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the timeline of life
Joyce (2002) Nature 418, 214-221.

Formation Stable Prabictic Pre-REM& First DMNA/S Diversification
of Earth hydrospheare chemistry world wiorld protein life of life

4.5 4.2 4.2-4.0 ~4.0 ~3.8 ~3.6 3.6-prasent

Figure 1 Timeline of events pertaining to the 2arly history of life on Earth, with spproximate dates in bilions of gears before the present.

LIFE = ““a self-sustaining chemical system capable of
darwinian evolution” (Joyce/NASA)

the origin of life = the origin of self-replication?!?



the origin of self-replication...

but what is “self’’?




molecular self-replication:
selfish or cooperative?

O
o

the Bartel/Unrau/Holliger

replicase ribozyme

Johnston et al. (2001) Science 292, 883—-896.
Zaher & Unrau (2007) RNA 13, 1017-1026.
Wochner et al. (201 1) Science 332, 209-212.
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a 190-nt ribozyme that can polymerize a portion of itself




perhaps: cooperate ... then be selfish?
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non-general genera
polymerase polymerase

y

Levy and Ellington (2001) “The descent of polymerization’
Nat. Struct. Biol. 8, 580-582.
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“chemical cooperation’

hydrogen
cyanide (HCN)

5{ H—C=N } recombination adenine

15 atoms & 15 atoms &
50 electrons: 50 electrons:
5 C-H bonds 2 C-H bonds
5 C-N bonds 9 C-N bonds

3 N-H bonds
present in 1 C-C bond
interstellar medium

present in
living systems

the Oro HCN polymerization experiments (1961)



autocatalysis

the chemical requirement for self-replication

)

the product of a reaction catalyzes its own formation



but when did the “self”
become strict!?

“selfish” A + B —(\C

“cooperative”




extending cooperation to >2 “selves’...

Eigen & Schuster, 1977; 1978



perhaps even a
cooperative network!

an autocatalytic set

Kauffman (1993)







A:yes, by using catalytic
cules| that use

P .
themselves



recombination!

Recombination, at the molecular level, is the breaking and re-ligation
of (phosphoester) bonds resulting in the swapping of =1 monomer
units between two nucleic-acid strands

HOJl-p-p-p
p-p-p--t-p- -~ 1--p- --p- o1 no[Jil-p--p

1 O
p-p-p----p-{20--p-{0--p-{}-p- {0 l

l HOJ--p-{lll--p-P-P

p-p-p{Il-p-Jl-ou p-p-p--[-p-{2--p-{20}--p- {}-p- {1} -om

+ o fil-p-{-v----p
p-p-p-{-p-{-p- {0--o- {0-p- {0 - - T~ J-on p-p-p--{5-p-{-p-{-p-T-p- 1 -on

recombination bolymerization

Lehman (2003) J. Mol. Evol. 56, 770-777.
Lehman (2008) Chem. Biodiver. 5, 1707—1717.
Lehman et al. (201 1) Entropy 13, 17-37.
Vaidya et al. (2012) Nature 490, 72-77.



getting RNAs to recombine RNAs:
group | introns do this in Nature

self-splicing of
rRNA and tRNA

’ introns in vivo
intron

(ribozyme)

G-oH

free intron

-—

reverse splicing =
“pick-up-the-tail” (PUTT)

——

ligated exons




recombination scheme by group | ribozymes

1st phospho-
transfer reaction
(pick-up-the-tail)

5'_(:AU OH 3

substrate substrate from another
binding binding cleavage event

2nd phospho-
transfer reaction

s—C B
free Azoarcus

ribozyme recombinant RNA Zenisek, Hayden & Lehman (2007)
Artif. Life 13, 279-289.




the Azoarcus ribozyme as a recombinase
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self-splicing intron from the isoleucine
tRNA of the purple bacterium Azoarcus
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-8 ribozyme is 197 nt long,
and has a 71% G+C content

|
(9]

N

Do o0OOHCCO

2
o
00O00D>CO

N
('_)QO>>Q!D

active up to 70°C

internal guide sequence is GUG,
its complement (i.e., ‘tag”’) is CAU

Opooo0CCcCO

(9]
c




RNA-directed recombination of short oligomers

Azoarcus ribozyme: IGS = GUG; target = CAU

SNL-1a GGCAU°*AAAUAAAUAAAUAAAUA 22-mer
SNL-2a GGAAAGGCAU°*AAAUA 15-mer
SNL-4a GGCAU°*GGCCGAAACAGC 17 -mer
SNL-5a GGGAGUCUGAUGAGGCAU°*AAAUA 23-mer

“head” ¢ “tail”

