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What is Life?Zbiological and artificial)

w Selfreplication. w Viruses (bio and computer)

w Emergence. w Growth and form.

w Evolution. w Natural algorithms .

w Nonequilibrium. w Learning & robots.

w Information. w Codes and Errors. Ruseninnd

w Geometry. < s
W
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Living information is carriedmostly) bymolecules

G APAYI aeaisSvyas

Environment

. Selfreplicating information processors. @ @ @ {} @ @

Il. Evolvecollectively

l1l. Madeof molecules

A Generigpropertiesof molecular
codessubjectto evolution?

A Informationtheory approach?




Challenges of molecular codes: rate and distortion

Distortion

@ Noise, crowded milieu.

w Competing lookalikes.

W Weak recognition interactions kT.
w Needdiverse meanings.

a{ ey iKSaAs 2F NBtAlLofS 2NEHIyA&dYa FNRY dzy

(von NeumannAutomata Studied 956

Rate

w How to construct the lowate molecular codes
at minimal cost of resources?

Ratedistortion theory(Shannoril956 Inside E. Colb. Goodsell
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w Code«is a mapping between spaces, SThHhM.

w Molecular codes majpranslate between molecular spadésnguages
w Molecular spaces have inherent geométopology.

w Coding machinery affects organism's fitness.
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Outline: molecular codes and errors

Living and artificial seteplication.
Themain molecular codes dife (central dogma).
The translation machinery:

¢ The genetic codey: codonslhamino-acids.

¢ The ribosome and the problem of molecular recognition.

Basic coding theory: geometrical aspects.
¢ Howcodes cope with errors.
Emergence and evolution of codes: ratistortion.

Accuracy vs. rate: proofreading schemes.




Coding and the problem of seleplication

lu" E = =

Proposed demonstration of simple robot sediplication,

from advanced automation for space missiopNRASA conferencE380Q



Selfreplication and accuracy in computers
Theory Of Lectures on

Self-Reproducing Automata PROBABILISTIC LOGICS AND THE SYNTHESIS OF RELIABLE

ORGANISMS FROM UNRELIABLE COMPONENTS
JOHN YON NEUMANN

11

edited and completed by Arthur W. Burks

—

il | (|
Turing’s
C;at'hedrlal

THE ORIGINS OF THE DIGITAL UNIVERSE
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Theory of (1966
Self-Reproducing Automata

+2y bSdzYl yyQa dzy A JS NA

Selfreproducingmachine constructor+tape (1948 9).

w Programon tape: aneverear
Constructor
. - r v A y #*
(i) retrievepartsfroma a Sof spares M AT/ S P
(i) assembleghem into a duplicate

(iii) copytape.

Constructing orm «*_T
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KemenyMan viewedasa machine, SciAm (1955
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Motivated by biologicalseltreplication

w Constructionuniversality

w Evolvability

Keyinsight(before DNA)separationof information and function.

w Tapeisreadtwice: for constructionandwhencopied

|||||

mutations

Implementationby Nobili& Pesaventq1995



Outline: molecular codes and errors

Living and artificial seteplication.
Themain molecular codes dife (central dogma).

The translation machinery:

¢ The genetic codey: codonslhamino-acids.

¢ The ribosome and the problem of molecular recognition.

Basic coding theory: geometrical aspects.
¢ Howcodes cope with errors.
Emergence and evolution of codes.

Accuracy vs. rate: proofreading schemes.




Dual spaces of DNA and proteins

DNA

w Buildng blocks :
4 nucleic bases = {A, T, G, C}.

w Polymer: DNA doubigelix.

w Inert information storaged & G I LJS €

0

protein

w Building blocks:

20 amino acids.

w Polymer = protein.

w Functional moleculeé & O2 y & U N



RNA intermediates can be both tapes and machines

protein

Wt NAY2NRAFf dawb! ¢g2NI Ré Y

RNA molecules are both information carriers (DNA) and executers (proteins).



