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“Modern” life

Crick, F. Central dogma of molecular biology. Nature 227, 561–563 (1970).
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“Modern” life

Mycoplasma mycoides
David Goodsell, 2011
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Life is based on information

ATGTCCACATTG...

100100011010...
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...information that must be copied
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DNA replication
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DNA replication
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The RNA World “Modern” life
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The RNA World
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The RNA World
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How was information 
replicated in the RNA world?
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How was information 
replicated in the RNA world?

How do we get ribozymes in the first place?

Can some other copying mechanism produce 
the first ribozymes?
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Enzymatic vs. nonenzymatic 
replication

Δ 

Schramm, G., Grötsch, H. & Pollmann, W. Nicht-enzymatische Synthese von 
Polysacchariden, Nucleosiden und Nucleinsäuren. Angew. Chem. 73, 619–619 (1961).
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Nonenzymatic replication
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X

NTPs don’t work

NH

N

N

O

NH2N

O

OHOH

OPO
O

O
POPO

O O

OO

NH2N O

N

O
OH

O
P

O- O-
O

H
N

NN

O
NH2

N

O
OH

O
P

O

O

O-

N

N

N
N

H2N

O
OH

OO
P

O O-
O



21

Weimann, B. J., Lohrmann, R., Orgel, L. E., Schneider-Bernloehr, H. & Sulston, J. E. Template-
directed synthesis with adenosine-5’-phosphorimidazolide. Science 161, 387 (1968).
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Weimann, B. J., Lohrmann, R., Orgel, L. E., Schneider-Bernloehr, H. & Sulston, J. E. Template-
directed synthesis with adenosine-5’-phosphorimidazolide. Science 161, 387 (1968).
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Weimann, B. J., Lohrmann, R., Orgel, L. E., Schneider-Bernloehr, H. & Sulston, J. E. Template-
directed synthesis with adenosine-5’-phosphorimidazolide. Science 161, 387 (1968).

July 1968, almost exactly 50 years ago
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Weimann, B. J., Lohrmann, R., Orgel, L. E., Schneider-Bernloehr, H. & Sulston, J. E. Template-
directed synthesis with adenosine-5’-phosphorimidazolide. Science 161, 387 (1968).

Wu, T., Orgel, L.E. Nonenzymic template-directed synthesis on oligodeoxycytidylate 
sequences in hairpin oligonucleotides. J Am Chem Soc 114, 317–322 (1992).
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Phosphoryl transfer
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Primer extension

Primer

Primer + 5

time (hours) 0 4 6 10 24

G
5′

G G G

O

OHOH

NH

N
N

N

O

NH2

OP
O

N O -
N

Template

O

OHHO

NH

N
N

N

O

NH2

OP
O

O O -

Primer

H +

Wu, T., Orgel, L.E., 1992. Nonenzymic template-directed synthesis on oligodeoxycytidylate 
sequences in hairpin oligonucleotides. J Am Chem Soc 114, 317–322.



27

Key challenge: A/U
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Key challenge: A/U

The problem is more than just weaker 
binding of A and U vs. G and C
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Importance of downstream binders
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Slow trimer ligation
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suggests that the effect of the template sequence on the rate of
primer extension is different for RNA and DNA sequences19. The
notion that the ‘templating efficiency landscape’ looks different
for the two nucleic acids was corroborated in an exploratory study
of primer extension reactions in solution. For DNA, the core tem-
plate sequences TCT (where C is the templating base) and CAT
(where A is the templating base) give rate constants of k′ ¼
8,310 h21 M21 and k′ ¼ 180 h21 M21, respectively, the most
extreme difference for the entire DNA reactivity landscape of 64
core sequences19. For RNA, the corresponding sequences UCU
and CAU give k′ ¼ 23 h21 M21 and k′ ¼ 1 h21 M21 under the
same conditions (Supplementary Figs S15, S16 and Table S2).
Both sets of assays were performed at 20 8C to allow for a fair com-
parison. Both RNA primer extensions were high yielding, with
�80% primer extension at the end of the assay.