Azoarcus ribozyme C B
) *

+ A*D

SNL-l1a X SNL-2a: 22-mer + *|5-mer = *27-mer + 10-mer




recombining the recombinase itself
risozyMe R QR
198-nt Azoarcus ribozyme

no full-length Azoarcus RNA was added!
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1 uM each RNA

Azoarcus RCL6 55°C

"binary" 50 mM MgCl,
time(min): 0 2 5 10 20 30 40 60 120 180 240




four-piece (quad) self-assembly

e X h Y 5 7 no Azoarcus!
*+X5|37 X#Xﬁ » #T37W

198-nt Azoarcus ribozyme

30% yield (8 h)
self assembling ribozyme: excise, RT-PCR,
negative controls "W+ X+ hY + R — "W-X-Y-Z sequence & assay

w X ¥ Z 0 1 2 3 4 & 8 1
only

99% WeXeYZ,
fully functional

LEE T YT T LT L LA

123456789 10111213 Hayden & Lehman (2006)
Chem. Biol. 13, 909-918.




this is a “self-assembling” RNA

covalent bond

|

h=GGCAU




how! trans-catalysis first!

| covalent
~ trans-assembly i self-assembly

t \ replication




the concept of “self” requires a consideration of

chemical bond strengths
hydrogen bond = —8 kJ/mol/H-bond covalent bond = -22 kJ/mol/phosphodiester bond

HCHO bond type gradient
HCN

HCHO




a small selfish (?) autocatalytic network

Hayden, von Kiedrowski, Lehman (2008)
Angew. Chem. Int. Ed. 47, 8424-8428.



using information ... selfishly”

“ribozyme” 2-piece
(covalently-contiguous or trans complex) trans complex

& %S

bind

autocatalysis

turnover is achieved because
the T of the 1GS-IGS tag in
100 mM MgCl; is 40-50"C

covalently-contiguous
ribozyme




using information ...“cooperatively’?

2-piece

“ribozyme”
4 trans complex

covalently-contiguous
ribozyme




a putative cooperative cycle




replicator yield is highest when all three
components are present

ly W in cycle |, is radiolabeled
| = 3 &~

N I1+I2+I3=
|

1413
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“closed” reaction




a competitive advantage to cooperation

the cooperative cycle out-competes the selfish replicators...

mismatched guides & tags matched guides & tags

Q
|.
elQF1S'|é| 2}selfish + {|3}selfish

1) - Sy

Q™ Q

N
>
S
O
Ko,
>~
P

time (h)

... but only when in mixed in the same population

Vaidya, Manapat, Chen, Xulvi-Brunet, Hayden, Lehman
(2012) Nature 490, 72-77.




mathematical modeling supports empirical data
(Michael Manapat / Irene Chen)

Selfish (alone)
Cooperative (alone)
Selfish (mixed)
Cooperative (mixed)

-
-l
C
o
47
©
) .
<+
c
1))
()
b
o
&)




GNGVYVCeN'U

NG VV XceNU
NGV X Y eNn'u

OOACUAO < COOCACCICACC

ﬂ””““””u”““oll.ecuou/ j\uoo A..;,, :

WH.; ° o < <

s
c
()
=
|
()
o
X
()
-
0
)
Q)
N
-
O
O
-
(qv)
|
Ko
o
=
(]
X
()
o
0.0
=
(7))
@
-
)
s
c
O
>N
()
Ha)
0.0
=
>
o)
=




randomization experiment

aNGVYVCeN'U

NG YV XceNu
aNGVYV XY eNnu

hXY

> 48 possible genotypes

(4 1GS choices x 4 I1GS tag choices x 3 junctions)

N

e.g., C|U|x




randomization experiment

30 minutes 2 hours 4 hours 8 hours

R it ol

-

y

48°C |

T

200 pmol each
(10'* molecules):

GNGWceN'U RT-PCR RT-PCR RT-PCR RT-PCR

, full-length full-length full-length full-length
GNGWWXeNU WXYZ WXYZ WXYZ WXYZ

cNGWXYcN'U ribozymes ribozymes ribozymes ribozymes

hXYZ
WZ high-throughput nucleotide sequence analysis (lllumina)

hZ

~3 million ~3 million ~3 million ~3 million
genotypes genotypes genotypes genotypes




global
visualization:

results at
8 hr

red: autocatalysts
green:“‘cooperators”
orange: both
members of 2MCs

increasing over time

thick green:
UGx + AAy + CUz

AzAe
AxGe
AyGe

AzGe
ey

“UgAy .
o UXC
:"/UZA“', - U;C O CxC
—/ uzc UXG

+
at 8 hours .

Vaidya, Manapat, Chen, Xulvi-Brunet, Hayden, Lehman
(2012) Nature 490, 72-717.




