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Natural Computation

e Neural Computation
4 A network of neurons
e Evolutionary Computation
4 A population of chromosomes
e Molecular Computation
4 A test tube of molecules
e Molecular Evolutionary Computation ¢ This tutorial
4 A test tube of “evolving” molecules
4 “In vitro molecular evolution”

Scope of This Tutorial

e What is “in vitro evolution”?
e How do we exploit this as EC technology, i.e. for
molecular evolutionary computation (MEC)?

e What new opportunities this offers to EC research
ers?
4 In theory and in applications
4 In science and in technology
e What challenges the new applications face?
e Where can I find more materials?
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Molecular Computation
(without Evolution)

Biomolecular Information Processing

AACCT CATTACCGAGTGCGGGTCCTT
GCGGGC TGT
GAACACTGTCTGAAAGCGTGCAGTCTGAGTTGATTGAATGCAATCAGTTAAAACTTT]
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Molecular Computing: A Brief History

e Feynman (1959)
¢ Potential of molecules
Benett (1982)
¢ DNA and thermodynamic computation

Seeman (1991)

¢ Self-assembly of a DNA cube
Conrad (1992)

¢ Lock-and-key paradigm for molecular computing
o Adleman (1994)

¢ Experimental demonstration of DNA computing

Feynman (1959)

® “There’s Plenty of Room at the Bott
om”

e Biological molecules can carry enor
mous amounts of information in an e
xceedingly small space.

-> Inborn computing power!

Benett (1982)
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Input signals
On Off On

! ! ! Conrad (1992)

Free energy
\ minimization

Molecular Computing:
The Lock-Key Paradigm
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Discover magazine published an art
icle in comic strip format about Leo
nard Adleman's discovery of DNA
computation. Not only entertainin
8, but also the most understandable
explanation of molecular computat
ion I have ever seen.

An Example Problem Illustrated
Hamiltonian Path Problem

Cons\dir a map of cities connected by certain nonstop B==1a

flights (rop right). For instance, in the example shown here,
itis possible 1o travel directly from Boston to Detroit but not vice
versa. The goal is to determine whether a path exists that will
commence at the start ity (Atlanta), finish at the end city (De-
troit) and pass through each of the remaining cities exactly once.
In DNA computation, each city is assigned a DNA sequence
(ACTTGCAG for Atlanta) that can be thought of as a first name
(ACTT) followed by a last name (GCAG). DNA flight numbers can
then be defined by concatenating the last name of the city of
origin with the first name of the city of destination (bottom right).

The complementary DNA city names are the Watson-Crick mj

complements of the DNA city names in which every Cis replaced
by G every Gbya  every Abya T and every Thy an A (To sim P ONEARE COMELEMENT
plify the discussion here, details of the 3" versus 5 ends of the

AT ACT ¢ GAAC
DNA molecules have been omitted,) For this particular problem CABUR acTl e IGARCGTG
o N BOSTON TCGG AGCC
only one Hamiltonian path exists, T e coth
and it passes through Atlanta, = = - Lo
: GCAA GGCTCG
Boston, Chicago and Detroit in that DRiROIL ECGA * - < ‘
order. In the computation, this FLIGHT INA FLIGHT NUMI
path is represented by GCAGTCG ATLANTA - BOSTON TCGG
GACTGGGCTATGTCCGA, a DNA se- ATLANTA CCGA
quence of length 24. Shown at the BOSTON= GGCT
left is the map with seven cities BOSTON - DETROIT C(_GA
and 14 nonstop flights used in the BOSTON - ATLANTA ACTT
CHICAGO - DETROIT CCGA

actual experiment. —LMA,

[Adleman, Scientific American 1998]

Bio-Lab Procedure

Generate random paths
through the graph <:>

Hybridization and ligation

J L

:

Keep only those paths that <:>
begin with v,, and end with v ,,

PCR with v;, and v,

out

4 L

If the graph has n vertices,
then keep only those paths <:>
that enter exactly n vertices

!

Gel electrophoresis

Keep only those paths that <:>
enter all of the vertices
of the graph at least once.

i

Antibody bead separation
with v;

ﬁ

If any paths remain, say “Yes”; | <:> |

otherwise, say “No.”

Gel electrophoresis
sequencing




CHICAGO TO DETROIT

BOSTONTO CHICAGO <

ATLANTATOBOSTON

N
WATSON-CRICK \
ANNEALING, \

\

in which Cs pair ' 9 )i

with Gs and As join

with Ts, will result in 7/
7

DNA flight-number ;

scrands (shown here: At \
lanta o Boston, Boston 4
to Chicago, and Chicago ,

to Detrort) being held end-

to-end by strands encoding 4

the complementary DNA city
names (shown here: Boston
and Chicago).

