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‘ Research Group Computing with Molecules I

Aims and Visions

modelling and simulation of molecular biological processes
investigation, description, and optimization of models for computation

biomolecule based algorithmic design

— bridging gap between theoretical models and lab implementations

Projects and Results

wetware solution of the knapsack problem

simulation system for phenomena undergoing side effects (Sisyphus)
simple artificial chemistry experimental system (Saces)

draft of universal programmalble DNA based computer (TT16)

library of data parallel algorithms based on Chomsky grammars

genetic computfing via microbial circuits in vivo

~
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‘ Knapsack Problem I

NP-complete, exponential need of resources, combinatorics

Problem Definition
There are n natural numbersay, ... ,a, andreference numberb € N

Isthere asubset I C {1,... ,n}with > a;=b ?
el
Explanation
ai,...,a,: weights of objects 1,... ,n.
Is there a possibility fo pack a selection of these objects info
the knapsack and to meet the overall weight b exactly?

Example

a; =5 [B] object1 ? 2|

22 22 . object 2 _ @ . @ |
N p’ =9 B coeets | EEGEEN | EEOEEN e Y
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Brute Force Approach
e encodeay,...
o

split-and-combine strategy
]

side effects and amount of DNA

‘Wetware Solution of the Knapsack Problem I

,an, iINfo DNA double strands by length (¢ - a;)
generate all solufion candidates by a controlled

separate the final DNA pool by length
detect DNA at Sfarfer length + ¢ - b and answer yes

— problem instance of size n = 3 implemented in vitro

— exponential need of resources moves from time to space
— limited scalability of the algorithm because of
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[J nucleotides without hydrogen bonds

‘ Modelling DNA Molecules'

— B covalent bonds
...... ® hydrogen bonds

Primary Structure
e wordover {A,C,G,T}
Secondary Structure
e set of nucleotides X = {o1,... ,0n}
o; € {A,C,G, T}
e relation of covalentbonds C C X x X
e relation of hydrogenbonds H C X x X

e inductive definition of C and H

— mathematical model to describe
term (graph) rewriting rules
— self assembly towards

linear and nonlinear polymers

C allows formalization of DNA operations on a moderate abstraction Ievel/

~
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Generating DNA Strands

e synthesis (oligonucleotides)

e isolation ....................

Merging and Aliquoting

e union/split

Modifying Hydrogen Bonds

e annedling (hybridization)

e melting (denafuration)

N

57-ACGGAAC-3~

DNA Operations () I

\ A[C|G|G|A|A|C

from organisms

ACGGHH

A[C|G|G|A|A|C I'/.I X
N

FTGCCTT ..\ ....

~
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‘ DNA Operations (ll) I

Enzymatic Reactions

e ligation (concatenation) Yo ®®@AT \ US

Pln)

>

>
o(o

e digestion (cleavage) A

T|A
A ::\ A ®UgEA
............... TICIGICIEIT] Hinpa 1 T G|T|
C|A

C
e labeling (strand end modification)  [AececA & clcle
T|| +5'-phosphat T|ICGC

0)®
C
)
219

—

0)®
G ®
9§>
® Q)

0o
0)E
oCo

O C

>
9]
(@]
(@]

e polymerisation (blunting)

e PCR (polymerase chain reaction) . ......... duplicate strands

Separating and Analyzing of DNA Pools
o dffinity purification (sep. by biotin) o

>
O

[21@e)
_|

0)®

GT|AIT G T|AlIT
AlT|AlC|T + 5'—Diotin TIAC|T

e gel electrophoresis (sep. by length) ...sort and detect strands

5’—ACGGAAC—3’/
s AN Y N
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Side Effects of DNA Operations

