DNA Computation

Joel Stevens*

This experiment solves the NP-Complete problem of bin packing through the use of a massively parallel DNA computing system.  The experiment begins with the subset sum which can be used, by use of dynamic programming, to solve the bin packing problem.  This technique overcomes the “brute force” method and applies more error efficient techniques which have been proposed by several authors in order to create a more effective computational method. 

I. Introduction—Part I


In a 1994 article, Leonard Adleman proposed a revolutionary idea--the use of DNA to solve nondeterministic polynomial bounded complete problems (or NP complete problems).  This idea lent credence to the possibility of Richard Fenman's "sub-microscopic" computers.


NP complete problems have been and still are a major problem for the computer science field.  The name "nondeterministic polynomial bounded complete problems" simply refers to the types of problems that do not have an algorithm (or way to solve them) that occurs in linear time.  Even the most advanced algorithms contributed by the best of the computer science experts still use an advanced form of "guess and check," resulting in a time scale that follows an exponential curve. This exponential climb occurs because, as the problem gets larger, the possibilities grow exponentially; and, because "guess and check" can only check one at a time, the time must also then follow the exponential curve.  One of the best examples of these NP-Complete problems is the Hamiltonian path.  The problem of the Hamiltonian path reads: "A directed graph G with designated vertices v-in and v-out is said to have a Hamiltonian path if and only if there exists a sequence of compatible 'one-way' edges e-1, e-2,..., e-i (that is, a path) that begins at v-in, ends at v-out, and enters every other vertex exactly once" (Adleman 1994—1021).  This is more commonly known as the traveling salesman problem. Stated simply, a salesman has a certain number of cities (the nodes) to go to; only certain roads go to and from each city (edges e-1, e-2, ..., e-i); he can only visit each city once; he has to begin at the city where he is currently (v-in); and he has to end in a specified city (v-out). (See Figure I.) The problem seems simple enough, but when the solution is attempted even at small scales, the only way of finding the correct path is to trace each road separately until it finds the proper solution. Adleman proposed using DNA to solve this problem because even powerful computers bog down when the problems reach relatively large scales.  For instance, a computer could solve this problem with six cities relatively quickly; however, if the cities were increased to 35, this computer might take two weeks or more; at 70 cities, the 
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Fig. 3. Agarose gel electrophoresis of various products of the experiment. (A) Product of the ligation
reection (lane 1), PCR amplfication of the product of the ligation reaction (ianes 2 through 5), and
molecuiar weight marker in base pairs (iane 6). (B) Graduated PCR of the product from Step 3 (ianes 1
firough 6); the molecular weight marker is in lane 7. (C) Graduated PCR of the final product of the
aperiment, revealing the Hamiltonian path (lanes 1 through 6); the molecular weight marker is in lane 7.
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Figure I.

same computer might require years.  DNA's advantage over the computer is that it works simultaneously in parallel. While the computer can only solve the problem serially (one at a time), the DNA strands combine to simultaneously pursue all of the possible paths that can be taken. "Today a state of the art machine can easily do 100 million instructions per second (MIPS); on the other hand, a biological machine seems to be limited to just a small fraction of an experiment per second (BEPS).  However, the advantage in parallelism is so huge that this advantage of MIPS over BEPS does not seem to be a problem" (Lipton 1995-268).

How did Adleman "make" the DNA solve the problem?  He divided it into steps:


1.
Generate random paths.

2. 
Keep only those paths that begin with v-in 

and end with v-out.

3.  
If the graph has n vertices, then keep only those 

paths that enter exactly n vertices.

4.
Keep only those paths that enter all of the vertices on the graph at least once.


5. 
If any paths remain, they are solutions.


The process Adleman used to generate the random paths involved creating oligonucleotides for each city and for each road following the city.  Using Watson-Crick complements (A<->T, G<->C) he created "splints" between the "cities" (both "splints" and "cities" were oligonucleotides).  For example, consider two cities with one path between the two. First he would assign an oligonucleotide to the cities.

City one:  GTATGCATAC
City two: TACGTATGCA

He would then make the road between them be complementary to half of the first one and half of the second.

