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Molecular Beacon Based DNA Computing Model for General Satisfiability Problem
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Abstract Molecular Beacon is a hairpin-shaped fluorescent probe, which can hybridize with
great specificity target sequence that is complement to its loop sequence. The specificity of Molec-
ular Beacon is as high as single base mismatch detection. Peptide Nucleic Acid (PNA) is an artifi-
cial synthesized analogue of nature occurring DNA, in which the DNA sugar-phosphate backbone
has been replaced by a pseudo-peptide. Thus the hybridization of PNA to complement DNA
strand is more specific and stable than that of DNA to DNA. PNA can stop polymerase extension
reaction as well. In this paper, Molecular Beacons were employed to encode variables in satisfi-
ability problem and complement PNA strands were added and allowed to hybridize with Molecular
Beacon. The hybridized PNA strands on Molecular Beacon stopped polymerase extension reac-
tion, causing Molecular Beacon corresponding to non-solution were digested by means of restric-
tion endonuclease EcoRI. The remaining Molecular Beacons encoding solutions were read out via
heating. The appealing characteristics of proposed method in this paper are: Reliable, no obser-

vation and record of midst solution, easy solution detection.
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1 Introduction

It bases on two principles to use DNA mole-
cules to solve computing problems: The Watson-
Crick base pairs principle of DNA molecule and the
huge parallelism of biochemical chain reaction.
The former can be converted to a computer’s com-
mon language™’, and the latter uses exhaust algo-
rithm to solve difficult and incalculable problem,
and makes it possible. In 1994, Adleman™! used
the DNA sequence as information carrier, made
use of Biological Technology to solve an NP-com-
plete problems— Hamilton path problem issues,
and pointed out that DNA Computing has features
of massive information storage and high computing
parallelism. Therefore, it allowed DNA Computer
to solve NP-complete problems in the linear time
(The time of Turing solving such problems increa-
ses exponentially). Following the work of Adle-
man, many scholars have put forth different DNA
computing models, and successively solved the
Maximum Clique Problem, Knight Problem, Max-
imum Independent Set and SAT Problem (Satisfi-

&) put for-

ability Problem), and so on. Liu et al.
ward the SAT surface computing model, and re-
veal the possibility of DNA computing, from the
demonstration of theoretical model to making use
of the research of computing chip. Wu'" made fur-
ther improvements for this way. Liman Wang et
al. I gave Multiple Word DNA Computing model
on the surface.

So far, there have been many issues needed to
be resolved in the current model of DNA compu-
ting, such as biochemical reactions error-prone,
especially DNA hybridizing wrongly, the degrada-
tion efficiency of DNA is not high enough, so that
it hardly can achieve the required accuracy of calcu-
lation; A number of nucleotide molecules required
by algorithms increase exponentially, hampering
the calculation of the scale of DNA; The biological
steps required by DNA computing make the scale
of the problem linearly increase, but every step
waste time and energy. etc. These problems are
constraining DNA computing to the bottleneck of
the practical application.

DNA computing based on Molecular Beacon
model chip was pointed out by Zhixiang Yin-* et
al. The essence is that the bound variable of the
SAT problem, which encode in the recognition se-
quence of Molecular Beacon, is called Molecular
Beacon’s loop, and then judge clause’s satisfiabili-
ty through its hybridization of target sequence.

The model first develops the use of Molecular Bea-
cons structure to explore the solutions to Combina-
torial Optimization Problem, and it is of very im-
portant theoretical significance. Compared with
conventional biotechnology, Molecular Beacons
chip’s largest features is its single base mismatch
or missing detection, that is, a single base mis-
match or missing can not induce fluorescence of
Molecular Beacons. This is tremendous advantage
that the linear DNA molecule doesn’t have. In ad-
dition, Molecular Beacons bring their own fluores-
cence, and needn’t fluorescence label DNA mole-
cule, which can easily detect the final results. At
current, Molecular Beacons chip technology has
been applied to DNA analysis, DNA chips and
DNA sensors, gene mutations and polymorphisms
of research areas, which demonstrate strong vitali-
ty and good prospects. However, the model
should meet the requirements of the SAT problem
into the standard paradigm, and the need for com-
puting the bond energy after Molecular Beacons
hybridization, to ensure that the hybridization will
be able to open the Molecular Beacons, induce flu-
orescence. In addition, in the calculation process,
it is necessary to observe, record intermediate re-
sults time after time. In this paper, we use Peptide
Nucleic Acid (PNA) molecule and Molecular Bea-
con to a high degree of specificity of hybridization,
then use the character that PNA chain can prevent
the polymerase extension reaction, and use restric-
tion enzyme to degrade corresponding Molecular
Beacons of nonsolution, finally, the surface heat-
ing makes Molecular Beacon’s configuration
change, then produce fluorescence for solution de-
tection. The proposed model in this paper has
many advantages, such as high reliability, not nee-
ding to observe the intermediate result in the calcu-

