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DNA/protein-based life

3.6 billion years ago to present

DNA RNA protein

genetic
instructions
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“Possibly the first ‘enzyme’ was an RNA 

molecule with RNA replicase properties.”

Crick, F.H.C., J. Mol. Biol., 1968



RNA-based life

circa 3.9 billion years ago

RNA RNA

genetic
instructions

metabolic
function



“One can contemplate an ‘RNA world’,

containing only RNA molecules that serve

to catalyze the synthesis of themselves.”

Gilbert, W., Nature, 1986
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Did the RNA world really exist?



“It is tempting to wonder if the primitive 

ribosome could have been made entirely of RNA.”

Crick, F.H.C., J. Mol. Biol., 1968



Ban et al., Science, 2000



Can the RNA world be created in the laboratory?



Stanley Miller
University of Chicago, 1953



Stanley Miller
University of Chicago, 1953

“prebiotic soup”
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Class I RNA ligase

Bartel & Szostak, 1993

kcat = 14 min-1, Km = 9 µM

15 mM MgCl2, pH 8.5, 37 °C

118 nucleotides



Class I RNA ligase



Ligase evolved to polymerase

Johnston et al., 2001



Ligase evolved to polymerase

Johnston et al., 2001

kcat > 1 min-1, Km > 1 mM

4 mM NTPs, 200 mM MgCl2, pH 8.5, 22 °C

196 nucleotides







Evolution of a C-free ligase
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kcat = 0.0011 min-1, Km = 1.6 nM

25 mM MgCl2, pH 8.5, 23 °C
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kcat = 0.052 min-1, Km = 0.45 µM

25 mM MgCl2, pH 8.5, 23 °C Paul et al., 2006
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kcat = 0.052 min-1, Km = 0.45 µM

25 mM MgCl2, pH 8.5, 23 °C Paul et al., 2006
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Continuous in vitro evolution

ribozyme

5 µM substrate, 2 µM RT primer, 2 mM NTPs, 0.2 mM dNTPs,

8 U/µl reverse transcriptase, 4 U/µl T7 RNA pol, 5 mM DTT,

25 mM MgCl2, 50 mM KCl, 2 mM spermidine, pH 8.5, 37 °C

1:1000

25 µl

1:1000 1:1000 1:1000
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25 mM MgCl2, pH 8.5, 37 °C McGinness et al., 2002

add one NTP add two NTPs

Time  (h)

0 20 40 60 80

[r
ib

o
z
y
m

e
] 

 (
n

M
)

10,000

100

1

0.01

100 120 140 160



25 mM MgCl2, pH 8.5, 37 °C McGinness et al., 2002

add one NTP add two NTPs
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25 mM MgCl2, pH 8.5, 37 °C McGinness et al., 2002

add one NTP add two NTPs
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kcat = 0.07 min–1

50 mM MgCl2, pH 7.5, 37 °C



Add flexible tether
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kcat :  not measurable

2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C



Optimize by stepwise evolution
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kcat = 0.006 min–1

2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C



Add 35 random nucleotides
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kobs ≈ 0.006 min–1

2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C



Optimize by stepwise evolution

Voytek & Joyce, unpublished

kobs ≈ 0.35 min–1

2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C
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Initiate continuous evolution

Voytek & Joyce, unpublished2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C

Time  (h)

0 40 50 6010 20 30

[r
ib

o
z
y
m

e
] 

 (
n

M
)

10,000

100

1

0.01



Initiate continuous evolution

Voytek & Joyce, unpublished2 mM NTPs, 25 mM MgCl2, pH 8.5, 37 °C
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Microfluidic-based evolution

Grover et al., 2003
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Microfabricated mixing loop

Paegel et al., 2006
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Microfabricated mixing loop
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Isolate carryover fraction

Actuate I, A, B, and O with C closed

Paegel et al., 2006



Isolate carryover fraction
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Dilute by cyclic mixing

Actuate A, B, and C with I and O closed

Paegel et al., 2006



Dilute by cyclic mixing
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Monitor by confocal laser fluorescence microscopy
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RNA evolution on a chip



RNA evolution on a chip

25 mM MgCl2, pH 8.5, 37 °C
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RNA evolution on a chip

25 mM MgCl2, pH 8.5, 37 °C
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