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Molecular Computing for NBIC




Hamiltonian Path Problem

Consider a map of cities connected by certain nonstop
flights (rop right). For instance, in the example shown here,
it is possible to travel directly from Boston to Detroit but not vice
versa. The goal is to determine whether a path exists that will
cammence at the start city (Atlanta), finish at the end city (De-
troit) and pass through each of the remaining cities exactly ance.
In DNA computation, each city is assigned a DNA sequence
(ACTTGCAG for Atlanta) that can be thought of as a first name
(ACTT) followed by a last name (GCAG). DNA flight numbers can
then be defined by concatenating the last name of the city of
origin with the first name of the city of destination (bottom right).

The complementary DNA city names are the Watson-Crick
complements of the DNA city names in which every Cis replaced .
by a G, every G by a C every Abya T and every Thy an A. (To sim-
plify the discussion here, details of the 3" versus 5” ends of the ok :
DMNA molecules have been omitted.) For this particular prablem, ATLANTA ﬁTT:“C--’?-ﬁ_—T-G AF‘EL

only one Hamiltonian path exists, SO eSO : AR EL Jiuk
CHICAGO GGCT! __CCGATAC

and it passes through Atlanta, e OIT i ecE et
Boston, Chicago and Detroit in that et -

order. In the computation, this FLIGHT DNA FLIGHT NUMBER
path is represented by GCAGTCG- ATLANTA - BOSTON GCAGTCGG
GACTGGGCTATGTCCGA, a DNA se- ATLANTA - DETROIT

guence of length 24. Shown at the BOSTON - CHICAGO

left is the map with seven cities __ BOSTON-DETROIT

and 14 nonstop flights used inthe BOSTON - ATLANTA

actual experiment. —LMA CHICAGO - DETROIT

CITY DNA NAME COMPLEMENT




DNA as Computing Material
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Characteristics of DN A Molecules

}

47 nt, 16.0 nm

DAE-O
'

R A
o
LoRo&r
288

{




DNA Based Computers
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Issues in DNA Computing




IDNA as Smart Drugs
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A Fig. 1. The computational
problem. (A) 20-variable
3-CNF Boolean formula <.
The symbol "~—" indicates
“not.” (B) The unique truth

assignment satisfying .

& =(""’X3 or ~Xig O X1g} and (Xs or Xq12 Or “"Xg) and {"‘"X13 or ~=Xz

or Xzp) and (X412 Or ~xXg or ~xs) and (X1g Or ~x4 or xg) and (xg or

X12 Or ~Xs) and (~X1 or X4 Oor ~X41) a@and (x43 Oor ~Xz or ~x49) and
(Xs Or X417 Or Xg) and (X15 Or Xg Or ~X17) and (~Xs or ~Xg Or ~X12)
and (X Or X411 Or X4) and (~Xis Or ~X47 Or Xz) and (~Xg Or X1g Or
X13) @and (~x42 Oor ~xg or xs) and (X412 Or X, Or X14) and (Xzo Or Xs
or xz2) and (x40 or ~x7 or ~xg) and (~Xs or xg or ~X12) and (X1s
or ~Xzo0 Or X3) and (~Xi0 Or ~X1g Or ~X1g) @and (X1 or ~xq4 Or
~X14) @and (Xg or ~Xy or ~Xis) and (~Xg Or X1g OF ~X10)

B

X1=F, x2=T, X3=F, X4=F, X5=F, Xs=F, X7=T, Xs=T, Xo=F, X40=T,
X11=T, X12=T, X13=F, X14=F, X15=T, X16=T, X17=T, X18=F, X19=F,

quj:F

Fig. 4. The computer. An electro- Hot Water Cold Water
phoresis box 30 cm long, 15 cm 11 11

wide, and 8 cm high was construct-
ed from 0.5-cm-thick plexiglass. The
box was partitioned into a hot
chamber and a cold chamber of
equal volumes, by a plexiglass divid-
er. Each chamber was attached via
plastic tubing to a circulating water
bath. Water from the bath was
transported across the chamber
through copper tubing, acting as a
cooling/heating coil. A platinum
wire electrode was inserted into
each chamber. For each of the 24 .
clauses of ®, a 100-pl clause solu- 65°C (| 15°C
tion was prepared containing 15 pM t
of each of three Acrydite-modified
probes, one for each literal in the
clause (if x, appeared in the Tclausel Hot Chamber  Cold Chamber