lation, and easy solution detection, and so on.
2 Molecular Beacon and PNA

Molecular Beacon was put forward by Tyagi
et al. ! The Molecular Beacon is composed by a
fluorescent stem (Stem) and an annular oligonucle-
otide sequence (Loop) (Fig. 1). Oligonucleotide
sequence of the loop is the identification of Molecu-
lar Beacon (the target gene-sequence), and it can
spontaneously differentially hybridize with target
gene. Stem is composed by complementary base in
5~7bps. Molecular Beacon in the 5" and 3’ can be
modified to connect to the gene with fluorescence
(Reporter, such as Fluorescent Green ABI) and
quenching group (Quencher, such as DABCYL).
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Target Sequence
I oop TGTGTTGATGG
ACTCAACTACC
Stem . Heating
Reporter  Quencher m
Fig. 1 Structure and theory of Molecular Beacon

In the closed-loop structure of Molecular Bea-
con (Stem-Loop), the fluorescent molecules and
quenching molecules of the stem are very contigu-
ous (7~10nm), it makes fluorescent molecules be
directly absorbed by quenching molecules and dis-
tributed in the form of heat, so the fluorescent sig-
nal can’ t be detected. There are two ways that
Molecular Beacon’s closed-loop structure converts
to open-loop structure; When there is target se-
quence in the liquid, Molecular Beacon can differ-
entially combine with target sequence, then form
into double-stranded miscellaneous heterozygote
structure more stable than the stem-loop (Fig. 1
upper right). At this point, quenching groups and
fluorescent groups separate and then the fluores-
cence can be detected; the other method is directly
heating. The complementary base of the stem is
unlinked after the degeneration, also, quenching
groups and fluorescent groups separate and then
the fluorescence can be detected (Fig.1 lower
right). The method in this paper was used to read
the final results.

Peptide nucleic acid was put forward by Niel-
son et al., in 1991, and it was synthetic nucleic
difference between PNA
and DNA is deoxyribose phosphate skeleton of
DNA was replaced by the peptide skeleton, that
is, the repeated N-(2-acetaldehyde) glycine units,

acid analogues™. The

and four bases were connected through the Asia-
carbon mesitoyl.

PNA not only retains the DNA characteristics
of the hybridization, but also because its skeleton
is electric neutrality, the specificity and stability
have been markedly improved, when its comple-
mentary DNA hybridized with RNA. In general,
solution temperature of the 15 mer DNA/DNA
double-strand is about 70°C, while solution tem-
perature of the corresponding PNA/DNA double-
stranded is only 55°C. PNA and the combination of
complementary DNA also show high specificity, 15
mer PNA/DNA’s mismatch is more volatile than
the DNA/DNA. A single base mismatch of 15 mer
PNA/DNA may make solution temperature drop

8°C to 20°C (the average is 15°C), the correspond-
ing DNA/DNA double strands in a single base mis-
match may make solution temperature drop 4°C to
16°C (the average of 11°C). In addition, because
Peptide Nucleic Acid is man-made, without the
degradation of Nucleic Acid Enzymatic, and poly-
merase’s effect, you can block polymerase exten-
sion reaction. According to this feature, we can
delete Molecular Beacons which doesn’t meet the
paradigm from the surface, after the calculation of
this paradigm’ s items, the remaining Molecular
Beacons is the result met to the paradigm.

