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Abstract:

An approach based on programmable self-assembly of DNA oligonucleotides was used to create digital
DNA molecules representing binary datastructures which are equivalent to those used in computers.
Utilizing plasmids as a kind of computer memory, the digital molecules could be isolated, amplified and
read out using common genetic techniques. Programmability allowed several applications to be realized
in vitro such as afast physical random number generator and digital DNA-“barcodes”.
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An approach to DNA computing' is shown which is based on programmable, linear self-assembly® . It is

focused on digital molecules that are compatible to binary data used in computers and to biological
structures. The compatibility to biological structures in particular enabled the digital molecules to be
generated, isolated, amplified and read out using only standard lab-techniques. The fact that grammars" °

provide programmability by an ordered, rule-based construction of specific structures which can be
concatenations of symbols as well as concatenations of molecules allowed severa applications of the

digital molecules (see below).

For implementation of digital DNA molecules we used the grammar G = (2, V, R, S) with 2:= {0, 1, s,

e}, V:={A}, Sand R={S:=sA, A-0A, A~ 1A, A-¢e}, where O, 1 represent bits and s, e terminators

(start, end) (see Figure 1). Gag describes the production of digital strings beginning with s and ending

with e and an arbitrary number of bits in between (see Figure 2). Reading the generated strings as binary
representations of numbers the grammar describes a random number generator utilizing the principle that

the application of A - 0A or A - 1A invitroisrandom.

The rules of the grammar G.g Were implemented by “rule-moleculégeferred to as “algomers”, short
double stranded DNA molecules with sticky ends (see Figure 1 and Figure 2). Each algomer
corresponded to exactly one rule of the grammar. Algomers consisted of two annealed complementary
oligonucleotides and were constructed such that their double stranded core sequences represented
terminals and their sticky ends represented variables (see Figure 1).

S :Sﬁ A Figure X DNA molecules that were used for implementation of the
S
5 agctt tatatctccatttgecot agt gaag s rules of Giag. Every molegule rgpre@nts one rule. A-0OA and
3 a at atagaggt aaacgggatcacttg aacc 5 A 1A can concatenate in either direction. S;=sA (start) and A - e
A S0A (end) work as terminators and can concatenate only right or left-
A 0 A handed. The double stranded core sequences s, e, 0, 1 represent
5 ttgg cgagat at caacgccaccccttgett 3 terminals, the EIicky end A represents a variable. H and B on
3 getctatagttgeggtggggaacgaa aacc 5°  termingtors are overhangs compatible to restriction sites (H =
A >1A ~ Hindlll, B = BamHI) and were added for subsequent plasmid
A 1 A cloning. All molecules ligate in defined manner and direction.
5 ttgg cgacccgggaaacaact att gct agt 3
3 gctgggecectttgttgat aacgatca aacc 5’
A->e _
A e B
5 ttgg tgcgggagtt ggaagcaact acgat g 3
3 acgccctcaaccttcgttgatgcta cctag 5

In the case of bits the oligonucleotides were constructed as “elongators”, molecules that can anneal in
either direction with defined orientation, and were phosphorylated for subsequent ligation. The start and
end algomers were designed such that they anneal with one end to the bits and with the other to a cloning
site (start: Hindlll, end: BamHlI).

Assembly of each algomer was then done by mixing the corresponding oligonucleotides and annealing
them under controlled conditions (9deterials and methods).

Once assembled, the algomers were concatenated by ligation of their sticky ends, thus applying the rules
of Gag. Molecules yielded from this reaction are digital DNA polymers of bits and are terminated by
start and end sites (see Figure 2 and Figure 3). They represent words of the languap€huis called
“logomers”) and are the result of the algorithm defined byy.GAfter complete ligation, the resulting
logomers could be cloned in order to isolate and amplify single molecules (see Figure 2).