Hamilton’s Rule
rb > ¢

r = degree of relatedness between two genotypes;

b = additional reproductive benefit gained by the recipient
of cooperative act

c = the reproductive cost incurred to the donor of the
cooperative act



Game Theoretic Principles Manifested in RNA (IGS-Tag)

2-player games:

AAAA AAAC AAAG AAAU JACAA ACAC ACAG ACAU |AG AA AGAC AGAG AG AU I:u AA AU AC AU AG E A self-assembles
AACA AACC AACG AACU JACCA ACCC ACCG ACCU |AGCA AG CC AGCG UCA AU CC AU CG |AUCU B self-assembles
AA GA AAGC AA GG AA GU |AC GA ACGE|AC GG G GA AGGC AG GG AG GU |JAU GA AU GC AU GG AUGU A assembles B

AA UA |AA UC AA UG CUA ACUC ACUG ACUU JAG UA AG UC AG UG AG UU AU UA AU UC AU UG AU UU B assembles A

CAAA CAAC CAAG CAAU |CCAA CCAC CCAG CCAU [CGAA CG AC |CGAG [CG AU |cU AA CU AC -m
CACA CACC CACG CACU |cCCCA CCCC CCCG CCCU [cGCA CGcC CGCU |CUCA CUCC CUCG CUCU AassemblesB A self-assemble
CAGA CAGC CAGG CAGU |cc GA CCBEIBEIBENCC GU [cG GA €G GC G GU [CUGA CUGC CUGG CUGU AassemblesB B self-assemble
ICAUAN ca uc [BAIBBH cA U JoC UA CCUC CCUG CCUU |o6 UA €6 UC €6 UG |CG UU JCU UA CU UC CU UG CU UU
GAAA GAAC GAAG GAAU |GCAA GCAC GCAG GCAU |GG AA GG AC GG AG GG AU |GU AA BUIRBIGU AG GUAU BassemblesA A self-assemble
GACA GACC GACG GA CU |GCCA GEEC GCCG GC CU |GG cA BOIGENBBIEEIGG CU |GU CA GU CC GU CG GU CU BassemblesA B self-assemble
GA GA GA GC GA GG GA GU |GC GA BE16E|GC GG GC GU |GG GA GG GC GG GG GG GU [GU GA GU GC GU GG GU GU
GAUA'GAIUE! GA UG GA LU JGC UA GCUC GC UG GC UU |GG UA GG UC GG UG GG UU |GU UA GU UC GU UG GU UU AassemblesB  BassemblesA AlLassemble
UAAA UA AC UAAG UA AU JUCAA UCAC UCAG UCAU [UG AA UG AC UG AG UG AU UU AC UU AG UUAU
UACA UACC UACG UA CU JUCCA UCCC UCCG UCCU UG cC UGCG UG CU |UUCA UU CC UUCG UUCU A self-assemble B self-assemble ALL self-assemble
UA GA UA GC UAGG UA GU Fuc GC UC GG UC GU [UG GA UG GC UG GG UG GU |UU GA UU GC UU GG UU GU

Strategies:

T ¥
Al A9

Lt purple

[UAIUAUA UC UA UG UA UU JUC UA UC UC UC UG UC UU [UG UA UG UC UG UG UG UU JUU UA UU UC UU UG UU UU AlLassemble  ALLSA  ALLSA & ALL ASSEMBLE

orange Lt green pink | green

Snowdrift game: GU| cA | AG GG

Game 1: AU vs. CU Game 2: GC vs. GG Game 3: GCvs. AG




Game Theoretic Principles Manifested in RNA (IGS-Tag)

R General payoff matrix Snowdrift payoff matrix
Game 1 payoff matrices: pay Cooperate Defect

Cooperate b-c/2 ‘ b-c

game |:strategy A is the
genotype with the GAU
|GS and the CUU tag, csWac + XYZ
while strategy 2 is the 50.00
genotype with the GCU o
|GS and the CUU tag. *

measured payoff matrix at 60 min: 10.00 AU vs. *CU

Defect b |

*
30.00 AU only

WXYZ yield (%)

*CU only
20.00

0.00

69 PmOI ‘ 77 PmOI 50 100 150 200 250

Time (min)

6.1 pmoll 0 pmol

at 60 min, there is no cost to cooperating,
and the altruism of A is not penalized

in this experiment, & > ), and B > 0, meaning that A is
always the dominant strategy; not snowdrift!

Nowak, M. A. (2006) Evolutionary Dynamics: Exploring the Equations of Life (Harvard Univ. Press, 2006).




putting it all together

* group | introns can be engineered to be general RNA recombinase enzymes
* the Azoarcus ribozyme can covalently self-assemble through recombination
e autocatalytic self-replication can occur in this system

* upon selection a temporal progression can be seen:
|. autocatalysts

- 2. simple 2-membered cooperative
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