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Humans and Computers

The Entire Problem Space
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Human Comput€rs \\\\

Silicon Computers
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Mind, Brain, Cells, Molecules
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Molecular Mechanisms of Synaptic Learning

1

cell membrane

Strong stimulation
depolanzes the

Depolarization
causes the cell o

Vd

Membrane

depolarization

E [he proteins diffuse
throughout the cell,
affecting only the synapses
thatare temporarily

= HII'é[lIHIIH'.]

CREB activates the
gerleb: r'nr ‘_-'.IJN:-]FJ‘.-‘.E-

5

strengthening proteins

&~ LVUVY, DINU

L
Synapse- S

fire an action potential

Action
potential

Voltage-sensitive
calciumchannels open

3

'.-1‘*‘“

talulum
channel

- Enzymes

4Ealciumiuns
activate
enzymes, which
activate CREB

Calcium
influx

B
-

UlUlllLUlllébllbU rauv, 11LLP.//U1.DIIU.CLL/.1\1/




Two Faces of the Brain: Electrical Waves

or Chemical Particles?

(a) Neuron-oriented cellular (b) Synapse-oriented molecular view
view (“electrical” waves) (“chemical” particles)
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[Large Numbers Count

3 x 10° DNA bases in the human genome
3.5 x 107 years since first living cells
4.5 x 10° years since origin of Earth

1.5 x 10'9 years since origin of universe (Big Bang)

1014 cells in the human body
3 x 10> DNA bases in the human body
or 10'# copies of 3 x 10° bases
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[Levels of Computation

—

aile e B e R e e I
MmN |G

—f =l M=l =i M|
o

T T = T — | =
L

M=M= —N—
I
™
i

-
-
—

® Mind = y(Symbols) “Symbolic”
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® Mind = f(Brain)
= f(g(Cells)) “Connectionist’
= f(g(h(Molecules)))

= y(Molecules) “Interactionist”™
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Talk Outline

e Why Nanobiointelligence Computers (NBIC)?
e Molecular Computing Technology for NBIC
e Biomedical Applications

e The Probabilistic Library Model (PLM)

e Future of NBIC
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Molecular Computing for NBIC




DNA Computation of Hamiltonian Paths

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
DMNA molecules have been omitted.) For this particular prablem,
only one Hamiltonian path exists,

and it passes through Atlanta,

Boston, Chicago and Detroit in that

order. In the computation, this

path is represented by GCAGTCG-

GACTGGGCTATGTCCGA, a DNA se-

guence of length 24. Shown at the

left is the map with seven cities

and 14 nonstop flights used in the

actual experiment. —LMA

CITY DNA NAME

COMPLEMENT

ATLANTA ACTTGCAG TGAACGTC

BOSTON TCGG

CHICAGO GGCT/

AGCCTGALC
_CCGATACA

DETROIT CCGAGCAA CGCTCRTT: -

FLIGHT
ATLANTA - BOSTON
ATLANTA - DETROIT

BOSTON - CHICAGO
BOSTON - DETROIT _

BOSTON - ATLANTA

CHICAGO - DETROIT

DNA FLIGHT NUMBER
GCAGTCGG

© 2005, SNU BiointdifiIemiam, S6iemeend 994y Scientific American 1998]




DNA as Computing Material

o ZINEANE:
¢ 10° Gbits per cm? (1 bit per nm?) 1 sam

¢ BF&Xl Jl=: 1 Gbits per cm? e N

[} '_ L groove
‘ A~ tjozl aEd %I- /LIH : major
-‘.J-;F.-‘ [ “‘. gr'IZI-EI-'-.-'E J
¢ 10%reactions per 1 mmol of DNA '

¢ Desktop: 10° operations / sec

¢ Supercomputer: 10'2 operations / sec

e (LAl &=: 10" operations per
Joule

¢ BF&EXl J|=: 107 operations per Joule
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Characteristics of DN A Molecules

Self-assembly
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DNA Based Computers

