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DNA-based Computing

 Adleman - Hamiltonian Path (7 node)
 Biochemical manipulation
 Sticker model, RNA, Whiplash PCR
 Surface-based computation
 Algorithmic self-assembly
 Autonomous systems
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Adleman

 Hamiltonian path problem (HPP).  Is there a path
through the graph which visits each node exactly
once?   [Relation to TSP].

 NP problem (requires non-polynomial time to
solve).  Solution space increases exponentially as
problem size increases linearly.
 Hard to solve.  Easy to check.
 Oracle.  Heuristic.

  Combinatorial optimization problems.
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Adleman



Adleman’s Experiment

Science 266, 1021 (1994)
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GCTATTCGAGCTTAAAGCTA
O2->3
GTATATCCGAGCTATTCGAG
O3->4
CTTAAAGCTAGGCTAGGTAC

         O2->3                           |               O3->4
GTATATCCGAGCTATTCGAGCTTAAAGCTAGGCTAGGTAC
          CGATAAGCTCGAATTTCGAT
                   ~O3

1). Generate all possible paths.
2). Separate and discard incorrect paths.
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Adleman

 Step 1:  Form paths by annealing & ligating node
strands and edge strands.

 Step 2: Amplify using vin and vout PCR primers.
 Step 3: Gel separate correct size (140 bp); amplify.
 Step 4: Discard paths missing any node (biotin-DNA,

streptavidin-magnetic bead selections).
 Step 5: HP path exists if path molecules remain.
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Adleman
 SPEED:

 Desktop computer (1994) 106 operations/sec.
 Supercomputer 1012 ops/sec.
 Adleman 1014 ops/sec  (Ligation = operation).

 Could push to 1020 ops/sec.
 ENERGY CONSUMPTION:

 Ligation: ATP ==> ADP + pP.   DG = -8 kcal/mol
 1 joule provides 2x1019 ligations. 2x1019 ops/joule.
 Theoretical maximum = 34x1019 ops/joule.
 Electronic computer = 109 ops/joule.

 STORAGE SPACE:
 DNA = 1 bit/nm3

 Video tape = 1 bit per 1012 nm3

 DNA is 12 orders of magnitude more compact.
 COST:

 DNA molecule costs 100 femtocents...
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Adleman 20 variable
SAT

Satisfiability Problem (SAT):
Given a Boolean fomula find a truth
assignment for all variables such that the
entire formula is satisfied

(Answer = 1).

3-SAT. 3-CNF

(conjunctive normal form).
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Adleman 20 variable SAT

 Required new experimental setup.
 Acrydite-modified oligonucleotides, immobilization of library

strands by acrylamide bound probe strands.
 1,048,576 possible truth assignments.
 Half-length library strands synthesized by mix-and-split solid

phase phosphoramidite methods.
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Mix-and-split Synthesis
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Adleman 20 variable SAT

 STEP 1: Synthesize/ligate assignment strands.
 STEP 2: Electrophoresis in hot module to unbind

and cool module to bind correct assignments to
immobilized probes.

 STEP 3: Switch cool module to hot chamber and
repeat unbind/bind step for next clause.  (24 cycles)

 STEP 4: Extract answer; amplify; read out by PCR.
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Adleman 20 varible SAT
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Sticker Model

 All sequences always present.
 Values in bit string represent by presence or

absence of an annealed sticker oligo.

S. Roweis et al., J. Comp. Biol. 5, 615 (1998).
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Sticker Model

 4 basic operations.
 Combine by pipetting.
 Separate by annealing

to probe.
 Set by adding stickers.
 Clear by adding PNA.

S. Roweis et al., J. Comp. Biol. 5, 
615 (1998).
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Sticker Model

S. Roweis et al., J. Comp. Biol. 5, 
615 (1998).
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RNA Computer

 RNA molecular encodings
 Mark sequence with DNA primer

and digest with Rnase H
 Readout by multiplex linear PCR
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RNA Computer  DNA synthesis.
 10 bits available.
 25 cycles of PCR

resulted in “bit
shuffled” answer
strands.  15 cycles no
bit shuffling seen.  5
cycles used in
experiments.
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RNA Computer
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RNA Computer

 RNA molecular encodings
 Mark sequence with DNA

primer and digest with
Rnase H

 Readout by multiplex
linear PCR
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Whiplash PCR
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Hairpin formation
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Hairpin formation
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Hairpin formation

Generation of “literal” strands.

