Fundamental conceptual 1ssue

physics/chemistry:
matter, force, energy, reaction rates,
molecular binding affinities...

biology:
Instructions, transcription, editing, translation,
coding, signals, instructions...

information!

physics/chemistry ——> biology
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Although it has been notoriously difficult to pin down precisely what is it

that makes life so distinctive and remarkable, there is general agreement

@ that its informational aspect is one key property, perhaps the key property.

R ew aWw oo The unique informational narrative of living systems suggests that life may
ehex for updates be characterized by context-dependent causal influences, and, in particular,

that top-d d rd) causation—where higher levels infl nd
(ite this artide: Walker SI, Davies PCW. 2013 op-down (or downward) causation—where higher levels influence a

The algorithmic origins of life. J R Soc Interface

constrain the dynamics of lower levels in organizational hierarchies—may be
a major contributor to the hierarchal structure of living systems. Here, we
10: 20120869. propose that the emergence of life may correspond to a physical transition
http://dx.doi.org/10.1098/rsif.2012.0869 associated with a shift in the causal structure, where information gains
direct and context-dependent causal efficacy over the matter in which it is
instantiated. Such a transition may be akin to more traditional physical tran-
sitions (e.g. thermodynamic phase transitions), with the crucial distinction
that determining which phase (non-life or life) a given system is in requires
dynamical information and therefore can only be inferred by identifying
causal architecture. We discuss some novel research directions based on
this hypothesis, including potential measures of such a transition that may
be amenable to laboratory study, and how the proposed mechanism corre-
sponds to the onset of the unique mode of (algorithmic) information
processing characteristic of living systems.

Life = information management



Informational hallmarks of life

*Digital information storage

*Analog and digital information processing

*Explicitly encoded information: context dependent

*Physical separation of information storage from
Information processing

*Dynamics Is a function of the physical state

*Top-down and bottom-up causation



The origin of life
When?

How?






If we do not know the process that
transformed non-life into life we
cannot estimate the probability for
It to happen

Bizarre fluke? Or chemical inevitability?



Chemical
mixture



Mannosyl glycan
mwmneu .