classification of side effects

i i (%] (< c (=] g 0
operations performed with 2 g g E 5|52 E Ei) S|w
i 0| 5| E sleE | T Tl 0 el
state of the art laboratory techniques < | 8| %G E Sl2|9| o
c| < £ = |8 .8 |4 =15
- — — GJ f -
©
n| < g 2 g
3 2|3
o < (]
3| 5
2 ¢ < g [ pointmutation (% mutation rate) . . .
c @ 2
= c 0 GCJ
S g £ 3 deletion (% deletion rate, max. length of deletion) .
E 5 3
= insertion .
2 g <Zf ° loss of linear DNA strands by forming hairpins,
S &0 é bulges, loops, junctions, and compositions of them . .
T £ £ 3
§ T = g (% loss rate of tube contents)
= S = incomplete reaction (% unprocessed strands) .
S5 P 5 8
g = 875 . .
S g2« unspecificity (% error rate, maximum difference)
o o o5 ¢
S © &% i
c & o supercoils
S £ 0
% o strand instabilities caused by temperature or pH . . - . .
o g
c impurities by rests of reagences - - . . -
[%2]
‘i:’ undetectable low DNA concentration (min. # copies) . . . . . . .
%
w— loss of DNA strands (% loss rate of tube contents) . .

: supported in simulation tool

in brackets: statistical parameters

. : significant side effect caused by the operation
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A PCR Example (I)

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

' ' ' '

| Synthesis | | Synthesis | | Synthesis | | Synthesis
J |
1y |
| Union |
:
| J;bn | 7920 W <9< R DU S <
B stadud o LG correct synthesized strands
“ 7909 NOARGATSERRUURRROAS (7910 copies of primer2,
| Union | - 1s3nane: Temsite2 o 542 Lonon 50 7909 copies of primerl,
— ' 942 NERRPRECCANPPRRRPRARRPRECCARERRC<PPRPCCRCPRRFE SR 942 copies of templatel,
| 1ox: 1o2mane: Tompatnt o: 41 Long: 60 941 copies of template2)

gq1 WARCWENRQRANAORNE < PRPPRE RPPPR NP AN NP Y

000 <

10X 181Name: Prime 286 No: 7 Length: 19

AL R Ll LR L] L L L Ll

incorrect synthesized
| \ox: 100Naro: Prnoi2s 1 o:6 Lot 18 strands carrying
6 NERRPREARPPRARDR point mutations and deletions
——— (totally 90 strands of primer2,
5 WRRCPPRPRANEPRARE N 91 strands of primerl,
58 strands of templatel,
5 REARPEEc<RPPPENEPH 59 strands of template2)

| 103 179Mane. Prmee2 No: 6 Lengh: 19
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l~— 000

B | Melting |

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

| Annealing |

'

| Polymerisation |

'

B | Melting |

1st PCR cycle

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

| Annealing |

'

| Polymerisation |

'

B | Melting |

2nd PCR cycle

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

| Annealing |

'

| Polymerisation |

3rd PCR cycle

A PCR Example (ll)

T
WECPNEEEEPORR YN R

5965 H'c MM < c < MMAA M AN ¢

i P et i

2739 MEEAMWR S < AAWPRAAPH ©

\dx: 195Name: Primer! No: 2713 Length: 13

2713 WERCQERAPRERE PR ©

| 1gx: 192Name: MeltingP_m6937Prime r1#a735 7412223 No: 6 Length: 60

o WRECWCRRPAARSA QRN ©

6 McecdMdfcicchciMficck
[ 3
[
[ ]

Idx: 3Name: MeltngP_ms303Primerz#a10423y12134 No: 2 Length: 43

PRECP<REYREREPRAS
2MccdMdMccchciMfice

Idx: 2Name: PrimeriMeltingP’_m5310#a8543y12208 No: 2 Length: 43

L
o MECRNRPCRCCYCRPPE € /e
2 e c e Ml e A e

Idx: 1Name: MeltingP_mS386Primer! #210628y12133 No: 1 Length: 43

CRMPMCCcmyyRmEgE < AR
1llcllellllllclcl '

\dx: OName: Memr\aD mE898 Primer2#a 1036 7y12195 No: 1 Length: 48

CEMPECCCRAPYEREYNC
1llcil Tt oa

WUPA© ©
M A

| correct amplified double stranded
template (5965 copies)