the probe with sequence X', was

added, if ~x, appeared, the ‘inrobe @ @
with sequence for Xf, was added). o

For example, for the first clause, (~x, or ~x,, or X, ), probes with sequences X*_, X, . and X7,
were added. For each clause solution, a clause module was created in a 4.5-cm-long glass tube with
outer diameter of 0.5 cm and inner diameter of 0.3 cm. A base layer of 5% polyacrylamide gel was
polymerized in the bottom 3.2 cm of the tube. A probe layer of 5% polyacrylamide gel containing
the clause solution was polymerized on top of the base layer. A library module was prepared as
above, but instead of a clause solution, 500 pmol of the full library in 100 jul was used (28). The
end of the module destined for the hot chamber was plugged with 5% polyacrylamide gel
containing bromophenol blue and xylene cyanol dyes. The hot chamber was brought to 65°C and
the cold chamber to 15°C. Electrophoresis was performed at 12 V/cm. Movement of the dyes
through the gel provided a means of monitoring progress and of detecting possible leaks at the
interface between the modules. Electrophoresis was stopped when the Xylene Cyanol dye had gone
through the modules and into the cold buffer, approximately 4 hours.
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gel empty
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DNA Nanostructures

"Bell Labs sciéntists assemble their “Ta close the tweezers, th a:k.! a "The fuel strand attaches to the
tweezer motor from DNA with two special “fuel” strand of DN handles and draws the two arms of
double-stranded arms connected by the tweezers together.”

a singled-stranded hinge, and two

single-stranded "handles™ at the ends

of the arms."
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Nanoparticle-Based Theorem
Proving for Medical Diagnosis
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Figure 7: Wang tiles and algorithmic assembly. (a) Wang tiles.
The upper left shows 16 wang tiles that fit together in the mosaic
below according to the rule that each edge is flanked by the same
color (modified from ref 40). The relationship between Wang tiles
and a branched junction with a variety of sticky ends is illustrated
at the upper center and right. (b) A four-bit XOR self-assembly.
At the top of the panel is a TX tiles with its reporter strand
emphasized in red. Below this are schematics of the input tiles
(blue), initiator tiles (green), and gating tiles (red). The four possible
inputs to the XOR gate correspond to sticky ends on the bottom
domains of the red tiles. The schematic tiles are shown to self-
assemble to produce the output arrangement of red tiles in the
schematic below this. At the bottom, the answer is extracted by
ligation of the reporter strands, which are later subjected to partial
restriction.
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DNA Computing Chip for Medical Diagnosis
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Diagnosis by DNA-Based
Theorem Proving




Diagnosis Scheme




Diagnosis by DNA Computing

1. Transformation of Gene Expression
Information into DNA Signal

2. Autonomous Logical Inference
from DNA Signal
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Diagnosis by DNA Computing:
LLogical Inference

If gene A is expressed , and gene C is expressed -,
f (she) has a lung cancery .

If gene H is expressedyy, then gene A is expressed 4 .

In sample, gene Hyy and C(- are expressed.

Does he (she) have a Lung cancery ?
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Diagnosis by DNA Computing:
LLogical Inference
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Diagnosis by DNA Computing:
Detection
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The Probabilistic Library Model
(PLM)




2 (% =0 3‘701«1\4—0\‘010)
1 (=1, =1L =)
Z,: (%=1, %70, x,=1, =0)

- AARACCAATTGBAAGGCCATGCGG
. ARAACCAATTCCAAGGRBCCTTCCCCAACCATGCCE

'(x1=0 %=1, x70,)=1)
(%,

- AATTGBCCT TGRATGOGE
2y MATTGBAAGGCCCCTTRBATGCCC

where
MR 1 CCTT x,
BATT x, CCAA s
GG X3 N »

Figure 1: Population of genetic programs in two
different representations: (a) set of decision lists,
(b) library of DNA molecules corresponding to (a).
The DNA code shown are illustration-purposes only
and this design does not fully reflect the biochemical
properties of the sequences.

Do ASA A TG L OO AT

NPl U b N i i e e OO O e e e
D AATTOGUCTTEGEATECEG

S

Xy ZE O
COEE X5 = 1
=0, =1, 70, x,=1, =0

TITTGS TESACC TIEOGEG SEAace GoTIEE

z] DAL A AR AT AT ATECG
TTTTEFEFTIEECC TTCGES

vt v S FV e e  Tel Wl B VNI o e T s
TTTTE

D EAT T LT L (AL T i
e v el el lu ¥ ¥ Aale)

I EAITO O AA GG OO DO T T T e
ETARCC TTOCEFR GEANCC

d) TDiecizion list Chery

g

STt

Figure 2: Illustration of the decision-making proce-
dure using the population of DINA-encoded genetic
programs: (a) Library of decision lists. (b)) guery
sample (in multiple copies), (c¢) decision lists hy-
bridized with query samples,(d) schematic for illus-
trating the whole decision procedure.