Hot Water Cold Water

DNA Computer by Olympus

probe layer probe layer
(releasing) (capturing)

empty
space

¥ ]
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cooling coil
(copper tube)

normal gel | | normal gel

Hot Chamber Cold Chamber

©

DNA Computer by Adleman’s Group

[Braich et al., Science 2002]
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Issues in DNA Computing

e BT o IT
¢ DNA Processors

¢ DNA Memory
¢ DNA Electronics

¢ In Vivo Diagnosis
¢ Smart Drugs
¢ Therapeutics

e NT
¢ DNA Nanoassembly
¢ DNA Nanorobots
¢ DNA Motors
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IDNA as Smart Drugs
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PPAP2B| & GSTP1| & PIM11 & HEPSIN{ =9 = Administer GTTGGTATTGCACAT

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Solving a 20-var 3-CNF Problem

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
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-
(Xs Or X417 Or Xg) and (X15 Or Xg Or ~X17) and (~Xs or ~Xg Or ~X12) ed from 0.5-cm-thick plexiglass. The
box was partitioned into a hot
chamber and a cold chamber of probe layer | | probe ayer
i o s equal volumes, by a plexiglass divid- (releasin, (capturing)
and (Xe Or X11 Or X4) and (~Xis Or ~Xq7 Or Xz) and (~Xe Or X9 Or e gl .
plastic tubing to a circulating water !’;' empty
bath. Water from the bath was * !E‘l:- -:l‘ﬂ""

X13) @and (~x42 Oor ~xg or xs) and (X412 Or X, Or X14) and (Xzo Or Xs transported across the chamber
through copper tubing, acting as a

cooling/heating coil. A platinum
wire electrode was inserted into
or xz2) and (x40 or ~x7 or ~xg) and (~Xs or xg or ~X12) and (X1s 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
_—— e i e o of each of three Acrydite-modified
Or ~Xzp Or xa) and ( X10 OF ~X18 OF x'lﬁ} and (X‘l or ~X11 Or probes, one for eadrwyliteral in the e
clause (if x, appeared in the clause, Hot Chamber  Cold Chamber
the probe with sequence X", was @ @
~X14) @and (Xag or ~Xz or ~X1s) and (~Xg Or X1 OF ~X10) added, if ~x, appeared, the probe
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
B 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 .l was used (28). The
X1 "‘Fi XZ-T! }(3-F. x4_Fl X5""F, XG-F' X?"‘T, xa"TF XQHF! X4 DHT' 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
X11 T’ X12 T' X13 F’ X14 F » X15 T’ X16 T' x17 T' X18 F’ X1g F . 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.

© 2005, SNU Biointelligence Lab : 1[%%51&: et al., Science 2002]
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DNA Nanostructures

® Molecular Tweezers
[Yurke et al., Nature 2000]

® DNA nanostructure

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

a singled-stranded hinge, and two

single-stranded "handles™ at the ends

of the arms."

e Information
processing
methods

“The fuel strand attaches to the
handles and draws the bwo arms o
the tweezers together.”
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® DNA self-assembly as information processing utilizing

¢ Parallel-interaction

¢ Molecular recognition

¢ Self-

organization
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Nanoparticle-Based Theorem
Proving for Medical Diagnosis

@ Aunanoparticles

¥ N

) 1 Modification with # % Modification with
DNA linker : \ 3' thiol TACCGTTG 5'¢ ¥5' AGTCGTTT 3 thiol

=, : | I L
T A ¥ %yn b

ATl Addition of linking DNA duplex
5 ATGGCAACHII T AGoAnA 5

Further oligomerization
and settling

[Park et al., in preparation]
© 2005, SNU Biointelligence




L0004
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AlALA

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

e

/valve
waste
valve

neutral

[Lee et al., in preparation]
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Molecular Computers vs. Silicon Computers
|

Ballistic Hardwired

Liquid (wet) or Gaseous (dry) Solid (dry)

3D collision 2D switching

Amorphous (asynchronous) Fixed (synchronous)

Massively parallel Sequential

Fast (millisec) Ultra-fast (nanosec)
Low High
Ultrahigh Very high

Probabilistic Deterministic
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Diagnosis by DNA-Based
Theorem Proving




