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Abstract

Self-assembly of DNA is considered a fundamental operation in realization of molecular logic circuits. We propose a new
approach to implementation of data flow logical operations based on manipulating DNA strands. In our method the logic gates,
input, and output signals are represented by DNA molecules. Each logical operation is carried out as soon as the operands are
ready. This technique employs standard operations of genetic engineering including radioactive labeling as well as digestion
by the second class restriction nuclease and polymerase chain reaction (PCR). To check practical utility of the method a
series of genetic engineering experiments have been performed. The obtained information confirms interesting properties of
the DNA-based molecular data flow logic gates. Some experimental results demonstrating implementation of a single logic
NAND gate and only in one vessel calculation of a tree-like Boolean function with the help of the PCR are provided. These
techniques may be utilized in massively parallel computers and on DNA chips. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords:DNA computing; Molecular logic gates; Data flow computers; Boolean functions; One vessel PCR solution; Class 2 restriction
nuclease; Fokl; DNA chips

1. Introduction order of program execution is explicitly stated in the
user program.
Digital logic circuits create the base of computerar-  In a data flow machine the flow of the program

chitecture [1,2,28]. In constructing computer hardware is not determined sequentially, but rather each op-
different types of logic gates, e.g., OR, AND, XOR, eration is carried out as soon as the operands are
NAND are utilized. In conventional von Neumann ma- ready. This data-driven mechanism allows the execu-
chines, a program counter is used to perform in se- tion of any instruction depending on data availabil-
guence the execution of instructions. These machinesity. This permits a high degree of parallelism at the
are based on a control-flow mechanism by which the instruction level and can be used in recent super-
scalar microprocessor architectures [31]. However, in
the field of parallel computing, data flow techniques
are still in the research stage and industry has not yet
E-mail addresses:pwas@ise.pw.edu.pl (P. &giewicz), amali- ad.OptEd these te.Chmques [3]. One (_Jf the approaches
now@ii.pw.edu.pl (A. Malinowski), mowak2@ii.pw.edu.pl (R. suitable for massively parallel pperatlons seems t(_) be
Nowak), jml@ise.pw.edu.pl (J.J. Mulawka), wegle@ibb.waw.pl (P. DNA-based molecular computing [4], of course with
Weglehski), apl@iba.waw.pl (A. Plucienniczak). the help of DNA chips. These high density oligonu-
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cleotide DNA arrays were developed as tools for se- matching (complementary) nucleotide sequences.
guencing by hybridization (SBH) [22,24]. Now it is Due to favored intermolecular interactions particular
possible to design and synthesize in situ on the supportmolecules can recognize each other. As a result a kind
using light-directed solid phase combinatorial chem- of key—lock decoding of information is possible. The
istry [23,25] square inch high-density oligonucleotides self-assembly property may be utilized to implement
arrays for monitoring the expression levels of nearly the memory of an associate type [27,29]. According
all (about 6500) yeast genes equaling no more than to Baum [13] this memory may be of greater capacity
14 MB of information [17]. than that of human brain. The other important feature

The primary objective of this contribution is to of self-assembling is that particular molecules may
show striking adequacy of molecular computing for be considered as processing units performing some
data flow techniques. Logical operations considered computing [30,31]. The following techniques of the
here are based on self-assembly of DNA strands genetic engineering will be utilized in our approach:
[6-8,18]. By self-assembly operation we understand synthesis of DNA strands, labeling, hybridization,
putting together fragments of DNA during the pro- analysis by DNA electrophoresis, digestion of dou-
cess of hybridization [5]. We present a hew approach ble strands by restriction enzymes, synthesis of DNA
to implementation of logical operations suitable for strands by polymerase chain reaction (PCR) [14,15].
data flow architectures and report first experiments  Examples given below show our DNA notation cre-
with the second class enzyme and calculation of the ated in order to simplify descriptions of our experi-
Boolean function with PCR in one vessel. ments. One letter marks one strand as is seenin Fig. la.
In our systems the upper strand usually presents data
and lower (underlined) — logic devices, rules and so
on. Therefore, they cannot be exchanged. Sympols
and| denote position of single strands in space. A cor-

A number of papers have appeared on general ner of such symbol represents 5’ end, while an open
concept of molecular computers [9-12]. In such an edge represents 3’ end. An underlined one is always
approach computations are performed on molecular in the same position (3’ on the left, 5’ on the right)
level and different chemical compounds can be uti- even in other double-stranded oligos.
lized [32]. Deoxyribonucleic acid (DNA) is usually In Fig. 1b a signt- at the right side ob describes a
used in molecular computing because this compound sticky end ofb shorter than the nearest complementary
serves as a carrier of information in living matter and stranda. In Fig. 1c a sign— at the right side ob
is easy to manipulate in genetic engineering labora- describes a sticky end df longer than the nearest
tory. complementary strand. In Fig.1d the same signs

The DNA molecule is composed of definite se- at the same sides of complementary stramdsd b
guence of nucleotides. There are four different nu- mean that these strands form a double strand with blunt
cleotides in such molecule depending on purine and ends. As is seen signs can be omitted or exchange by
pyrimidine bases present in the given nucleotides, the pair of+. If complementary strands have the same
which we denote by the letter: A, T, C, G (ade- letter, e.g.a, then in order to distinguish them, a sign
nine, thymine, cytosine, guanine). Thus, the DNA tilde (7) is added to the one.
molecule can be considered as a polynucleotide or In Figs. 2—6 examples of notation in different cases
a strand or a string of letters. Since the strands may are explained. Note that the signmay be addition-

2. Computing properties of DNA molecules

be very long, they can carry an immense number
of bits. Therefore, particular molecules may serve
as information carriers. Another interesting property
of DNA is that particular bases may connect with
each other together forming pairs: A with T and C
with G [33]. This process known as hybridization or
annealing causes self-assembly of DNA fragments.
It occurs when two DNA strands are composed of

ally applied to mark a symbolic disjunction between
two ligated strands and the signto lengthen a strand

