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RNA Template Copying Chemistry:

(nothing about this worked the way
we thought 1t should)



How we thought RNA copying worked:
one monomer binds next to the primer and reacts

o CﬁE
P 1 1 1 11 >
| | | | 1 1 | | | | | |
3[
(0]
o </N | NH
PN N PN



A downstream activated monomer catalyzes primer extension

”
(0]
CH, </N | NH
a8 A



Mechanism of Nonenzymatic RNA Primer Extension

=




Primer extension in crystals: the 2-Al bridged intermediate
forms first and then reacts with the primer

W Zhang et al., eLife, 2018, 7:¢36422



Extent and Fidelity of RNA Copying Chemistry can be
Analyzed by Deep Sequencing

»w ) 2AIrN
’S B

éi :::IIIIII: x iIIIIILJ
GNNNNNNAT

Primer Extension
Correct and Incorrect

Primer Extension

Products \
+1:2'3
® kTEEET

GNNNNNNAT
Deep Sequencing
+ Analysis

(Product Sequence) CGUU
(Template Sequence) GCAGUUCA

Duzdevich et al., Nucleic Acids Res., 2020, 49:3681-3691



RNA copying with activated monomers: extreme product sequence bias

1.0

20 mM pre-activated 2AIrN
plus
MeNC activation chemistry

-0.2
U 0.08 0.01 0.01 0.01

1 2 3 4

Position



How can this bias be overcome? “helper oligos”™

-Or-
Eutectic and Solution-phase
MeNC Activation

l Addition of Pre-activated Reactants

Ty
B. &y, N
{ T ST

GNNNNNNA

Correct and Incorrect
Primer Extension
C. Products

+1+2+3
TTTTTTTTTS X iTTTTT[ ]
- G-hNNNNNA i

l Primer Extension



Helper oligos + activation chemistry reduces bias

> I e L] 5] L]
S 8 8 8 8 8
& &S FF P
=) v 9’ © ™ 3%
4 4 4 v 4 ”
S < S S N Q Freq
A- 025 029 028 022 023 022
@ 0.8
0
3]
mnC- 033 o020 o021 024 025 027 0.6
e .
3]
3
SG 02 o042 03 037 038 034 - 104
j -
o
10.2
U o014 o009 015 017 013 017
| 1 1 | | 0

1 2 3 4 5 6
Position



Base

Lower temperature also

Complementary Products Distribution

022 0.18 0.16 0.16 04

0.3
0.2
0.14 0.05 0.04 0.05 Lo
1 2 3 4 -
Positian
4°C

Base

Complementary Products Distribution

0.2 0.15 0.13 012 0.4

0.3
F0.2
0.11 0.04 0.03 0.03 F 0.1
1 2 3 4 L]
Pasition
21°C

Base

reduces bias

Complementary Products Distribution

0.17 0.09 0.08 0.06 04
0.3
0.2
0.08 0.02 0.02 0.02 01
1 2 3 4 L]
Position

40 °C



Fidelity from sequencing:

G:A and G:U mismatches dominate errors

Template Sequence: 6N
Error Frequency: 11%

10 mM 2AI-pN monomers, 24 h reaction

Duzdevich et al., Nucleic Acids Res., 2021, 49:3681-3691

Mismatch

T:P

A:C 1
C:A -
C:C
C:U
G:A A
G:G
G:U -
U:C
U:G

[THUE

1

2 3 4

position

0.30

0.25

0.20

=0.15

=0.10

=0.05

=0.00



The Fidelity of Nonenzymatic RNA Replication



A High Error Rate 1s Bad: The Eigen Error Catastrophe

An arbitrarily high error rate yu cannot be overcome
simply by invoking an ever stronger selective pressure

The maximum number L of functionally important
positions in a genome 1S commonly approximated
as:

L=1/u
Foru=61t0 10%, L=10to 16 nt

We would like u to be less than 1-2%



Reducing the Error Rate: Colder 1s Better

Error Rate
Temperature
4°C 5.9%
21°C 7.9%

40°C 16%



Cold 1s Better, but the Error Rate
Depends on the Base being Copied

4°C 40°C
1.0 _ 1.0 - _I
Product Base
U
We 0.5 1 0.5 - I

C
A

0.0 ™=-— 0.0 - ll—

Template Base: ACGU ACGU



Cold 1s Better, but the Error Rate
Depends on the Base being Copied

4°C 40°C
1.0 - = 1.0 1 =
Product Base
U
.G 0.5 0.5 -
C
A
0.0 - == po-4{ H=

Template Base: ACGU ACGU



Cold 1s Better, but the Error Rate 1s really bad
if the Base being Copied 1s an A

4°C 40°C
1.0 1 1.0 1
Product Base
U
_ L 0.5 - 0.5 - I
C
A
oo = 0.0 1 l

Template Base: ACGU ACGU



Context Dependence of the Error Rate:
The subsequent template base has a huge effect!