Hairpin removal step substitutes:
Destroy hairpin strands with restriction enzyme.
Amplify non-hairpin strands to dilute hairpins.
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Surfaces I

 SAT problem.
 16 NT words 5’-

FFFFvvvvvvvvFFFF-3’
 Operations: Mark, destroy,

unmark.
 E.coli exonuclease I digests

ssDNA (unmarked seqs).
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Surface Computing
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Surface Computing

Readout:  PCR amplify results using primers above;
Separate/remove biotinylated strands; anneal fluorescent
strands back onto chip; read fluorescence.
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Surface computer II
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Surface computer II



Surface computer II



Surface computer II
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DNA-based Computing

 Adleman - Hamiltonian Path (7 node)
 Biochemical manipulation
 Sticker model, RNA, Whiplash PCR
 Surface-based computation
 Algorithmic self-assembly
 Autonomous systems



Construction with “Smart
Bricks”
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Algorithmic SA

 Annealing alone is capable of universal computation.
 Combine Wang tiling problems with Seeman DNA

structures.
 Wang tiling: Given a set of polygons, cover the entire plane

without gaps.  Given colored tile edges, match neighboring
edge colors.

 Tiling patterns have been shown which simulate a single-
tape Turing machine.
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Algorithmic SA

 Simple tile sets.
 Simple rule sets.
 Simple periodic

structures produced.
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Algorithmic SA

 Small tile sets.
 Encoded rules on

edge symbols.
 Aperiodic structure

produced.  Algorithmic
construction of
subsequent binding
sites.
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Algorithmic SA



Computation with “Smart
Bricks”
sorting
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Contingency Table
and

Tiling Solution for
Boolean xOr
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TAO XOR
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TAO XOR



Locally Serial, Globally Parallel 2D
Assembly

Step 1: Assembly of Input
Step 2: Serial Assembly of Output



Advantages of Biomolecular Computation

• Ultra Scale: each “processor” is a molecule.
• Massively Parallel: number of elements could be 1018 to 1020

• High Speed:  perhaps 1015 operations per second.
• Low Energy: example calculation ~10-19 Joules/op.

       electronic computers ~10-9 Joules/op.
• Existing Biotechnology: well tested recombinant DNA
        techniques.



Input Frame and Output
Assembly for Parallel Addition

Input 2

Input 1
Output



Locally Serial, Globally Parallel 2D
Assembly

Step 1: Assembly of Input
Step 2: Serial Assembly of Output



TAO35

TAE 44



Global and Local Parallelism by
Linear Assembly

Simultaneous, parallel assembly of input and output strands.



“String Tile” Addition
tile ci IAi IBi   Oi
ci+1

 1   0  0  0    0  0
 2   0  0  1    1  0
 3   0  1  0    1  0
 4   0  1  1    0  1
 5   1  0  0    1  0
 6   1  0  1    0  1
 7   1  1  0    0  1
 8   1  1  1    1  1

carry out

IAi

IBi

Oi

~c1i+1

c2i+1

~c3i+1

c1i

~c2i

c3i

{ {

carry in

8 tile types needed, indexed according to each row in the truth table.



“String Tile” Addition.  Example.

$
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1

$ $
1      0     1   $   0     1     1   $   0     0      1   =    IA  $
OR  $  IB

  101
+001
  110

•Anneal; Ligate
•Purify reporter strand



$
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1      0     1   $   0     1     1   $   0     0      1   =    IA  $
OR  $  IB

  101
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  110

tile ci IAi IBi   Oi
ci+1

 1   0  0  0    0  0
 2   0  0  1    1  0
 3   0  1  0    1  0
 4   0  1  1    0  1
 5   1  0  0    1  0
 6   1  0  1    0  1
 7   1  1  0    0  1
 8   1  1  1    1  1

carry out

IAi

IBi

Oi

~c1i+1

c2i+1

~c3i+1

c1i

~c2i

c3i

{ {

carry in
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DAE XOR



3/20/06 LaBean  COMPSCI 296.5

Caltech Sierpinski Lattice
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Caltech Sierpinski Lattice

DAE-E DAO-E
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Caltech Counting Lattice
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Caltech Counting Lattice
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Duke Counting Lattice

 

 

 

Without ratio control:

With ratio control:
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DNA-based Computing

 Adleman - Hamiltonian Path (7 node)
 Biochemical manipulation
 Sticker model, RNA, Whiplash PCR
 Surface-based computation
 Algorithmic self-assembly
 Autonomous systems
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Autonomous 1

 Automata: devices which convert information in one
form into another according to a definite procedure.

 Finite automaton: special case of a Turing machine
which scans a tape for data and switches state
according to some program.

 This DNA computer does not require manipulation
by a technician or even thermal cycling.

 Hardware: restriction endonuclease, ligase.
 Software: dsDNA.
 Input data: dsDNA.
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Autonomous 1



3/20/06 LaBean  COMPSCI 296.5

Autonomous 1
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Autonomous 1
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Movie 1
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Autonomous 1
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Autonomous 1
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Autonomous 2
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Autonomous 2



3/20/06 LaBean  COMPSCI 296.5

Autonomous 2
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Movie 2
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Autonomous 2
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DNA logic gates



3/20/06 LaBean  COMPSCI 296.5

DNA logic gates
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DNA logic gates
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Deoxyribozyme-based tictactoe
Stojanovic & Stefanovic, 2003 Nat. Biotechnol. 21, 1069  