The Central Dogma of molecular biology

Francis Crick . Ideas on Protein Synthesis (Oct. 1956)

The Doctrine of the Triad.

The Central Dogma: "Once information has got into a protein it
can't get out again". Information here means the sequence of
the amino acid residues, or other sequences related to it.

That is, we may be able to have

DNA — | ,> RNA —————5;, Protein
— . . . ,1‘ o . .. . - ' .
Q \ e , U
\ ’ i ' 1 .-‘

but never

DNA —~

RNA -!\ — Protein

where the arrows show the transfer of information.




The central dogma graphs the main information
channels between nucleotides and proteins

w Information from DNA sequence cannot be channeled .
back from protein to either protein or nucleic acid

A 3information carriers: DNA, RNA protein
and 3x3 potential channels:

- 3 general channels (occur in most cells).
- 334LISOALE OKFIyySta od
- 3unknown transfers (no example (yet?)).

= PROTEIN

translation




GALISOAI &€ AYTF2NXNI GA2

w Reverse transcriptionRNAA DNA ):

Reverse transcriptasen retroviruses (e.g. HIV)
and eukaryotesrétrotransposonsaandtelomeres).

w RNA replicatiofRNAA RNA):
Many viruses replicate bigNAdependent RNA
polymerasegalso used in eukaryotes for RNA

silencing). BN
]
‘M

Fa
w Directtranslation (DN rotein): -~
(P 17 ) RNA replication

demonstratedin extractsfrom E. colwhich
expressedgroteins from foreigrssDNAemplates.



Channels outside the dogma: Epigenetic information transfer

A Changes in methylation of
DNA alter gene expression
levels.

A Heritablechange is called

(T NNNNTI

X9 Acetylation
Methylation [

/P\\ Phosphorylation

Nle N]Hz
G C
NFTC i \C/@
I [l — I Il
oéc\N/CH Oéc\N/CH
| |
H H

DNA methylation

epigenetic.
Chromosome
A Effectiveinformation change
but not DNA sequence. Gene “switched on”

« Active (open) chromatin

« Unmethylated cytosines
(white circles)

» Acetylated histones

A Others:

posti NI vy &t F GA2yFE Y2RAFAOFGAZ2YX

Gene “switched off”

« Silent (condensed) chromatin

« Methylated cytosines
(red circles)
» Deacetylated histones

Transcription possible l

Transcription impeded T
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replication

IFTIVIryIsrsrrssrrensi

ARRRERRRRNSSS

'y
> PROTEIN
translation

3
PROTEIN

Selfreplication requires fast,
accurate and robust coding
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Universal constructors in the arts

¢ KS &N SrArék) 02 NE 6

The Santa Claus machine (A. Sward)



Universal constructors in the arts
and in reality (?)

Europe loses the mobile-phone war

Th e : Africa’s new wealth
ECO nomlst Japan's tea party

How to switch off the internet

Ecenoeristcom The shoe-thrower's index

Prmt me a Stradivarius

The manufacturing technology that will change the world
A

This violin was made using an
EOS laser-sintening 3D printer
(and it plays beautifully)

Selfprinting?
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Outline: molecular codes and errors

Living and artificial seteplication.
Themain molecular codes dife (central dogma).

The translation machinery:

¢ The genetic codey: codonslhamino-acids.

¢ The ribosome and the problem of molecular recognition.

Basic coding theory: geometrical aspects.
¢ Howcodes cope with errors.
Emergence and evolution of codes.

Accuracy vs. rate: proofreading schemes.




The translation machinery is the main system of the living
@2y bSdzYl yyQa dzyA @SN | f

w Machinery parts =RNA+ synthetase+NJA 0 2 & 2 Y S X

w The translation machinery conveys information from nucleotidegrtdeins.

w SynthetaseschargetRNAs
according to the genetic code.