&, of course only in the equations, not in real exper-
iments. PCR may be used to lengthen an oligo by a
length of a sticky end of a primer. A DNA oligo has
its length. In our experiments its length will be writ-
ten in an upper right index of an oligo letter, e g#+°

and ligated DNA strands with letters in brackéasid



P. Wasiewicz et al./Future Generation Computer Systems 17 (2001) 361-378 363
a) a
5’ [CTAGAGAGGATGAGAGGTCATGCATCTCTTCACAC| 3/ [a
3’ |GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG] 5 = b_
b
b) a
5’ [CTAGAGAGGATGAGAGGTCATGCA| 3’ [a 1
37 lGATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG | 5 =
b b +
c) a
5’ [cTAGAGAG]| 3’ ‘02
3’ [GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG] 5/ = b
b —
a
5’ [CTAGAGAGGATGAGAGGTCAT| 3/ as — a3 — as
37 [GATCTCTCCTACTCTCCAGTA| 5’ = = =| 2
b b - b - a3
Fig. 1. Analytical representation of DNA strands.
+ b + + d + $
& e € e +|b 4+ ¢ + d|'+ e
= = e Mo + = == = & - | = =
a b ol d e
A QY a b € d e
5 " primer;
S e ——— e
& primer; "
a b ¢ d e

Fig. 2. The exemplary double strands described in the above
equation.

a + b + ¢ + d + e
D A
a b c d e

Fig. 3. The exemplary double strands described in the above
equation.

Fig. 4. The exemplary double strands described in the above
equation.

or | and|, e.g.,(bcd)22 = |bcd 1?3 |ab|®” = (ab)®”.

In Figs. 4-6 PCR process description is presented. 5’
ends of both primers are like [ and ] brackets and an
unknown (or not so important to be written) number
of PCR cycles is defined by a symbol $. In Fig. 5 both
5" ends of primers terminates exactly above 3’ ends of
strands: andd. Thus, brackets [ and ] are just between
strand letters. Now the number of amplification cycles
is equal to 35. After PCR reaction in a vessel there are
millions of amplified oligos and very small amounts
of others. Therefore, a signis also utilized in Fig. 5.

Fig. 5. The exemplary double strands described in the above equation.
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c
- - — & - — _ nally in Fig. 7c there is a situation after firing the
node. The data flow graphs usually are more compli-
cated and there are different types of operations ap-
plied.
primer 5 Generally, molecular logic gates may be utilized in
constructing computer architecture based on data flow
Fig. 6. The exemplary double strands described in the above graphs. Such graphs consisting of DNA strands can
equation. exchange tokens as DNA single strings representing
gate inputs and outputs. Some sectors of strands can
) ) transport values of variables or special constants. In
3. Data flow parallel processing units such a solution a number of gates—nodes (processing
units) and a number of data and control tokens may be
In a data flow machine [16], data availability rather theoretically unlimitable. In Section 4 we demonstrate

than a program counter is used to drive the execution how to realize data flow logical processing units using
of instructions. It means that every instruction that has pNA molecules.

all of its operands available can be executed in par-

allel. Such an evaluation of instructions permits the

instructions to be unordered in a data-driven program 4, A new concept of data flow logic gates

[3]. Instead of being stored in a shared memory, data

are directly hold inside instructions. Computationalre-  In classical computer any logic gate is an electronic
sults are passed directly between instructions via datacircuit that has one or more inputs and one output. In
tokens. In a data flow processor the stored program is such a circuit the electrical condition of the output at

represented as a directed graph. Such the graph mayany time is dependent on those of the inputs at that
be reduced by evaluation of branches or subgraphs.time [1,2,28]. An alternative approach to implement

Different parts of a graph or subgraph can be reduced logic operations may be performed on molecular level
or evaluated in parallel upon demand. Nodes labeled by self-assembly of DNA strands. In such methods
with particular operations calculate a result whenever DNA molecules as is depicted in Fig. 8, respectively,

the inputs are valid, and pass that result on to other may represent the logic gates, input and output signals.
nodes as soon as it is valid which is known as firing  Assume that strands representing gates con-
a node. To illustrate this operation some process of sist of three sectors belonging to the follow-

+ d +]35 e J the processor is ready to execute its function and fi-

computation is described in Fig. 7. As is seen a node ing groups: X = {X;,X5,X3,....4y}, Z =
representing a performed process has two incoming (z,, 7,, Z,, ... . Z}. Y = (35, Vg Tyt
branches, which represent inputs. The flow of data is Representing inputs strands are composed of two
shown in these pictures by introducing data tokens de- sectors from groupsX = x1, x2,x3,...,xy, Y =
noted by black dots. In Fig. 7a there is amomentwhen y; vy, y3, ..., yy. Representing outputs strands
data on a single input has appeared and the processotonsist of three sectors belonging to groups:=

is waiting for a second data token while in Fig. 7b  xq, x5, x3,... ,xy, Z = 21,22,23,...,2N, ¥ =

Y1, ¥2, ¥3, ... , yN- The composition of DNA strands
from Fig. 8 are depicted in Fig. 9. To enable hybridiza-

a) b) c) tion process, input and output signal sectors from
the groupsX, Z, Y are complementary to adequate
sectors in logic gates strands; Z, Y. This means
that two DNA strands can be connected together with
the two sequences in the following wasy: with X, or

Fig. 7. Successive phases of firing a node: (a) waiting for a second zi with g or y,‘. with y,. There must be one sequence:

Zj )
data token, (b) ready to execute an operation, and (c) after firing Xi OF Zi OF yi N th? fll’SE Str'rlg _and another comple—
a new token is generated. mentary sequence; or z; or y. in the second string.
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I

37

X Z AND S
57 j 3
i %X
57 3’
) Y2 Z1
I a*
57 57 137 57 137

Fig. 8. Data flow molecular logic gate AND: a scheme of the gate, oligonucleotides representing the AND gate, inpufsignasd
a part of an outpufs.

