Project.
By Markus Péssel (Mapos)
In the early 90s his laboratory shifted its research direction and focused on studying RNA enzymes, which had been
recently discovered by Cech and Altman. He developed the technique of in vitro evolution of RNA (also developed
independently by Gerald Joyce) which enables the discovery of RNAs with desired functions through successive cycles
of selection, amplification and mutation. He isolated the first aptamer (term he used for the first time). He isolated
RNA enzymes with RNA ligase activity directly from random sequence (project of David Bartel).

Currently his lab focuses on the challenges of understanding the origin of life on Earth, and the construction of
artificial cellular life in the laboratory



Coupled growth and division of model protocell membranes
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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




Relative surface area

Coupled growth and division of model protocell membranes
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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 um. (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 ym.

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



Photochemically driven protocell division

HS ROS
SH

The illumination of filamentous fatty acid vesicles rapidly induces pearling
and subsequent division in the presence of thiols.

Photochemically generated reactive oxygen species oxidize thiols to disulfide-
containing compounds that associate with fatty acid membranes, inducing a
change in surface tension and causing pearling and subsequent division.

Alternative route for the emergence of early self-replicating cell-like structures,
particularly in thiol-rich surface environments.
The subsequent evolution of cellular metabolic processes controlling the
thiol:disulfide redox state would have enabled autonomous cellular control of the
timing of cell division, a major step in the origin of cellular life.

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, 10um.

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




Photochemically driven protocell division

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 1) 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 pm.

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



A zeta potential (mV)

Noncovalent nucleotide association with membranes
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Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 —-11739



Noncovalent nucleotide association with membranes
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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.

SUV — small unilamellar vescile GUV - giant unilamellar vescile (5-25 um)
Neha P. Kamat, Sylvia Tobe, lan T. Hill, and Jack W. Szostak Angew. Chem. Int. Ed. 2015, 54, 11735 —-11739



Noncovalent nucleotide association with membranes
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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



Noncovalent nucleotide association with membranes
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



Phospholipids

NH4H2PO4 (] eq)
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M. Powner, J. Sutherland Phil. Trans. R. Soc. B 2011, 366, 28702877



Phosphates

Wikimedia , Butcherbird

slice of the Gebel Kamil Meteorite with schreibersite rimmed by kamacite

Schreibersite is generally a rare iron-nickel phosphide mineral,
(Fe,Ni);P, though common in iron-nickel meteorites

Acidic schreibersite corrosion under anaerobic conditions
(10% aqg. HCI/N,) = soluble forms of phosphorus

"
acle e

Virginia Smith, UA unar & P/dnetary Laboratory

(Fe,Ni);P + HCI,, 2 H,PO;” = H,P,0,* Image of schreibersite grain present in a thin-

T. P. Kee et al.Geochimica et Cosmochimica Acta. 2013 109, 90-112 section of the enstatite meteorite, KLE 98300.



Phosphates

1. Orthophosphate 11. Pyrophosphate 111. Phosphite
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Radical pathway of the corrosion is suggested.

In presence of simple organic molecules (e.g. acetic acid)

organophosphorous compounds are detected
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Lipids - summary

Many amphiphilic organic compounds spontaneously form vesicles in water at
sufficiently high concentrations

Current phospholipid membranes likely evolved late. Protocells probably
encapsulated by fatty acids, fatty alcohols, prenyl oligomers, or
phosphorylated alcohols

Phosphorus was accessible upon corrosion of meteorite materials and could
be incorporated into lipids



The origin of small reactive intermediates

... Schreibersite (Fe,Ni);P, from iron-nickel meteorites: source of phosphorus, iron and nickel
vivianite

Under more neutral conditions phosphates recombine with iron = Fe,(PO,), (vivianite)

It should be re-solubilized to become accessible for following chemical transformations

Wikimedia , Carles Millan
HCN — the crucial reactive intermediate — burning of carbon-rich chondrite meteorites into redox-neutral atmosphere
containing N, and water

Fe;(PO,), + 18CN- . > 2P0, + 3[Fe(CN) ]+

Two important functions: solubilization of phosphates and concentration of atmospheric HCN deposited as salts of mono-
and divalent cations (Na, K, Mg, Ca)

