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…
 life in the test tube

•this is a status report  
•ideas 2003…

.  
•experim

ents 2009…
 

•little know
ledge about chem

istry



chem
ical reactions

m
olecular ecosystem

evolution and life

autocatalysis

Artificial Life Reactor

in: m
atter & energy

out:
waste



Life is based on a 
com

plex form
 of 

autocatalysis

A + B        2A + X

Living Beings + Food : m
ore Living Beings 

Life has evolved from
 

prim
itive to com

plex



Ideas on how
 Life began

M
etabolism

 first hypothesis 

Chem
ical pathw

ays em
erged in gradients, 

som
ehow

 autocatalysis em
erged later 

Autocatalysis first hypothesis  

By chance autocatalytic netw
orks arose. They 

m
ade up a m

olecular ecosystem
 that evolved

Hom
ochirality is in favor of a strong role of catalysis



Form
ose Cycle

(Im
ages W

ikipedia)

-
not m

any other exam
ples 

of autocatalysis
-

Form
ose cycle not robust



Autocatalytic Cycle

A1
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A5

I1

O
2

I2
O
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I3O
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I4
O
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I5

O
1

P = (P
x ) n

Unlikely !



M
em

brane First 
H

ypothesis

m
em

branes can have catalytic properties 

m
em

brane acts as a hydrophobic container 

m
icelles easily m

ultiply



help to concentrate and select useful m
olecules

- +

Protocells

(Im
age W

ikipedia)



Chem
oton

Tibor G
anti

Fundam
ental Unit of Life



RN
A W

orld H
ypothesis

RN
A carries inform

ation  

RN
A can be subject to m

utations - 
evolution ! 

RN
A can have enzym

atic and catalytic 
properties 

RN
A can act as a ligase for RN

A 

Clay can act as a catalyst for RN
A form

ation



Ensem
bles of 

Reproducing RN
As

Joyce and Tracey (2009)

RN
A form

s secondary structure 
 - can act a ligase recognizes shorter strands  
 - ligates them

 in an autocatalytic w
ay 

Ensem
bles of reproducing RN

As that com
pete  

   not robust - tend to sim
plify …



H
ypercycles

Eigen and Schuster 

inform
ation carriers I 

code for enzym
es E that 

m
ultiply inform

ation 
carriers to m

ultiply 
enzym

es …

I
I

E

I

E

E
I

E

1 1

2

2

3

3
4

4

Inform
ation carriers in com

petition do not evolve  
- the largest hypercycle outcom

petes all others 



M
olecular D

arw
inism

 
how

 D
arw

inian evolution w
orks rem

ains poorly 
understood !

It is insufficient to just create 
a reproducing unit

In com
petition reproducers 

tend to sim
plify: 

The best adapted wins - 
optim

al solution to given 
constraints.



 1 - D O
bjects

n
m

n + m

n
fast autocatalytic

slow



fast

Reproduction

A
B

_A
B _

A
B

_A
B _

(ligase)

slow

Fluctuation

start with squares only…
. 

A
B

(ligase or seed)
A

B



undercritical reproduction rate - all possible lengths generated

experim
ent

in silico
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O
vercritical reproduction rate - length doubling

experim
ent

in silico

New generation feeds on the previous generation (niche) 



Evolution

Species form
ation requires supercritical 

reproduction 

D
oes evolution avoid dead ends by species 

feeding on each other ? 

Evolution is a strong constraint



Artificial Life

a story of bright ideas that fail 

all bright ideas about Life have already been 
described: hopeless ? 



O
rganic Chem

istry 
heuristic rules, not really predictive 

reactions paths w
ith m

any sidew
ays  

no com
plete data on reactions available 

little know
ledge beyond pairw

ise 
reactions

I fear, we will never “synthesize” Life in a purposeful way…
 

Chem
ical reactions in a prebiotic broth alm

ost incom
prehensible  



N
E
W

S
  |  I

N
 D

E
P

T
H

1
2

9
8

 
 
 
 2

0
 M

A
R

C
H

 2
0

1
5

 •
 V

O
L

 3
4

7
 IS

S
U

E
 6

2
2

8
sc

ie
n

c
e
m

a
g

.o
rg

  
S

C
I

E
N

C
E

m
o
u

n
ts a

s sm
a
ll a

s 1 k
ilo

m
e
te

r ta
ll.

