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Reading Material

* Leonard M. Adleman, Computing with DNA, in
Scientific American, August 1998, pp. 54—61.

* Bonus: a comic strip explaining the basics :)



Outline of the Lecture

Why DNA computing?
Biochemistry basics

Adleman’s Hamiltonian path problem

Limitations

Based on slides by Deepthi Bollu,
Lehigh University, USA
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What is DNA Computing?

DNA computing is utilizing the property of DNA for
massively parallel computation

With an appropriate setup and enough DNA, one can
potentially solve huge problems by parallel search

Utilizing DNA for this type of computation can be much
faster than utilizing a conventional computer

Leonard Adleman proposed that the makeup of DNA and its
multitude of possible combining nucleotides could have
application in computational research techniques



What is DNA?

stands for Deoxyribonucleic Acid

It represents the genetic blueprint of living
creatures

It contains “instructions” for assembling cells

Every cell in human body has a complete set
of DNA

DNA is unique for each individual
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Double Helix

e “Sides”
Sugar-phosphate backbones
 “ladders”
complementary base pairs
— Adenine & Thymine
— Guanine & Cytosine
* Two strands are held together by

weak hydrogen bonds between the
complementary base pairs

Source: “Human Physiology: From Cells to System
4th Ed.”, L. Sherwood, Brooks/Cole, 2001, C-3



Instructions in DNA

Sequence to indicate the
start of an instruction

f—/%/\f—/%

— = _/
YT YT

Instruction that triggers

L Instruction for hair cells
Hormone injection

* |nstructions are coded in a sequence of the DNA bases

 Asegment of DNA is exposed, transcribed, and
translated to carry out instructions
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Original DNA
molecule

DNA Duplication

Source: “Human Physiology: From Cells to System
4th Ed.”, L. Sherwood, Brooks/Cole, 2001, C-5
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Why DNA Computing?

“Computation using DNA”
not “computation on DNA”

* |nitiated in 1994 by Dr. Leonard M. Adleman

* Why DNA:

— Extremely dense information
storage

— Enormous parallelism

— Extraordinary energy efficiency
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Dense Information Storage

 This image shows 1 gram of DNA ViBEcata)
on a CD. The CD can hold 800 MB (ﬂ GD) D
of data.

* The 1 gram of DNA can hold
about 1x10%* MB of data.

* The number of CDs required to
hold this amount of information,
lined up edge to edge, would
circle the Earth 375 times, and

would take 163,000 centuries to i]é}@ Hﬁﬁ@m @@@

listen to.
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Massively Parallel

e A test tube of DNA can contain trillions of
strands

* Each operation on a test tube of DNA is
carried out on all strands in the tube in
parallel

* In Adleman’s experiment, 10* operations
were carried out in parallel



Energy Efficiency

* Adleman figured his computer was running
2 x 10*° operations per joule

* |n comparison: the current most efficient
supercomputers reach 9 x 10° operations per
joule



Biochemistry Basics

* Basic operations needed to work with DNA:

— Annealing
(combining complementary strands)

— Polymerase Chain Reaction (PCR)
(amplifying DNA)

— Gel Electrophoresis
(measuring the length of DNA)

— Extraction
(finding strands that contain a specific sequence)



Annealing

(A)

(B)

* The hydrogen bonding between two complimentary
sequences is weaker than the one that links
nucleotides of the same sequence.

* |tis possible to pair (anneal) and separate (melt) two
antiparallel and complementary single strands.



Polymerase Chain Reaction

PCR: One way to amplify
DNA.

PCR alternates between
two phases: separate
DNA into single strands
using heat; convert into
double strands using
primer and polymerase
reaction.

PCR rapidly amplifies a
single DNA molecule
into billions of
molecules

LWV remory GF BrtEresy.

1

DMN&, is denatured. Primers attach

to each strand. A new DMNA strand

each template strand.

pritmer

Y ¥
Zs 3.
Another round: DMNA, is Another round: DMNA,
denatured, primers are is denatured, primers
attached, and the are attached, and the
number of DNA, number of CiA
strands are doubled, strands are doubled,

5.
Continued rounds of amplification swiftly produce
large humbers of identical fragments. Each

fragment contains the DNA region of interest,

is synthesized behind pritners on

Another round: DNA, is m

denatured, primers
are attached, and the
number of DNA&
strards are doubled.
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Gel Electrophoresis

samples

Marker I A B C

e Used to measure
the length of a DNA ...
molecule. 1000

900 bp
800 bp

e Based on the fact ooes
that DNA molecules s
are negatively

charged.

300 bp

200 bp

100 bp




Extraction

* Annealing of complimentary strands can be used for fishing
out target molecules from a sample S.

1. Denature the double stranded molecules.
2. Attach probe to a filter and pour the solution S through it.

— The probe for s molecules would be s.
3. Double stranded molecules are fixed to the filter.
4. Filter is then denatured and only target molecules remain.

 Adleman attached probes to magnetic beads.



The Hamiltonian Path Problem

* Adirected graph G=(V E)
— [V[=n, [E|=m
— two distinguished vertices V,, =sand V_,=t.