Similar reactions take place with insoluble copper and nickel sulfides deposited by iron-nickel meteorite impacts (same
occurence as schreibersite, rich mining sources of these metals until today)
NiS + H,O + 6CN- = [Ni(CN).]* + HS- + OH-
Cu,S + H,0 + 6CN- = 2[Cu(CN);]* + HS + OH-



Thermal decomposition of cyanoferrates (volcanic):

The origin of small reactive intermediates

7

700°C

(Na,K)4[Fe(CN)s] ———» 4(Na/K)CN + Fe(CN),

°C

0
3Fe(CN), —— Fe3C + 5C + 3N,

700°C

Fe(CN), ——— Fe +2C + N,

™

Cay[Fe(CN)g]

660°C

660°C

Ca(CN), — CaNCN + C

2Ca(CN), + Fe(CN),

00°C

CﬂCz + N2

.

315°C
Mg,[Fe(CN)g] ——— 2Mg(CN), + Fe(CN),

395°C

0

C
3MgCN2 E— Mg3N2 +3C + 2N2

/

HCN into cyanogen

2HCN ¥2/

2[Cu(CN),I- 12

_—

2[Cu(CN)3]2—

Cu,S + H,0 + 6CN- = 2[Cu(CN);]* + HS + OH-
cyanocuprates and HS™ are delivered by this process

Photoredox cycle based on cyanocuprates may convert

A= 254 nm

2[Cu(CN),I- 9

Action of water (bufferred to neutral or slightly acidic) on that mixture produced concentrated HCN solution +

cyanamide (from CaNCN) + acetylene (from CaC,) + ammonia (from Mg;N,)
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Nucleotides - components
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Phosphates and the prebiotic synthesis of oligonucleotides
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Activated ribonucleotides in the potentially prebiotic assembly of RNA. Potential P-O bond forming
polymerization chemistry is indicated by the curved arrows.



Phosphorylation reagents
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Phosphorylation reagents
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Phosphorylation of sugars
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Phosphorylation of sugars

o
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OH 2.0 equivDAP, H,0, pH 7, 4°C """\'\H,/o H20, pH 8.5, RT, 18 h i) .2 HaCo | CH;
L (46%, 88% by "H-NMR) .,_’O,P (55% by 'H-NMR) -»,O/P\\ \N/ N
HO OH HO o- HO 0 HaC | CHs
10 L-Threose (0.17-0.41m) 1 12 47 ™
2.0 equiv DAP, H,0, pH 6.5, RT, 74%

4.0 equiv AmTP, 0.25M MgCl, H20, pH 7, RT, 29%

‘ OH OH }
0O

OH l
0 0 0 o
HO QWOH 0.6 equiv DAP, H,0, pH 7, RT "N 6 H,0,pHE5,RT, 181 "R o OH  HOw QWOH
\ P ; A"’O/F{\O + ) 4 —_ ;] :

(27%, 48% by 'H-NMR)* y o 1y’ \o- (57% by 'H-NMR)

o

HO  OH o. 0

P O:\P/
13 D-Ribose (0.48-1.7wm) 14 15 J “o- o “o-
1.2 equiv DAP, H,0, pH 8.5, RT, 71% (15:16 3:2) 16a 16b

A. Eschenmoser, et al. Angew. Chem. Int. Ed. 2000, 39, 2281-2285 (16a:16b 3:1)



Nucleosides - nucleobases + sugars

Pyrimidines H\ . H
Uracil 'li:ll'
H c H
A -
0 i
/clg% ﬁ:’c\\\
H 'l'l 0
H
Nitrogenous Bases of RNA
H H
Deoxyribose Ribose \ /
used in DNA backbone used in RNA backbone ) N O
Key Adenine | Guanine ||
Hydrogen
© Oxygen
© carbon

Purines H H




HO _OH

OH

IO

Carbohydrates




Formose reaction

o O
FH H
H
HoH HO} HO
Oﬁ\ + 1 OH
oH ICHO
HO

H H
HO —— O
OH OH
HO
The reaction begins with two formaldehyde molecules condensing to make glycolaldehyde 1
which further reacts in an aldol reaction with another equivalent of formaldehyde to make
glyceraldehyde 2. An aldose-ketose isomerization of 2 forms dihydroxyacetone 3 which can
react with 1 to form ribulose 4, and through another isomerization ribose 5. Molecule 3 also

can react with formaldehyde to produce tetrulose 6 and then aldoltetrose 7. Molecule 7 can
splitinto 2 in a retro-aldol reaction.