S G L G N G biotinylated or fluorescent nucleotide. In our exper-
L 3 : - = iments (see Section 6) in order to detect oligos we
%, %,AaND %, have employed the technique of filling the gap*YA

made of several free tymine nucleotides in the area
Fig. 9. D*ata row_moIeculqr logic gate AND ex.ecution: _hybridized betweenz; and I, by addition to a 3’ end of; la-
oligos; A* — regions adding labeled radioactive adenine. beled radioactive adenirm@PdATP using the Klenow

polymerase. All strands are ligated with T4 DNA lig-
The mentioned two sequences hybridize each other 5€ and then the_ output st_rands are disconnected from
forming a double-strand fragment. ga_te strands as is shown in Fig. 10 and then analyzgd

Thus the sectors, andx; of input 7; and > strands using standard_ method o_f the DNA eIectrophore_S|s

pair with matching sectionsé{ andz,) in the AND in polyacrylgm|de gel. Slngle stranded rad|qact|ve
strand. Output signals are composed of input strands ©ligenucleotides representing output of the logic gate
and other DNA fragments. These fragmergs @re are detected by _autoradlography. F_ragments of proper
reserved to accomplish special tasks. For example, Ieng_th could be isolated fr_om mentioned gel and used
they can transport additional information about logical 2S Signal and data tokens in the next layer of molecular
gates, nodes in a computer program, etc. The completegates- Both AND and OR gates have S|mllgr construc-
molecule after annealing is shown in Fig. 9. In Eq. (1) tion, butwhen OR gates have two or more inputs, then

there is a symbolic description of the whole process. WO or more different molecules each with one input

T e

s ! X 13 & x X2 Y2
- [uJ @ £
I z IZJ 3 )5
2 S
’V“r & + @) % Z AND X,

Note that the upper strand is labeled. Labeling of this Fig. 10. Data flow molecular logic gate AND detection: discon-
strand can be achieved by introducing radioactive, necting of the AND gate and an outpig.
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3r 3

AND
Y % 21 22
A
51 | L1 EY
X2 1, Y2
51 3’
X5 5 Z Z 5 .S
5 s 13+ s 3¢
Fig. 11. Ogihara’s molecular logic gate AND.
AND

are created. ng x A& Z ¥z

S'Kr—’H/—M\M/-—Aﬂ/—AﬁW
QRIS ——

L s X
-1,

;&J ’ {S_2J N {m
L + & + D
+ 51 + s2 +

Let us compare now our implementations with that of
Ogihara’s proposals [6,7]. Ogihara’s logic gate strands
from Fig. 11 and Egs. (3) and (4) do not anneal to the
input strands and are bound to these input strands by
additional synthesized on-line splints as depicted in
Fig. 12, strands complementary in first half to an in-
put strand and in second half to a gate strand. Output
strands shown in Fig. 13 consist of ligated input and o ] )
gate strands. They are detected in a gel electrophore- A Boolean function is composed of binary vari-
sis. In the case of an AND gate an output strand is 2Pl€s, operation symbols, brackets and a symbol of
composed of two input strands and a gate strand Sup_equwalence relat|on: The Boo_lean function describes
ported in the middle. In the case of an OR gate an usually more complicated logic networks composed

output strand is made from one of two input strands of logic gates. Some number of connected logic gates
with sets of inputs and outputs is called a combina-

tional network. However, in a sequential network there

Xz L

15 4

Fig. 13. Ogihara’s molecular logic gate AND: detection.

(4)

and a gate strand. Thus, logic gate strands are not sep-
arated. Therefore, it is not possible to use those gates
with DNA chips without problems.

5. DNA-based implementation of simple logic
network

AND i iD- i -
v m BB XL v are not only logic gates, but also flip-flops with mem

ory [1,28].
L T === [Rpr— We have considered to implement simple com-
Xis, &1 gk binational network by operations on DNA strands.

Fig. 12. Ogihara’s molecular logic gate AND: execution.

An example of a simple combinational network and
its implementation in DNA as well as its perfor-
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Y1 X301, 2 * X2
5[ == 13+
?jl\\ Y2 Z3 + Ya
A
57 _f‘“— ]3¢
7NN
% N Zianp ; 1 ¥ 5 "
AND || of 3 MM~
b4 ZAND ; x,
1 1 2 Xz Z3AND 3 yq
P-4 ’ZLZAND Xy X4 Ig Zy * X5 Ys
5 13" 57 —{J= 13
I
= Ll 1 I v 3 v 3 ]s*
1 3 4 <3AND 2 o e e i T
A A p.$ ZAND ; X,
U 570 137 4 2P s

Fig. 17. Data flow molecular logic gate AND system detection:
digestion by restriction enzyme of the restriction sit€s, E»,
disconnecting of the AND gates and outputsand Ig.

Fig. 14. Data flow molecular logic gate AND combinational net-
work: a scheme of the logic system, oligonucleotides representing

logic gates.
VoL % 2 L oxoL, v enzymes cut the double strand in arggsand £
yielding three fragments from which output strands
o ey : = [ype——.! could be potentially rescued after strand separation. It
%, Z,AND ; X, is necessary to remove enzymes and redundant strings
Ya 1, ¥4 2 w X5 g ¥5 before further computation. The redundant strings are
o Y ¥ )3+ removed in a process of electrophoresis.
i L Neighboring logic gates layers could be connected
2y ZAND 2 Xg with each other to form the combinational network.