7S ) 34 By )

Anti-codon AminoacytRNAsynthetase
tRNA (~one per eaclaa)




Ribosomes translate nucleic bases to amino acids

w Ribosomesarelargemolecular machines that otein
synthesize proteins witmRNAblueprint and " .

tRNAsthat carry the genetic code ‘ large

subunit

Amino

genetic code

amino-acid¥ (codon SR <ubunit

Anti-codon

tRNA

Goodsell The Machinery of Lif

1. Is the code (c) adapted to the noise problem?



Ribosome needs to recognize the corréBtINA

synthetase

B

tRNAS

- (c)

O

Ribosome
c AAccepttRNA
,- >
A ARejecttRNA
3
[
Z

(i) binding wrongtRNAs

amino-acid, 7 (codor

(i) unbindingcorrecttRNAs amino-acid=7 (codor

2. How to construct fasaccuratasmallmoleculardecoder?



2.Decoding at the ribosome Is a molecular recognition problem

tRNAS Ribosome

C

AAccepttRNA

ARejecttRNA

Noise >[—E|
\ 4

A Central problem imbiology andchemistry
How to evolve molecules that recognize in a noisy environment?
(crowded, thermally fluctuating, weak interactions).

Al 2¢g 02 SaldAYFIOGS NBOZ2AYAGAZ2Y LISNF2NXYI
A What are the relevant degreesf-freedom? Dimensior? Scaling
A What is the role of conformational changes?



Ribosome sets physical limit on seproduction rate

Large fraction of cell mass is ribosomes.
w In selfreproduction each ribosome should sedfproduce.
w Sets lower bound on seiéproduction rate .

mass,, , 10 amino-acids
Re 20 amino-acids/sec

T 2 500 se(

w G Cl &dS & Ubacteriafdch@ridivhperHingens: T~500sec.

Problem:how ribosome accuracy affects fithess depends on

() Basic protein properties (mutations).
(i) Biological context (environment etc.).

errorR,
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Outline: molecular codes and errors

Living and artificial seteplication.
Themain molecular codes dife (central dogma).

The translation machinery:

¢ The genetic codey: codonslhamino-acids.

¢ The ribosome and the problem of molecular recognition.

Basic coding theory: geometrical aspects.
¢ Howcodes cope with errors.
Emergence and evolution of codes.

Accuracy vs. rate: proofreading schemes.




1. The genetic code maps DNA to protein

WGenetic code maps3-letter words in4d-letter DNA languagedf =64 codons)
to protein language 020 amino acids

codon =bb,b, ,bl {A, T, G, C}.
f(codon)- amino-acid.

wGenetic code embeds the codgmaph (Hamming graph) into space of amamds
OGRAAANYIK 23

charge
3 (i
A\ 1
polarity
/)(C L >
G\T/ Genetic code
size

wTranslation machinerywhose main component is thidboosome facilitates the map.
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Outline: molecular codes and errors

Living and artificial seteplication.
Themain molecular codes dife (central dogma).

The translation machinery:

¢ The genetic codey: codonslhamino-acids.

¢ The ribosome and the problem of molecular recognition.

Basic coding theory: geometrical aspects.
¢ Howcodes cope with errors.
Emergence and evolution of codes.

Accuracy vs. rate: proofreading schemes.
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Coping with unreliability of coding machinery

Error detecting codeparity checking. signal| binary parity
One check: Odd pari# mistake (e.g0111). 0 000 0
Retransmission. 1 001 1
2 010 1
. 3 011 0

Single error can be detected but not corrected.
4 100 1
5 101 0
The redundancy of the code: 5 110 0
: 7 111 1
total # of bits n

R= =
# of message bits n -




Error correction requires minimal redundancy

1001010111
w Error correcting code can detect and correct errors. o | 1001101101
w Multiple checks; Locating errors by confluence. 1| 0010011110
0 | 0011111001
0 | 1101010001
w Triplicationcodec send each message thrice (R)= 1| 1101001100
Rectangulacode R=1 %
®w What is the minimal number of checks? "

¢ To locaten positions requires 2" 2 n 4.

o

-1
R=_" 2% log, (n+1) 821 log, n
n-m ¢ n - n

w !l lFYYAydQa O2RS NBIF OKSa




Geometric view of error correction and detection

w Messages are mapped betwebgpercubes

f:Y - Y

n n+m

(1001- 1001101)

1 (0,1, 1)

w Metric is the Hamming distance:
1 Three-dimensional spheres about (0, 0, 0) and (1, 1, 1)

% - x| =# of different letter:

w Sphereis S={x| x-x| ¢.