6

Alexander Butlerov (1828-1886)
St. Petersburg, Kazan, Russia

¥ s~ amll il

Ronald Breslow (1931-)
Columbia University, USA



Formaldehyde condensation

Nu = Nucleophilic catalyst

OH

A

IOH"

Y

H—

‘\./
— /& -
IH‘/ Nu

—0
—OH

OH




Aldol reaction

O O O R“
\\\\\H + )J\ > ~ + H2O
R R" R"™ R R™
H
Rl Rl
D H
T
OH | O "0
y
.!J catawlic H- ; H’f H“R' H
e _ - Treacts in pro c ¢
FE/ RCHE_ R/ K\‘CH: ranazed farm) E/f K{Hj/ \\“Hf 0 H
EMOL mode encl " || ‘
adal addivan prodoet —Hzﬂl ¢ ¢
[ ’ H’/ “\E{f// K‘R-‘
o H
0 0 M ” 0 O M aldal condensation product
‘ b \ IIKEHH' H
C == C-.\_‘\ = C C
7 en, R N, R ew” g
S oH

EMOI ATE e ealale



Aldol reaction

Base catalyzed aldol reaction (shown using ‘OCH3 as base) Acid catalyzed aldol reaction
/—\" H - Protonated
H* O* carbonyl

4 :\ _“ \\\ (electrophilic) ..
Q’\,H 0CH, H/ o KH\I LOcH; I\H\ K’ kl " H?JI+ :OH  —pr 9 OH
A / % %

(Lost H shown enolate Aldol HO 1
for clarity) R R R R
Enol R Aldol
(nucleophilic)
Base catalyzed dehydration (sometln:l.ees written as a single step) Acid catalyzed dehydration
:0: :OH :0: :OH :0: N
Aldol || | J loses OH |l :0: Oﬂ_\‘ ‘0: +0H2 H.0 :O:
S ST (AT e
. H . =
CH;0: R R R R R R H L R R
e , Enolate of aldol o, p-unsaturated Aldol R R H,O
(Lost H shown for clarity) (shown as carbanion) aldehyde _ o, -unsaturated
(Lost H shown for clarity) aldehyde

Acid catalyzed aldol reaction

/“\' H. - Protonated
H* ~ + carbonyl

Reversible process | (clectrophilc) H_, L
- retro-aldol reaction Iﬁ J\I 0t :OH _p+ O ‘OH
HO)/

Enol R Aldol
(nucleophilic)




Formose reaction as an autocatalytic process

Formose reaction starts in concentrated alkaline aqueous solutions of formaldehyde
alkali are typically calcium, magnesium or lead

formaldehyde 8
H™H

)
HO:G-C- glyceraldehyde
glycoaldehyde H\Hg H base
c“) H~C¢O
e H-C-OH
" H-C-OH
H
O
H O 1
.C.
Y base H™H

formaldehyde

ITxT
T-O-0O-0
000
L& X



Detailed conditions for the formose reaction

Formose reaction starts in concentrated alkaline aqueous solutions of formaldehyde
alkali are typically calcium, magnesium or lead

HCHO
4>_/ ) OH
> DL-Glyceraldehyde )_/
Dihydroxyacetone
HO (o]
2 HCHO — \ /
Glycolaldehyde
> _>_<7 HCHO
HO
HO / 2-Ketotetrose
Glycolaldehyde HCHO

HO OH

;
i

Branched aldotetrose 2-Ketopentose Aldopentose

HO —0

Aldotetrose



Aldose-ketose isomerization
Lobry de Bruyn(—Alberda)-van Ekenstein transformation