Diagnosis Scheme

aq
¥ LUACCDO3

Gene expression data

[Bittner et al., Nature, 406,  Refine logical rules from clustered data

536-540, 2000] » Implement logical inference by DNA

computing

D Zhang et al., Private discussion, 2004]
© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Diagnosis by DNA Computing

1. Transformation of Gene Expression
Information into DNA Signal

2. Autonomous Logical Inference
from DNA Signal

3. Detection of Inference Results

—T[OQ | [P ]

(s | [T ] [=Q]—P]

[-S [T

[P ]

QP |

R
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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.

!
2
]
5

Does he (she) have a Lung cancery ?

.

TC-FO27

Lla G e
MEZE-047
LA 26T

LA S 5]2—|
A-2TE— _I
M 31-054
R
IAZCEE34
UACCI012
W1 TG

TOD-1625
TC-1720

TC-134
LIAC 1022

TC-1276-2

M B82-001 —
TO-1376-3

IAZC1255
LIACTES
A AT

MEE-007

LACCOE
AT 2T

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/ Transform into CNF




Diagnosis by DNA Computing:
LLogical Inference

4 - I
GACT TGCA ACGT «

. —C L CAAT CTGA
Resolution ~H A
]

L —

—

| 1 e
—Hv A . GTTA ACGT TGCA
‘ _H C l L %
[(— I
GTTA :
H  GACTTGCA ACGT
CAATCTGA —C
—

: \_
5-GTTA-3’

4l : GTTA GACT TGCA ACGT

, _CAAT CTGA ACGT TGCA
5'-GACTTGCAACGT-3’ - —H A C @ -L

—A L

I
I
|
I
|
|
|
|
|
I
|
|
I
I
I
I
|
|
\
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Diagnosis by DNA Computing:
Detection

e DNA-Based nanoparticle assembly strategy

@ Aunanoparticles

¥ N

Maodification with % % Modification with
3' thiol TACCGTTG 5'y ¥5' AGTCGTTT 3' thiol

%‘a‘t#i}? =3
#*%%1%

T¢ Addition of linking DNA duplex
5 ATGGCAACTIcaGCAnA 5

ATl Further oligomerization
and settling

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




GTTA GACT TGCA ACGT

COIOr Change Of | CAAT CTGA ACGT TGCA
DNA-Induced Assembly I

i\ ,

v

Absorbance

) (b) |
‘, Wavelength (nm)
i - o)
| GACT TGCA ACGT
| 1 | 7| caarcrca
— = PRILE. SN
' \ Destroyed by S1
(c) Aqueous solution of the addition of NaCl |
[1.-Y. Park, Ph.D. Thesis, 2004] ' \M

(@) The 10-nm gold particles
(b) The solutions of DNA-linked full assembly

Absorbance

T y T y T y T J T
300 400 500 600 700

© 2005, SNU Biointelligence
Wavelength (nm)




The Probabilistic Library Model
(PLM)




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

Next generation

Library of combinatorial
molecules

Select the library elements

matching the

Amplify the matched library Hybridize

elements by PCR

[Zhang, DNAC-2004]

© 2005, SNU Biointe ce Lab, http://bi.snu.ac.kr/




Application to Leukemia Diagnosis

DISEASES

120 samples from Gene expression data Class: ALL/AML
60 leukemia patients

Training with

6-fold validation Diagnosis

©2 NU Biointelli Lab, http://bi.snu.ac.kr/
[Cheok et al., Nature Genetics, 8883? totnteliigence Lab, tip-//bl.snu-ac




Initial Library L,

(X1=0I X2=11 X3=11 y=1) (X2=1’ y=0)
CAATTGGAATTGGATGCGG ARTIGGE L 5

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

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

(X2=11 X3=1l y=1)

ARTTGGL . | IGGATGCGG L ATGCGH
(x2=0, y=0)

e A eTale o (x,=0] y=1)
linlefatadNadetale) o

AATTCCATGCAE 2 ettt

A JeTalere]