1.0 - ——
Product Base
v
.Gl ﬂ.ﬁ_
C
A
l-— |

0.0 - o

Product

Template Base: ACGU ACGU ACGU ACGU
Next Template Base is A C G U



Context Dependence of the Error Rate:
The subsequent template base has a huge effect!

1.0 -

Product Base
U
L 0.5 -
C
A
[ |

0.0

Product

Template Base: ACGU

Next Template Base is C



Context Dependence of the Error Rate:
The subsequent template base has a huge effect!

1.0 - I
Product Base
. 5
.Gl ] GIE-
c | &
WA I
|:|_|:|_ .-—
Template Base: ACGU

Next Template Base is A



Is this telling us something about the composition of the
primordial genome?

Copying through template sequences AA, AU, UA and UU 1s
very inefficient.

When these sequences are copied, the copy 1s highly error prone.

Maybe primordial genomes that contained strings of 2 or more As
and Us simply died out...

What happens if we computationally delete all templates that
contain AA, AU, UA, and UU sequences?



Combining Cold with Template Restriction Decreases the

Error Rate
4°C 4°C, filtered
1.0 - - 1.0 - T
Product Base
U
L 0.5 - 0.5 1
C
A
L .
o4 =m=C god ==

LI I

Template Base: ACGU ACGU



Combining Cold with Template Restriction Decreases the

Error Rate
Genome: unrestricted ~ no AU strings
H H
Temperature
4°C 5.9% 4.8%
21°C 7.9% 6.3%

40°C 16% 13%



Post-Mismatch Stalling

what 1t 1s, and why 1t helps



Post-mismatch Stalling Decreases the Internal Error Rate

QQQ “
P
i Freq.
A:A
Correct at +1, Correct at +2: 42,714 A:C 0.3
Mismatch at +1, Correct at +2: 355 gg &
c:C
Total Error Rate at +1: 12% = i -
Effective (Internal) Error Rate at +1:  0.83% 22
G:U B 0.1
Template: 6N 3; m
Substrates: 20 mM 2AIpN u:u "
Time: 24 h +1 +1 where +2 is correct

Duzdevich et al., Nucleic Acids Res., 2021, 49:3681-3691 note change in error distribution



From Copying to Replication



Virtual Circular
Genome (VCGQ)
Model

* No defined start or end

* Every oligo can act as the
primer, template, and helper

* Extension of the entire
population at the same time

* No need to copy long RNA
templates within a single
generation

Zhou, L., Ding, D., & Szostak, J. W. (2021). RNA4, 27(1), 1-11.



VCG replication 1s biased against new mutations

A 4

\ 4

\ 4

\ 4

\ 4

'YX XK KL
A 4

\ 4

A

AN

A

<
<

A wild type nucleotide is present on many
different oligos, both close to and far from
the 3'-end, so that many oligos from the
opposite strand can copy that nucleotide

>

<
<

<
<«

<
<

<
<

A new mutation is present at the 3'-end of
an oligo, so it cannot be copied until further
primer extension occurs, allowing a primer
to bind downstream of the mutant site

Falk, Zhou, Matsubara, Husain, Szostak, Murugan, submitted



Building Structured RNAs from VCG Oligos
by Loop-closing Ligation

PG . ——
o (N
1.2 uM d \_- OH
3 = N-Melm 50 mM, MgCl, 50 mM 3 M)
S'FAM ®®Q©®©©®©©®®® 2300,1Ohours S'FAM ®®Q©®©©®©©®®
1uM

Long-fei Wu et al., 2024



An Intriguing Possibility...

VCG oligos ending in an ‘incorrect’ G would be frequent.

Primer extension and Loop-closing ligation are competing
processes

GNRA tetraloops are very stable and very common motifs in
structured RNAsS.

Might G:A mismatches be removed both from the genomic pool,
and used to build up structured RNA, by loop-closing ligation?



The spontaneous emergence of Darwinian evolution in a
purely physical-chemical system may be within reach
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What was the Primordial Genetic Alphabet?

Canonical base pairs

H\ U /H C
KN N—H-Q KN o H—N
%NﬁN""H_N \ E{N N—H---Nm
= =
o H\f'f N—H-O
A G H
Noncanonical base pairs
H s?U no sC
= —H-- _N ~H—N _N
o, Dati »
%71: N----H—N \ “HHCN N—H---N \ %N _/
N=— y I\j}_\f N=< />'r:|>f' N=
S N—H-S
A G H /



Copying RNA with a potentially primordial genetic alphabet reduces product bias

al 033 0.23 0.23 0.24 09
0.8
0.7

s2c|{ 012 0.13 0.19 0.23
0.6
0.5

i{ o035 0.38 0.24
- 0.4
_ 0.2 -0.3
vl o008 0.01 0.01 0.01 s2u] 021 0.12 0.2 0.3 .