An exploratory test of the base selectivity of nucleotide incorpor-
ation on immobilized RNA was carried out by adding a mixture of
all four activated ribonucleotide monomers to immobilized

template 3. The relevance of selectivity for successful replication
systems has recently been highlighted20. We chose the first extension
step, involving the incorporation of U opposite A as a particularly
difficult step for selectivity (weak base pair, incorporation of a pyr-
imidine). Figure 4a shows the extent to which correct incorporation
and mis-incorporation occurred under assay conditions. Peak inte-
gration gave 91% correct elongation by U, 5% mis-incorporation of
A, 3% mis-incorporation of G and ,1% mis-incorporation of C.
Another example of high-fidelity incorporation of a nucleotide
from the mixture of all four monomers is shown in
Supplementary Figs S6 and S7. Much like the rate of extension,
we believe the fidelity to be sequence-dependent (cf. Fig. 4b).

Microhelper oligonucleotides have a modest effect on primer
extension reactions10. To demonstrate that high-yielding extensions
on immobilized RNA are not limited to systems containing these
short oligoribonucleotides, we performed additional assays. One
involved the individual incorporation of U opposite A on template
4 (Supplementary Figs S8 and S9). Near-quantitative incorporation
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Figure 3 | Sequential extension of a primer by any of the four different ribonucleotides. a, On template 2, directing the extension by the sequence GCUA.

b, On template 3, directing extension by the sequence UGAC. In a and b, the lower part shows an overlay of MALDI mass spectra of samples drawn after

completion of an individual extension step. Conditions: 5–20 mM monomers, 10mM template, 10mM primer, 100mM microhelpers (shown in green),

200 mM HEPBS, 0.4 M NaCl, 80 mM MgCl2, pH 8.9 (see Table 1 for conditions).

Table 1 | Reactions conditions for successful primer extension on different templates.

Template Monomer [Monomer] (mM) Microhelper T (88888C) Reaction time (days) Conversion (%)

1 G–OAt 20 – 20 1 95
1 C–MeIm 20 þ 0 6 96
1 C–MeIm 20 þ 0 5 96
1 U–OAt 20 þ 0 0 85
2 G–OAt 20 þ 0 2 97
2 C–OAt 20 þ 0 4 96
2 U–OAt 20 þ 0 4 90
2 A–OAt 20 þ 0 7 92
3 U–OAt 20 þ 220 3 99
3 G–OAt 5 þ 0 10 94
3 A–OAt 20 þ 0 7 98
3 C–OAt 20 þ 0 6 99

NATURE CHEMISTRY DOI: 10.1038/NCHEM.1086 ARTICLES

NATURE CHEMISTRY | VOL 3 | AUGUST 2011 | www.nature.com/naturechemistry 605

© 2011 Macmillan Publishers Limited.  All rights reserved. 

Micro-helpers

Deck, C., Jauker, M., Richert, C., 2011. Efficient enzyme-free copying of all four 
nucleobases templated by immobilized RNA. Nature Chem 3, 603–608.
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NATURE CHEMISTRY DOI: 10.1038/NCHEM.1086 ARTICLES

NATURE CHEMISTRY | VOL 3 | AUGUST 2011 | www.nature.com/naturechemistry 605
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Weak micro-helper assistance
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Activated micro-helper
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Leaving group effect
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Wu, T., Orgel, L.E., 1992. Nonenzymic template-directed synthesis on oligodeoxycytidylate 
sequences in hairpin oligonucleotides. J Am Chem Soc 114, 317–322.



37

Bridged intermediate

Walton, T, Szostak, JW “A Highly Reactive Imidazolium-Bridged Dinucleotide Intermediate 
in Nonenzymatic RNA Primer Extension” JACS 2016
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Bridged intermediate

Walton, T, Szostak, JW “A Highly Reactive Imidazolium-Bridged Dinucleotide Intermediate 
in Nonenzymatic RNA Primer Extension” JACS 2016
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Micro-helpers
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Wu, T., Orgel, L.E., 1992. Nonenzymic template-directed synthesis on oligodeoxycytidylate 
sequences in hairpin oligonucleotides. J Am Chem Soc 114, 317–322.