S
m

ith
’s re

su
lts w

e
re

 p
u

b
lish

e
d

 o
n

lin
e
 o

n
 

12
 M

a
rch

 in
 M

a
r
in

e G
eo

d
esy

 in
 a

d
v
a
n

ce
 o

f 

a
 sp

e
cia

l issu
e
 o

n
 th

e
 A

ltiK
a
 in

stru
m

e
n

t. 

P
a
u

l W
e
sse

l, a
 m

a
rin

e
 g

e
o
p

h
y
sicist a

t th
e
 

U
n

iv
e
rsity

 
o
f 

H
a
w

a
ii, 

M
a
n

o
a
, 

sa
y
s 

th
e
 

stu
d

y
 is a

 g
o
o
d

 p
ro

o
f o

f p
rin

cip
le

 sh
o
w

in
g
 

h
o
w

 A
ltiK

a
 ca

n
 e

n
a
b

le
 m

a
rin

e
 g

e
o
lo

g
ists to

 

se
e
 m

o
re

 cle
a
rly. “It p

u
sh

e
s th

e
 e

n
v
e
lo

p
e
 a

 

b
it fu

rth
e
r,” h

e
 sa

y
s.

T
h

e
 scie

n
tific p

a
y
o
ff e

x
te

n
d

s b
e
y
o
n

d
 su

b
-

m
a
rin

e
 
n

a
v
ig

a
tio

n
. 

F
o
r 

e
x
a
m

p
le

, 
tsu

n
a
m

i 

w
a
v
e
s a

re
 se

n
sitiv

e
 to

 th
e
 ro

u
g
h

n
e
ss o

n
 th

e
 

o
ce

a
n

 flo
o
r; se

a
m

o
u

n
ts slo

w
 a

 p
a
ssin

g
 tsu

-

n
a
m

i, b
e
n

d
in

g
 a

n
d

 d
e
fle

ctin
g
 its e

n
e
rg

y. A
 

b
e
tte

r m
a
p

 w
o
u

ld
 im

p
ro

v
e
 tsu

n
a
m

i p
re

d
ic-

tio
n

s. A
lso

 se
n

sitiv
e
 to

 se
a
flo

o
r ro

u
g
h

n
e
ss 

a
re

 th
e
 in

te
rn

a
l w

a
v
e
s in

 o
ce

a
n

s th
a
t b

rin
g
 

u
p

 d
e
e
p

, co
ld

, n
u

trie
n

t-rich
 w

a
te

rs to
 th

e
 

su
rfa

ce
 

a
n

d
 

ca
rry

 
d

isso
lv

e
d

 
a
tm

o
sp

h
e
ric 

ca
rb

o
n

 d
io

x
id

e
 to

 o
ce

a
n

 d
e
p

th
s. “K

n
o
w

in
g
 

th
e
 se

a
flo

o
r b

a
th

y
m

e
try

 b
e
tte

r w
o
u

ld
 d

e
fi-

n
ite

ly
 im

p
ro

v
e
 th

e
 m

ix
in

g
 m

o
d

e
ls th

a
t w

e
 

u
se

,” sa
y
s S

te
v
e
n

 Ja
y
n

e
, a

 p
h

y
sica

l o
ce

a
n

o
g
-

ra
p

h
e
r a

t W
o
o
d

s H
o
le

 O
ce

a
n

o
g
ra

p
h

ic In
sti-

tu
tio

n
 in

 M
a
ssa

ch
u

se
tts.

S
e
a
m

o
u

n
ts a

re
 a

lso
 im

p
o
rta

n
t fo

r e
co

l-

o
g
y, 

b
e
ca

u
se

 
th

e
y
 
p

ro
v
id

e
 
a
 
rich

 
h

a
b

ita
t 

fo
r 

m
a
n

y
 

sp
e
cie

s, 
su

sta
in

e
d

 
b

y
 

th
e
 

n
u

-

trie
n

t-rich
 d

e
e
p

 w
a
te

rs th
a
t w

e
ll u

p
 n

e
a
r 

se
a
m

o
u

n
ts. 