COMPLEMENT OF CHICAGO
COMPLEMENT OF BOSTON

LIGASES connect
the splinted mole-
cules. Wherever the
protein finds two
strands of DNA in
proximity, it will
covalently bond
them into a single
strand.

DNA POLYMERASE

POLYMERASE CHAIN REACTION, or PCR, is used to replicaic DNA molecules that begin with
the start city (Adanta) and terminate with the end city (Detroit). In this example, a primer—GGCT,
representing the complement of the first name of Detroit—is anncaled to the right end of a DNA
strand. The primer signals the polymerasc to making a Watson-Crick complement of the strand.
After the polymerase is done, the double helix is split into two strands so that Watson-Crick comple-
‘ments of each half can be made. This process is repeated to obtain a large number of copies of mole-
cules that have the correct start and end cities. Gel is is then used to i molecul
that have the right sequence length of 24.

NN

PROBEMOLECULES.

PROBE MOLECULES arc used to locate DNA strands encoding paths that pass
through the intermediate cities (Boston and Chicago). Probe molecules containing the
. complementary DNA name of Boston (AGCCTGAC) are ateached to an iron ball sus
< pended in liquid. Because of Watson-Crick affinity, the probes caprure DNA strands
that contain Boston’s name (TCGGACTG). Strands missing Boston’s name are then
discarded. The process is repeated with probe molecules encoding the complemen:
DNA name of Chicago. When all the computational steps are completed, the strands
left will be those that encode the solution GCAGTCGGACTGGGCTATGTCCGA

Basic Ideas in DNA Computing

e Exhaustive search
e Parallelism

o Density

® Miniaturization

e Energy efficiency




Recent Applications

o Computational
¢ Cryptography (Boneh et al., 1995)
¢ Chess (Landweber et al., PNAS 2000)
¢ 20-var 3-SAT (Adleman, Science 2002)
@ Tic-Tac-Toe (Stojanovic, Nature Biotech 2004)
e Biology and Medicine
¢ Genetic switch (Weiss et al., PNAS 2002)
¢ Gene control (Benenson et al., Nature 2004)
e Nanotechnology
¢ DNA crystals (Winfree & Seeman et al., Nature 1998)
¢ Molecular tweezer (Yurke & Turberfield et al., Nature 2000)
¢ TX complexes (Reif & Seeman et al, Nature 2000)
¢ Tiles (LaBean & Reif, 2003)

Breaking DES

DES circuit initial graph
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A path in the graph
[Boneh et al., 1995]

Self-Assembly of DNA Crystals

36 nt, 12.6 nm 47 nt, 160 nm
iqure.
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Fig.3. Multiplex colony PCR readout. Colony PCR (10) allowed rapid screen-
Ing and recovery of Individual library strands. The boards represented by two

clones are sh bove thelr % pe 5 Readout
These clones represent the strings 010 011 010 and 001 011 000. Left lane, END

10-bp ladder.
[Faulhammer et al., PNAS 2000]




Solving a 3-SAT Problem on Chip

Making a Molecular Tweezer

"The fuel strand attaches to the
handles and draws the two arms of
the tweezers together.”

“To close the tweezers, they add a

"Bell Labs scientists assemble their
special “fuel” strand of DN

tweezer motor from DNA with two
double-stranded anms (onne(ted by
a smglcd-smmdcd hinge,
nn%‘estnnded handles” al the ends

* Motion affected via white fuel strand via strand displacement.
[Yurke et al., Nature 2000]
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[Liu et al., Nature 2000]
Solving a 20-var 3-CNF Problem
A Fig. 1. The computational
problem.  (A)  20-variable
D =(~X: OF ~X15 OF X15) @nd (Xs OF X1 OF ~Xa) and (~X13 OF ~X» ?;}iNEyriﬁzlleaﬂf?”l‘;‘j:fm‘g:
Or Xz0) @nd (X1z OF ~Xa OF ~xs) and (x:a O ~Xs or xs) and (xa or GQ;;,,E‘ZL‘T.,;:;‘,',?;?,,"“"‘
x12 OF ~x5) and (=x; oF xs or =x11) and (x:3 or =xz or =xs) and [E——
(Xs Or X17 OF Xg) @nd (x5 OF Xe Or ~X17) @nd (~Xs OF ~Xg OF ~X12) Edisiiiﬂl'lffl;ii‘ﬁ:“‘i 4 “;
PR | PN
C mm|mm S

