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‘ State of the Art in DNA Computing I

e establish a universal biocomputer in theory and laboratory

vision

e biocomputer based on a formal model should feature by
— computational completeness (universality), reliability
— high operational speed using massive data parallelism
— high storage capacity and density, persistence of stored data
— DNA reusabillity, energy efficient processing without mech. wear
challenges
e Making DNA operations error resistent reducing side effects

e bridging the gap between formal models of DNA computing and

\ lab-reality — our approach /
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‘Gap between Models and Lab-RquityI

side effects of DNA operations

e not confrollable, unreproducible, stochastically occurring effects
of molecular biological processes used as DNA operations

e CaAn sum up in sequences of DNA operations

e lead to unexpected, unprecise, unreproducible or even unusable
final results of experimental DNA computatfions

frequently used abstractions of formal models of DNA computing

e oOnly linear DNA used as data carrier (words of formal languages)

e unrestricted approach; arbitrary (co) number of sfrand copies

e unigue result strands deftectable absolutely reliable

e all DNA operations performed completely and reproducible

idea to bridge the gap

e specification of DNA operations on molecular level

e iNnclude side effects specified by statistical parameters info the

\ description of DNA operations — probabilistic approach /
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Side Effects of DNA Operations

operations performed with
state of the art laboratory techniques

synthesis
annealing
melting
union
ligation
digestion
labeling
PCR

polymerisation
affinity purification
gel electrophoresis
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\ : supported in simulation tool in brackets: statistical parameters . : significant side effect caused by the operation /
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‘A Probabilistic Approach to DNA Computing I

properties

e Mulfiset based, nondeterministic, restricted model

e description of DNA operations on level of single nucleotides and
strand end labels — operafion param., side effect param.

e recently supported: synthesis, annealing, melting, union, ligafion,
digestion, labeling, polymerisation, PCR, affinity purification,
gel electrophoresis; formal description by prog. language

operation control

e iteration of molecular events, probability-controlled
e probabilities of molecular events depend on: DNA pool, number

\_ /
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of strand copies, operation parameters, side effect parameters

iteration terminates iff empty list (maftrix) of possible mol. events
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A Probabilistic Approach to DNA Computing

iteration exemplified by annealing (simplified)

10 strands 6 strands

DNA pool alalclc[r]cclc]alT]clelalclc]T] Tlclalalg[c]c[c]alT]c]clcla

probability for collision: probability for collision: @
_10+10 _10+6
10 strands 0.39 p? 0z p?
MW%%W possible complete molecular reactions: | possible complete molecular reactions:
Gl TelAlelcT MG\EZ}TCCGATGGAGCT
AN \\\ I AT Y VYN A
TCGAGGTAGCCTCGAA A|G|G|C|T|A|C|C|T|C|G|A|A(G|T
@
probability for collision: probability for collision:

_ 6x10 _6+6
6 strands Uz p? 0.15 p?

T/G|A|AlG|c|T|cIc|A|T cle|c|A possible complete molecular reactions: | possible complete molecular reactions]
1 ¢ AAElgTiclclslATelaAGiclT
X
AASS VS USAVISISAISGY no new product AlG|G|c|T|A|c|c|T|c|c|AlAlc|T
AlGlc|c|T|Alc|c|T|clG|AAlG|T

G|A
9 x |AJA[G[C|T|C|C[G|A[T|G|G|A(G|C|T

number of DNA strands: p =10 + 6 =16

minimum nucleotide bonding rate for stable hybridized DNA double strands: 50% I 5x MMMMM
molecular event: strand hybridization modified DNA pool

1

@ Create list (matrix) of molecular events and their probabilities including side effects
@ Select one molecular event randomly with respect to the probability distribution
@ Determine all possible reaction products from this molecular event and select one of them

Modify DNA pool
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‘An Object Oriented Simulation Tool I

main features

e specificafion of DNA operations on the level of single nucleofides
and strand end labels using probabilistic approach

e NnuMber of strand copies considered — concentrations of different
DNA strands and their influence 1o the behaviour in op. process

e each DNA operation processed inside a virtual test tube collecting
a multiset of DNA strands, several fest tubes supported

e each DNA operation characterized by a set of specific
parameters and side effect parameters

e arbitrary sequences of DNA operations including propagation of
side effects can be visualized and logged

e Java, simulation tool requires at least Java Development Kit 2.0

other objects

algorithms for
A process control

simulation algorithms for
algorithm (sequences) (sequences) molecular interactions
a) -~ b) (DNA strand, reactants)

frame

algorithms for
sets of DNA strands
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‘ Selected DNA Operations - Synthesis I

operation parameters: brss

tube name: tubef o | i s e

nucleotide sequence (5-3): AGGCACTGAGGTGATTGGC  oimen | siesams i

number Of Strand Coples 8 OOO :';':'""i"ﬁ’“" sequemce: 5= |AGGCACTCAGGTGATTGGC -
side effect parameters: . o

point mutation rate: 0.06%

deletion rate 0.06% e

maximum deletion length:  11% of strand length voint murations  delutions

- e

Idx: §1Name: primerl MNo: 7813 Length: 19

operation parameters side effect parameters
e "G c'c."qclc'..“ ‘ - point mutations deletions