O
n

e
 
d

ra
w

b
a
ck

 
to

 
a
 
m

o
re

 
re

-

fin
e
d

 m
a
p

, sa
y
s P

e
te

r A
u

ste
r, a

n
 e

co
lo

g
ist 

a
t th

e
 M

y
stic A

q
u

a
riu

m
 in

 C
o
n

n
e
cticu

t, is 

th
a
t it co

u
ld

 a
id

 ce
rta

in
 d

e
stru

ctiv
e
 co

m
-

m
e
rcia

l 
fish

in
g
 

o
p

e
ra

tio
n

s, 
w

h
ich

 
h

a
v
e
 

b
e
e
n

 
k

n
o
w

n
 

to
 

ta
rg

e
t 

se
a
m

o
u

n
ts 

a
n

d
 

q
u

ick
ly

 strip
 th

e
m

 o
f fish

. O
n

 th
e
 flip

 sid
e
, 

A
u

ste
r sa

y
s, a

 m
o
re

 co
m

p
le

te
 m

a
p

 co
u

ld
 

h
e
lp

 
e
co

lo
g
ists 

p
ie

ce
 
to

g
e
th

e
r 

e
v
o
lu

tio
n

-

a
ry

 p
a
tte

rn
s o

f b
io

g
e
o
g
ra

p
h

y
: h

o
w

 re
la

te
d

 

sp
e
cie

s le
a
p

e
d

 fro
m

 o
n

e
 u

n
d

e
rw

a
te

r isla
n

d
 

to
 a

n
o
th

e
r.

F
o
r n

o
w

, A
ltiK

a
 tra

ce
s o

u
t th

e
 sa

m
e
 n

a
r-

ro
w

 
tra

ck
s 

a
cro

ss 
th

e
 
o
ce

a
n

, 
o
rb

it 
u

p
o
n

 

o
rb

it, 
ra

th
e
r 

th
a
n

 
v
a
ry

in
g
 

its 
co

u
rse

 
to

 

a
ch

ie
v
e
 

g
lo

b
a
l 

m
a
p

p
in

g
 

co
v
e
ra

g
e
. 

S
m

ith
 

h
o
p

e
s th

a
t a

s S
A

R
A

L
 a

p
p

ro
a
ch

e
s th

e
 e

n
d

 

o
f its m

issio
n

 life
tim

e
 in

 a
 fe

w
 y

e
a
rs, p

ro
j-

e
ct 

m
a
n

a
g
e
rs 

w
ill 

a
llo

w
 

th
e
 

sa
te

llite
 

to
 

d
rift in

to
 a

 m
a
p

p
in

g
 o

rb
it. H

e
 n

o
te

s th
a
t 

th
a
t 

sa
m

e
 
d

e
cisio

n
 
w

a
s 

e
v
e
n

tu
a
lly

 
m

a
d

e
 

fo
r th

e
 sa

te
llite

s Ja
so

n
 a

n
d

 C
ry

o
S
a
t-2

—
a
n

d
 

th
e
 re

su
ltin

g
 g

ra
v
ity

 d
a
ta

 h
e
lp

e
d

 cre
a
te

 th
e
 

m
a
p

 p
u

b
lish

e
d

 in
 S

cien
ce la

st y
e
a
r. “U

n
til 

th
e
y
 d

o
 th

a
t,” W

e
sse

l sa
y
s, “y

o
u

’re
 o

n
ly

 g
o
-

in
g
 to

 g
e
t g

o
o
d

 d
a
ta

 o
n

 sm
a
ll strip

s.”

A
ltiK

a
’s 

p
rin

cip
a
l 

in
v
e
stig

a
to

r, 
Ja

cq
u

e
s 

V
e
rro

n
, o

f th
e
 L

a
b

o
ra

to
ry

 o
f G

e
o
p

h
y
sica

l 

a
n

d
 In

d
u

stria
l F

lo
w

s in
 G

re
n

o
b

le
, F

ra
n

ce
, 

sa
y
s In

d
ia

 a
n

d
 F

ra
n

ce
 h

a
v
e
 n

o
t se

rio
u

sly
 

d
iscu

sse
d

 ch
a
n

g
in

g
 th

e
 sa

te
llite’s o

rb
it to

 

m
a
k
e
 th

e
 g

lo
b

a
l g

ra
v
ity

 m
a
p

, b
u

t h
e
 p

la
n

s 

to
 ra

ise
 th

e
 issu

e
 a

t fu
tu

re
 m

e
e
tin

g
s w

ith
 

In
d

ia
’s sp

a
ce

 a
g
e
n

cy. ■

B
y

 
R

o
b

e
r

t
 
F

.
 