_ _®e OH

H\C{;O,r H‘“‘c”@/) O W

o -H i, H II/_J:_\}H* I o

H_(l‘;_o — (E_“Dw) — C—Q| — (|j,=g
R H R F|a R

Aldose Endiol (deprotonierte Form) Ketose



Formose reaction — substrate modifications

a)
Ca(OH), OH
(EOH 5
HO _0
04, HO : ‘OH
. OH
multiple products including: ribo-6
b)

OH HO O__OH O._ _OH
e = (X
0O OH 5

0 HO OH HO OH
u 6(1) “ OH g(p)
HO OH

~ " ol
HO O 7 HO O

OH 8



Formose reaction — substrate modifications

H._H

C !
) I, S H-0
/N 0. —> /—( - O\
O 0-PO, d o-po.-
9 10 3 0-PO,%

0]
\

0
OH =—= O
2‘O3P -04P

HO o PO~ HO  O-PO;*
11(p)



Formose reaction under standard basic catalysis

O
0 I H
formaldehyde  * HO<~-C- H._ O :
i O>c~CH Y H-C~OH
QA N Gy . C=0
HO~c-CH o H-C~OH
Q H % H-C-OH
HO--C-n base glyceraldehyde glycoaldehyde Ill «© i
glycoaldehyde HI_-| 8
o H.0 lCa(OH)z (:I H /
HO-¢-C- By
H\l:l H H-C-OH Ca2* H. _OH
GO o S ¢ o
H H,C=C\Tj C-0
H-C-OH
®) |
H O 0 \ / s \
H_Q-OH base H H H\C/H H ,O lTl
:'%’8: formaldehyde o* ¢” =g =0
v formaldehyde H=G=0OH (=0
H-C—OH H=-C-OH
H

D,L-alyceraldehyde

Escosura



Formose reaction in presence of borates

o)
HO._ /éé\ glycolaldehyde Pentose formation in
‘Q 1” o St the presence of borate
H H
l Ca(OH), With borate (left)

Without borate (right)

Catt 2
- . - Colemanite (background)
\ ! enediolate
/C ZC\‘)
H H brown tar ByNMR, the ribose borate complex 8 has the structure shown;
H H cyclic structures for other pentoses are speculative.
- formaldehyde 1 diribose borate complex o N
Il 3 found in inter- mass = 307 | Q. P
20 stellar medium H o HO 0 OH HO 0 o] - B-) HO 0 cEs /B\ Yo
\ bt k-8 0 O Ho 0.00
electrophilic WItIou I
ate C—-OH
center borate " (l; i 0 - ,O HO . ?
nucleophilic l - ), "B~ o)
center H. 1.0 / ) 8 ¢~ 9 10 i J 11
G H o
\ | O\_/O
acidic — H—C—COH
hydrogen H _(l) OH T 1 T T
DL-glyceraldebyde 1y 3 Ca*t zL;ClgrOphiliC cyclic forms of pentoses make complexes with borate
(D enantiomer shown) HO it
\ (o) ccntcrp HY.0 H.. -9 H\C’O H\C”O
= Captc ) o \C Cc
with borate l T acidic i i [ i
) H hyd:ogcn—bH—?—OH Ho—cl;—H H-([:-OH HO—(I)—H
H—C—OH H—C—OH HO-C—H HO—C—H
il el hili Hi 0 O =H | | | |
stl1 eectrF;P ldlc_....? Yo (|3 H—C—-0H H—C—-0H H—(?—OH H—CI}—OH
no longer acidic due I I
to anionic borate ——H—?—O\—B,O—?—H H—?_OH H—Cli—OH H_(?_OH H_?_OH
no longer *?‘0/ \07?‘H 4 - 5 H 6 it 7 H
nucleoginhilic H negative H D-ribose (open form D-arabinose (open  D-xylose (open D-lyxose (open form,
boron with reactive C=0) form with C=0) form with C=0) with C=0)
diglyceraldehyde borate complex l l without borate l l
brown tar