a) - Figure 2: @ Molecules representing the rules of Gag (“algomers”). b)
- —:,A 0A A1A Concatemers (“logomers”) yielded by self-assembly. All logomers are of the
AlA - X
“am AeB S-— form s{0|1}e, consisting of a left-handed bracket s, a right-handed bracket e
HsA B AOA and an arbitrary number of bits in between. The length of the logomers in
Tm l - terms of algomers can be controlled stochastically by the ratio of elongators
b) to terminators or exactly by the grammar itself if rules are set up to generate
H i s B polymers of defined size (see text). c) Isolation of single logomers by
S Lk L 0L L0 e o cloning. The digital “printout” of the cloned logomer can be seen in Figure
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1 2 3 4 Figure 3: Result of the self-assembly of the algomers. The bands show a
discrete pattern of logomers of different lengths, each band consisting of a
plurality of logomers of same length. The logomers sizes range from 0 bits
s (60bp) in steps of 30bp per bit to approximately 32 bits (1020bp). Lane 1
shows the result of ligation of 0Os, Lane 2 result of ligation of 1s, Lane 3

- ... 800 result of a ligation of Os and 1s. Lane 4 contains a 50bp molecular weight
bp marker. Lanes 1 to 3 each contain abodf iandom logomers out of a total
of 3 x 10° generated during a single reaction.
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After isolation, cloned logomers were read out by a digital DNA typing procedure originally developed

for minisatellite analysis®. The method allowed readout of single logomers directly by PCR. The outputs

were digital “printouts” of logomers that could be read by gel-electrophoresis (see Figur®dteniats

and methods).

Using these methods & was used for generation of physical random numbers (see Figure 3 and Figure
4). The performance of & was close to that of pseudo random number generators on common
hardware (see Figure 8).



Figure 4: a) Schematic description of
digital DNA Typing. Logomer L1 isread out
using two PCR reactions. Each reaction
contains the start-primer as first and either
the O- or thel-primer as second primer. The
resulting complementary pattern can be seen

in b). b) Digital “printouts” of three 9-bit
random numbers visualized by gel-
electrophoresis. Read bottom up, L1 equals
100000119, 262, L2 equals
001100004, 976, L3  equals
101001004, = 32 M is a 50bp
molecular weight marker.
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Generalizing the method shown for G,,q @ compiler was developed to translate regular grammars directly
to DNA sequences’. It allows the implementation of arbitrary regular grammars. Under the conditions of
our system the populations of logomers after ligation had about 3x10* molecules, their sizes ranging up
to 32 bits (see Figure 3). In order to process the result of the computation further the logomers were
isolated by ligating them into plasmids and cloning them into bacteria (see Figure 2). Utilizing plasmids
as a kind of computer memory to which data was written by cloning of logomers it became possible to
perform parallel computation at the level of single molecules. The logomer-represented results of the
computational operations could then be amplified to the macroscopic range by simply growing bacteria.

Figure 5: Creation of 32-bit datatypes in DNA. a) Algomers, representing

bits (0 or 1) and start or end sequences. b) Four Logomers, representing the
four bytes of a 32-bit datastructure. Every byte contains a start sequence that
marks its byte position. For instance, the shown datastructure can be read as

an IP-address {s rightmost byte).

b)
S; 11 000000e —
X e Y

S, 00100011e —
X A e——— Y

s;01000011e —
X Z2 ==Y
s,01101101e —
- - =




More complex data structures can be implemented using the grammar Gy = (2, V, R, S), with Z:={0, 1,

€ S S, S, ... b Vi={ A, B, C, D, E, F, G, H, I}, start- symbol S and R:= {S;jAsA - 0B, A- 1B,

B-0C, B-»1C, C-0D, C-1D, D-0OE, D-1E, E-OF, E-~1F, F-0G, F-1G, G-0H, G- 1H,

H-O0l, H- 11, I-e with i = {0, ..., n-1}}. The grammar describes representations of binary data as
concatenation of 8 random bits (1 byte). Every byte carries a start sequehi@hsacts as a template of

the forward primer during readout PCR. It can also be used to represent the position of a certain byte
within a larger datastructure such as a 4-byte (32-bit) number or a string of bytes. A 1-byte grammar (n =
1) is sufficient to map datastructures like the whole ASCII alphabet to DNA sequences. A 4-byte
grammar (see Figure 5 and Figure 6) is capable of mapping datastructures commonly used in computers
like integers, floating point numbers or IP-addresses to DNA sequences. A n-byte grammar can be used
for representation of strings of length n.