S

e
r

v
i
c

e

T
h

e o
rig

in
 o

f life is a
 se

t o
f p

a
ra

d
o
xes. 

T
o
 

g
e
t 

it 
sta

rted
, 

th
ere 

m
u

st 
h

a
v
e
 

b
een

 a
 g

en
e
tic m

o
lecu

le—
so

m
e
th

in
g
 

lik
e D

N
A

 o
r R

N
A

—
ca

p
a
b

le o
f p

a
ssin

g
 

a
lo

n
g
 b

lu
ep

rin
ts fo

r m
a
k
in

g
 p

ro
tein

s, 

th
e w

o
rk

h
o
rse m

o
lecu

les o
f life. B

u
t 

m
o
d

ern
 
cells 

ca
n

n
o
t 

co
p

y
 
D

N
A

 
a
n

d
 
R

N
A

 

w
ith

o
u

t 
th

e 
h

elp
 

o
f 

p
ro

tein
s 

th
em

selv
es. 

W
o
rse, n

o
n

e o
f th

ese m
o
lecu

les ca
n

 d
o
 th

eir 

jo
b

s w
ith

o
u

t fa
tty

 lip
id

s, w
h

ich
 p

ro
v
id

e th
e
 

cell m
em

b
ra

n
es n

eed
ed

 to
 co

n
ta

in
 th

em
. In

 

y
e
t a

n
o
th

er ch
ick

en
-a

n
d

-eg
g
 co

m
p

lica
tio

n
, 

p
ro

tein
-b

a
sed

 en
zy

m
es (en

co
d

ed
 b

y
 g

en
e
tic 

m
o
lecu

les) a
re n

eed
ed

 to
 sy

n
th

esize lip
id

s. 

N
o
w

, 
resea

rch
ers 

sa
y 

th
ey 

see 
a
 

w
a
y
 

o
u

t. 
A

 
p

a
ir 

o
f 

sim
p

le 
co

m
p

o
u

n
d

s, 
w

h
ich

 

w
o
u

ld
 h

ave b
een

 a
b
u

n
d

a
n

t o
n

 ea
rly E

a
rth

, 

ca
n

 g
ive rise to

 a
 n

etw
o
rk

 o
f sim

p
le rea

c-

tio
n

s 
a
b
le 

to
 

p
ro

d
u

ce 
a
ll 

th
ree 

cla
sses 

o
f 

b
io

m
o
lecu

les—
n

u
cleic 

a
cid

s, 
a
m

in
o
 

a
c-

id
s, 

a
n

d
 

lip
id

s. 
T

h
e 

n
ew

 
w

o
rk

, 
p

u
b
lish

ed
 

o
n

lin
e 

th
is 

w
eek

 

in
 

N
a

tu
re 

C
h

em
is-

try
, d

o
es n

o
t p

ro
ve

 

th
a
t th

is is h
o
w

 life
 

sta
rted

, 
b
u

t 
it 

m
a
y
 

h
elp

 
exp

la
in

 
a
 

k
ey

 

m
ystery. 

“T
h

is 
is 

a
 

very 
im

p
o
rta

n
t 

p
a
p

er,” 
sa

ys 
Ja

ck
 

S
zo

sta
k
, 

a
 

m
o
lecu

-

la
r 

b
io

lo
g
ist 

a
n

d
 

o
rig

in
-o

f-life 
resea

rch
er 

a
t 

M
a
ssa

ch
u

setts 

G
en

era
l 

H
o
sp

ita
l 

in
 

B
o
sto

n
. 

“It 
p

ro
p

o
ses 

[h
o
w

] 
a
lm

o
st 

a
ll 

o
f 

th
e 

essen
tia

l 
b
u

ild
in

g
 

b
lo

ck
s fo

r life co
u

ld
 b

e a
ssem

b
led

 in
 o

n
e g

eo
-

lo
g
ica

l settin
g
.” 