N-Glycan
Dogyohesis Negivean biosymhesis
Sx'o’f" '"333“’" Chondroitin UpunnkI-mnu .[ f & & [~ )
lobby suiaie biosynthesis ‘ )
iosynthesis S,
e = = : T S , 1
Iact and neolacto series & car O-Glycan ¥ R——" Bosynness bios, \
8] Glycosyliransferases Biosynthesis fod o ‘
> - Starch and sucrose | Purine metabolism | Thiamine
B |/ e | —9—9—9 notabolism
eratan sullate *— Caffei @
Y o Diosynthes: * met ism
! Giycosaminogiycan - R /o P - _—
11 S s m - et < e
—o J : A - | —bt—o
kesde !
L ¢ nEREty a pa p ) i R g™ Il
- L metabolism | *~———9
2 ‘ alpha-Linolenic acid J y— B{‘"‘;q""““" : Y Pyrimiding metabolfsm "wmcﬂnym ? —\
T ._.{"" " arnonc acd ., N Sroplemyn ) ——’ O |
murnm ) ] v ! metaboam
3 3T Y A . T e f § P |
e e o o Amind sugar T = - 4 ]
} ] A -k gt | y h = @ @
(. " 3 1 = 5
Jf Y metabol ~ = |- v Biosynthesis of 13 14-Jang - ! fhenyisianine - e —
° o l Fruclose snd © o ® _\/ 16-memoer 3 8 @ !l gty pm biosynthet | c y
e e Giyceroghasoholpid ’ W, b -9 e
Linoleic acid s 1 One carban poot
— 7l ~\-Ehganineais 1 Iscquineline akalold
prenmpco l 51 s i . ) m i
Eiosyh Ubiquinone and
CI | p... ‘erpenaid-quinane
Eg‘:mzﬁn’-mnl I I o ° Eihat tlatd ? - l ala ! . B hiyﬂhe!n
Sphin urine ‘
olevsood I Biosyntesis of metat plism, —
i tatty acids o! f o
A 1
i Soasess  fam : N =~ G
" —o—
Flavonoid = —9—@—8 Carotenoid |
o Siosyninesis [ ‘ \ Indole aikao ! !
1 I £ ! .
) . I O ry []]
—9—o LR
—_— Nosysie ’ ) pantotnenate and cor ’ "_.
;Ilvw\" and &>
Dlosyninesis m : &
-——— ‘
Limonene
pinene deg O Zeatin acd O
tt Slosynmesis
Monoterpenoid L] T '
biosynthess tt -—| % - — aradanany > j s BT T T T '
7 eductive [— $ )
Sesautterpencid O —e— Lisoic acia. Terachloroethens degradation camboyisl crcie (§ T f | | ‘
oSy’ Uy r— — 3 (602 fixal |
i — e o - I i |
t LLL L a _I i Gonion & % { ° } e N | + \ S
y . - fixation \ N ool il ) ‘_,\ Cysiel and rathionin
' teroid — 0 . 4 me
' 4 R Tatabotsm Ry : A i ¢ i | Bainme T
1 Primary bile acia I I I Atazine —4 I f ! - metabolism
e [e—14 s Atanesspartst ana—+ ® ; s
biosynthesi T | !
. ) . ; Seamaan T~ ! (] + i S R |
’ chi-stroia ] melabatim A ‘ : .4 I —
meiabalism AT, Crtrens - e ,_?_‘ ' LT
~ T
= Vo haicne o | l o
Quspneshs P AN /31t L ¢ ot b
*——0—0— A~ t I T
oo 23
\d 1 I ] e = S £ + Profine metasaiism )\
y Bigheny! degradation 7 2 oichoremane | SIS ‘ |+ ¢
D ddgradtion Bisphenol A LI AP
Fluorobepzoato L Styrene e e and oL
doqvwnfn osradation [ ! ~—] 3 Dlotynthesis g o \
1 Fluorene . g Oxidative T D-Glutamine and l
degradaton 7 Penicillin and T i 8 " L]
=== ) I /NI N Fostpriiaton o9 ¢ gEmemh ! = Relsbaian ) _J Wicotinate gnd
2.4 DI:MMDB.MQI" 1 - ) + + k —
* " Secondary opman I \I Ethyibenzene 33 bt eheropneny 0 l —
Toluens adg degradation Ginane (DOT) dégradaion \,— - 8
Benzoxte degradation Resiope spaagaion Caazare

E)s%'?:::sm‘ e

P
O K Lo




- G T WY WY W W T W W W —m e CCORR osoSTTOT W — - **ui:“ =
E‘ﬁ Insert Design Transitions Animations Slide Show Review View

‘*'A_S] % cut ‘;] =) Layout ~ e PR Tex \N\Ooao l::J] ; Bk 4 Find
Paste ' £

ki

Q"_;]Reset AL %6~ 2ac Replace
Co 2N A r%klF A"a-ngef o s ts [y Select
Clipboard ] Slides Font Paragraph Drawing Editing
Slides | Outline x \[ -

al A
29 = - - (=@ 2 D\ _ﬁ
= . - - 2 ow: ﬂ - T S 1 e sa]
g 53 X D e @| H9-0= Abstract Madison - MlcrosoﬂWord- ll="|'E"

5: Go to gallery File ~ Fix E-mail Print ~ Make ~ Slide show » |

New <
Format Painter | gjlige » 5 Section ~ - o

Home Insert Page Layout References Mailings Review View a 0

Calibri (Body) v{11
AaBbCcDc AaBbCi | % &

B 7 U ~abe x, x* | & =
S No Spaci.. Headingl  _ Change Editing
¥ I -ag)vévAa. A A P 9 ~ | Styles~ =

Clipboard 1% Font » Paragraph u Styles F

AaBbCcDc

T Normal

&

A s JOHN VON NEUMANN PUBLIC LECTURES IN COMPLEXITY & COMPUTATION

4
d
[}

o PRESENTED BY THE CENTER FOR COMPLEXITY & COLLECTIVE COMPUTATION

information!