Path from city one to city two:


GTATGATGCA

These would pair up according to Watson-Crick compliments as follows:


GTATGCATAC|TACGTATGCA

          GTATG ATGCA

This pairing would cause the two cities to become one strand.  This approach was used for all cities and roads in the example path that Adleman used.  (See Figure I.)  He used oligonucleotides of length twenty base pairs (20-mers) for all of his cities and paths. Adleman amplified these strands together by using PCR-amplification (polymerase chain reaction).  In order to implement step two, Adleman amplified the remaining strands with primers for the first city and the complement to the last city, causing only those paths starting with the first city and ending with the last to be amplified.  For step three, Adleman ran the product of step two on an electrophoresis gel and purified the DNA strands of length 140 bp (base pairs).  The length 140 comes from seven 20-mers (an oligonucleotide of length twenty for each city).  Step four was the most complicated.  Adleman used an affinity purification with a biotin-avidin magnetic beads system.  This process works by denaturing the strands (separating double-strands down to singles) and then making primers and attaching biotin labels.  To implement this, Adleman made a primer complimentary to the first city (completely) with a biotin label.  These primers were amplified with the product of step four and run through a column of biotin-avidin.  When the DNA with the biotin labels go through the column of biotin-avidin, they attach to the sides and everything else is removed.  After this step, the biotin is removed with an alution buffer that leaves only the DNA with the selected primer.  In the case of a city one primer, the only strands remaining will have city one in it.  This procedure was repeated for cities two through six, with the result that all of the remaining strands both begin and end with the first and last cities and contain all of the involved cities.  To find the order of the remaining paths, Adleman amplified the strands from step four with the complementary primers to cities one through six.  Thus, when the products are run on a gel, the location of each city on the path can be found.  A path from 0->1->2->3->4->5->6 will show up on the gel with length of 40, 60, 80, 100, and 120 in corresponding lanes. (See Figure II.)  Thus, if any strands remain, they describe a Hamiltonian path (Adleman 1994—1021-23).

After this 1994 experiment, many other scientists embraced Adleman’s idea.  Recently, several other NP-Complete problems have been solved in this way, including Graph Coloring, CNF-satisfiability, SAT problems, graph connectivity, and Formula Satisfaction Problems.  Unfortunately, the progressive and innovative thinking behind Adleman’s experiment still poses many problems that must be overcome before DNA computation can become a 
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Figure II.

feasible idea.  Many new papers have pointed out that Adleman's algorithm for solving his Hamiltonian Path Problem uses a "brute force" method, meaning that it tries all of the possibilities without discretion. "The difficulty is that even with 1023 parallel computers [DNA], one cannot try all tours for a problem with 100 cities.  The brute force algorithm is simply too inefficient" (Lipton 1995-268).  "If Adleman's experiment were scaled up to 200 vertices, the weight of DNA required would exceed that of the Earth” (Amos 1996-12).  A second problem develops from the error in microbiological computations.  In an attempt to repeat Adleman's experiment, "The researchers state that 'At this time we have carried out every step of Adleman's experiment, but have not gotten an unambiguous final result'" (Amos 1996-1).  "The problem with extant proposals is that they assume that certain proposed biological operations are error-free" (Amos 1996-1).  One of the main problems of error comes from using hybridization for DNA removal.  The "most important problem is that removal by DNA hybridization of strands containing the sequence is not 100% efficient, and may at times inadvertently remove strands that do not contain the specified sequence" (Amos 1996-2).  Even considering as high a probability as 95% efficiency, after "100 extractions the probability of us being left with a soup containing (a) a strand encoding a legal solution, and (b) no strands encoding illegal solutions is about 0.006" (Amos 1996-2).  Another feasibility problem arises when the limitations of the DNA tools are considered. DNA can be selected using hybridization; it can be cut using restriction enzymes; it can be read on electrophoresis gels for length; it can be gel-purified in order to remove the DNA from the gel; it can be cleaned and dried using phenol-chloroform extraction procedures; its optical density (OD) can be found (in order to calculate the amount of DNA in a sample); and the exact sequencing of the DNA can be found using a sequencer.