A. Ricardo, M. A. Carrigan, A. N. Olcott, S. A. Benner Science 2004, 303, 196



Formose reaction in presence of borates

’with biy """ D,L-glyceraldehyde A |
4 o

Ca%*

H‘c” " C H: \ H—(ll—OH HO—('Z—H H—clz—OH HO—(|3—H
D N, g ~  H-C-OH H-C-OH HO-C-H  HO-G-H
e G-0"B0-8=H H-C-OH  H-C-OH  H-C-OH  H-G-OH
i i H-C-OH  H-C-OH  H-C-OH  H-C-OH
H H | | |
H H H H
digl Idehyd
tl)%gactzriogp}lexe D-ribose D-arabinose D-xylose D-lyxose
(open form) (open form)  (open form) (open form)
7N\
) 0,0
-8 2\
HOON—OH | HO—~_ O/ " HO—_O HO—_G00 _on
\
05> HO &)
o © 0
—/

Escosura



Interstellar origin of carbohydrates

Simulations of photo- and thermochemistry of interstellar ice (silicate/carbon grains surrounded by ice H,0,
CH,;0OH and NH,) exposed on UV light, low pressure (10”7 bar) and temperature (78K) delivers a mixture of sugars

T e T ewe
R

C-2

(@] (@}
I

A R =CH,0H, Ethylene glycol (550 ppm)
CH,0H =CHO, Glycolaldehyde (2390 ppm)
= COOH, Glycolic acid (6330 ppm)

A

R R = CH,OH, Glycerol (2860 ppm) CH,O0H Dpihydroxy-
H+0H =CHO, Glyceraldehyde (302 ppm) O acetone
CH,OH = COOH, Glyceric acid (2440 ppm) CH,OH (540 ppm)

r ' \ I

R R = CH,OH, Erythritol (5070 ppm) R R=CH,OH, Threitol (7200 ppm) CH,OH  Erythrulose
H OH =CHO, Erythrose (<q.l.) HO——H =CHO, Threose (<d.l.) o (37ppm)
H——OH =COOH, Erythronic acid H——OH = COOH, Threonic acid H OH
CH,OH (960 ppm) CH,0H (840 ppm) CH,0H
| | |

[ ] [ | [ ]

R R R R CH,0H CH,OH
H—T—0H HO——H H—1—0H HO—1—H —0 =0
H—T—0H H——OH G A== HO——H H—1—O0OH HO—1—H
H—1—0H H—1—0OH H——O0H H—1—O0H H——OH H—1—O0H

CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH

R = CH,0OH, 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)

U. Meierhenrich, et al. Science 2016, 352(6282), 208-212



Interstellar origin of carbohydrates

(o)

Ribose, ogH 0. OH OH Xylose, a-pyranose
B-pyranose A OH O Lyxose, OH OH
| Ol H::V: B-pyranose OH
0. OH Arabitol
Arabinose, B-pyranose ﬁ O!u

Xylitol

O Ribitol
0 OH /
(0]
OH OH

H Ribulose

N
Arabinose, a-pyranose OH
py OHOH ’ 0. OH
OH Xylose, B-pyranose

0 Ribose, A
f OH OBH a-pyranose OH
H OH

Lyxose, a-pyranose

59.40 62.60 . 66.20 69.40
t,/ min ——»

U. Meierhenrich, et al. Science 2016, 352(6282), 208-212



Prebiotically plausible alternatives to formose process

a
OH

O
1 | 1
H,C=0 ---> OH —— Ov\/OH 3
1 2

/

0
HO\)I\/OH 4
b
HCN 5 H, H,0
1 — Ho~ DoN — Ho/\ —~ 2+NH,
6 Pd on = |
BasO, NH

Homologation routes to simple sugars from formaldehyde 1.
a, Direct homologation of formaldehyde 1 is problematic, because the first dimerization step (dashed) requires

umpolung, and because the trimer is more stable as the ketose 4 than the aldose 3 under conditions where 3 can
be formed from 1 and 2. b, Kiliani—Fischer homologation of 1 in conventional synthetic chemistry involves
favourable formation of the cyanohydrin 6 by reaction of 1 with hydrogen cyanide 5, followed by the selective

reduction of 6 using very specific conditions.