Fig. 15. Data flow molecular logic gate AND system first level A numb-er of Iaye_rs may be theoretlcal-ly unllmltal?le

execution: hybridized oligonucleotides of gates ANBND, with if the Ollgonucbondes are recycled durmg computing

oligos of inputs signals and parts of output signals;ragions of after the execution of some number of layers. For con-

adding labeled radioactive adenine. struction of our molecular gate layers one can envisage
use of solid support. These gates can be for example
attached to DNA chips. If the ANPgate strand was

mance are shown in Figs. 14-17. The logic gates are attached to the DNA chip and the ANGand AND,

DNA oligonucleotides. Two gates AND AND» are gate strands to the magnetic beads with biotin, then

self-assembling molecules. These two molecules an- output strings could be easily separated.

neal to DNA strand of the ANB gate. The regions

named A are for adding labeled radioactive adenine

by the Klenow polymerase to a 3’ end of oligonu- 6. Initial results of experiments

cleotides as described in Section 4. It should be noted

that E1 2 restriction sites are ready for digestion if To confirm oligonucleotide self-assembling as a

there is a double DNA strand there. After hybridiza- technique useful in data flow logical operations two

tion and ligation a process of digestion a double strand experiments were performed. Ten oligonucleotides

molecule by restriction enzymes is performed. The were designed for self-assembling. The lower strands

Y1 XL I, &4 o« X2, W2 23« Y4, X4 T, = 4 Xs ¥s
s == 1 =l == 3¢
37 T T Y 57
p. 9} ZAND ; X, Y, ZAND 3 y, X4 ZAND ; xg4

Fig. 16. Data flow molecular logic gate AND system second level execution: hybridized an oligonucleotide of the galDwith
hybridized earlier oligos of gates ANDand ANDy; E1 > restriction sites ready for digestion if there is a double DNA strand there.
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are composed of longest oligonucleotides named hybridized to oligonucleotide AND and radioactive

AND(30bp), AND,(36bp, AND3(42bp and the
upper strand of three othet; (16 bp, SR(12 bp),
SRx(20 bp, SR3(24 bp and I2(16 bp.

In the first experiment; and/orl, were hybridized
to AND in presence of SR oligonucleotide. Typically

5-10 pM of each oligonucleotide were used and hy-

bridization was performed in T4 DNA bacteriophage
ligase buffer for 5-30 min in 4&C. Under these condi-
tions formation of the SR/AND hybrid was preferred.
In the next step R.Ci of 32PdATP (3000 CimM1,
Amersham-USB), 100 pM dGTP and 0of Klenow

nucleotides (&) was added to 3' end of oligonu-
cleotide SR by Klenow polymerase; in the lane B,
self-assembly of oligonucleotideg; and SR with
oligonucleotide AND; in the lane C, self-assembly
of oligonucleotides SR and, with oligonucleotide
AND. Oligonucleotide self-assembling was not dis-
turbed by addition of the random oligonucleotide
(100 pM per reaction) (in Fig. 19 A B; and G).

In the second experimenfy and/or Io were hy-
bridized to AND in presence of SR oligonucleotide
and to AND, in presence of SR oligonucleotide.

polymerase (Amersham-USB) were added, and sam-Further steps were the same as during the first ex-

ples were incubated for 30 min at 7. Afterwards
the temperature was lowered to°%5 (to hybridize
I1 and/or I to AND) and samples were incubated
for 30 min. 5ul of T4 DNA ligase (Promega) were
added. Ligations were performed at°g5for 2h,
and at 14C for 2—24 h. Ligation reactions were ter-

periment, but radioactivé? PdATP (3000 Ci/mM,
Amersham-USB) labeling adenine was exchange for
82), ATP (7000 Ci/mM, New England BioLabs) added
to 3’ end of SR, SR, SRs by the same Klenow poly-
merase. Oligos, T4 DNA ligase (Promega) and ligase
buffer was incubated for 3h in 2&, then for 12h

minated by addition of the equal volume of the stop in 4°C. Results are depicted in Fig. 20. Experiments
mixture (formamide with 0.05% bromophenol blue with AND3 have not been so successful. Therefore
and 0.05% xylene cyanol). Samples were denatured our logic system is incomplete, but there are enough

by 5min incubation in 80C and loaded onto poly-
acrylamide (8 or 20%) denaturing (8 M urea) gel.

results to confirm our expectations.

Electrophoresis was performed under standard con-7, Construction of logic NAND gate using genetic

ditions [14]. Radioactive single stranded DNA were

detected in electrophoretograms by autoradiogra-

phy (Figs. 18 and 19). Typically only proper single

methods

In theory of logic design [1] a simple NANDH&)

stranded DNA fragments were detected as depicted gate with two inputdy, I> and one output is described

in Fig. 18. In the lane A the oligonucleotide SR was

L

by the truth table as shown in Table 1.

In the lane A: upper strand 14bp, lower 30bp
SR
5' [GGAGTGGTAGCG|AG 3’

3’lAGTAACTCCCTCACCATCGC-TC-GCCAACTC]5'

47bp

- L

AND

In the lane B: upper strand 46bp, lower 30bp

SR Iz

31b

5 [GGTGTCGATCATTGAG | GGAGTGGTAGCG | AG [CGGTTGAGCTTGGAAG] 3°

3" [AGTAACTC-CCTCACCATCGC-TC-GCCAACTC]5°

15b Sk

AND

In the lane C: upper strand 30bp, lower 30bp

I,

5’ [GGAGTGGTAGCG | RG [ CGGTTGAGCTTGGAAG] 3"

3'[AGTAACTCCCTCACCATCGC*TC*GCCAACTCI5'

AND

ABC

Fig. 18. The first autoradiogram of ligation products and sequences of used DNA strands. Ligation products single stranded DNA were

analyzed by electophoresis in denaturing 8% polyacrylamide gel.
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In the lanes A and A,: upper 14bp, lower 30bp
SR
5’ |GGAGTGGTAGCG|AG 3’

37 |[AGTAACTCCCTCACCATCGC-TC-GCCAACTC| 5"
AND

In the lanes B and B;: upper 30bp, lower 30bp

I SR
5’ [GGTGTCGATCATTGAG|GGAGTGGTAGCG| &G 3’
37 [AGTAACTC-CCTCACCATCGC-TC-GCCAACTC] 5’
AND

In the lanes C and C;: upper 30bp, lower 30bp
SR I
5' [GGAGTGGTAGCG| AG [CGGTTGAGCTTGGAAG] 3*
3’ [AGTAACTCCCTCACCATCGC-TC-GCCAACTC] 5"
AND

Fig. 19. The second autoradiogram of ligation products and sequences of used DNA strands. Ligation products single stranded DNA were
analyzed by electrophoresis in denaturing 20% polyacrylamide gel.