An application of these data structures are digital DNA-“barcodes” for the purpose of labelling. We
tested several materials for their ability to be labelled by DNA, fluids such as motor-oil and paint and
paper-based materials such as printer paper, 3M Post-Its and banknotes. Logomers were recovered from
all tested materials and different concentrations of logomers used to check efficiency of recovery. In
comparison to water, paint required 10 fold, oil 100 fold higher concentratiom éizls and methods).

Labelling of paper-based materials was highly dependent on consistency of the used paper (see Figure 7).
Decisive in this context is the fact that DNA in itself is not toxic to biological organisms or to the
environment, and sequences used for encoding can be constructed which do not contain any biologically
relevant information. Since logomers can carry information such as product, manufacturer and expiration
date they might be applicable for industrial purpose as well as for characterisation and identification of
genetically engineered products such as food. Like the bacteria in our experiments which carry DNA
numbers, genetically engineered products can be labelled genomically by recombination téchniques
case of industrial applications our experiments suggest that small amounts of the labelled material should
be sufficient for readout, for example from small amounts of car paint in case of an accident. If the start
sequence is kept secret, digital DNA-Typing can directly be used for cryptognagpuring neither
sequencing nor subclonifig™. In this case the readout procedure becomes a procedure of decryption as
the forward readout primer works as a secret key. Readout without knowing the forward primer is
pre\é%nlged by adding excess dummy sequences, such as randchoidgomers with different priming

sites ™ .



Rules Algomers Rules Algomers

Hindl Il So A A 0
S:=soA 5’ agctt caacacat ggagttacacgc 3’ A->0A 5’ cggaaacat c ggatttggcaacaacctgag
3’ agttgtgtacctcaatgtgcg gectttgtag 5 3 cctaaaccgttgttggactc
Hiondi 11 s A A 1
S:=sA 5’ agctt gaaaaaatt ggact cggggc 3’ A->1A 5" cggaaacat c caaccaggatt aagccat gc
3’ acttttttaacctgagccccg gectttgtag 5 3 gttggtcctaattcggtacg
Hiondi 11 s, A B 0
Si=s,A 5’ agctt gctcctagaagtctacaagce 3 B->0C 5 cttttagccc ggatttggcaacaacct gag
3 a cgaggatcttcagatgttcg gecctttgtag 5 3 cctaaaccgttgttggactc
Hondi 1 ss A B 1
S:=s;A 5’ agctt cttctgccat acaactaggc 3 B->1C 5" cttttagccc caaccaggattaagccat gc
3’ a gaagacggtatgttgatccg gcctttgtag 5’ 3 gttggtcctaattcggtacg
C 0
C >0D 5’ ggagattacc ggatttggcaacaacctgag
3 cctaaaccgttgttggactc
| e BanHl c 1
I->e 5" gtcttgtgtc cttgtttaatacaggggcge ¢ 3’ C>1D 5’ ggagattacc caaccaggattaagccat gc
3’ gaacaaattatgtccccgcg cctag 5’ 3 gttggtcctaattcggtacg
D 0
D >0E 5’ ccgcaaatag ggatttggcaacaacct gag
3 cctaaaccgttgttggactc
D 1
D >1E 5’ ccgcaaat ag caaccaggatt aagccat gc
3 gttggtcctaattcggtacg
E 0
E- >0F 5’ cagagcatac ggatttggcaacaacct gag
3 cctaaaccgttgttggactc
E 1
E->1F 5’ cagagcatac caaccaggattaagccat gc
3 gttggtcctaattcggtacg
F 0
F->0G 5" cgtagaact g ggatttggcaacaacctgag
3 cctaaaccgttgttggactc
F 1
F->1G 5’ cgtagaact g caaccaggatt aagccat gc
3 gttggtcctaattcggtacg
G 0
G >0H 5" gacggttatc ggatttggcaacaacctgag
3 cctaaaccgttgttggactc
G 1
G >1H 5’ gacggttatc caaccaggattaagccatgc
3 gttggtcctaattcggtacg
H 0
H >0l 5" ctgaagtgac ggatttggcaacaacctgag
3 cctaaaccgttgttggactc
H 1
H >11 5’ ctgaagtgac caaccaggatt aagccat gc
3 gttggtcctaattcggtacg

Figure 6: Rules of the 4-byte grammar and their trandation to algomers as produced by the compiler.
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gcatcttgac 5
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gcatcttgac 5’
G

3

ctgccaatag 5’
G

3

ctgccaatag 5’
H

3

gacttcactg 5
H

3

gacttcactg 5’
T

3

cagaacacag 5’
T

3

cagaacacag 5’

After ligation

of the algomers, every digital molecule represents exactly one of 256 possible bytes and contains one of four
possible start sequences which identify the byte position within a 32-hit datastructure. Thus the grammar is able to

produce 2* different items.