and (xs Or X11 O Xa) and (~Xis OF ~X17 O X7) @nd (~Xg OF X1 OF

x13) @and (~x12 Or ~xg Or x5) @and (X2 Or X; Or X;4) and (xzo Or X3

)
1
AVAVaN

or xz) and (xio OF ~X7 or ~Xg) and (~xs Or Xs Or ~X12) and (Xsa

v,
]
2
aval

OF ~Xzo OF X3) @nd (~X10 OF ~X1a OF ~X15) @nd (X, Or ~%1; or

~x14) @and (xa OF ~X7 OF ~x13) @nd (~Xs OF X16 OF ~X10)

x1=F, X;=T, x3=F, x4=F, x5=F, x6=F, x7=T. Xs=T, xo=F, Xx10=T,
e i g o ranker o
oo M o e d 5 12 S, &
%14=T, %12=T, X12=F, X14=F, x16=T, %16=T, X17=T, X1a=F, X1a=F, ey . 13 e o e e 1 e e e
TS Mg e 15 o S e

Xz20=F

[Braich et al., Science 2002]

Directed Evolution of a Genetic Circuit

— [HIGH]

lacl e I
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Fig. 1. The plasmid diagram shows the implementation of the present circuit. Plasmid pINV-110 constitutively expresses the Lacl repressor, which inhibits
transcription from the Pc promoter in the absence of IPTG. The expression of the Cl repressor and ECFP fluorescent marker is controlled by P which is inducible
by externally added IPTG. Repressor CI acts on APgorz on pINV-107b to repress the transcription of the EYFP gene, the output fluorescence indicator. The two
plasmids contain different origins of replication as well as different antibiotic resistance genes, which allow them to be maintained stably within a single cell
The logic diagram (Upper Right) represents the logical of the same biochemical circuit. The Ppc p IMPLIES logic gate with
respect to the two inputs Lacl and IPTG and the output CI, whose truth table is shown below the diagram. The output of the IMPLIES gate, C,isthe input to the
inverter based on the APsor2 promoter, ultimately controlling expression of the fluorescent output, EYFP. Note that the levels of EYFP output are the inverse
of the input Clin the truth table. In this study, we targeted mutations to the Cl protein

[Weiss et al., PNAS 2002]




Binary Counter nssambly
N:rows in this
Type of tile can be determined ection N

by two input conditions, and
can forward two outputs
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[Winfree et al., DNAC 2003]

Playing a Tic-Tac-Toe Game
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‘ Stojanovic et al., Nature Biotech. 2004]

DNA as Smart Drugs

Folt

resobost

Ignore indicator Indicator present

Indicator
N absent
0

(1))
endi lend

Negative diagnosis/ Positive diagnosis/
Release drug suppressor Release drug

PPAP2B| & GSTP1| & PIM11 & HEPSINt =9 | Administer GTTGGTATTGCACAT

[Benenson et al., Nature 2001 & Nature, 2004]

Difficulties in Current Molecular Computing
Paradigms

e Scalability
4 For big problems, exhaustive search is not effective.
e Reliability
4 DNA reaction is error-prone.
e Fault tolerance
4 What if a single molecule malfunctions?
e Design
4 How to design the decision (or diagnosis) rules?




In Vitro Evolution
(without Computation)

In Vitro Evolution Experiments

® & o g
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Formation Stable Prebiotic Pre-RNA RNA First DNA/ Diversification
of Earth hydrosphere chemistry world world protein life of life
T T T T T T T
45 4.2 4.2-4.0 ~4.0 -338 -36 3.6-present

Figure 1 Timeline of events pertaining to the early history of life on Earth, with approximate dates i billions of years before the present.

Eigen’s Theory of Molecular Evoluti
on (1979)

& |

Manfred Eigen
(1927 -)

SELEX (Systematic Evolution of Ligands by EXponential Enrichment)

Library of Random Oligonuceotides
Fixed Variable(n) Fixed

n=10 s=10°8
n=20 s=10"2
n=30 s=10"8
n=50 s=103°

Clone ¢——— Random ssDNA or RNA ¢——

v

Sequence
<4— Negative selection
Removal of non- <«4— Positive selection
binding ssNA
Validation v
Isolation’ of ssNA-

targets complex

v
,. = v Amlification

(RTPCR 5 ssNA
[Tuerk & Gold, Science 1990] (T7 transcription)




Aptamers

Hermann, T. and Patel, D.J.
2000. Adaptive recognition
by nucleic acid aptamers
Science 287: 820-825.