I SR I
5t [GGTGTCGATCATTGAG | AAGACCTTTAGGAACCTTAG ICCCCTCGGCCTAAGGT] i
3* |AGTAACTC-TTCTGGAAATCCTTGGAATC-GGGGAGCC[ 5"
AND »
I SR3 I;
5’ [CCGTAAGTACAATAGA | TTGCAGGAAATCCCACATTAGCTTAG[CGGTTGAGCTTGGAAG] 3”
3 ] TGTTATCT-AACGTCCTTTAGGGTGTAATCGAATC-GCCAACTC I 5%
AND ;3

In lanes after labelling I, the

| following strands are seen: A;: I}

52bp B,: It + SR/AND,; ligation is
not 100% effective; 28 bp correct
band,;
46bp C,: It + SR* + AG/AND;
added normal adenine and gua-
nine; 30 bp correct band
L3GbP  Dy: I} + SR* + AG/AND, + Iy;
| 46 bp correct band
z E,: repeated D,
[osbp A N
By: It + SRy/AN D,; ligation is
not 100% effective; 34 bp correct
band;
Cy: It + SRf + AG/ANDy;
added normal adenine and gua-
nine; 36 bp correct band
16bp Dy: I} + SRf + AG/AND, + I;
52 bp correct band

A] B1 Cl D1E1 AQB'Z C2 D2
Fig. 20. The sequences of two next logic gates ANBND3 and the third autoradiogram of ligation products made from ANEND,.

Ligation product single stranded DNA were analyzed by electrophoresis in denaturing 10% polyacrylamide gel.
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Tab!e 1 ‘ I I

Logic gate—& inputs and outputs [ 1J , [ 2J , [_ & _j = [ix + f2J
I I —&1I

0 0 1 .

0 : ! ok

1 1 0 - & -

When both input strands are present then appropriate
_ _ o strands can be cut, digested by the second class re-
In further described experiments all combinations  striction enzyme. An area closed in a rectangle is just
of inputs are implemented. In molecular computing the restriction site of the second class enzyme, at the
logic gates inputs and outputs are represented by DNA engs of arrows — the digestion site of the second class
molecules, strands. To enable hybridization process, enzyme. The symbol # has a very important way in
Input _5|gnals are complementary to ac_jequate Sectorsdescribing enzyme restriction and digestion sites. The
in logic gates strands. Two strands, which are comple- first class enzymes have both sites in the same place
mentary, anneal to each other. This means stick or bind gnd two cuts only for double-stranded oligos, e.g., for
together forming a double-stranded fragment. Imple- gp enzyme with no 1 are two cuts: 1 from top ahd
mentation of the~& gate is provided in Fig. 21. AS  trom pottom™". Thus, their cuts are marked by lower
follows from this figure, it consists of three strands. A jnices of the symbol #. The second class enzymes
first input strand is complementary to a sector of the haye different restriction and digestion sites. There-
—& gate. A second input strand is complementary 10 fore, they cut sometimes far from their restriction site,
the another& gate strand sector. If an input signal is \yhere they connect to and their cuts at the restriction
equal to 0, an adequate input strand is absent. If both gjte are marked by upper indices of # in order to iden-
!nput S|gn§1Is are equal to 1 this means tr_\ey are presenttify enzymes, but at the digestion site — by lower in-
in a reaction, so an output of an& gate is equal t0  gjices of # as in the case of the first class enzymes.
0. Thus, a final molecule after annealing is illustrated Annealing is the opposite process of melting tak-

in Fig. 21. eq_Jati.ons of creation of the logic gaié ing place during heating, where a test tube is cooled,
are the following: permitting complementary strands to hybridize. If
50 50 A .
5 | I I 13
3’ I Il 15
L o @ 1 ‘—[—' NAND T
3 3
I I

L I 5

W
A=
g
o

SN
a2

NAND 2

3’ . L1 —

&

NAND I

fw

we
—

57
NAND ! 37 {—J 5
5 NAND ?

Fig. 21. Implementation of a logie:& gate: its scheme, its DNA strands representing the gate and input sidnals; its hybridized and
digested by the second class enzyme strands; if both input signals are present, the gate and the second input are destroyed.
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double-stranded DNA has no links between nu- I — I | I
cleotides then a unified strand may be created by 3’|  E—— 12
DNA ligase, but in this experiment ligase is not uti- AND ]

lized. After hybridization a digestion process by a
second class restriction enzyme is performed. The
enzyme destroys-& gate and input/, strand as is
shown in Fig. 21 only on that condition that two in- L L 1 2
put and one gate strands are present in the reactions; | —1T— ' I ]2,
S0 a result of operation equals logic zero. Resulting
from molecular computation logic ones are the whole
—& strands, and are extracted in the process of elec- 5 3
trophoresis. In future it will be possible to protee& . 5 [ — 3
gate strands against the digestion and synthesize on ¢ . Y T
DNA chip. Thus logic ones will be in this case when s ———3-
the second input strand is cut. . AND’
In another implementation of NAND gate we ap-
ply a concept of a fluorogenic probe. A new idea in
the area of DNA sequence detection emerged in 1991°
[26]. It employs the fluorogenic probe, which consists
of a strand with both a reporter (R) and a quencher
dye (Q) attached and separated. A fluorogenic probe After digestion remained double-stranded DNA is
anneals specifically if and only if the target sequence Melted to single strands, because input signals are
is present. Subsequently, not hybridized parts of the attached to the gate strands with some sectors (Fig.
probe are cleaved by special nucleases. Cleavage of the?1)- The output or gate strands may be then sep-
probe destroys free single-stranded parts and causegrated and extracted. For example the NAND gate
contacting of the quencher dye with the reporter dye. strands may have a 5’ end biotinylated and attached to
In this case it generates an increase in the fluorescencestreptavidin-coated microplates, polystyrene, or mag-
intensity of the reporter dye. It is possible to imple- Nnetic beads or synthesized on a DNA chip. The not
ment this methodology in the field of molecular gates. Ponded, cut input strands then may be washed and
In our case the fluorogenic probe will be connected the NAND gates used in next molecular computation.
with the second strand and the second class enzymeOf course, the-& strand have to be synthesized in a
will destroy this strand causing an increase in the flu- SPecial way in order not to be digested by the restric-
orescence. Of course, an image of a DNA chip with tion enzyme. In Fig. 22 the adding two inputs AND
such—& gates can be obtained with a specially de- 9ate with possibility of sending overflow (adding two
signed scanning confocal fluorescence microscope. Ones generates else another one during ordinary binary
It is a well-known fact that double-stranded DNA ~computation) is presented.
may be dissolved into single strands (or denatured) by
heating to a temperature determined by the composi-
tion of the strand. Heating breaks the hydrogen bonds 8. Further laboratory verifications
between complementary strands. By the way since
G—C pair is joined by three hydrogen bonds, the tem-  To check our concept experimentally a simple logic
perature required to break it is slightly higher than that NAND gate (denoted by-&) was designed and tested
for an A—T pair, joined by only two hydrogen bonds. in the laboratory of genetic engineering. The Fokl en-
This factor must be considered during designing se- zyme was selected as the second class restriction nu-
guences to represent computational elements [5,15].clease.
In described below experiments sequences of strands According to Fig. 21 particular oligonucleotides
are balanced. This means about 50% for G-C pairs were chosen as shown in Fig. 23. Synthetic oligonu-
and 50% for A—T pairs. cleotides INk (I1,16bp,INF2 (I2,19bp and