[ primer rests

LALE
M <

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

1 2 3 4

o8 » - =
> K
|

o 38 » - - - »=E
| <.
»= = L < |

[ 2]
& 38 <

» - K®

lane 1: PCR negative control

lanes 2, 3, 4: PCR product (simulation screenshot)

lane 5: 50bp marker
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Simple Artificial Chemistry Experimental System

Idea
e behaviour of ideadl gases can compute
Principle
o sef of particles
molecules with parameters (m, By, #,...)

e randomly placed/speeded due to

Maxwell-Boltzmann distribution

e set of reactions and global parameters y
A+ B — C + D; Egctivation (B or D can be empty)

e algorithm: Brownian movement (random walk) with
elastic/inelastic collisions, retains momenfum and energy

e analysis: animafion, log., report, hisftogram

— suitable for solution of NP-complete problems
k—> info and software download: htt p: // saces. yce.ch ./
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Splicing Operation I

e DNA recombination by cleavage and ligation can compute

e enables nondeterministic computation based on ferm rewriting
e Main operation of programmable splicing systems (EH systems)
Definition (T. Head, 1987)

Let V an alphabet and $, # fwo symbols ¢ V. A splicing rule

over Visaword r = a1 #0618as#62 with a;, 8; € V™, i € {1,2}.

We define for each r € R and for words z, y,w, z € V'™;

(z,y) = (z,w) Iiff T =z1010122, Y =yi10282y2,

z =x10102y2, W =yia2B122.

cleavage with

restriction enzymes
T

ligation
»

Y102 Boy2 w0 Boy2

B R2v2

!/10‘2 Boy2  wi0o Boys P X0 BRI P) Bz)/z/
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Universal Distributed Splicing System (T16) I

Properties

-
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computational complete

finite system components

static structure

programmable by Chomsky grammars
massive data parallel processing
use of linear DNA strands
computational results provided

iINn separate test fube Ty

system can be described using
well-known DNA operations
mMinimization of distributed strands

K PCR based filtering method

14/17
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A
initialization [~
l R
splicing -
operation
¢ Fj ) J Fi
filtering B -
strands for
l Tj , j F |
. <
distribution strands from
TJ , J F
iterated inT; ,i=1,..,5
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Principle of Univers. Distributed Splicing System T16

OA( Filter 6 o Filter 6
e e
g 22
X &
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Genetic Computing via Microbial Circuits in vivo'

e construct connection free logic gates (NOT, NAND, FF, ... ) using
cell signalling pathways and controlled gene expression

Example NOT Gate

regulatory circuit

—emm—— [l

e organism vibrio fischeri, signalling network  w oL AL | ofp
of promoter (|) and repressor () proteins ‘ 5 0 ‘ 1
e input: signalling molecules AHL
(N-acryl homoserine lactones)

\ooutpui: afp (green fluorescence protein) /
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‘ Commitment outside Biosaxony I

Scientific Collaborations

e European Molecular Computing Consortium (EMCC)

e Leiden Institute of Advanced Computer Science (LIACS)

e Vienna University of Technology, Theory and Logic Group

e Berne University of Applied Sciences, School of Engineering

e Fraunhofer Institute for Integrated Circuits (lIS)

Philipps University Marburg, Dpt. Clinical Cytobiology and Cytopathology

Teaching Activities

Th. Hinze, M. Sturm.

Rechnen mit DNA - Eine EinfUhrung in Theorie und Praxis.
Oldenbourg Wissenschaftsverlag Manchen, 2004

The German-speaking book provides a comprehensive and syste-
matic infroduction into the inferdisciplinary field of DNA computing
including its mathematical and molecular biological background.
The transfer of basic knowledge about DNA computing is com-
pleted by the detailled introduction of models, methods, and

| fechniques that prepare implementations in vitro. Particularly
\ process simulations on a submolecular level are considered.
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