3 Satisfiability Problem

Satisfiability Problem (SAT Problem): Sup-
pose A={x,,x,,*,x,) is Boolean variables’ col-
lection,

Ci:bl Vb, Ve V/71z(i:192""

is disjunctive normal form composed by the Boole-

7772)

an disjunction (V) , init, b,=x; or b,=x,;(r=1,
2y0sk; j=1,2,.n); f=C, NC, A== NC, is
conjunctive normal form composed by the Boolean
disjunction, in it, C;(i=1,2,--,m) is disjunctive
normal form. Suppose a is assignment for a group
of variables’ value &, sx5 5+ s 2, » where each varia-
ble value is 0 or 1, if Ja makes f(a) =1, the prob-
lem can be called being satisfied, otherwise, called
not being satisfied, and this problem is called as
Satisfiability Problem (SAT Problem). When each
item in the disjunctive normal form has not more
than % variables, we call it £-Satisfiability Problem
(k-SAT Problem). Special example is when £=3,
that is, each item in the disjunctive normal form
has not more than 3 variables, we call it 3-Satisfi-
ability Problem (3-SAT Problem). It has been
proved that when k=3, this Satisfiability Problem
is NP-Complete problem.

We use the following method to solve the Sati-
sfiability Problem (SAT Problem) :

Step 1.
problem generated.

generate all possible results of the

Step 2. use every possible result, if a possible
result may make each item of the conjunctive nor-
mal form false, delete this result.

Step 3. generate the remaining results.

Step 4. Repeat for two and three steps, we
can delete all non-solution, thus we have estimated

the SAT Problem.
4 Model System of SAT Problem
For SAT Problem which has n variables called

X1y Xys ***» x, and m conjunctive normal forms,
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first synthesize 2n kinds of short oligonucleotides
fragments, and put them into two groups, with n
kinds of oligonucleotides in the first group being
separately encoded as variables x,,x;, ", x,, and
n kinds of oligonucleotides in the second group as
variables x1 s 2% s+, 2}, (for x;, the corresponding
oligonucleotide is z;=1, for z/, the corresponding
oligonucleotide is x; =0). Use the combination of
2n kinds of oligonucleotides in these two groups as
Molecular Beacon identification zone (the total be-
ing 2"), each combination including n oligonucle-
otides corresponded to by variables. Molecular
Beacon’ s stem is public sequence with 6 bases,

5 —GTATAT—3’

3’ —CATATA—5
(Fluorescent Green ABI) as Molecular Beacon’s
fluorescent group (Reporter), DABCYL is Molec-

ular Beacon’s quenching group (Quencher). After

, choose fluorescent green

Molecular Beacon has been finished, use 5'-Thiol-
Modifier” s carbon atoms as the connection arm
(5'—HS—C;— T, , —GAATTC—,--—3"), make
all Molecular Beacon fix in surface of carriers, of
which T, is 10 bases’ Spacer sequence, sequence
{5'—GAATTC—3"} is EcoRIl’ s recognition site.
Molecular Beacon will be on the order of labeling
right to left, they correspond to variable combina-
tion of Molecular Beacon’s annular identification
zone. Finally, combine complementary strand of
2n kinds of oligonucleotide fragments in the first
and second group, they are respectively expressed
as Ty 2Ty s s, and T[T 40T,

Step 2 of corresponding algorithm: One item
of given conjunctive normal form, hybridizes with
PNA complementary strand (z; or x;) which cor-
responds to variable made this item true. It enables
its identification zone of Molecular Beacon to have
PNA complementary strand (x; or x;), and ena-
bles identification zone of Molecular Beacon that
makes item false not to have PNA complementary
strand(z; or x,). Heating untied double-strand of
stem, it makes Molecular Beacon linear. Add the
buffer solution, polymerase and DNA primer in the
surface again, and the primer is complementary
strand of Molecular Beacon’ stem in the 3’ ({5 —
ATATAC—3"}), then react polymerase extension
reaction. Corresponding to Molecular Beacon met

this normal form, its identification zone have the
half-bred PNA chain, and PNA skeleton of the
peptide prevents the reaction, so, EcoRI’s recog-
nition site is still single chain after polymerase ex-
tension reaction, and it can’t be identified by Eco-
RI and degraded. Corresponding to Molecular Bea-
con that doesn’t meet met this normal form, after
this reaction, because of its loop not having PNA
chain, the primer ({5'— ATATAC — 3'}) is ex-
tended to EcoRI’s recognition site ({5 —GAAT-
TC—3"}), becomes double-strand with polymer-
ase’s effect, and is identified by EcoRI and degrad-
ed. Add the buffer solution and EcoRI, then clean
and remove Molecular Beacon which makes the
item false.