Fig. 22. The gate AND with overflow after adding two input logic
nes.
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Before cutting - in the lane A—
I I
57 [CTAGAGAGGATGAGAG | GTCATGCATCTCTTCACAC] 3’
37 [GATCTCTCCTACTCTC-CAGTACGTAGAGAAGTGTG| 5’
NAND

After digestion - in the la.ne A+
I I
5’ [CTAGAGAGGATGAGAG | GTCAT [GCAT-CTCTTCACAC| 3*
5¢ [GATCTCTCCTACTCTC-CAGTA-CGTA [GAGAAGTGTG| 3"
NAN D! NAN D ?
In the lanes B+,B—
I
[GTcATGCATCTCTTCACAC] 37
3’ [GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG| 5’
NAND
In the lanes C+,C—
I
5’ [CTAGAGAGGATGAGAG
37 [GATCTCTCCTACTCTCCAGTACGTAGAGAAGTGTG]| S5’
NAND

Fig. 23. Sequences of experiment oligonucleotides together with
their appropriate lanes in the autoradiogram: in the lanes A with
both inputs equal to 1; in the lanes B with the first input equal to
0; in the lanes C with the second input equal to 0.

INF5 (—&, 35bp were mixed in equimolar amounts,
60 pM each, in 2@l solution (10 mM Tris—HCI pH
7.5, 10mM MgC}, 50mM NaCl, 1 mM dithioery-
thritol). The oligonucleotides were placed in°&Dfor
1min and after that transferred to “®7. Half of the
sample was digested with 17 units Fokl (Amersham)
restriction nuclease for 1 h at 32Z. After digestion
5l formamide was added to the digested and control
samples, denatured at&D during 1 min and applied
on 15% polyacrylamide gel containing 7 M urea and
TBE buffer. The gel was run until bromophenol blue

P. Wasiewicz et al./Future Generation Computer Systems 17 (2001) 361-378

TR — - —
. H H“
13hp) - g--
14bp
10bp] vy
A+ A- B+ B- C+ C-

Fig. 24. The first electrophoretic pattern of synthetic oligonu-
cleotides /1, I and —& hybridized and digested with the Fokl
restriction nuclease.

signals are equal to logic one then a respective output
of the logic NAND gate is equal to logic zero. In or-
der to check whether lack of either one or both input
strands stopped digestion of the 1By the second
class enzyme, two successive experiments were per-
formed.

In the experiment as shown in Fig. 24 all combi-
nations of inputs (except that with two absent inputs)
were put in reactions. In the lane A both input strands
were present and in the lanes B reactions — the first
input strand was absent, during the C reactions —
the second input strand was absent. In the mentioned
figure it is placed a photograph of a gel used in the
process of electrophoresis. Lanes with the symbol —
were made of DNA taken from vessels before diges-
tion by the second class enzyme Fokl: GGATg{N,
but after hybridization, and lanes with the symbel

passed 15 cm. After that the gel was soaked in SYBR after hybridization and digestion. Results show that

Green Il RNA gel strain (Molecular Probes) and

the Fokl enzyme may be useful for implementation

photographed. The strands were cut by the secondOf the logic gate. The all states from the truth table

class enzyme in such a way as described in Fig. 23.

The photographs of electrophoretic gel are shown in
Fig. 24.

Inthe provided experiment the NAND gate was con-
structed from the strand INFcomplementary to two
input strands INE and INF. The first input strand
INF1 created with the strand INFa restriction site
for the second class enzyme Fokl: GGATG@/\ (the
eight position in the strand INFrom the 5’ end). The
second input strand INFbonded to the strand INF

placed in Table 1 can be implemented. We have not
decreased the amount of strands in order to optimize
the reaction conditions. Thus gate and second input
strands did remain after digestion.