ARTTCCATGCGG

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

CCAATTCCATGCGG
(x1=0, x,=0, X3=0,

CCAATTCCARGGECATGCCC

(x2=0, x,=0, X3=1, y=0)

CCAATTIGGARGLCCATGCGG

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Library

(X1=OI X2=1l X3=1I y=1)

Hybridization

Example 1

(X1=OI X2=1l X3=OI Y=0)

-_G fifinee -_G welel

-_G TTAACC -_G TACGEL
-_G TTARCE -_G Nelel

TiAACH

CCATGCEL
TEAACC GGGGTTGG

(X2=11 y=0)

TTAACCGGTTGG

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Updated Library L,

OI X2=11 X3=11 y=1) (X2=1l y=0)

CAATTGGAATTGGATGCGG ARTTIGGATCGCCC
AATTGGAIGCCC

(X2=11 X3=Ol y=0)

(=0, y=0) AATTGGREEECCATGCEE
(x2=1, x3=1, y=1) : ARTTGGE BCECEATGCRE

ARTTGGLL I IGGATGCGG

(A1 1 LLGGATGCUL

(x2=0, y=0)

llsfelahNadelale! = (X2=0my=1)
5
g 2 b 1 g STl 6 551
o
€ATGCGG AATTECOATGCCE AA?G“E?—-—
oz
AATTCCATGCGG

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

e N lalale)

CAATTCCATGCGG

CCAATTGGATGCGG

(x2=0, X,=0, x3=0, y=1)

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

inielel ’“ﬁ"(‘ iNelelelel

-~

CCAATTGGARGGECATGCGG

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Hybridization

Library Example 2

(X1=O, X2=1, X3=1, y=1) (X1=O[ X2=11 X3=1I y=1)

-_G el -_(.: TACGE

-_G fiEAce -_C Nelel
-_G fiAAce -_c TACGE

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




ated Library L,

(X1=0I X2=11 X3=11 y=1) (X2=1/ y=0)
CAATTGGAL L I GGATGCGG AATTGGALLLLC
(AATTCGE | CGATGCGG AATTGGATGCCC

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

(x2=1, x5=0, y=0)

AATTGGAAGGCCATGCER
(x2=1, x3=1, y=1) ; AATTGGAAGGCCATGCCC
AATTGGCCTTGGATGCGG cenrecae
AATTGGCCTTGGATGCGG (=0, y=0)
lindatisdond T”””: (X2=07y:1)

AMCCaTocco
RN
AATTCCATGCGG

EET
CCARTTCCATGCGG
(x2=0, x,=0, Xs=0,

Ap e

CEAATTCCAAGGECATGCCC

(x2=0, x,=0, X3=1, y=0)

LGGAACCCLATCoCg

CCAATTIGGARGECCATGCGG

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Hybridization

Library Query

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

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

-g: TTAACC

-c_c TERARCC
-2: TIAEC

© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




PLM Chip

SNU Biointelligence Lab
© 2005, SNU Biointelligence Lab, http://bi.snu.ac.kr/




Future of Molecular Nanobiointelligence
Computers




Future Technology Enablers

Full motion
mobile
video/office

Vertical/3D
CMOS, Micro-

Hi-k/metal
oxides, Lo-k
ith Cu, SO

wireless nets,
Metal gates, ntegrated optics

True neural computing
Bio-electric

computers

le6-1e7 x lower power
for lifetime batteries

Quantum computer,
molecular electronics

Smart lab-on-c®

plastic/printed ICs,
self-assembly

Wearable communications,
wireless remote medicine,

‘hardware over internet’ !
Pervasive voice

recognition, “smart”
transportation
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Molecular Biocomputers
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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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*Amounts are 5. dollars in bilbons.
Sourres Ernat & Young LLP and BioWarld
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Biosensors (Bio Data) + Biocomputers
(Bio H/W) + Bioinformatics (Bio S/W)

S5 7 - Design Support Software

Bieinformatics S/W

mpute

1) N—

Bio-MEMS Technology
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