Kiliani-Fischer homologation

2a 3a 4a 5a
i R _On Oy, 0"
g \‘3(3/ 2 ':EG/ CH;OH CHgOH
So——H “o——H HO——H HO— o el
HO——H HO——H HO——H OH 0 CH
H——OH H——OH H——OH S
5 y H——OH H | OH H——OH HO HO
e Il GH20H GH20H CHROH
+20C =
HO——H ! + 2H,0 + 2 HO® +2HO + Na/Hg
—_— —_— + e +
H——OH ————= + —_ * BTV + “iho
H——OH
I N e @ O
CHZOH A Nyg-OH: Osp0 GH,OH CH,OH
1 H——0° H——° H——OH HO— o o
Ho——11 HO——H HO——H OH HOT—O OH
H——OH H——CH H——OH o
H——OH H——OH H——OH HO
GHzOH CH2OH CH:0H
2b 3b b 5b
CN CN CHO
CHO
H——OH HO——H H——OH HO—
H——OH NaCN Hy
——> H——OH + H——OH —(— > H——OH + H—
HO——H H,O H,O




Cyanosulfidic chemistry for the Kiliani-Fischer homologation

] 2- - -
Cu,S + H,0 + 6CN- > 2[Cu(CN),]% + HS" + OH 2) S eg HyS,?

Photoredox cycle based on cyanocuprates may convert p
HCN into cyanogen ' 2Cu'

NCS~ hv N
2[Cu(CN)3]2— 2Cy! 2H
2€7(aq))
2875, H. _H
2HCN A= 254 nm HCN1 + T3
0]
2[Cu(CN),]- 12 2[Cu(CN),I- 9 l o o
HO” CN ~=» HO™ Y~ —=»
_ ~2 45 4 49
" »
]
(e NC, G .‘\CN
"o i, b) % HCN 1 41
ned ¢ CN CN CN
Irl\} HOMO - HO/\l/ — Y§O

- - OH OH OH OH
5 46 50 51



Cyanosulfidic chemistry for the Kiliani-Fischer homologation

“ fL“ﬁJL WAL

NH,* -0
29

T T HNCO 18

2 x HCN 5 HCN 5 HNT > CN

16
r 2e_aq ﬂ \/

(NC), H. _H
11 5 o Ho' NH,

|0 17

L

\n/ HNCO18 H\"/H H,0 H H
I N, + — X

HCN 5

01 HO OH
» N y 21
Y
2H,0
(NHy),CO; —=— 1
30
—— NH,NCO 20
H,N NH, .
P—

31 0 Ho” CN 6

H,N
2 \(\OH
HCN 5/ CN 22
H
OH
HO/\CN 2 2H H,O
e, +2H*"
6 aq NH 7 2
\\
H
OH
2xHCN 5 HO NH, 23
OH OH
= H,0 H
HNCO 18 2
+ NH, + 2 —
HCN 5 (0] HO OH
L J 24
Y

NH4NCO 20 + NH3 +HCNS5 +
\I/\ \l/\ \\/\O
CN 25 26 N>~ __ \<
13 O

In absence of HS™ glycolaldehyde 2 ends up mainly as a cyclic derivative 13



Cyanosulfidic chemistry for the Kiliani-Fischer homologation

N
N HEN\H/’:’
O |— ]

. HS~ H
HS\ _/HES H US Slow | %2 W
>=N'-i Polymer
H Net two-electron reduction
>=NH < H—CE=EN s=—=——==2 H*4 “C=N
H 7 Weak 2
electrophile Good
‘ | NH4 nucleophile
> H H - G
ot HO =~
Hydrolysi e S
i Good H = > 8 o
electrophile Cyanohydrin
1 formation
:D'lfﬁ::ult
%2 i needs
umpolung
HO
s HO HO
= /\ !
J. Sutherland, Nature Reviews Chemistry 9 0

2017, 1, Article 0012, doi:10.1038/s41570-016-0012

Nature Reviews | Chemistry



Carbohydrates - summary

Formose reaction gives access to numerous C,-C; and higher carbohydrates, but is difficult to direct towards
particular outcome, and ultimately turns into polymeric tar if overcooked

In presence of borates, the formose reaction tends to deliver protected pentoses in high yields and stable form

Although formaldehyde is the simplest starting material, the reaction is autocatalytic in glycolaldehyde and without it
long incubation period is required