9. A new concept of calculating Boolean functions

After the first ideas and experiments [5-8,19-21]
we show a new method of calculating a Boolean

enabled cutting by the enzyme. Thus, it demonstrates (logic) function interpreted as a graph or a tree which

that our biochemical reaction is equivalent to the logic
—& gate operation under a condition that if both input

is executed with the help of self-assembly DNA
molecules. The virtue of this method is to use auto-
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AR b) 93 To explain this idea consider the implemented in

7, our laboratory logic function with four arguments as
D OR follows:
(%)
© .& x = f(a,b,c,dy=an bV (crd).
(o] O

5 G OR o) 5 The relating tree is depicted in Fig. 27a. If the pre-

defined nodex is connected by the operation AND
Fig. 25. The exemplary trees (@) = f(a.b) = a A b, (b) only W|th_one node (a), it can be bypassed and re-
Xx=f(a,b)=avband (©)x = f(a,b,c) =aV (b Ac) with placed with the next one (a). The same mechanism
the predefined roat. could be applied to the exemplary tree presented in

Fig. 25a — the node would be removed. After cre-
ating the function tree, it is necessary to design DNA
mated DNA amplification process (PCR) in only one  sequences with DNA molecules. The node oligos have
vessel and check the experiment's result only with g pe unique and meet the criteria of being not simi-
DNA length comparison process (electrophoresis) |ar. Unwanted hybridization is not allowed here. Both
during only few hours. Specially prepared DNA frag- halves of an edge oligo ought to be complementary
ments can be obtained from data flow machines or are ith appropriate oligo halves of both nodes, which are
specially prepared. The exemplary Boolean function connected with this edge. The design is similar to that
is defined below as one of Adleman [9] and ensures, that edges will an-
neal only with appropriate nodes as is seen in Fig. 26.
These neighboring DNA strands asiangle and their
can be TRUE or FALSE presentation is not standard. The DNA fragmens
] assumed as a sequence to be amplified, and the rest

Thus, each Boolean function can be formed only of fragments(b, ¢, d, xp,a > b,a > ¢,a > d)" as
with its arguments and three operations: negation primers. Primers partially (in their halves) have iden-
(NOT —), conjunction (ANDv) and disjunction  tica| sequences of nucleotides. An additional DNA
(ORv). Each arithmetic or logical expression (in-  fragment p) will serve as a primer for PCR method
cluding the Boolean one or a rule with two premises i the second end ok§). The Tag DNA polymerase
and one conclusion from a knowledge base) may be aqds nucleotides to the 3’ end of primers annealed to
presented as a tree. The construction of the tree startssingle DNA strands.
with creating nodes, which are related to function ar- |5 Fig. 26 there are depicted nine double strands,
guments plus one node — root of the tree — named it we connect neighboring, completely complemen-
x. Edges reflect the layout of operations in the ex- tary oligos. However, a number of internal reactions
pression, where each disjunction operation separateson double-stranded oligos may be equal to five. For
engaged arguments (nodes) and each conjunction 0pgne-time amplification reaction they may be written as
eration lengthens participating ones. There are three

examples depicted in Fig. 25. The above model of [ xp J 3 pr ]$J _ [&lj
ar | -

f :{a,b,...} = x, wherea,b,..., x

the logic function’s graph does not use the negation | —
operation (NOT) by now. The-x andx are treated

as separated arguments and negative operations have i T $ o
to be transformed to normal operations with nega- +J = [ +} = [ J
tive arguments. Thus, the method cannot calculate all

Boolean functions and requires further research. The - - . $ -
function’s result is equal to TRUE when at least one | ~— %2 J — H - @ } J = {%J

leaf of the tree can be reached from the root through <+ ¢ *

the successive nodes set only to TRUE. The new _ ; _ $ N
method of calculating logic functions relies on the | — 43 J _ [— as } _ [04J
above concept. _c>>d + ’7
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I xa| a
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3 [ 57 %1a>>c
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5¢ 37

57 ] 3’
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Fig. 26. The way of creating the longest DNA strand with one vessel PCR reaction (strands absieylare

d + solution. DNA fragments with the same number of nu-
cleotides cannot be obtained. All possible lengths of
wherea; < az < az < a4 < as. created byTaq polymerase strands (from root to any
These single strands are created during PCR cyclesnode in the tree) are shown in Fig. 27b. It is clear that
of lengthening primers annealed to DNA fragments. this coding is correct, because no other fragment com-
Thus, white parts of single strands from Fig. 26 are bination gives the length of 376 or 418. With the DNA
made byTagDNA polymerase, but also with the help  chips technology further obstacles will disappear. The
of lengthened oligogaor a. The successive cycles of first halves of the oligog from their 5 end may be
PCR process will create new DNA fragments, which synthesized on DNA chips, labeled with fluorescent
will be the lengthened sequences @f These new  materials and detected on the microscope photograph
copies are the possible ways from the rgatto any among many thousand other ones.
point in the graph expression (a node or an edge). It
is easy to see, that the lack of any primer (relative ar-
gument is set to FALSE) will not allow to build the 1. Implementation and verification of the
final solution — the lowest straned, only possible method from Section 9
solutions will be amplified.

Fig. 27b revegls the possibilities of getting TRUE To verify the concept presented in previous point we
as a result. In this case, at least one of two sequencesyerformed the following experiments. It is the first step
must be realized: with a length of 376 or 418 (lengths 5 collect all required DNA fragments as described in
of hybridized fragments are written in upper indices). Fig. 28. The function’s arguments have the following

values:

[— as J _ H— as TJ _ ’7515J No other combination of primers will create similar

a =TRUE, b =FALSE, ¢=TRUE, d =TRUE

In this situation, the solution is naturally TRUE, be-

cause going from the root of the tree) (it is pos-

sible to reach one of its leaveg)(through the node

c¢. The second solution (with the leaf-argumeénset

to FALSE) cannot be realized. The aim of the pro-

"% posed method is to show, whether it is possible to go
from the root of the tree to one of its leaves. In or-

© der to prefer longer sequences in PCR process, two

Fig. 27. The exemplary tree af= f(a, b, c,d) = an(bVv(cAd));

parameters were tuned. The first method’s efficiency

(@) and (b) without the bypassed (a instead ofxa): in (b) depends on regglatlon of prlmer.s.congentra'\tlon, e.g.,
additional information about lengths of DNA node and edge strands the whole experiment may be divided into five parts.
created during PCR cycle. Table 2 presents all five parts and participating primers
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b 22 xa349
5’ITCTCATGGGGGAATTCATATGG|3’ 5’|AAAGATGATGATGACAAG|3’
37 5/ [GGATCCGATCAACATCTGCC| 3’

c
5/ [AGACTCTGCACAGTTAGTAGTCTGATATTCATGAAAG] 3/

5/ [TGGGCGCTTCCTTACTCCTG] 3’
5’ [CCATTACCTCAGATGATAAA|3’
q 36 5’ [TGTGTTTTCCCATTCATCTA]3’
5’ [TAAAGGCAACCTGTATTTCG] 3
5’ [TTGCACTCTGCATGACTCCA |3/
CATACTACTGGTGTTCCGTA| 3"
ACTACCTATTATATGAAAAG] 3
ATGGAGATACTGCAGAAGCA| 3’
@ >> o33 5’ [CAGACTATGCCAGGTGTGCT] 3/
5/ [TTGCCCTTTATCTTTCGAGG] 3’
5/ [CAAAGAATAGACAGTTGCAT| 3’
€ >> d)*® 5’ [AAAAGAAGGGAGTGTTTITT]3’
5/ [CAAAGTATTGGTGCCCGGTC| 3’