Mechanisms of Riboswitch Function

@
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(Com 2 (( YAntiterminator

Terminator

FMN riboswitch

(b) ] )
| shine-Daigarno

sequence accessible

] Shine-Dalgarmo
Aromatic ring sequence masked

stacking interactions

H-bondin: = D

TPP riboswitch

mANA

© D) dea;agsr%\\.\
' jf E

Specificity: Caffeine = theophilline + a
methyl group on a ring N (circle); binding
is >1000 times weaker

Fig. 1. Molecular recognition of flat aromatic ligands by nudeic acid aptamers. (A) (left to right) E
Theophylline (in caffeine, the encircled hydrogen is replaced by a methyl group); flavin mononu-

clectide (FMN), an iscalioxazine derivative; and adenosine monophosphate (AMP). The ligand- - i i
binding pockets are shown for the complexes of (B) a theophylline-RNA aptamer (5), (C) an L// Curr Opin Struc Biol
FMN-RNA aptamer (7), (D) an AMP-DNA aptamer (12), and 8] an AMP-RNA aptamer (10). In all (2004) 14:344

four compleces, elective ligand binding involes a planar surface (cyan) above which the liand .

(orange) stacks coplanar with an adjacent base (cyan sticks), which forms specific intermolecular : :

hydrogen bonds. The stacking surface is constituted by pairs or triples of coplanar bases interacting glmS gene (ribozyme activated by GIcN6P)

in non-Watson-Crick arrangements. Polar nitrogen (blue) and oxygen (red) atoms participating in
hydrogen bonds are marked

Applications for SELEX Genetic Control through Metabolite-Indu
ced Riboswitch

Insights into the prebiotic earth

7]
* |dentification of the catalytic potential of RNA and DNA; Selection for 9 \.{‘
enzymatic functions (ligase, polymerase, RNase, peptide bond formation,
Diels-Alder reaction)

Feedback by
proteins

Applied (Medical) research y N H
‘I)\ L
* diagnostic (ELISA, FACS) and therapeutic use of aptamers as ‘;k'( \ Fn?:?at:::)‘iil;et;y
replacement and or extension to antibodies (K,'s in the pM to nM range) A \ 1
: ‘Sensor’
) Enzyme 1
Genomic SELEX and regulatory loops ' o
1 T
* random integration of genomic sequences into SELEX oligonucleotides; . “o-p=o
selection for unidentified binding sites to regulatory proteins (MetJ; MS2 A \)j/\’
coat protein, U1A protein) A

Metabolite




Metabolite-Induced Riboswitch Peptide Library
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Enriching the binding clones through bio-panning

OD 405

03 ./
02
015 /

0 . . . .
1 2 3 4 5 6 7 8
Input phage in each round

Cell SELEX Procedure

Nonspecific bound
aptamers

Initial RNA Pool Counter SELEX ﬂ RNA-Target cell incubation

. L

< Unbound RNAs

N rounds W_
Normal PBMC W
Jurkat T leukemia ﬁ In vitro Transcription Ta;hlndmg RNAs

e pNa
(‘DL}Q;}? target:  RNA
RNA Library E==———=——f\N
Enrichment by N
RT-PCR and Transcription Elution from Target cell

>
2
=
s

5 _ JurkatT
Sequence (Occurrence) s 2.53%) 5 6.12%
11 5) 5 GAACOOSAAIIISACACUGAUAGCIS UGAICSCCAACUG ARV 2 él
5 2 B =
5 8 .
o [ e e TS e (i et
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5 DALY 5 9.99% M 8319 %
8
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< A specific disease could be targeted without prior knowledge of any
molecular changes associated with the disease state

< As capture probes to identify cancer-specific molecular markers

< As specific cell sorter & identifier

Kauffman’s Theory of Collectively
Autocatalytic Sets (2001)

BAAAAAAB

BBABB

FIGURE 2.7b  Molecules catal hs. In Figure 2.7a, all re

be spontaneous. What hap add catalysts to sp

ction squares indicated by d

alyzed, and the heavy

es connect substrates and products whose reactions are catalyzed. The result is a

pattern of heavy lines indicating the catalyzed subgraph of the reaction graph.
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In Vitro (Molecular) Evolution: Syno
nyms

e In vitro selection

e Directed evolution
e In vitro evolution

e Molecular evolution
e SELEX

e Bio-panning

e “In vitro molecular evolution”

Molecular Evolutionary Computatio
n (MEC) in Vitro: Theory

Motivation: In Vitro Evolution as EC Te
chnology

e Each DNA molecule represents an individual at na
noscale

e A huge population of up to Avogadro number (6 x
1023) molecules

e Molecular recognition by chemistry

e Exponential self-replication by PCR

e Massively parallel variation-selection operators
e Ultra-low energy consumption

e Evolvable “wet” “molecular” hardware

Molecular Recognition

13
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In Vitro Evolutionary Computation

e Problems in Existing DNA Computing Paradigms: Revisited

¢ Scalability
m For big problems, exhaustive search does not work.