Step 3 of corresponding algorithm: Heating
the chain, clean and remove the hybridized comple-
ment PNA strands (x; or z,) of the variables.
Then, anneal makes Molecular Beacon’s confor-
mation closed-loop-like again.

Step 4 of corresponding algorithm: Repeat
two and three steps. All Molecular Beacons corre-
sponding to non-solutions will be removed in the
surface. When all items have been considered, if
there are Molecular Beacons in the surface, the given
problem can be satisfied, otherwise, it can’t be.

Step 5: Heating the surface directly, the sur-
face double strands of the Molecular Beacons’ stem
degenerate, leading to the fluorescence group and
quenching group’s separation, thus it induces fluo-
rescence. Use LSCM for solution detection.

Let’ s discuss a sort of SAT Problem about
easy conjunctive normal form:

(VO NANaVa ANy Ve
This problem can be satisfied, its result is {(1,0,
1),(0,0,1),(0,0,0)}.

First, we construct six kinds of short oligonu-
cleotides, and they respectively stand for x, y, 2
and 2’ ,y .2, This synthesis of the six kinds of ol-
igonucleotides’ complementary strands respective-
Use these kinds

oligonucleotides(z,y,z and ',y ,z’) to combine

ly stand for x.y,z and ',y ,z’.

to eight Molecular Beacon”’ s identification zones,

according to the clockwise, the array is x or ', y
’ / .

or vy, z or 2 (Fig. 2).

y y v v y v y' y
lgz T%z T%Z l‘gz I’%Z I’%zv T%Z I’%z’
111 110 101 100 011 010 001 000

Fig. 2 Molecular Beacons’ code
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Molecular Beacon detailed code is shown in the
Fig. 3. MB_XXX in the figure stands for coding of
Molecular Beacon, and the underscores is identifi-
cation zone of Molecular Beacon (standing for low-
ercase letters) , the direction of 5°—3’ is the coding
of xorz’, yory', zor 2z in turn; Stalk of Molec-
ular Beacon composed by 6 bps complementary
base at both ends (expressed in capital letters).
Primer is the primers of polymerase extension reac-
tion, it is complementary strand of DNA ({5 —
ATATAC—3"}) of Molecular Beacon in the state
of open loop in the 3" ends. Choose fluorescent
green ( Fluorescent Green ABI) as fluorescent
group of Molecular Beacon, and choose DABCYL
as quenching group of Molecular Beacon. Finally,
use carbon atom with 5'-Thiol-Modifier as connec-
tion arm (5" — HS— C; — T, — GAATTC —, ---
—3"), and make all Molecular Beacons on the or-
der from right to left to be fixed in the surface of

carrier.
Name Sequence (5'-3")
MB_000 ATATAC - ttecgeattg - tttatacatg - ttggageceg - GTATAT
MB_001 ATATAC - ttccgcattg - tttatacatg - ctetacagtg - GTATAT
MB_010 ATATAC - ttccgeattg - tecaatetgt - ttggageceg - GTATAT
MB_011  ATATAC - ttccgeattg - tccaatctgt - ctetacagtg - GTATAT
MB_100 ATATAC - ttccgeattg - tttatacatg - ttggageeeg - GTATAT
MB_101  ATATAC - ttcegeattg - tttatacatg - ctctacagtg - GTATAT
MB_110 ATATAC - ttccgeattg - tecaatetgt - ttggageeeg - GTATAT
MB_111  ATATAC - ttccgcattg - tecaatetgt - ctetacagtg - GTATAT
Primer ATATAC

Fig. 3 Encode table

Now let’s carry out the step 2. Given para-
digm for the first item(xV y), we add x and y'’s
complementary strands of PNA (z and y') in the
The
Molecular Beacon met this item must contain half-
bred PNA molecule (x and y'), such as {(1,1,
1»,1,1,0),¢1,0,1),¢1,0,0),¢0,0,1),(0,0,0)}
in the Fig. 4; The identification zone of Molecular

surface to hybridize. identification zone of

Beacon not met this item must not contain half-
bred PNA molecule, such as {(0,1,1),(0,1,0)}
in the Fig. 4.