PLM (Probabilistic Library Model):
[Learning Probability Distributions with DNA

Next generation

Library of combinatorial
molecules

Select the library elements

Amplify the matched library matching the

elements by PCR




Application to Leukemia Diagnosis
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Initial Library L,

(X1=0I X2=11 X3=11 y=1)

CAATTGGAATTGGATGCGG

(X1=Ol X2=OI X3=11 y=0)

CCAATTCCAAGGGGATGCCC

(X2=11 X3=1l y=1)
AATTGGCC I TGGATGCGG

(x1=0, y=1)

(x1=0, x=0,

(X2=1r y=9)
AATTGGATGCCC

(X2=11 X3=Ol y=0)
AATTGGAAGGCCATGCCC

(x1=0, y=0)

CCATGCCC

(x2=0, y=0)

A
CATGCGG AATTCCATGCCC

) (x1=0, x,=1, y=0)

ALTCCATCCCC

CAATTCCATGCCC

TGGAAGGCCATGCCC




Hybridization

Library Example 1

(X1=OI X2=11 X3=1, y=1)

OI X2=1l X3=1I y=1) (Xl=01 X2=11 X3=OI Y=0)
-ga TTAACC GG TACGGG

-G_G TTAACC GG TACGGG

-ﬂ; TTAACC GG TACGGG

TTAACC GCGGTTGE
(X2= 1/ y=0)




ated Library L,

(X1=0I X2=11 X3=11 y=1) (X2=1, y=0)

CAATTGGAATIGGATGCGG AATTGGATGCCC
AATTGGATGCCC

(X1=Ol X2=OI X3= 1! y=0)
CCAATTCCAAGGGGATGCLE (x=1, Xx3=0, y=0)
(x4=0, y=0) AATIGGAACELCATGCEE
(=1, x;=1, y=1) A AATTGGAAGGCCATGCCC
AATTGGLE  IGGATGCGG CEAToCTE

(x,=0, y=1) (x2=0, y=0)
v elalureTalel e (x2=0, y=1)

CATGCGG AATTCCATGCCC Y

(x1=0, x,=0, y=1) (=0, x,=1, y=0) AATTCCATGCGG

ATICCATCCCC
CAATTCCATGCCC




Hybridization

Example 2

(Xl OI X2=11 X3=11 y=1)

(X1=OI X2=1l X3=1I Y=1)
-E; TTAACC L TACGE

-G_G TTAACC -g: TACGEL

-g; TTAACC (CTACGE




ated Library L,

(X1=0I X2=11 X3=11 y=1) (X2=1’ y=0)
AAAACCAATTGGAATTGGATGCGG AATTGGATGCCC
CAATTGGAATTGGATGCGG AATTGGATGCCC

OI X2=OI X3=11 y=0)
CCAATTCCAAGGGGATGCCC Ce=d, 2=, ) T
) AATTGGRACBCCATOCEE

(x2=1, x3=1, y=1) : AATTGGAAGGCCATGCCC
AATTGGCCTTGGATGCGG CeTocae

AATTGGCCT TGGATGCGG 0a20, y=1) (x2=0, y=0)
Ao Gl G (x,=0,'y=1)

CATGCGG AATTCCATGCCC

A

(x,20, x,=1, y=0) AATTCCATGCGG

V1N el e eYaTal ol AATTCCATCCOC " AATTCCATCOCD
CCAATTCCATGCCC CCAATTCCATGCGG CCAATTGGATGCCC




Hybridization

Library Query

(x1=0, x,=1, x3=1, y=1) (x1=1, x,=1, x3=0)

-C_C TTAACC GG
-C_(") TTAACC GG




PLM Chip

Linetype Control
e

ETETr

O output

I double strand selectlon

e

output B

T ————] beads
l [y —
= Waste

L
Bioihtelligence Lok
MEC project, evolutlomary module
=i




Future of Molecular Nanobiointelligence
Computers







N
T
Q
)
-
Q.
=
@)
@)
=
as
*—
e
-
&)
<
@)
=

-

Gl Ol & il O




H/W & S/ W Technology: for Wet

Information Retrieval
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Design Support and Programming Software
for DNA Computers and Nano-Machines
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Market Capitalization, 1994-2004%
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Biosensors (Bio Data) + Biocomputers
(Bio H/W) + Bioinformatics (Bio S/W)
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