Fortunately, some of these problems can be overcome by careful design.  For instance, a paper by Baum and Boneh provides a way to deviate from the "brute force" algorithm.  Their idea comes from the concept of dynamic programming.  "The basic idea of the dynamic programming technique is the following: given a combinatorial problem, we iteratively solve harder and harder problems until the required problem is solved.  Thus, to solve the original problem we first solve many easier sub-problems. . . .  [This] is not a brute force algorithm" (Baum 1996-1).  By using careful design, the use of DNA hybridization can be completely removed from DNA computation, and in its place restriction enzymes can be used.  

"Restriction enzymes are guaranteed to cut any double-stranded DNA containing the appropriate restriction site, whereas hybridization separation is never 100% efficient.  Instead of extracting most strands containing a certain subsequence we simply destroy all of them with absolute certainty, without harming those strands that do not contain the subsequence.  Even if, in reality, restriction enzymes have a small non-zero error rate associated with them, we believe that it is far lower than that of hybridization separation" 

(Amos 1996-12).


In this experiment, the NP-Complete problem of Subset Sums is implemented.  The problem states:

"Subset Sum:

given

a positive integer C

n objects whose sizes are positive integers s​​1,. . .,Sn

optimization problem: among subsets of the objects with sum at most C, what is the largest subset sum?


decision problem: is there a subset of the objects 

whose sizes add up to exactly C?


Example:



n=6, C = 30, 

n(s1, s2, s3, s4, s5, s6)=(5, 10, 12, 13, 15, 18)" 


(NP-Complete Problems, 1998-N.P.)

The design of this project does not use the highly error-prone DNA hybridization but, instead, it uses restriction enzymes and gel-purification procedures for both optimization and decision problems.  

II. Methods


This experiment was done at Genosys Biotechnologies Inc.  Dr. Simon Simms provided all of the necessary equipment, supplies, and help needed.  Because of some of the safety hazards involved in this experiment, a lab coat, goggles, and gloves were worn at all times under strict supervision.  The supplies used were:

General Purpose:


gloves




DI H2O


lab coat




1xTE Buffer


goggles

20, 200, and 1000 (L pipettes



paper towels



vortex


microcentrifuge


50, 200 mL graduated cylinders


0.5, 1.5, 2 mL tubes

for PCR/electrophoresis gel:


agarose, 3:1 agarose gel
10x PCR Buffer


gel box



dNTP


microwave



magnesium chloride


PCR thermocycler

oligonucleotides


glass plates


Taq polymerase (1:10 dil)


5, 10, 15 combs

1xTBE (ethidium bromide)


Kodak 1d Software

mineral oil


Kodak digital camera
2x orange loading dye


Kodak picture printer


UV light box

for Phenol-Chloroform extraction:


thermometer



phenol


heat block



chloroform


vacuum-centrifuge


100% ethanol








70% ethanol








ammonium acetate

for Gel Purification:

QG quick-spin columns

QG(Qiagen) Buffer

QG collection tubes


isoproponal

gel slice




PE wash Buffer

razor blade

UV light box

for Enzymes:

Restriction Enzymes


10x Buffer (according to RE instructions)


heat block

for OD (Optical Density) spectrophotometer:


OD spectrophotometer


cuvettes


DNA sample

The safety precautions were especially needed when dealing with ethidium bromide (TBE running buffer) because it is a highly toxic carcinogen.  In the phenol-chloroform extraction, special care is needed because phenol is an anaesthetic that is harmful, and chloroform is a very dangerous chemical when inhaled.

General Procedure:

1. (All objects were multiplied by a magnitude of three to provide enough length for the "linkers" to connect the strands together.)

encode object 5 in DNA 15-mer with RE site HpaII


GGTGTG C|CGG TTGGG
(RE sites indicate cuts with |.)

encode object 10 in 30-mer with RE site BamHI


GGTGTG G|GATCC GCACGAAGCGCA GTTGGG

encode object 12 in 36-mer with RE site EcoRI


GGTGTG G|AATTC GCACGAAGCGCACGAAGC GTTGG

encode object 13 in 39-mer with RE site HindIII


GGTGTG |AGCTT GCACGAAGCGCACGAAGCGCA GTTGGG

encode object 15 in 45-mer with RE site BgIII


GGTGTG A|GATCT GCACGAAGCGCACGAAGCGCACGAAGC GTTGGG

encode object 18 in 54-mer with RE site XbaI

GGTGTG T|CTAGA GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGC GTTGGG

encode "linkers" in 6-mer


CACACCCCCAAC

Genosys Biotechnologies, Inc. provided all of these strands.  

