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Timeline of the Origin of Life
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Formation stable Frebiotic Pre-RMNA RMNA First DMNA/S Diversification
of Earth hydrosphere chemistry world world protein life of life
4.5 ~4.4 e 44 -4 1 42-4.0?7 4.0 - present

Figure 1 Timeline of events pertaining to the early history of life on Earth, with approximate dates in billions of years before the present.

Modified from a figure from G.F. Joyce, 2002, Nature 418: 214-221
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in1-geyser in Yellowstone Park
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Dales Gorge, Karijini National Park, Pilbara WA
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Non-e;ﬁymatic RNA ‘copying
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A few possible genetic polymers

RNA

DNA

TNA

GNA

P




Nucleoside 0
triphosphates [ .1 .|

N
I I I \T:O:l| N2
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‘Modern’ substrates

Very polar
Low chemical reactivity
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Nucleoside 0
phosphorimidazolides ~ §* 5 &Y ¥
\_/ f o N N NH,

Prebiotic model substrates
Less polar, more permeable
High chemical reactivity

OH OH



Mechanism of primer extension

Bk

CH3

N

\_/

o
l

P—

I
o

0

J\ H

(o)

OH OH

| | | | | | | | | T </ | NH
Y )\
3 0—P—0 N N NH
|| o 2
o
OH OH
o)
’ N
; > ™o P
=
T 1T T T 11 N N
| | | | 1 1 | | | | | | \__/ (|)_
3l OH OH

Walton T, Szostak JW. J. Am. Chem. Soc., 2016, 138 (36), 11996—-12002



2-aminoimidazolium intermediate forms and reacts
with primer 1n the crystal




“The Molecular Biologist’s Dream...”

Once upon a time there was a prebiotic pool
full of B-D-nucleotides....

Joyce and Orgel, CSH, The RNA World, 1993



Messy Mixtures yield Messy Oligos

Blue: ribo-nucleotides
Red: arabino-nucleotides
Green: threo-nucleotides
Purple: deoxy-nucleotides

SC Kim et al., J. Am. Chem. Soc., 2020, 142, 2317



How Messy could Primitive RNA be?

| {jé A

3'-5'-ribo
@ 2-thio-C
2'-5'-ribo
fl 2-thio-U
3’'-5'-arabino w
ﬁ 1nosine

3'-2'-threo



Ribo- and Arabino-nucleotides are built from two sugars

NH,
N
HO 0.0 N
AAO
OH
+
HO 0
N RAO
oo
NH,

Islam et al., Chem. Eur. J. 2013, 19: 4586-95



Arabino- vs. Ribo-Nucleotides

NH

PO </x£2ﬁ </A2

N N—P—O NH; N—P—O o

OH OH OH

ANA RNA



Primer extension with ANA

ANA at end of primer:

formation of dimer: unaffected
~100 x slower

’ 1T ,E%E € Primer extension with ANA:

5
: I O I ||_|| ' 10-60x slower
3

1

ANA 1n template: 2-6 x slower

Kim et al., J. Am. Chem. Soc., 2020, 142: 2317-2326



crystal structures show why primer extension from an
arabino-terminated primer 1s very slow

SC Kim et al., J. Am. Chem. Soc., 2020, 142, 2317



Threo-nucleotides: easier to make?

NH> H,C—CH
)\ I OHO
\ @)

\:/ o\lk TAO

Islam et al., Chem. Eur. J. 2013, 19: 4586-95



Primer extension with TNA

TNA at end of primer:

formation of dimer: 4-5 x slower
~10 x slower

’ T T 1 .E%E <€——— primer extension with TNA:

5
: I O I ||_|| ' 4-100x slower
3

1

TNA 1n template: only 2 x slower

Zhang et al., Nuc. Acids Res., 2020, 49: 646656



Crystal structures show why Primer Extension with TNA
monomers 1S slow

3-0H—P:a2A

distance:
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Crystal structure shows that a TNA residue causes only a
minor perturbation of template structure