After complementary strands of PNA (x and
") have hybridized with Molecular Beacon, heat-
ing the surface untied double-stranded of stem. At

B4 Y /}_'\ /2\
x( z _1‘< 2 1‘( z :r(
111 110 101 100

this moment, Molecular Beacon converts from the
closed-loop into the open-loop and becomes linear
molecule (Fig. 5).

({5'—=ATATAC—3"})

polymerase in the surface, the primer is hybridized

Adding primer and
in the 3" of Molecular Beacon, and then react poly-

merase extension reaction under polymerase’s
effect.
this normal form, its identification zone has the

half-bred PNA chain, and PNA skeleton of the

peptide prevents the reaction, so, EcoRI’s recog-

Corresponding to Molecular Beacon met

nition site is still single chain after polymerase ex-
tension reaction. Corresponding to Molecular Bea-
con ({(0,1,1),(0,1,0)}) not met this normal
form, because of its loop not having complement
PNA strand, the primer is extended to spacing se-
quence, and makes EcoRI’ s recognition site be-
come double-strand under polymerase’s effect. At
this time, add EcoRI in the surface, and the recog-
nition site is identified and digested, so that the
Molecular Beacons not met this item can be re-
moved in the surface (Fig. 6).

After the step, the first item’s the solution to
meet the given paradigm is {(1,1,1),(1,1,0),
(1,0,1),(1,0,0),(0,0,1),(0,0,0) }.

Step 3: Heating the chain, clean and remove
the hybridized complement PNA strands (x; or
y’). Then, anneal makes Molecular Beacon be
shaped again(Fig. 7).

Repeat the following operation, for the second
item(xV 2) of the given paradigm, Molecular Bea-
con met its first and second items is {(1,1,1),
(1,0,1),¢0,0,1),(0,0,0)} (Fig. 8).

For the third item(y V ) of the given para-
digm, all Molecular Beacons met all items of the
given paradigm are: {(1,0,1),(0,0,1),(0,0,0)}
(Fig. 9).

Step 5: Heating the surface directly. Molecu-
lar Beacon converts from the closed-loop into an
open-loop and the fluorescence. Use LSCM for so-
lution detection (Fig. 10).

The fluorescence information on the surface il-
luminates that it can be satisfied for the given para-
digm, and the ultimate solution is x=1,y=0,2z=
1, x=0,y=0,2=1 and x=0,y=0,2=0.

Y h
DSy =
z x' 2 x X 2
011 010 001 000

Fig. 4 The first item of paradigm



124 s S T B TR PR S R R TR R i 2205

sl

101

111

3 3
! . ! -
001 000

Fig. 5 Molecular Beacon converts from the closedfloop into the open-loop
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111 110 101 100

011 010 001 000

Fig. 6 EcoRI degrades Molecular Beacon not met the first item

y' Y

011 010 001 000

Fig. 7 Molecular Beacon met the first item of paradigm

&

y'
% ‘Z%Z
101

llO

R

011

Fig. 8 Molecular Beacon met the first and the second items of the paradigm

111 110

@R

011

Fig. 9 Molecular Beacons met all items of the given paradigm

111 101

011 010 001 000

Fig. 10 The final solution’s detection

5 Conclusion

In this paper, we used hybrid between Molec-
ular Beacon and PNA to solve SAT Problem. All
possible solutions of SAT Problem were encoded in
the identification zone of Molecular Beacon. With
hybridization between Molecular Beacon and PNA
molecules, the Molecular Beacon satisfying the
given paradigm, “protected” by complement PNA
strands of restriction variable, can’t be identified
and degraded by EcoRI following polymerase ex-
tension reaction, while the Molecular Beacon not

satisfying the given paradigm, not “protected” by
complement PNA strands, can be degraded by
EcoRI and removed from the surface following pol-
ymerase extension reaction. When all the items of
the paradigm have been considered, Molecular
Beacon left on the ourface is the solution of the
given problem, and then use fluorescence formed
by the change of Molecular Beacon’s configuration
to read solution directly, and do not have to ob-
serve and record intermediate results of the calcula-
tion. This reading method is simple, reliable and
enriched testing methods of final results of DNA
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