* Verify whether there is a path (s, vl,v2, .., t)

— which is a sequence of “one-way” edges that begins in V. and
endsinV_,

— whose length (in no. of edges) is n-1
(i.e. enters all vertices)

— Whose vertices are all distinct
(i.e. enters every vertex exactly once.)



Example

chicago

i’

* V. = Atlanta; V, = Detroit
e Can you find the Hamiltonian Path?

Atlanta - Boston - Chicago - Detroit
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Brute Force Algorithm

e Brute force algorithm is to
— Generate all possible paths with exactly n-1 edges

— Verify whether one of them obeys the problem
constraints.

* Problem: How many paths can there be?
There are (n-2)! permutations of the (n-2) intermediate cities!

* Not practical on a normal computer
* However: DNA computing is massively parallel!



Adleman’s Experiment

Makes use of the DNA molecules to solve HPP.

Each path can be generated independent of all others,
allowing “Parallelism”. But: “non-determism” as well.

Number of Lab procedures grows linearly with the number of
vertices in the graph.

— Linear due to the fact that an exponential number of operations are
done in parallel.

At the heart, it is a brute force algorithm executing an
exponential number of operations.



Algorithm (non-deterministic)

. Generate random paths

. From all paths created in step 1, keep only
those that start at s and end at t.

. From all remaining paths, keep only those
that visit exactly n vertices.

. From all remaining paths, keep only those
that visit each vertex at least once.

. If any path remains, return “yes”; otherwise,
return “no”.




Step 1: Random Path Generation

CiITY DNA NAME COMPLEMENT
ATLANTA ACTTGCAG TGAACGTC
BOSTON TCGGACNG AGCCTGAC
CHICAGO GG CCGA
DETROIT CCGAGCMN . GGCTCGTT
FLIGHT DMA ri'GHT NUMBER
ATLANTA - BOSTON GCAGTCGG
ATLANTA - DETROIT GCAGCCGA
BOSTON - CHICAGO ACTGGGCT
BOSTON - DETROIT ACTGCCGA
BOSTON - ATLANTA ACTGACTT
CHICAGO - DETROIT CCGA

* Edge: last part of first city + first part of last city
* Edges anneal with complement of cities



Annealing of Path Building Blocks

CHICAGO TO DETROIT
. BOSTON TO CHICAGO & o
G ATLANTA TO BOSTON w
C C J

WATSON-CRICK A 3 S v
ANNEALING, < Sg / <
in which Cs pair G c v @
with Gs and As join G ¢ v v
with Ts, will result in 4 5 ), G y
DNA flight-number N 3 c A p.. ¢
strands (shown here: At- 2 A )
lanta to Boston, Boston v b, T A’T
to Chicago, and Chicago N G G 3! X
to Detroit) being held end- ) Yy a W > G
to-end by strands encoding Ry  wC t \ COMPLEMENT OF CHICAGO
the complementary DNA city ' COMPLEMENT OF BOSTON

names (shown here: Boston
and Chicago).

* Adleman added a “pinch” (about 10'*) molecules of each
building block to a test tube.

* |n one second, approximately all possible paths were
generated!



Step 2: Correct Start and End Cities

* The result of step 1 is amplified by PCR using
primers that are the complements of the last

part of the start city, and the first part of the
end city.

* This way, only those molecules encoding paths
that have the correct start and end city are
amplified.



Step 3: Correct Path Length

* Gel Electrophoresis is used to order the result
of step 2 by length, and keep only those

molecules that encode the correct number of
cities.

* |n our example:
— each edge consists of 8 bases
— we have n = 4 cities, so (n-1) = 3 edges
— we are looking for paths of length 24.



Step 4: Visit Each City

* For each intermediate city, a probe is used to extract
paths that pass through that city

— The probe is the complement of the city

* Doing this for each city in turn, and discarding the
remainder at each step, ensures the final solution
contains only paths that pass through each city

* Combined with step 3, this ensures that the remaining
paths pass through each city exactly once!



Step 4: Visit Each City

* This technique is called Affinity Purification.

* Adleman used magnetic beads attached to the
probe to filter the correct molecules.

compliment
Magnetic bead
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Step 5: Check the Answer

If any molecules remain after step 4, this
means a path exists.

PCR is applied again to amplify the result.
If DNA is present, we have a solution!

But.. what is the solution?



Obtaining the Answer

 Conduct a “graduated PCR” using a series of PCR
amplifications
— Use primers for the start and some city k.

— Measure the length of the resulting DNA molecules
using Gel Electrophoresis.

— Divided by the length of each edge, this tells you the
position of city k in the path.

* Do this for every intermediate city to obtain the
answer.