1 2 3456 7 8 Figure 7: Labelling of various substances and materials. Lane 1 and
: - 8 are a 50bp weight marker. Lanes 2-7 show PCR products of a 9-bit

3 logomer after recovery from labelled materials. PCR was done with
- 5'-start and 3’-end primers to detect existence of logomer. Lane 2
L shows readout after recovery from@® Lane 3 shows readout after
recovery from oil (HD 10W-40, TS-Union), Lane 4 after recovery
B 800 from paint (Herbol Tafellack, Herbol), Lane 5 after recovery from
—_— E bp Post-It (3M), Lane 6 after recovery from printer paper (80g/mz,
E E Produkta Etat), Lane 7 after recovery from banknote (10 DM note,
— — 350 Bundesdruckerei, Germany).
— - —l b
- - — p
| 150
bp
1.0e+9 Figure 8: Benchmarking of different random number
10048 - generators. rngl — rg4 are pseudo-random number
1'0 ; generators as described in Numerical Recfpesrformed
.0e+7

on a PC (AMD K®6-II, 450 MHz). QNG is a commercial
1.0e+6 ~ physical random number generafpits speed taken from
1.0e+5 its specificatiolf. G..q was performed as a 24h ligation
1.0e+4 - using 1400 NEB units T4 DNA Ligase (see Materials and
1.0e43 . methods). Under these conditions,ghas a theoretical

' mgl | mg2 | mg4 | ONG | Gang maximum performance of 1bits per second based on the
turnover of T4 DNA-Ligase, thus can be optimized further.
Runtime-complexity of the physical random number
generators is less than those of the silicon-based pseudo
random number generators.

M Bits/| 3.2e+8 | 2.4e+8 | 8.0e+7 | 1.0e+4 | 1.2e+8
sec

Discussion

An approach of programmable, linear self-assembly of DNA molecules was shown here. A digital

structure of the molecules was chosen to represent binary datastructures that are “natural” to silicon
computers while requiring only common lab techniques. The approach utilizes known techhijues
towards further integration of a hybrid DNA-Silicon computing. Key features of the approach are its
programmability and the procedure of readout. Both features can be used as interfaces of a hybrid DNA-
Silicon architecture by accompanying fimevitro system with the compiler software and by reading the

bits like nucleotides with an automated DNA sequencer. In such a hybrid architecture, programs are
written on a computer, translated to DNA sequences by the compiler, synthesized by an oligo-
synthesizer, performeth vitro by hybridization and ligation and the results being read back to the
computer after PCR by a DNA sequencer. Another aspect of the compatibility to molecular genetics is
that circular, plasmid-based DNA structures allow mass-production of nanocompdfiént§ that are
otherwise practically impossible to synthesize on a large scale.

Although the approach has limitations, it is already capable of applications like the physical random
number generator and DNA-“barcodes”. DNA-barcodes were stable in and could be recovered from
materials like paint and motoroil. By using techniques of gene targeting and recombination, DNA
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barcodes can be used for labelling organisms and organic materials. Thus genetically engineered products

can be labelled in order to identify them in subsequent products and food. Also, labelled organisms can

be authenticated and monitored for the purpose of disease prevention which may help to avoid
contamination of food. The DNA-barcodes can not only be used for authentication but also as arbitrary

data. Moreover they can be encrypted®, which might become of more than theoretical interest in case of

an artificial “genetic” fingerprinting.