Idx: SDName primerid#4 No: 15 Length: 18 . S
15 'GG C'CIG'GG.G'.GGC i G

Idx 49Name primer1#25 No: 3 Length: 18
9 'CG C'Cl"ﬂ."..t‘c

Idz: 48Name: primeri#d No: 7 Length: 18

output of [+ wrERcwREEREREEARRR® y

test tUbe e iy '_I
\Contents ) ‘-J ok Cancel /
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‘Selected DNA Operations — Digestion I

operation parameters:

51

Id=: OName

2

ame: primer! primer2#a1#cL-3 No: §1 Lengih: 24
..c o CGG.'C'..CG ¢

L c c..ﬂ.‘.l c
v

MR cdc cAMMMERRNE < c i
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;
CGG.' C'.ICG CG..'
dechdd AR cldcHAM

]

tube name: tube2
iti T A
recogmtlcl)nlsquence S|{TIC)GICIGA |3
and restriction site: 3'|A[G|C | GIC|T|5
side effect parameters:
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rate of star activity (unspecificity): 5%
. L el N
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3'N|G|C|G|C|N|5
}
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E(:mﬁ1pnmer?#a\zm2 &
o nc===¢=‘
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A PCR Example (I)

1000 copies templatel 1000 copies template2 8000 copies primerl 8000 copies primer2

' ' ' '

| Synthesis | | Synthesis | | Synthesis | | Synthesis
1 J ‘ |

| Union |

1 B 10 WRR W RRWSSNARNAR ¢

| Union | [0

Itll l” 1:" — correct synthesized strands
¥ 7909 v Madalala (7910 copies of primer2,
| Union | 7909 copies of primerl,

. 942 MERMWRS < cMMUORMRGR S RRAWRS < RN RRC PPN PEREPRRRC N 942 copies of templatel,

| 1ox: 1o2mane: Tompatnt o: 41 Long: 60 941 copies of template2)
941 WARCWERAURENEORANER < PROPREc < NPPPR NP ANPPE AP R

|——o]

000 <

CRELLLRRRL T LD LT L
7 NERRON L0

incorrect synthesized
| \ox: 100Naro: Prnoi2s 1 o:6 Lot 18 strands carrying
6 NERRPREE“RROPRARDK © point mutations and deletions
——— (totally 90 strands of primer2,
5 WRRCPPRPRANEPRARE N 91 strands of primerl,
s 58 strands of templatel,
5 NEENPEcccRPPPEREPs 59 strands of template?2)
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| Melting |

max. length: 100bp
v f min. bonding rate: 50%

| Annealing |

'

| Polymerisation |

'

| Melting |

1st PCR cycle

max. length: 100bp
v f min. bonding rate: 50%

| Annealing |

'

| Polymerisation |

'

| Melting |

2nd PCR cycle

max. length: 100bp
v f min. bonding rate: 50%

| Annealing |

'

| Polymerisation |

O

3rd PCR cycle

A PCR Example (ll)

i Tubez

Idx: 197Name: MeltingP_ms5823MeltingP_m5830#a5371 No: 3452 Length: 50

WHCWACHERGURR YR CHURPA < ERRRYC
5965 S e MM c o c MMM A c MMM ¢ MM ¢

\dx: 196Name: Primer2 No: 2739 Length: 13

2730 MERMBE < C CAAPPRRHPE ©

\dx: 198Name: Primer! No: 2713 Length: 19

2713 WERCPRRPREAREPRNES

correct amplified double stranded
template (5965 copies)

[ primer rests

| 19x: 192Name  MeltngP_m6937Prime r1#a736 7412223 No: 6 Length: 60

'Il" SARPRANRPRAN AN < '.".'
6 McchdMidchcclciMiccidMchiich
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[ J
[ )
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WHRCBCRRDR SRR GRAR A X PR < ©
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x: DName: MeltingP_mSa98Primer2#a 1036 7412135 No: 1 Length: 48
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lane 1: PCR negative control
lanes 2, 3, 4: PCR product (simulation screenshot)
lane 5: 50bp marker

unwanted strands (including amplified
strands with deletions resulting in too
short double stranded PCR fragments)

1 2 3 4 5
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\ Conclusions I
results

e first formal model of DNA computing considering side effects of
DNA operations using a probabilistic, restricted, and
mulfiset based approach

e contribution to bridge the gap between experimental and
theoretfical DNA compufing

e supports experimental setup of DNA algorithms as well as
implementations of models for DNA computation

e prediction of experimental results and cost effective optimization
of error reducing and error compensating operation sequences

e Object oriented simulation ool based on this approach enables a
flexible, inferoperable, and ergonomic model handling

further work

e exftension to additional side effects concerning nonlinear DNA

\o application tfo the implementation of distributed splicing systems /
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