Carbohydrate synthesis can also occur under simulated extraterrestrial conditions — by UV-light irradiation of cometary ice

Alternative prebiotic synthesis of simple carbohydrates involves Kiliani-Fischer homologation process based on HCN in
presence of copper ions and hydrosulfides — all accessible by the meteorite-derived cyanide-metal chemistry

The same type of chemistry can also deliver a set of reactive intermediates like cyanogen, acetylene, ammonia, and
activated forms of phosphate — the latest can derivatize sugars and, after redox processes, deliver numerous building
blocks present in currently known metabolic cycles



Nucleotide polymerization

Regioselective formation of 3’-5’ phosphodiester bonds between nucleotides

RNA oligomers — prebiotic disconnections

RNA oligomers

+ H,O l

(activated) nucleotides

v

nucleosides phosphates

Condensation

Ol OH reaction
D e
l
([)H Phosphodiester< -0—P =0

-0—P—0 linkage




Nucleosides - nucleobases + sugars

Pyrimidines H\ /H
Uracil 'IIZII'
H c H
ot S
- i
cC. v-l .}fc
P - i
H 'l'l o
H
Nitrogenous Bases of RNA
H H
Deoxyribose Ribose \\ /
used in DNA backbone used in RNA backborne _ N O
Adenine | Guanine ||

Key
Hydrogen

© Oxygen
© carbon

Since 1950’s — assumed separate synthesis of sugars and
nucleobases, followed by regio- and diastereoselective
glycosidation = monomeric nucleosides Purines 5 H




RNA oligomers — prebiotic disconnections

RNA oligomers

l

(activated) nucleotides

v

nucleosides phosphates
nucleobases ribose

Since 1950’s — assumed separate synthesis of sugars and
nucleobases, followed by regio- and diastereoselective
glycosidation = monomeric nucleotides

HCN formaldehyde
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Prebiotic synthesis of nucleobases

Purines Pyrimidines

H,N 0 H,N 0

Adenine Guanine Cytosine Uracil



Prebiotic synthesis of adenine — the pentamer of HCN!

NH;3 or || CNHQ_
_,) NH; _NH N 72 1960 - Ord’s synthesis of adenine 2 from hydrogen cyanide 1 and
M=, —* r\g-i = & N ammonia (general acid—base catalysis, presumed to operate in
'ﬂ L ’ H - most steps, is only shown once).
AY l Heating ammonium cyanide at 70°C for a few days
HCN - 0.5% adenine
HoNC (N Heating HCN with liquid ammonia in a sealed tube = 20% adenine
//N N /a N '
HAI\\I‘:/-\ ¢ ~\~ ¢ | S\ The photochemical shortcut discovered by Ferris and Orgel is
Q[ NHy; N N” "NH,  shown by the red arrow.
l N x l Optimized yields — up to 20% for adenine, 3% for guanine

_N Eutectic freezing (-20°C) increases the yield of DAMN formation

N
pHA . .
H 4</\ =N H.N <‘/ = hV N g by concentrating HCN between pure ice crystals
2 = . 2
N NH2 c= 104M Nz

H,N_ _CN
Dlammomaleomtrlle HCN —> :[]: — ¢ :[[ — </ )
/) HN" “CN H20/25 °C
DAMN HN 2 (ca 80% yield) H
NH,
1 & NH," both weak </ IL </ fNHz J. Oro Biochem. Biophys. Res. Commun. 1960, 2, 407.
acids (HA): pK; ~ 9.2 )

J. P. Ferris, L. E. Orgel, J. Am. Chem. Soc. 1966, 88, 1074



Prebiotic synthesis of purines

CN NH,
. T NH H H . .
#Hen HNCN HoN "N = NU 2 Diaminomaleonitrile
] CN DAMN
< diamino-
. - "/malr::-dinitrilc
HN® "CN s 12

e

Qypoxanthine xanthine guanine
4 3 o



Prebiotic synthesis of pyrimidines

Cyanoacetylene is a major product of electric discharges in the mixture of nitrogen and methane
Cyanoacetylene can be hydrolysed to cyanoacetaldehyde. That compound can condense with urea to form cytosine