Adleman’s Experiment

 Adleman used a problem

consisting of 7 cities and 14 /?\
0= o
edges.
* Each city was encoded by a END

J -
DNA sequence of length 20.
START \‘g://_\‘o//

 The solution was a path of
length 120.
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BY LARRY CONICK

\€ YOU HAVE
PROBLEMS,

25iee QN
i
« &

N

CE CLASSIES

{

GOAL: A

AS COMPUTER COMPONENTS SHRINK YEAR BY
YEAR, SCIENTISTS DREAM OF THEIR ULTIMATE| | PREAM—UNTIL NOW. LEONARD
CHEMICAL s WHOSE WORK- APDLEMAN OF THE UNIVERSITY OF

BUT THIS HAS REMAINED ONLY A

ING PARTS WOULD BE INDIVIDUAL MOLECULES. SOUTHERN CALIFORNIA HAS JUST

| SHOWN HOW TO DO COMPUTATION
USING DNA. .

ADLEMAN, A COMPUTER SCIENTIST, CHOSE A
TASK THAT REPRESENTS A WHOLE (LASS OF
HARD-TO-SOLVE PROBLEMS. LOMPUTER &6UYS
CALL IT THE TRAVELING SALESMAN PROBLEM.

IN THIS VERSION, THE MARKETING REP HAS A MAP OF $EVERAL LITIES
WITH ONG-WAY STREETS BETWEEN SOME OF THEM. THE PROBLEM
15 TO FIND A ROUTE (IF IT EXI$T4) THAT PASSES THROUGH EACH
CITY EXACTLY ONCE, WITH A DESIGNATED BEGINNING AND GNO.

THING A LITTLE
LESS GENDER
BIASED...A

LITILE MORE..
NOW ?

2 A Pl

COLLON'T Yoo G
CALL 1T SoMe - /’fg

TOO CORPORATE' HOW
ABOUT THE HAMILTONIAN
PATH PROBLEM?

WHEN THE NUMBER OF
CITIES 15 LARGE —5AY
MORE THAN 1OO-TWIS
PROBLEM 15 TOO MUCH
FOR GVEN THE FASTEST

FOR HI5 DNA COMPUTATION, APLEMAN

CHOSE

THIS SIMPLE ARRANGEMENT

OF 7 aTiE% AND 17 STREETS:

HE REPRESENTED GALH CITY CHEMICALLY BY A
SINGLE STRAND OF DNA 10 BA%GS LONG, ITS
SEQUENCE CHOSEN AT RANDOM.

START

Q0

@
/‘3»

©)

ﬂ AAATTLACTAGOACTTICCCA

C-\ CTOGCAGEGCTTAAGCGAATYY
? Moo e

THE ACTUAL
SEQUENCE S
PON'T MATTER?

A STREET BETWEEN TWO CLITIES 15 THE COMPLEMENTARY 20-BASE A MULTICITY TOUR BECOMES A PIGCE OF
STRAND THAT OVERLAPS GACH (ITY'S STRAND MALFWAY: THIS STREET DOUBLE-STRANDED DNA, WITH THE LITIES
LITERALLY JOINS THE TWO AITIES.

LINKED IN SOME ORDER BY THE $TREETS.

(1

UP IT LOCKS LIKE THIS

PATH 1——)2

IN DNA, £ ALWAYS PAIRS WITH & AND
T ALWAYS PAIRS WITH A, 4O IN (LOSE-

Discover magazine published
an article in comic strip format
about Leonard Adleman's
discovery of DNA computation.
Not only entertaining, but also
a very clear explanation of
molecular computation.

(see VITAL)
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Recap

Generate random paths
- Annealing

From all paths created in step 1, keep only those that start at s
and end at t.
- Polymerase Chain Reaction

From all remaining paths, keep only those that visit exactly n
vertices.
-> Gel Electrophoresis

From all remaining paths, keep only those that visit each vertex at
least once.
- Affinity Purification with magnetic beads

If any path remains, return “yes”; otherwise, return “no”.
- Polymerase Chain Reaction



Potential Problems

* There are 2 problems with extraction:

— The removal of strands containing the sequence is not
100% efficient.

— May at times inadvertently remove strands that do not
contain the specified sequence.

 Adleman did not encounter problems with extraction
because only a few operations were required.

* However, for a large problem instance, the number of
extractions required may run into hundreds or even
thousands.



Potential Problems

 What would happen if a ‘good’ path were lost
during one of the extraction operations in step 47?
— FALSE NEGATIVE!

— Adleman’s solution: to amplify the content of the test
tube.

* What if a ‘bad’ path is taken as if it were ‘good’?
— FALSE POSITIVE!

— Less dangerous, because the answer could be verified
at the end of the computation.



Limitations

* The computation time required to solve problems with
a DNA computer does not grow exponentially, but
amount of DNA required DOES.

— Tuning the experiment may take weeks.

— Computation is fast, but obtaining the answer may be very
slow.

 DNA computing involves a relatively large chance of
error.

— As size of problem grows, probability of receiving incorrect

answer eventually becomes greater than probability of
receiving correct answer



The Future

Adleman’s algorithm for the HPP was simple. As technology becomes
more refined, more efficient algorithms may be discovered.

DNA Manipulation technology has rapidly improved in recent years, and
future advances may make DNA computers more efficient.

DNA computers are unlikely to feature word processing, emailing and
solitaire programs.

Instead, their powerful computing power will be used for areas of
encryption, genetic programming, language systems, and algorithms or by
airlines wanting to map more efficient routes. Hence better applicable in
only some promising areas.