S
cien

tists h
a
v
e lo

n
g
 to

u
ted

 th
eir o

w
n

 fa
-

v
o
rite scen

a
rio

s fo
r w

h
ich

 se
t o

f b
io

m
o
le-

cu
les fo

rm
ed

 first. “R
N

A
 W

o
rld

” p
ro

p
o
n

en
ts 

su
g
g
est R

N
A

 m
a
y
 h

a
v
e b

een
 th

e p
io

n
eer; 

n
o
t o

n
ly

 d
o
es it ca

rry
 g

en
e
tic in

fo
rm

a
tio

n
, 

b
u

t it ca
n

 a
lso

 serv
e a

s a
 p

ro
tein

lik
e ch

em
i-

ca
l 

ca
ta

ly
st. 

M
e
ta

b
o
lism

-first 
p

ro
p

o
n

en
ts 

a
rg

u
e th

a
t sim

p
le m

e
ta

l ca
ta

ly
sts, fo

u
n

d
 in

 

m
in

era
ls, 

m
a
y
 
h

a
v
e 

crea
ted

 
a
 
so

u
p

 
o
f 

o
r-

g
a
n

ic b
u

ild
in

g
 b

lo
ck

s th
a
t co

u
ld

 h
a
v
e g

iv
en

 

rise to
 th

e o
th

er b
io

m
o
lecu

les.

T
h

e R
N

A
 W

o
rld

 h
y
p

o
th

esis g
o
t a

 b
ig

 b
o
o
st 

in
 2

0
0

9
. C

h
em

ists led
 b

y
 Jo

h
n

 S
u

th
erla

n
d

 a
t 

th
e U

n
iv

ersity
 o

f C
a
m

b
rid

g
e in

 th
e U

n
ited

 

K
in

g
d

o
m

 rep
o
rted

 th
a
t tw

o
 rela

tiv
ely

 sim
-

p
le 

p
recu

rso
r 

co
m

p
o
u

n
d

s, 
a
ce

ty
len

e 
a
n

d
 

fo
rm

a
ld

eh
y
d

e, 
co

u
ld

 
u

n
d

erg
o
 

a
 

seq
u

en
ce

 

o
f rea

ctio
n

s to
 p

ro
d

u
ce tw

o
 o

f R
N

A
’s fo

u
r 

n
u

cleo
tid

e 
b

u
ild

in
g
 

b
lo

ck
s, 

sh
o
w

in
g
 

a
 

p
la

u
sib

le ro
u

te b
y
 w

h
ich

 R
N

A
 co

u
ld

 h
a
v
e
 

fo
rm

ed
 o

n
 its o

w
n

 in
 th

e p
rim

o
rd

ia
l so

u
p

. 

C
ritics, th

o
u

g
h

, p
o
in

ted
 o

u
t th

a
t a

ce
ty

len
e
 

a
n

d
 fo

rm
a
ld

eh
y
d

e a
re still so

m
e
w

h
a
t co

m
-

p
le

x m
o
lecu

les th
em

selv
es. T

h
a
t ra

ised
 th

e
 

q
u

estio
n

 o
f w

h
ere th

e
y
 ca

m
e fro

m
. 

S
o
 S

u
th

erla
n

d
 a

n
d

 h
is co

llea
g
u

es se
t o

u
t 

to
 see if th

e
y
 co

u
ld

 fin
d

 a
 ro

u
te to

 R
N

A
 fro

m
 

e
v
en

 sim
p

ler sta
rtin

g
 m

a
teria

ls. T
h

e
y
 su

c-

ceed
ed

. S
u

th
erla

n
d

’s tea
m

 n
o
w

 rep
o
rts th

a
t 

it crea
ted

 n
u

cleic a
cid

 p
recu

rso
rs sta

rtin
g
 

w
ith

 ju
st h

y
d

ro
g
en

 cy
a
n

id
e (H

C
N

), h
y
d

ro
-

g
en

 su
lfid

e (H
2 S

), a
n

d
 u

ltra
v
io

le
t (U

V
) lig

h
t. 

W
h

a
t 

is 
m

o
re, 

S
u

th
erla

n
d

 
sa

y
s, 

th
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Biom
olecules m

ay w
ell have form

ed spontaneously on the  
early Earth …

.

N
ucleotides, Lipids, Am

ino-Acids m
ay have  

    form
ed sim

ultaneously under sim
ilar conditions



From
 the chicken soup …

 
…

 to the chicken ?