M M
u.J i
| Ures H?{;f N H.'-“

CHy ——=

| HC
H.0 CH %N o
y / | SN M 0
|‘!:| o
| =N K0 NH
C | - |
I ;
C NGO 0 E 0 : &)
|I-| \ N Mo
|{[:! MNCO ![l:u! ﬁ Cytosine Liracil
HTif —_— H[l:lf N
0
=
HI:H'"& N‘_;;:.': HC ~ . /Rﬂ
H

Cyanoacetylene incubated with saturated solution of urea yields up to 50% cytosine.
Other methods typically yield up to 5% cytosine.lt is further converted to uracil by hydrolysis.

R. Shapiro PNAS 1999, 96, 4396-4401



Prebiotic synthesis of nucleosides, nucleotides and RNA

NH2
CLO
OH
I
NH 0
g o nH U
OH *y N O OH I
e £ X .4 €. 5 N"So
O7LTOH Yy N':J N N'jJ‘NH Lo vty I firte
o x4 H H “ =11 HEO 0 N N A
0 NHs — o OH & I__;]
—— 2 N
HD—l 0 DIH ﬁ\NH (JQN — D—ﬁ-c--—l 0 e o]
x4 N’&D N&D “ N NHG
OH OH N + ? o o ¢ |
. I N PR
“O=P=0 o N™ NHz
1]
0

OH OH
Current Opinion in Chemical Biology




Prebiotic synthesis of nucleosides

0 0
0/? L n HO’F :
Ho ©OH Ho HOoH HO— H
3 (B-p) 59% 3p)20% _ki(:o
HOW k—? s
0
OH 3(a)<1%

HO OH HO OH
3 (B-f) 13% 3 (a-f) 7%

The difficulties of assembling beta-ribonucleosides by nucleobase ribosylation:

The many different forms of ribose 3 adopted in aqueous solution. The pyranose (p) and furanose (f)
forms interconvert via the open-chain aldehyde (a), which is also in equilibrium with an open-chain
aldehyde hydrate (not shown).



Prebiotic synthesis of nucleosides

0 0
Hypoxanthine
/ N/H N N/H
< HO CH» < | )
MO :H? \ N) 0 N N/
-
w —
H l. NISB E Hzo' Mg2+ OH OH
OH O--Mg?*
H
Inosine

Heating purines with ribose and magnesium salts yields beta-nucleosides, although with low yields
B-inosine — 8%, B-adenosine — 4%, B-guanosine — 9%
Other isomers (e.g. alpha-glycosides) also present.

W. Fuller, R. Sanchez, L. Orgel J. Mol. Biol. 1972, 67, 25-33



NH, NH, NH2

N f AN
(N = 8¢, )2-—( )

. 15
. 03
[N . +
3(o-f) == OH, NH, NH,
HO OH
N «”fﬂ“ Res
+.]1
HO NN HO
0 ,
OH, OH3
HO OH HO OH
16 11 (B=A)
NH,
NH2 NH2 NH2 \N
4 (L N
SrT N3 SN SN N” >OMe
6|1,g" L L PhCO, (
N0 N~ o- N” OH 0
H H
O+
10 17 18 PhCO, 03

Adenine tautomerism and the ribosylation step necessary to make the adenosine 11 thought to
be needed for RNA assembly. The low abundance of the reactive entities 13 and 14 is partly responsible for
the low yield of 11. The reason for the lower nucleophilicity of N7 of the pyrimidines, and the
conventional synthetic chemist’s solution to the problems of ribosylation.



Prebiotic synthesis of pyrimidine nucleosides

HO
¢ =
4 OH - | O OH
/0 3 (@)
H,N-CN s DM
6
l+HZO
HN __NH,
1§ NH,
8 N
— -H,0
-H,0 (:,&0 2
H
Os~en 10 X
’ VONH,
T+H20 (//\(N
=CN HO-\ N,
: h
HO OH
11 (B=C)
HO .P\,OH _2H,0
. . AT 00 i
No direct synthesis of pyrimidine NH,
nucleosides from ribose reported so far. (/AN
HO N
0 0]
O.P\,O
0 O