¢ Reliability
m DNA reaction is error-prone.

¢ Fault tolerance
m What if a single molecule malfunctions?

¢ Design
m How to design the decision (or diagnosis) rules?

e In Vitro Evolution + Molecular Computation
= Molecular Evolutionary Computation (MEC)

= Bayesian Evolution + Probabilistic Library Model

Why Try Molecular EC?

® 6.022 x 102 molecules / mole
® Massively Parallel Search
4 Desktop: 10° operations / sec
4 Supercomputer: 10'2 operations / sec
4 1 umol of DNA: 10%°reactions
e Favorable Energetics: Gibbs Free Energy

¢ 1Jfor 2x 10" operations
e Storage Capacity: 1 bit per cubic nanometer
o The fastest supercomputer vs. DNA computer
4 10° op/sec vs. 10'* op/sec
¢ 10° op/J vs. 10" op/J (in ligation step)
4 1bit per 10'2 nm? vs. 1 bit per 1 nm?
(video tape vs. molecules)

The Theory of Bayesian Evolution

e Evolution as a Bayesian inference process

e Evolutionary computation (EC) is viewed as an ite
rative process of generating the individuals of ever
higher posterior probabilities from the priors and t

he observed data.

14



Bayesian Formulation of EC

® Bayes’ rule for combining priors and likelihoods:
P(D|A)P(4) _ P(D]|A)P(4)
P(D) [ P(D|A)P(4)

P(4|D) =

e Evolutionary computation (EC) can estimate the posterior probability of
model 4; using the population 4(g):

P(D|4)P,.\(4)
D s POI4)P(4)

e The fittest model for the Bayesian EC to find is:

P, (4,1D)=

Ajp = min argmax{F,(4; | D)}
85Cmn  A€A(
& [Zhang, CEC-99]

Bayesian Evolutionary Computation

generation 0 generation g

P(A4|D) P(4|D)

)
P,4) = AN N

PyA) , /
Y VAN

Bayesian Evolutionary Algorithm (BEA)

1. Sample M individuals 4, (i=1,...,M) from P,(4). Set g=1.

2. Compute the posterior fitness P(g) = P,(4,|D) for i=1, ..., M:
P(D|4)F,,(4)

EA,EA(g)P(D | A/)ngl (Aj)

3. Generate offspring 4, by sampling from the posterior distribution using variation op
erators, such as mutation and recombination:

P..(4,|D)= };Pg(A, | D)P(4;| 4,)

F,(4,|D)=

EA(g) . . -
4. Select the individuals into the next generation with acceptance probability
F.(4D)
F.(4,|D)

5. Revise the priors &(A) = h(ngl (A), P, (4 | D)).
Set g=g+1 and go to step 2.

a,(4]4)= min{l,

PLM: Using Molecules to Represent t
he Probability Distribution

Next generation
2
—_—
e

g(,
e —
Library of combinatorial
2 N molecules
=~
2
L}(,

Select the library elements
matching the exarmm

Hybridize

Amplify the matched library
elements by PCR
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The Probabilistic Library Model (PLM)

e A library of DNA molecules represents the empirical distri
bution of data variables.

e Each library element consists of n variables, X,..., X, .
® A big number of molecules are maintained in the library.

¢ L={x|i=1..N}

¢ N: typically 10> with 10 nM
e Duplications of elements are allowed. And the number of d

uplications is proportional to the strength of the element.
o The library is so maintained that it represents the joint prob
ability distribution of the data variables.
¢ P(X) = P(X,,..., X,) [Zhang, DNAC-2004]

The PLM (cont’d)

o The probability of variable X, having value x, is computed
chemically by putting in the library the complementary seq
uence -x, of the query sequence x, and extracting the hybri
dized sequences followed by normalization.