Linear self-assembly was supposed to be irrelevant for universal computatbovever, things are a bit
different when constructing linear biological structures such as artificial chromd$oinethat case
terminals do not represent bits but biologically meaningful sequences such as restriction sites,
recombination sites, promotors or whole genes. This might become more significant in the context of the
idea of the programming of biological systéfns



Materia's and methods

Algomer assembly. Oligos were synthesized and PAGE-purified (ARK-Scientific, Darmstadt,
Germany). All oligos were dissolved in H,O 100uM and stored at —20°C. Elongators were
phosphorylated, upper and lower strand seperately, in 20l volume by adding 16ul DNA (100uM), 2ul
ligation buffer (NEB) and 2ul PNK (Polynucleotide kinase, NEB) and incubating for 1 hour at 37°C.
Algomers were assembled by mixing 20ul of upper and lower strand oligos (each 100uM) and annealing
them in a thermocycler (PTC-100, MJ Research) 5" at 95°C and from 75°C to 50°C in steps of 1°C per
minute.

Self-assembly. Terminators and elongators were mixed with a ratio of 1:8. In 27ul reaction volume 1l
start-algomer (50uM), 1pl end-algomer (50uM), 10ul 0-algomer (40uM) and 10ul 1l-algomer (40uM),
1,5ul rATP (10mM) and 3,5l T4 DNA Ligase (NEB) were mixed and incubated 2-3h at 22°C or 24h for
benchmarking of the random number generators (Figure 8).

Isolation. The logomers vyielded from self-assembly were cloned in pBluescriptllIKS+ (Stratagene). In
10ul reaction volume 5ul pBluescriptllKS+ (5nM), 0,5ul mix of the self-assembly reaction, 1ul ligase
buffer (NEB), 0,5ul T4 DNA Ligase (400 NEB units, NEB) and 3pOHvere mixed and incubated for
12h at 16°C. 5l of the reaction mixed was used for subsequent transformation of e.calcBli5-

DNA typing. Cloned logomers were read out &§PCR-based digital DNA typing procedure originally
developed for minisatellite analy&i®CR was done either directly from a bacterial colony, by dilution of

an overnight culture or from dilution of a plasmid preparation. Two PCR reactions were set up each
containing the 5’ start-primer and either the 3'-0-5’' primer or the 3’-1-5' primer. The PCRs result in
binary complementary ladder patterns of DNA fragments when visualized by gel-electrophoresis (4%
Agarose, stained with 0.0005% Ethidiumbromide). Each PCR was prepared in 200ul reaction volume by
mixing 144ul HO, 20ul PCR Buffer 10x (100 mM Tris-HCI, 500 mM KCI, pH 8.3 at 20°C), 20ul MgCl
(25mM), 4ul dNTPs (10mM, Pharmacia Biotech), 2ul Taqg-Polymerase (5u/ul, Gibco-BRL), 4ul 5
Primer (10uM), 4ul 3’ Primer (10uM) and 4pl logomer cloned in pBluescriptlIKS%rtiblecules/ul) as
template. PCR was performed in a thermocycler (PTC-100, MJ Research) using the following protocol:
5 95°C, 30 cycles of 30” 95°C, 30” 69.5°C, 30" 72°C; stop at 4°C. The results were confirmed by
sequencing.

Labelling. 100ul of each fluid (KD, motor-oil, paint) was labelled with 1ul 25fM of cloned logomer
respectively. After 3 days logomers were re-extracted. Re-extraction from motor-oil (HD 10W-40, TS-
Union) was done by adding 100ul of® thorough vortexing, 5’ centrifugation at 20000g and collecting

the aequous phase. Re-extraction from paint was done by adding 100ul turpentine, followed by thorough
fragmentation and vortexing. After 5’ centrifugation at 20000g the supernatant was collected. WOul H
was added and vortexed thoroughly. After 5’ centrifugation at 20000g the aequous phase was collected.
In the case of paper-based materials 1pl of 25fM cloned logomer was dropped on surface of the paper
and left for 3 days. For detection 1mm?2 of the labelled paper was cut out and used as template directly in
a subsequent PCR.

Label detection. 1l of each extraction volume, or 1mm?2 paper were used as template in a 50ul PCR
reaction containing 35ul H20, 5ul PCR Buffer 10x, 5pl Mg@bmM), 1ul dNTPs (10mM, Pharmacia
Biotech), 0,5ul TAQ (5u/pl, Gibco-BRL), 1ul 5 start-primer (10uM), 1ul 3’ end-primer (10uM) using
the protocol: 5’ 95°C, 30 cycles of 30” 95°C, 30” 65°C, 30" 72°C; stop at 4°C.
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