Error correction is packing hard spheres

w To correct errors thespheres shoultbe at least atistance d =2r 4.

w Correction move to nearest sphere center

w How many words can be encoded

Or how many spheres can be packe S -— ¢ Fv

total volume? sphere volume®  # sphe
2"2(n 4) 2™ ¥ n2 1+

# spheres=  # words =2 ¢2—
n+1
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KIyy2yQa OKFIyySf O2RAY-Z
on the capacity of a noisy channel

Noisy channel is defined by stochastic inpwuitput t (s|m).

Channelkapacitymeasures the inpibutput correlation

C =maxl| (S;M) :ma>< log f/(‘gs. Lnr?n)> S ‘

Channelrate R=Iim 08} (5 WOI’dS)-
n- o n

[KIFyy2yQa O2489):3 R<"-5’-2@Y o
Proof: show that # hard spheres @"% = 2"(SM —nc

PLILISNI E AYAOD | OKASOWSR 2ytfé aNBOSydafe



The genetic code is a smooth mapping

Amino-acid polarity
14

——
HLOOCOCON

DegenerateZOout of 64 A G &8 LIKSNK & € ®
Compactness of amiracid regions.
Smoothdo AA YAT I NJ aO2t 2NE 27F
But not immune toond S0 0 SNJ S NNE N&

<
2 @ & 2

Generic properties of molecular codes?
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Invented byEmileBaudotll B for telegraphy.
Often used in A D and [& A applications.

Minimizes the number of changes between
close by values, smooth code.

Used in many modulation schemes.

(e.g. phase shift).

Q

O2RS ££€aY220Kaé

001
011
010
110
11
101
100

0001
001
0010
0110
0111
0101
0100
1100
1101



The smooth genetic code as a combinatorial game

eicic

((( (
el |

383994

) )
b=l

Gal NDfS LI O1lAy3IE

(A) Max colors.

(B) Samesimilar color of neighbors.



The genetic code maps codons to am+aocids

w Molecular code = map relating two sets of molecules.

w Spaces defined by similarity of molecules (size, polarity etc.)

20 amino-acids

GeneticCode

64 codons
Qg DS
Cul [ lees
(O QLSS
Q@E | GOSE
QT EDDSS
eSS ST TS




Fitter codes have minimal distortion

encoder e,

=
o
&
=
=]
e
Ln
g

decoder d;u

D=(c,,) =& PunC.,TF(e r@ «

paths

w Distortion of noisy channel) = averagalistortion of AA.
w rdefines topologyf codon space.

w cdefines topology of aminacid space.



Smooth codes minimize distortion

w Noise confuses close codons.

w Smooth code:

amino-acid

close codons = close am#agids.
M YAYAYLIE RAAG:

Min smoothness

Max smoothness

Min diversity Max diversity

20 # amineacids

Marble game



| KFyyStf NIXGS Aa O2R

w Diverse codes require higpecificity = high binding energids
w Cost ~ average binding energyUs

w Binding prob. ~ BoltzmannE~ elUT

| ~ae,lne, ~ (€.,
a,l

w Costl =Channel Rate (bits/message)



Ratedistortion theory of noisy information channels

N

w How well a mapping represents a signal?
w Example: quantization of continuous signal.

w The average distortion of a signal

D:<Caw> :é. ppathca

paths

w Main theorem: there exists mte-distortion
function RD) which is the minimal required