* P(X=x,) ~ e(x, )L

e Conditional probabilities are computed by the relative freq

uencies of the molecules.
¢ P(X|X)) = P(X, X)) / P(X})
¢ Here P(X;=x,X;=x,) ~ c(x, X, )/|L| and P(X,=x,) ~ c(x, )/|L|

o The library as an ensemble

® Probabilistic computation

e Massively parallel computation of probabilities

The PLM as a Pattern Classifier

e Assume L contains sequence patterns x; with kn
own labels y; (training set)

¢ L={(,y)|i=1..N} -

¢ x, = {A,T,G,C}": observable input, e.g. DNA sequenc
e

¢ y,= {0, 1}, observable output, e.g. cancer or normal

e Given a query sequence x,, -
¢ Put -x, into the test tube -x: complementary to x
o Find the correct class y, for x,, (classification)

4 y,=I: cancer
¢ y,= 0: normal

Classification Decision: Probabilistic
Formulation

® P(X): Probability of observ
ing protein sequence X

® P(X,Y): Probability of sequ
ence X being in class ¥

® P(X,Y,Z): Probability of se
quence X being in class ¥
with some parameter Z

® P(Y|X): Conditional probab
ility of class Y given X

16



Classification Learning: In Vitro Evol
ution

1. Start with library L of random sa
mples (molecules)
2. Given a training sample s = (x, y)

3. Classify s using L
# Extract x 2 N(x) := P(x)
#® Extract ¥ 2 N(x,Y) = P(x,Y)
4 y* = argmax, N(x,Y)
4. Update L
¢ Ify*=p, P(y*[x) €
d N(y*|x) with d>1
¢ Otherwise, P(y*[x) €
d N(y*|x) with d<l

The Learning Rule Leads to Bayesian
Update

Update of N(y*|x) leads

to update of the posterior
probability distribution
P(z]y,x), resulting in

a Bayesian learning rule for
classification learning with
DNA computing

[Zhang, DNA10]

PLM vs. Probabilistic Model-Buildin
g GAs (or EDAs)

e Some recent genetic and evolutionary algorithms build expl
icit probabilistic models for the population.

o These distribution-estimation algorithms (EDAs) generate of
fspring by sampling from the probabilistic model rather than
using crossover and mutation.

e Like EDAs, the probabilistic library model (PLM) generates
the offspring by sampling from a probability distribution.

e Unlike in EDAs, in PLM no extra probabilistic model is buil
t. The PLM itself represents a probability distribution.

e The use of a huge number of molecules (10'> or more) enabl
es the test tube to represent the empirical probability distribu
tion.

Molecular Programming (MP):
In Vitro Evolution of Genetic Progr
ams

17



Molecular Programming (MP):

Evolving Genetic Programs in a Test Tube

e Theory

¢ Bayesian evolution [Zhang, CEC-99; Zhang, Handbook-2003]
Model

# Probabilistic library model [Zhang, DNA10 & DNA11]
Algorithm

¢ Molecular algorithms [Zhang, GP-98]
® Representation

¢ Decision lists [Zhang, GECCO-2005]

e Operators

¢ Molecular operators for variation and selection [Zhang, GECCO-2
005]

Molecular Programming of the PLM

1. Let the library L represent the current distribution P(X;Y).
2. Get a training example (x,y).

3. Classify x using L as follows
3.1 Extract all molecules matching x into M.
3.2 From M separate the molecules into classes:
Extract the molecules with label Y=0 into M°
Extract the molecules with label Y=1 into M’
3.3 Compute y"=argmaxye ;| M” |/|M]
4. Update L
If y*=y, then L, < L, /+{Ac(u, v)} for u=x and v=y for (u, V)E L, ,,
If y*#y, then L, « L, ;,—{Ac(u, v)} for u=x and v # y for (u, V)E L, ,

5.Goto step 2 if not terminated. [Zhang, GECCO-2005]

Step 1: Probability Distribution in the Library

Step,2: Presentation, of an Example (or. Query),

Step, 3: Classify. the Example (Decision, Making),
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Step,4: Update the Library (L.earning),

Molecular Operators

e Variation
¢ Ligation
¢ Restriction
¢ Mutation (PCR)
e Seclection
¢ Gel electrophoresis
¢ Affinity separation (beads)
¢ Capillary electrophoresis
e Amplification
¢ Polymerase chain reaction (PCR)
# Rolling circle amplification (RCA)

Variation: Hybridization & Ligation

e Hybridization
# base-pairing between two ¢

. Beaca) rovooee
omplementary single-strand 5550000 b
molecules to form a double l Hybridization
stranded DNA molecule

. OO eeeeeee
e Ligation SLE568bbee-

4 Joining DNA molecules tog —

ether [Ligation |
e Usually used for candidate B8040 44

solution generation.

Variation: Restriction

e Cut the specific DNA site.
e Solution detection or filtering step

TR T
TTCG -
EcoRIBD L

TTCGAP5, gon ATTS
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Selection: Gel Electrophoresis

® Detection desired solutions.
® Separate solution molecules by length

Electrode

Samples

Well

\\ —
Larger - e i “\@1 Buffer
fragments

=

(5 L Gel
Smaller —_ Electrode
fragments

Plastic
frame

Selection: Bead Separation

_O

e
Magnetic Beads
—= I ;
‘ —KD \th;;net
I A
Complementary -
-0
=0

Detect & separate the specific DNA

Amplification: PCR

° Polymerase chain reaction DNA Amplification Using Polymerase Chain Reaction

ARGET DA

e Amplifies (produces identi
cal copies of) selected dsD
NA molecules.