‘ ‘ 1= Abstract:
31| — | | \ *

Life, logic and information

e i —————

How did life begin? What sort of process can turn a complex mixture of chemicals
organism? The origin of life remains one of the great outstanding mysteries of sci
the enigma lies a deep conceptual mismatch between the realms of physicsand ¢

cast in the language of matter, energy and forces, and the realm of biology, whick e
. . ¥

O T I D - R N D R o D
4 | il ] »

Page:1of1 | Words: 219 | <D | |@E 2 = 150% (=)
4 MY ¢ X T | oa Qf)FD—&

32

—
44 s 4

[EEEREEES!

U

12:02PM |
3/17/2013

Explaim Windows!



-
—
o —
=
o

29

s (:!:JJJJJ

b, SN TN

Fe

Si

hardware

Chemistry

Software?



Some examples of trivial replicators:

Crystals

Computer viruses

Memes

Non-enzymatic template replicators
Lipid vesicles

Replication operation is implicit in local physics/chemistry



Ribosomes can be instructed by
DNA to make any combination of
amino acids from a set of 20.

Non-Trivial Self-Replicators are
programmable — they can
produce any constructible object
In  their universality class,
including themselves.

First nucleotide

o

b

Second nucleotide
U c A G
UuU ucu UAU @ UGy
uuc @ uce UAC UGC
UUA o UCA UAA STOP | UGA STOP
uuG ucG UAG STOP | UGG
cuu ccu cau . | ceu
cuc ° cce CAC cGe °
CUA CCA CAA CGA
cuG cCcG CAG @ cGG
AUU ACU AAU AGU
AUC @ ACC AAC 0 AGC
AUA~ | ACA @ AAA o | AGA
AUG Mel | ACG AAG @ AGG
GUU GcU GAU GGU
GuC GCC ° GAC GGC @
GUA GCA GAA GGA
GUG GCG GAG @ GGG

Genetic code

OQroOoOcCc @G>rPO0C @FPOC O>»0C

Third nucleotide



But...

that’s not all!



Biological information: not just “any old bits”.
It does stuff!

Shannon information Biological information
l.e. “bits” functional/semantic/contextual/“meaningful”

- OO0OHE A >
H AP HO P00

Which is “junk”? context is all

Genetic information flows from local to global, or “bottom up”



But...

even that’s not all!



organism

!

organs
Higher level %
triggers of tissues
cell signalling ?
Higher level
Cells cogntrols of
gene
-cellulartmechanisms expression

Pathtways
Protein machinery ng@lns
reads genes gé:ﬁ e

Figure from D. Noble. Claude Bernard, the first systems biologist, and the future of physiology. Experimental
Physiology (2012) 93:1 -16.



Michael Levin, Tufts University

Electric fields can affect gene expression!
“Epigenetics”

Top-down causation



Higher Level

T_

E
.

Bottom-up causation, Top-down causation occurs when a ‘higher’
I.e. standard physics level influences a ‘lower’ level

Lower Level

!
—



State-dependent dynamical rules

Elementary Cellular Automaton
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Emergent self-organization

N dynamical elements obeying logistic equation and
coupled to a mean “field”
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Transfer Entropy as a measure of
iInformation flow

—— Top-Down
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So how did 1t all start?

How did:

1. Software emerge from hardware?

2. Non-trivial, programmable, construction emerge from
“dumb molecules™?

3. Digital information storage and processing emerge from
analog information?

4. Instructional or contextual information emerge from
“mere bits” (Shannon information)?

5. Top-down information flow emerge from bottom-up

Information flow?