1 I I

rate Rto achieve distortiorD. 0.9 _
0.8 _|
R(D)= min | (S,M) o ]
D{f} ¢D = R -
S s andom _
B 0.4 | R(D? D,,) ¥ i

Shannon's limit: 03 L

R(D=0) =C 02|

0
0 01 02 03 04 05 06 0OF 08 09 1

(Shannon, Kolmogoral956 D



Fitness = GaixDistortion + Rate H =4«D 4

w Gainbincreases with organism complexity and environment richness.

w FitnesHA &4 AGFNBS SyYySNHeé¢ ¢gB0K AYOSNBRS aiSy

w Evolutionvaries the gaire.

w Population of seffeplicators evolving according

to code fithesdH: mutation, selection, random drift.




Code emerges at a critical coding transition

wLow gairb : Cost too high

M Y2 &Llsoxade A OA |

wCode emergesvhenb increases:

channel starts to convey informatioh (O)t

wContinuous phase transition.

wEmergent code is smooth, low modeRf

l

no-code

1 Ratel

Coding
transition

DistortionQ

Ratedistortion theory(Shannorn 956



The emergent code is smooth

w Example: mapping between two cycles.

w Code emerges at critical transition.

x = 0.52 x=0.55 k=079

x=1.26 k=152 K=6.13 k=247 105

10.4
40.3
0.2
0.1
o ' 0

w Order parameter: deviation from random map
— and
deal - ea = % .

1

09

=

0.8

m.
=T}
=
- w—
=
=
©
=
=

0.7

symbols
Sy 10.6

PRIL2008




Emergent code is a smooth mode of errbaplacian

w Lowest excited modes of gragifaplaciarR. %

w Single maximum for lowest excited modes (Courant)

w Every mode corresponds to amuagid :
# low modes = # amiracids.
M aAy3tS O2yUAIdz2zdzacidR2 Yl Ay F2NJ S

[bSmoothness




Probable errors define the graph
and the topology of the genetic code

w Codon graph = codon verticeslHetter difference edges (mutations).

(lower limit iso = 25)




Coloring number limits number of aminacids

w Q: Minimal # colors suffices to color a map where neighboring
countries have different colors?

w A: Coloring number, a topological invariant (function of genus):
30 e - e e =

w0 -g3l7 SR o P

20 4=Cchr(25)= 2C _, #o¢
(Ringel & Youngko68 =

coloring #
o
:

max(# amino-acidsy chr ¢ 1012 genetic

¢ code

40 50

W CNRY / 2dN} yi wa G(GKS2 NEY b gem&?%y@sm
w Genetic codeo=2541M 02 f 2 NA y Z-25acuNo@Gdsl) T



The genetic code coevolves with accuracy

w A path for evolution of codes: from early codes with higher codon
degeneracy and fewer amino acids to lower degeneracy codes with |

amino acids.
st | 2nd | 3d | g | chr#
1 4 1 0) 4 |
2 4 1 1 7
4 4 1 ) 11
4 4 2 | 13| 16
4 4 3 | 25| 20
4 4 4 41 25
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Part I: Summary

The translation machinery:
¢ The genetic codes: codonshamino-acids.
Genetic code is a smooth map that minimizes distortion.

Model for emergence: phase transition in a noisy mapping

Free energy is ratdistortion function.

Continuous transition.

Topology governs emergent coc Sources:

Shannon, Mathematical Theory of Communication.
Hamming Coding and computation.

von Neumann In AutomataStudies.

Feynman, Lectures on Computation.

Cover & Thomas, Elememisinformationtheory.

o To To o Io Po

Berger TRate distortiortheory.

Papers on coding: follow PITP link
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Ribosomes translate nucleic bases to amino acids

w Ribosomesarelargemolecular machines that
synthesize proteins witmRNAblueprint and
tRNAsthat carry the genetic code

large
subunit

genetic code
amino-acid# (codor RO R Subunit

Anti-codon

tRNA

Goodsell The Machinery of Lif

Is the code (c) adapted to the noise problem?