® Make 2" copies (n : numbe
r of iteration)

e Used to filter solutions or
detection.

Application to Leukemia Diagnosis

’f;‘}\o
=
«3‘ & T
(\] - : ] :
DISEASES — LR
120 samples from Gene expression data Class: ALL/AML

L

60 leukemia patients
Training with

=5
6-fold validation Diagnosis

[Cheok et al., Nature Genetics, 2003]
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(=0, x,=1, x;=0, y=1)
2 (x,=0, x,=0, x;=1, x,=0, x5=0, y=0)
C(x=1L x=1 =1
z, (x=1, x3=0, x,=1, y=0)
b) z,: AAAACCAATTGGAAGGCCATGCGG
: AAAACCRATTCCAAGGGECCT TCCCCAACCATGCCC
z;: PATTGGCCTTGBATGCGE
zy: PATTGGAAGGCCCCTTGBATGCLC
where
PARE X, CCTT X4
ARTT X, CCAA X5
"‘ ;G E ,v

tC o
& 1

Figure 1: Population of genetic programs in two
different representations: (a) set of decision lists,
(b) library of DNA molecules corresponding to (a).
The DNA code shown are illustration-purposes only
and this design does not fully reflect the biochemical
properties of the sequences.

: EEEECCEETIOC AR OCCATSCO0

. R AT TEATT T CE AT oS T T T OO TR AT CATo T
. EETTSOCCTISoATSSSS
BATTGOAA ST CCITOOATOCCC
where
=== x, TOTT x. & o
=

Outpur strands
Hybridization e

Figure Illustration of the decision-making proce-
dure using the population of DNA-encoded genectic
programs: (a) Library of decision lists,
sample (in multiple copies). (c) decision lists hy
bridized with query samples.(d) schematic for illus-
trating the whole decision procedure.

Ini

e

<&
N

tial Library L,

C
(xz=1, s

y=1)
ETECEETED
G

Cuzoyen (220,y=0)

=

—
1%”)\ + Hybridization
S
k\é
Library Example 1

(x1=0, xo=1, x3=1

(x1=0, x2=1, x5=0, y=0)

Amplify
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Updated Library L,

(im0 xamtx =0y =D

where

5\;\\j\\ + Hybridization

<5 '
k\é

Library Example 2

(x1=0, x2=1, x5=1, y=1)

Updated Li

(im0 xamtx =0y =1

where

Hybridization

Query

(x1=1, x2=1, x5=0)

;
—— ===
COEOED !
- ~E 5 1
COEOEO ! _

Predict the

d

lass

Majority voting
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Figure 5: Fitness evolution of the population of
molccular genctic programs. Though there arc fluc-
tuations the fitness values tend to converge 90 %
accuracy. The reproduction rate was 0.01.

Figure 6: Distribution of the size of genetic programs. Shown are the number of programs of each size in
the final population in a run. It shows the tendency that, as generation goes on, smaller programs are used
more frequently than larger ones. The reproduction rate was 0.01.
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Figure 7: Fitness curve for runs with fixed-size pro-

grams. Shown are average fitness values for runs
with programs of fixed-order 1, 4, 7, and 10.
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Figure 8: Effect of population size on ensemble per-
formance. Shown are the best-fitness curves for pop-
ulation sizes of 10'' (in our experiments) 107 and
(subsampling case for testing). The results show that
too much subsampling degrades the performance.
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MP vs.

GP

Genetic Programming (G
P)

Molecular Programming
(MP)

Representation | Variable-size trees Variable-length lists
Variation Random xover, mutation | Combinatorial sampling
Selection Proportional selection Amplification (PCR)
Population size |~ O(10%) ~0(10")

Parallelism Can be parallelized Inherently parallel
Solution Single individual Ensemble of individuals
Interaction 2D matrix 3D collision

Material Silicon (dry, hard) Carbon (wet, soft)

Molecular Programming (MP) as a New P
aradigm for Molecular Computing

e Scalability

¢ Problem: For big problems, exhaustive search does not work.

¢ Solution: Evolutionary search

e Reliability

& Problem: DNA reaction is error-prone.

¢ Solution: Probabilistic formulation
e Fault tolerance
¢ Problem: What if a single molecule malfunctions?

¢ Solution: Ensemble machine approach

e Design

® Problem: How to design the decision (or diagnosis) rules?