1 2 3 3 1 2 3 4
Position Position
20 mM pre-activated 2AIrN 20 mM 2AIrN

MeNC activation chemistry N=A,I,s2U, s2C



Environmental fluctuations shuffle annealed configurations,
allowing continued copying

TTTTTTTTT High temp, low salt etc.
<
TTTT
o™ 2

7, Treey Tr 4
’, oy !
s L4y A
< < 1 )
sl . =5
Tr Vg =2
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Origin of the First Genomes

Nucleotide synthesis and activation chemistry
Formation of Oligonucleotides

Template Copying Chemistry

From Heterogeneity to Homogeneity

From Copying to Replication



Problems with the Replication of Linear Sequences

* Defined primers required to copy complementary strands

[ [T

 Strand separation of long RNA oligonucleotides is difficult

I, —

41



A path to replication by primer extension or ligation

Every oligonucleotide in
the system is capable of
templated extensio

Activated

A ‘ 2-aminoimidazolium
== Radiolabeled oligonucleotide bridged dinucleotide

Genome copying is distributive, not processive



Experimental Measurement of Stalling Factors in RNA:
Rate of Primer Extension after a Mismatch

3y 5
5 AGUGAGUAACGNIC*CGAUGUCAGAUAU ¥
RN R N N N
UCACUCAUUGCN2GGCUACAGUCUAUA
— Vmax/Km
N1 (Primer)
. ] A c G u Stalling Factor
Maximum Stalling Factor: | ' ' |
(Vmax/Km) correct S IR
(Vmax/Km) incorrect sc| 178 1 140
g
e
Minimum Stalling Factor: Sei 46 1] 482 | 121
(Vmax) correct
U+ 1 754 0.837 124

(Vmax) incorrect |
In preparation: Orhan Acikgoz



Monomers must be activated to polymerize:
2-aminoimidazole 1s our best activating group

o)

woe LT
2\ | N NT NH,

N N—P—O o
VA { j

OH OH

- higher pKa
- hydrolyzes slowly
- plausible prebiotic synthesis of 2Al



Potentially Prebiotic Synthesis of
2-aminooxazole and 2-aminoimidazole

L

7.6 7.2 6.8 6.4
o/ ppm
b
(Hr\ors‘_ (I)l\/ NH; (INIPNF{:\B
—_— oH —— |l NHZ‘_
Ay T LT
OH OH
|-|Nl HoN H,N HN



Isonitrile Activation Chemistry

\ [N>
| N
E\(N 2N
0
0 " " O-p N
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Nucleotide Modification by Activating Chemistry

C d
& 50
3 - +I/A __loor BEE OECadd GO
S 40 +1/A+heating s X :
+ i mipe! = nw) 75._
S 307 £ Ul
5
- 0O -
g 20_ & 50_
E IO_ |ﬁ:“ a0 % 25—
-~ | an ad -
™M 0 i & el
Z () [EEEaaA— St e
A C U G | X A, C, U, (GA), |
Nucleotide Oligonucleotide

Methyl isonitrile + 4-pentenal, before and after heating at 95° for 15 min



Conversion of 2-thio to Canonical Pyrimidines

4.3+U JUL 4.3 +C M

3.s2U+/ .-""-.+heati”gJ\J\\ 3. s2C+|/A+heating SN

2. s2U+I/A 2. s2C+I/A
| ANAN . v
J/\I .s2U |.s*C

M
8.20 8.10 8.00 8.0 800 790 780
Shift (ppm) Shift (ppm)
Modified 2sU to converted to U 2sC converted to C by

by heating at 95° for 15 min exposure to MeNC and aldehyde



Kinetic Studies of Primer Extension

Bridged Dinucleotide

Primer m Blocker
5'- FAM - N INHO

3'_.;.;!;;5NN

Template
NH, 9
% (‘EH2 P o
0= NBN—$-0 wp =
: ' el HO O .
Primer—., o4 . _ou' _on Blocker Primer—, /j_ Blocker
3 7 co OH & 53
O_j—OH O.@OHO/J/—OH Pl /j‘OH oiOH 28
N NN e
Template Template

Jia, X. etal., J. Am. Chem. Soc. 2024, 146, 23



Isonitrile Activating Chemistry would Favor the
Modern RNA Alphabet

Alphabet

H6 HS8
selection P P

AUCG A U C G>G*
Isonitrile A 4 + 4

AssUsCl A s’U s°C |
A UCG A Ut CtGH
A s2Us?C | AF s?U+ s?CH I+

*nucleobase modifications
*thydroxyl (sugar) modifications

N-acylimidazoles
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