Key challenge: A/U
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Multiple monomer polymerization



48

G 2SUC A

A G C

G C G

C G G

G G G

A U C G C C C

5′

AGC
GCG
CGG
GGG

-
-
-
-

+
-
-
-

+
+
-
-

+
+
+
-

+
+
+
+

Primer
+1

+4
+3
+2

Multiple monomer polymerization

16 hours

s2U



49

G 2SUC A

A G C

G C G

C G G

G G G

A U C G C C C

5′

AGC
GCG
CGG
GGG

-
-
-
-

+
-
-
-

+
+
-
-

+
+
+
-

+
+
+
+

Primer
+1

+4
+3
+2

Multiple monomer polymerization

16 hours

s2U



50

G 2SUC A

A G C

G C G

C G G

G G G

A U C G C C C

5′

AGC
GCG
CGG
GGG

-
-
-
-

+
-
-
-

+
+
-
-

+
+
+
-

+
+
+
+

Primer
+1

+4
+3
+2

Multiple monomer polymerization

16 hours

s2U



51

G 2SUC A

A G C

G C G

C G G

G G G

A U C G C C C

5′

AGC
GCG
CGG
GGG

-
-
-
-

+
-
-
-

+
+
-
-

+
+
+
-

+
+
+
+

Primer
+1

+4
+3
+2

Multiple monomer polymerization

16 hours

s2U



52

G 2SUC A

A G C

G C G

C G G

G G G

A U C G C C C

5′

AGC
GCG
CGG
GGG

-
-
-
-

+
-
-
-

+
+
-
-

+
+
+
-

+
+
+
+

Primer
+1

+4
+3
+2

Multiple monomer polymerization

16 hours

s2U



53

suggests that the effect of the template sequence on the rate of
primer extension is different for RNA and DNA sequences19. The
notion that the ‘templating efficiency landscape’ looks different
for the two nucleic acids was corroborated in an exploratory study
of primer extension reactions in solution. For DNA, the core tem-
plate sequences TCT (where C is the templating base) and CAT
(where A is the templating base) give rate constants of k′ ¼
8,310 h21 M21 and k′ ¼ 180 h21 M21, respectively, the most
extreme difference for the entire DNA reactivity landscape of 64
core sequences19. For RNA, the corresponding sequences UCU
and CAU give k′ ¼ 23 h21 M21 and k′ ¼ 1 h21 M21 under the
same conditions (Supplementary Figs S15, S16 and Table S2).
Both sets of assays were performed at 20 8C to allow for a fair com-
parison. Both RNA primer extensions were high yielding, with
�80% primer extension at the end of the assay.

An exploratory test of the base selectivity of nucleotide incorpor-
ation on immobilized RNA was carried out by adding a mixture of
all four activated ribonucleotide monomers to immobilized

template 3. The relevance of selectivity for successful replication
systems has recently been highlighted20. We chose the first extension
step, involving the incorporation of U opposite A as a particularly
difficult step for selectivity (weak base pair, incorporation of a pyr-
imidine). Figure 4a shows the extent to which correct incorporation
and mis-incorporation occurred under assay conditions. Peak inte-
gration gave 91% correct elongation by U, 5% mis-incorporation of
A, 3% mis-incorporation of G and ,1% mis-incorporation of C.
Another example of high-fidelity incorporation of a nucleotide
from the mixture of all four monomers is shown in
Supplementary Figs S6 and S7. Much like the rate of extension,
we believe the fidelity to be sequence-dependent (cf. Fig. 4b).