5/ [ACCCCAAATTATGACCAGAT| 3’
xpt 5’ [CGAGCTTGGAGGTACTGCTT| 3/

AAAAGCTTAAGCAGTACCTCCAAGCTCGATC13’ 5’ |AAGCTTTT|3"

Fig. 28. Sequences of oligonucleotides used in the experiment.

5’ [AGCTCAGCCTGACGTGCACCAGTACGAATGCCAGTG| 3

)40

@>>

5’ lGGGGAATTCATATGGATTATAAAGATGATGATGACAAGGG| 3’

5/
5
5

5’ [AGTCTGATATTCATGAAAGATGATGATGACAAG| 3’

5 [CCAGTACGAATGCCAGTGAGACTCTGCACAGTTAGT| 3

5/

Table 2
Subsets of oligos with their concentration

the second half of >> d: 8 and the half ofl: 10. The

implementation started with preparing the following

Part No. Used primers (concentrations are put in brackets (pM)) regction mixture (% 50ul): 10 x TagDNA polymerase

a> b (50) buffer (500 mM KCI, 25 mM MgCi}, Tris—HCI pH

a> b (5); a>c (50) 9.0) (35ul), primerxp (7 pl), ANTP(14pl, 2.5 mM),

a> b (5);a»c(1); ¢ (50) fragmenta (2 wl), H>O (up to 50ul), TagDNA poly-

‘ z Z g ‘ ;i ‘ EB ‘ 8; ‘ ;i Z g)_)d 50) merase ({u, 7 units). Five samples of successive task
' ' ' ' parts consisted of 46l of MIX, 1 ul of each par-

ticipating primer shown in Table 2 and TE (10 mM
Tris—HCI, 1 mM EDTA, pH 8.0) till 50ul. It was the

with their concentrations. The last fifth subset was next step to design a program of sequences for PCR

used during this experiment, because the presence ofprocess presented in Table 3.

its primers satisfies assumptions described above and As is shown, this experiment does not only reveal

depends on the results of previous experiments with the Boolean function’s result (TRUE, because a leaf

PCR [14]. As is shown, always the furthest primer d was reached; look at Fig. 27b), but it also confirms

from the tree root has larger concentration. This en-

sures that when the competitive hybridization process

of PCR is taking place then the furthest primer is al- Table 3

ways preferred (the longest sequence will be ampli- A sequence of operations with their appropriate times

fied). It is the second method to increase the amount of PCR’s part Phase’s name Temperat@)(Time (s)

nucleotides of type G or C in primers. DNA fragments,

a s wnN e

- . . . First part (12 cycles) Denaturation 94 60
which mainly consist of G or C show better stability Hybridization 50 60
of annealing and their hybridization performs faster. Polymerization 72 30
In this experiment, the 18 bp part of primer> c, Second part (18 cycles) Denaturation 94 30
which anneals ta consists of 6 G or C. The 18 bp part Hybridization 60 30

Polymerization 72 30

of ci, which hybridizes tac>>d consists of 6 too, but




376
476
)
404
33
(z > b)%® / | (z > d)*®
(z > )6 (zc)®2

Fig. 29. DNA electrophoretogram of one-time PCR reaction.

all phases of lengthening (designed five parts of the
task). It confirms that presented method works.
The second part of amplification was performed

P. Wasiewicz et al./Future Generation Computer Systems 17 (2001) 361-378

DNA can be utilized to provide the flow of data. In our
approaches standard genetic operations are employed
among others digestion by the second class restriction
nuclease Fokl. An appropriate DNA reactions have
been performed and their results confirmed our as-
sumptions. We think that our methodology has several
advantages when compared with that proposed by Ogi-
hara and Amos [6—8] and can be further improved by
the use of DNA chips in order to obtain their fluores-
cent images. Last described method in Sections 9 and
10 presents a new way of calculating logic functions
with an usage of DNA computing. The major virtue of
this method is to use one-time PCR in only one vessel
and electrophoresis. It practically shows the possibility
of quick implementation. Most significant fragments
are taken into consideration through the lengthening
process. Then the identification is performed with an

with increased hybridization temperature and less time ordinary electrophoresis. Unfortunately, this method

for reaction. It forced more stable DNA fragments to does not include the negation operation. Implement-

participate more actively in the amplification process. ing logic circuits on DNA chips allows building more

The result proved that the parameters of the stepwise sophisticated data flow devices. This would permit for

amplification leading to Boolean functions solution, easy separation of output and input strands and would

were correctly chosen. It was important to take care of provide an important step towards massively parallel

the amount of amplified sequences, because too manymolecular computer. However, further research is re-

copies would make a photo illegible. The further a quired to gain better understanding of this area.

primer is from the root the later it participates in am-

plification. So, first samples (from Table 2) should be

removed from PCR machine earlier. Samples 1 and Acknowledgements

2 (reachinga > b anda > c¢) were removed after

the 15th cycle of PCR, sample 3 (reachingfter the The work was supported by the Polish State Com-
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0.05% bromophenol blue was added to each sample.

Then 7.5.1 of each sample was put into the stan-

dard polyacrylamid gel and the electrophoresis was References

started (170V, 12W). After 1.5h the gel was soaked
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It is worth considering, that the whole demonstration

with prepared oligos was done only during 4 h.
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