@ Solution: Evolutionary learning from examples

New Issues for the EC Researchers
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In Vitro Evolution vs. In Silico Evolution

In Vitro Evolution

In Silico Evolution

Processing Ballistic Hardwired

Medium Liquid (wet) Solid (dry)
Communication | 3D collision 2D switching
Configuration | Amorphous (asynchronous) Fixed (synchronous)
Parallelism Massively parallel Sequential

Speed Fast (millisec) Ultra-fast (nanosec)
Reliability Low High

Density Ultrahigh Very high
Reproducibility | Probabilistic Deterministic

New Research Issues

® Representation

*
*
*

New representation schemes under molecular constraints
2D and 3D structures for molecular genetic programs
Parsimony/bloat issues

o Operators

*
*
*

New molecular operators under thermodynamic constraints
Biochemical wet operators
Physical implementation of operators (e.g. physical simulated annealing)

o Theory

*
*
*

The role of a huge population size
Theory for guiding experimental procedures (e.g., SELEX)
EC theories of the origins of life

e Applications

*

*
*
*
*

Physical evolution
Bio, pharma, medicine
Nanotechnology
Molecular electronics
Molecular robotics

In Vitro Selection of RNA Aptamers by SELEX

RNA library

+ target

Remove of unbound
oligonucleotides

Clone & Sequence

Anti-VEGF Aptamer (Macugen)

‘ Age-related Macular Degeneration (AMD) ‘

Nextar

Aptamer against VEGF using SELEX (1998)
$100M Pfizer
Inc.

[ FDA approved (2004. 12. 17) |

$25

Eyetech
Phar i Inc.

Pfizer will pay Eyetech $90 million license fee
and an additional $15 million investment

Comes First FDA approved aptamer-based drug
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RNA Aptamers into Therapeutics

Easily screened

High affinity and specificity

Reduced in size and chemically synthesized
Easily modified for bioavailability or delivery
Reversible antagonist; regulatable

Highly expressed

May not induce immune response

1) As drug leads — lessen form VEGF 4,
2) As gene therapy

RNA Aptamers into Diagnostics

® Molecular ligand to variable molecules including carbohydrates and lipids
[ ] High affinity and specificity
[ ] Spot onto solid surface with high density

® Mass production with low cost, rapidity and high purity :\; 7’\ )
o (0, I
@ Reversible denaturation: stable and long storage «S‘i‘\
@ Fixed with variable reporter C %
U

|:} Rivalry to Antibody
Nanochip/biosensor

Applications for SELEX

Insights into the prebiotic earth

* Identification of the catalytic potential of RNA and DNA; Selection for

enzymatic functions (ligase, polymerase, RNase, peptide bond formation,

Diels-Alder reaction)

Applied (Medical) research

* diagnostic (ELISA, FACS) and therapeutic use of aptamers as
replacement and or extension to antibodies (K,'s in the pM to nM range)

Genomic SELEX and requlatory loops

* random integration of genomic sequences into SELEX oligonucleotides;
selection for unidentified binding sites to regulatory proteins (MetJ; MS2
coat protein, U1A protein)

Programmable Patterning of DNA Lattices
A New, Powerful Technology (John,Reif; Duke)
- for the construction of molecular scale structures
- for Rendering Patterns at the Molecular Level.

A 2D DNA lattice is constructed by a self-assembly process:
—Begins with the assembly of DNA tile nanostructures:
- DNA tiles of size 14 x 7 nanometers
- Composed of short DNA strands with Holliday junctions

- These to form a 2D lattice:

-The Assembly is Programmable:
“Tiles have sticky ends that provide programming for the patterns to be formed.
-Alternatively, tiles self-assemble around segments of a DNA strand encoding a 2D pattern.
- Patterning: Each of these tiles has a surface perturbation depending on the pixel intensity.
-pixel distances 7 to 14 nanometers
-not diffraction limited
Key Applications: Assembly of molecular electronic components & circuits, molecular robotic ¢
omponents, image rendering, cryptography, mutation detection.
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DNA-Based Nanorobotics Devices

Rotation Open/close Open/close Open/close
st s, S N&A S \)( \?
. = / VR . Q/
il \;_\f\/ - S J \
=, ¥ Q) (. X(,
O ner, Comstem==D .
(Mao et al 99) (Yurke et al 00) (Simmel et al 01) (Simmel et al 02)
Rotation Extensi action Ex action  Extensi action
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Evolvable Biomolecular Hardware

e Sequence programmable and evolvable molecular systems ¢
an be constructed as cell-free chemical systems using biom
olecules such as DNA and proteins.

Books and Web Sites
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