Fig. 2. Pancreatic exocrine cell. Array of cisternae of the rough surfaced endoplasmic
reticulum.

cs, cisternal space; cm, cytoplasmic matrix (cell sol); fr, free ribosomes; ar, attached
ribosomes; mer, membrane of the endoplasmic reticulum.

x 50,000

George Paladé(s)



Ribosome needs to recognize the corréBtINA

synthetase

B

tRNAS

- (c)

O

Ribosome
c AAccepttRNA
,- >
A ARejecttRNA
3
[
Z

(i) binding wrongtRNAs

amino-acid, 7 (codor

(i) unbindingcorrecttRNAs amino-acid=7 (codor

How to construct fasticcuratasmallmoleculardecoder?



2.Decoding at the ribosome Is a molecular recognition problem

tRNASs

Ribosoms

G

A Central problem imbiology andchemistry

How to evolve molecules that recognize in a noisy environment?

Noise 3 [E

AAccepttRNA

ARejecttRNA

(crowded, thermally fluctuating, weak interactions).

Al 2¢g 02 SaldAYFIOGS NBOZ2AYAGAZ2Y LISNF2NXYI
A What are the relevant degreesf-freedom? Dimensior? Scaling

A What is the role of conformational changes?



Ribosome sets physical limit on seproduction rate

Large fraction of cell mass is ribosomes.
w In selfreproduction each ribosome should sedfproduce.
w Sets lower bound on seiéproduction rate .

mass,, , 10 amino-acids
Re 20 amino-acids/sec

T 2 500 se(

Problem:how ribosome accuracy affects fithess depends on

() Basic protein properties (mutations).

(i) Biological context (environment etc.).

errorR,



Ribosomes are complicated machines with maahy.f.

Ribosomes are made of proteins and RNAs:

0V
0V
0V

~10* nucleic bases in RNA.
~10* amino-acids in proteins.
Total mass : 3-10° a.u.

Highres structure is knownYpnathet al.).

Within this known complexity:

w What are the relevant degreesf-freedom?

w How does this machine operate?

20¢ 30nm

(magentac RNA grey ¢ protein,

from Goodsell Nanotechnology



Decodingis determined by energy landscapes
of correct and wrongRNAs

A Decoding is mulstage process.

A Kinetics involvelarge conformational changes.

Initial Codon GTP GTP
binding recognition activation hydrolysis

Steadystate decoding rates

(Arrhenius law®@ Q7Y )
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w Merge the first two barriers to gdlichaelisMentenkinetics: e® = & +¢-.

c(nc) L
; c(nc)

E + §ctne) 2 E§ete)s, p 4 pe(ne)

kc‘-fnc_l

N

o 5 . - o
[ Q 0 0 0 0 ®
0 Q iy Q i 0
| Q f) NQ ~Q p Q M
<~Q ) <~Q ) 0o QH Q Qb
o [=—=— il 5
v U P W P
C k; i
= _(3: :ebS- B; da _I']C 11: é'kcat 6_k i c d A
ke K oK, 2 "1l+a °d -1
LS - 1 e’- (R/R,
dd:L/ﬁ =ed, d :ddda ei? U RC—I§1+ebSB—|§ O(ed_]_ )



Ribosome kinetics exhibits large dimensionality reduction

A Effective dimension decreases by at leastders of magnitude:
~104 & 0 NHzO G dzNJ f L0 Ndetl¢ Baliagéidis (energy @Amdstape).

A Generigphenomenon irbiomolecules: many catalytic molecules (enzymes) can be

described by a few kinetic parameters (transition state landscape).

What is the origin of dimensionality reduction?

A Hints:

- Proteinfunction mainly involve the lowest modes of their vibratiospectra(hinges).
-{ SO0 2 NA Y 2 & ®EMAente evolutiofLeibler& Ranganthah