W
e have a soup - w

hat is next ?

a highly non-linear, pattern form
ing system





N
onlinear Physics

D
riven (dissipating) non-linear system

s 
create order …

.

x(t) = αx
1 + �x

2 + �x
3 + �x

4 + ...
.x(t) = α(x

1 ) 2 + � (x
2 ) 5 + � (x

3 ) 3 + � (x
3 * x

4 ) + ...
.

Nonlinear equations : 

few

 solutions w
ith x(t) = 0  

.

Phase space contracts upon dissipation



Self-organizing m
olecular 

autocatalysis  ?

a com
plex organic chem

ical m
ixture 

energy input 

self reproducing m
ode is the strongest 

and w
ins —

 

careful: chem
istry is not hydrodynam

ics…

Idea:



Solution ?

The experim
ent is brighter that you. 

W
ork like an experim

entalist …
. 

Let the experim
ent guide you w

ith the 
correct boundary conditions



oxidation: electron uptake 

reduction : electron delivery 

careful: oxidative atm
osphere does not create 

biom
olecules 

O
xidizing and Reducing 



•
 O

xidizing and reducing boundary 
•

 G
enerate all oxidization states of all the m

olecules

Idea :

Reducing

agent

O
xidizing

agent

The self reproducing m
ode should prevail…



   O
rigine of Life ?

 Physicist…
 

.... from
 a prebiotic soup :  order from

 disorder ! 

     @ first :  sim
ple, m

olecular form
 of autocatalysis ? 

-
single autocatalytic m

olecules ?? 

-
sets of autocatalytic m

olecules ???



M
iller-Urey Experim

ent

organic biom
olecules m

ay  
          have form

ed spontaneously 
          at the O

RIG
IN

…
  

H
ow

 to generate a com
plex ensem

ble of m
olecules ?  

























NH3, (H2), CH4 and H2O



Analysis ?

Chrom
atography : HPLC


- quantitative but low
 resolution


M
ass spectroscopy : Q

-Tof

- high res. but not quantitative


- too sensitive




Analysis - H
igh Pressure Liquid Chrom

atography 



HPLC : Results, C13 colum
n

Larger
Sm

aller

too sm
all to be 

resolved









Analysis - M
ass Spectroscopy







Density of (different) molecules

M
ass



Form
s M

icelles / Em
ulsifies w

ith carbon tail

N
on-linearity  

form
aldehyde - cyanide m

ixtures 
Concentration



 Electrical Potential: nothing....  

or a trivial answ
er …

 



Energy Sources
Iron-sulfur w

orld hypothesis 
(W

ächtershäuser): FeS, FeS
2 give energy 

and enable equivalent of the citric acid cycle 

Zn w
orld hypothesis: Zn based m

inerals help 
in catalyzing polym

erization 

D
eep sea vent hypothesis: outflow

 of gases 
(also in lakes), reducing sim

ilar to M
iller 

chem
istry





O
pen Boundary: M

iller Urey





Am
phiphilic 

Polyethyleneglycol
Form

s M
icelles / Em

ulsifies w
ith carbon 

tail 

O
il

PEG

w
ater

w
ater

w
ater



Phase Transfer Catalyst

Here: NX4 and PEG ?



Phase Transfer 
Catalysis

avoids hydrolysis :
R-O

H
R-O

H
R-O

-R  +  H2O
 

+

• M
any biom

olecules  could  not form
  

in pure w
ater spontaneously


• PEG has been show
n to produce 

DNA building blocks, peptides, ...  
by PTC



Polym
erization  

in w
ater nucleobases / am

ino acids do not 
polym

erize (hydrolysis) 

@ interface this is possible (2011)          
charged lipids at surface + m

etal catalyst 

there is an oil layer on top of the broth !

R-O
H

R-O
H

R-O
-R  +  H2O

 
+



Strong role of oxygen

oxygen based surfactants in broth 

CO
O

H
 group very likely to occur 

signature of oxygen incorporation in pairs 

peroxides are com
m

on - radical form
ation 

peroxide addition (H
2 O

2 )            PEG





N
M

R 

Polym
ers from

 H
CN

on polym
ers (chrom

atography purified)

strong variations in broth com
position 
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