From Messy Mixtures to (almost) Modern RNA

TTT T > TITTTTTTT
TT ¢+ T . 111"1 7} TTTTTy
T ' T TTTTTTT ’r,” —@
T
T T T T \ 111 7)
LR JELEE S A3l
! Ty, N A
1111111
~ T
Blue: ribo-nucleotides TTTTTTTTT
Red: arabino-nucleotides 11111111])

Green: threo-nucleotides
Purple: deoxy-nucleotides
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Kepler-62

Credit: NASA 2013



Current and Recent Grad Students
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Stephanie Constantin Lydia
Zhang Giurgiu Pazienza

Aleks Chris Travis
Radakovic Kim Walton



But threo-nucleotides 1n the template are not too bad

A NH,
+ riIQ//N—prc
ST
3 GrGrGrG_rArA'5'
B
ribo-G threo-G
— G G —— — G G-
— - -
1 5 10 15 30 60 120 240 1 5 10 15 30 60 120 240
time (mins) time (mins)
k=11 (1) hr' k=5.6 (3) hr'

All RNA template  RNA template with single TNA residue



Primer Extension with ara-G 1s Slow

2AlpN ZAIpNNN ZAIpNZAIpNNN

N'=—=NNN == N'—=—=NNN ==-5

3'-

ribo-G ara-G

0.5 1 3 5 10 30 Ctrl 05 1 3 5 10 30 1440
time (mins) time (mins)
k=11(1) hr k= 0.88(4) hr-'

SC Kim et al., J. Am. Chem. Soc., 2020, 142,2317



Extension of a Primer ending 1n ara-G or ara-A 1s very slow

(a)

(b)

5 -FAM m———
T

NH,
|§/N—p’G
I

ribo-G

T e -
- —-~~
-— T e . .~

1 3 5 10 15 30
time (mins)

k= 4.6(1) hr'
ribo-A

1 3 5 10 15 30
time (mins)

k= 2.8(1) hr"

SC Kim et al., J. Am. Chem. Soc., 2020, 142,2317

N'=——=CCC——AA=-5’

ara-G

Ctrl 30 60 120 240
time (mins)

k<0.1 hr'
ara-A

Ctrl 30 60 120 240

time (mins)

k<01 hr'



But, arabino nucleotides in the template are not too bad

(a)
2Al 2Al 2Al 2Al
ST MY PO P P
3- N =—CUG =——=N =—=CUG ==-5"
(b)
ribo-G ara-G
L R e ——— L e e —
———— . —— s
1 3 5 10 15 30 1 3 5 10 15 30
time (mins) time (mins)
k= 9.4(6) hr k= 6.8(2) hr
ribo-A ara-A
L e e e —
-——
3 5 10 15 30 60 3 5 10 15 30 60 180
time (mins) time (mins)
k= 12.3(3) hr" k= 2.1(1) hr"

SC Kim et al., J. Am. Chem. Soc., 2020, 142, 2317



New leaving group for activated monomers:
2-aminoimidazole

o

woe o LT
N%N ||;|, o N N NH,
A {°j
OH OH
- higher pKa

- 1midazolium intermediate 1s more stable

LiLietal,J Am. Chem. Soc., 2017, 139, 1810



Thermal fluctuations shuffle annealed configurations
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The virtual circular genome model




Fragments can grow by primer extension or ligation




Fragments can anneal 1n many ways:

a Fragments can anneal in many ways :
Productive 5'
S L |5| ||5| L1 |5| 5 LLLLLL 5” LI
5' 5' 5' 5'
Non-productive 3'
> m O > 5 3
L 5 5 L, L1l 5

"5 2
. |
Invader ‘ Leaving group G)r

Primer — Primer +1
2 3 3 ﬁ 7
— 1 — — |
Template branch migration intermediate bound primer extended




Thermal fluctuations shuffle annealed configurations
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Origin of ATP?
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