Microhelper oligonucleotides have a modest effect on primer
extension reactions10. To demonstrate that high-yielding extensions
on immobilized RNA are not limited to systems containing these
short oligoribonucleotides, we performed additional assays. One
involved the individual incorporation of U opposite A on template
4 (Supplementary Figs S8 and S9). Near-quantitative incorporation
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Figure 3 | Sequential extension of a primer by any of the four different ribonucleotides. a, On template 2, directing the extension by the sequence GCUA.

b, On template 3, directing extension by the sequence UGAC. In a and b, the lower part shows an overlay of MALDI mass spectra of samples drawn after

completion of an individual extension step. Conditions: 5–20 mM monomers, 10mM template, 10mM primer, 100mM microhelpers (shown in green),

200 mM HEPBS, 0.4 M NaCl, 80 mM MgCl2, pH 8.9 (see Table 1 for conditions).

Table 1 | Reactions conditions for successful primer extension on different templates.

Template Monomer [Monomer] (mM) Microhelper T (88888C) Reaction time (days) Conversion (%)

1 G–OAt 20 – 20 1 95
1 C–MeIm 20 þ 0 6 96
1 C–MeIm 20 þ 0 5 96
1 U–OAt 20 þ 0 0 85
2 G–OAt 20 þ 0 2 97
2 C–OAt 20 þ 0 4 96
2 U–OAt 20 þ 0 4 90
2 A–OAt 20 þ 0 7 92
3 U–OAt 20 þ 220 3 99
3 G–OAt 5 þ 0 10 94
3 A–OAt 20 þ 0 7 98
3 C–OAt 20 þ 0 6 99
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Longer synthesis

Deck, C., Jauker, M., Richert, C., 2011. Efficient enzyme-free copying of all four 
nucleobases templated by immobilized RNA. Nature Chem 3, 603–608.

Beads
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Bead immobilization
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Longer synthesis
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Longer synthesis
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Longer synthesis

G A C U A C U C C G C G C C C C A A
-biotin::streptavidin

beadCy3-5′

U G AC +

G A C U A C U C C G C G C C C C A A
-biotin::streptavidin

beadCy3-5′

G A UU +

G G GC +

.
 
.
 
.

Primer
+1

+4

+12

+7

+
C
 
+
U
G
A

+
C
 
+
G
G
G

+
G
 
+
C
G
G

+
C
 
+
G
C
G

+
G
 
+
C
G
C

+
G
 
+
G
C
G

+
A
 
+
G
G
C

+
G
 
+
A
G
G

+
U
 
+
G
A
G

+
A
 
+
U
G
A

+
G
 
+
A
U
G

+
U
 
+
G
A
U

HH1

DNA H
H2

HH1
cut+

HH1

HH2

HH2

Bea
d e

xte
ns

ion



58

One pot hammerhead
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Aminoimidazole leaving group

Li Li, Noam Prywes, Chun Pong Tam, Derek K. O’Flaherty, Victor S. Lelyveld, Enver Cagri 
Izgu, Ayan Pal, and Jack W. Szostak. “Enhanced Nonenzymatic RNA Copying with 
2‑Aminoimidazole Activated Nucleotides.” Journal of the American Chemical Society (2017).
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In-vesicle replication

Derek K. O’Flaherty, Neha P. Kamat, Fatima N. Mirza, Li Li, Noam Prywes and Jack W. 
Szostak. “Copying of mixed sequence RNA templates inside model protocells.” Journal of the 
American Chemical Society (2018).
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Questions?
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Effect of micro-helper length
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Effect of micro-helper length
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Effect of micro-helper length
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Curious result
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Two chickens, two eggs

#1
	 Proteins make RNA, RNA makes proteins

Solution - RNA replicase makes RNA in the RNA world

#2
	 “Without evolution it appears unlikely that a self-replicating 
ribozyme could arise, but without some form of self-replication 
there is no way to conduct an evolutionary search for the first, 
primitive self-replicating ribozyme.”

Robertson, M.P., Joyce, G.F., 2012. The origins of the RNA world. Cold 
Spring Harbor Perspectives in Biology 4.
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Multiple monomer polymerization
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Benefit of thioU and thioT
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Two A or U additions
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Overlapping trimers
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Non-enzymatic primer extension

Courtesy of Li
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One pot aminoimidazole