2. All of the individual strands were suspended in 50pmol/(L ratios and PCR (Polymerase Chain Reaction) amplified by using the "linkers" as primers.  Varying degrees of magnesium chloride (6, 12, 18 (L) were used for optimization purposes. (These are reactions 1-18.)  All of these products were run on electrophoresis gels to make sure the amplifications went well. 

3. The best products of step two were amplified together to add the objects together.  These products were for object 5, #11, for object 10, #2, for object 12, #6, for object 13, #8, for object 15, #14, and for object 18, #17.  Again, varying degrees (6, 12, 18 (L) of magnesium chloride were used for optimization purposes. For safety purposes, an attempt to use Carolina Blu in place of ethidium bromide proved ineffective. Therefore, ethidium bromide was used throughout the experiment.  Step three originally had 1 or 2 (Ls per reaction, but this didn't react correctly.  It was then repeated with 2 or 4 (Ls instead, which created a much better result.  (These are reactions 31-36.) 

4.  Step three was reproduced repeatedly in order to have as much DNA as possible for the gel purifications.  For unknown reasons the next three amplifications didn't work.  However, the fourth one did, giving what was thought to be enough DNA for the purifications. 

5.  The DNA was phenol-chloroform extracted, leaving only a dry DNA sample behind.  The sample was then resuspended in 10(L of 0.5x TBE and run on a three-percent 3:1 agarose gel.  The DNA was cut between an estimated 60-130.  This didn't only isolate the 90s (container size multiplied by three), but after several of the progressive cuts, only the 90s would have remained eventually.

6.  The excised DNA was gel-purified.

7.  The DNA was cut with EcoRI (a common restriction enzyme) because BamHI and HpaII were not available.  This caused the DNA with the object 12 to be shortened by approximately 30.  (The strand is thirty-six, and it is digested six away from the linkers.)  

8.  The DNA was phenol-chloroform extracted again.

9.  The remaining DNA was run on a four percent 3:1 agarose gel.  (This caused more separation between DNA bands and gave more room for cutting.)

10.  After examining the gel, no further cutting was possible because the DNA was too faint to be cut anymore.


The theoretical plan involved progressively cutting and purifying with all of the objects.  First, the 5s would be cut by using HpaII.  Then, in the gel purification, those strands that remained at 90 would be "without 5s" and those shortened by approximately ten would be "with 5s."  These products would both be cut with 10s RE, BamHI, and the strands shortened by 24 would be put into "with 5s and 10s," "with 10s," or without either depending on the location of the DNA on the gel.  This procedure would progress all the way through object 18, until all solution sequences were known.  Of course, after "5s and 10s" are found, no further cutting is necessary because the remaining strand length is 45, the length of object 15.  All "solutions" containing three 10s or other repeats of single objects would be cut by too much when object 10 is cut with BamHI because they would run off the gel.  (See Theoretical Plan, Appendix I.)

Suspension process:


The calculations needed for this process involved finding out how much water to add in order to have a 50 pmol/(L.  The amount of nmols listed on the oligonucleotide order was converted to pmols by multiplying by 1000.  The pmols were then divided by 50 in order to find out how much water was needed.  The actual suspension process involved adding the amount of DI H2O required, vortexing the heterogeneous solution, and microcentrifuging the homogeneous solution.

PCR Amplification process:


The PCR amplification process had a few changing variables, but many remained the same.  The process was done by following the values written on a PCR amplification sheet.  (See Figure III.)  Several constants were always added into the tubes for the amplification.  They were:


10x PCR Buffer



10(L


dNTPs




4(L

MgCl2


6, 12, 18(L (always 3 

reactions per experiment)


Taq polymerase (1:10 diln)
2 (L

The only changing variables were the amount of DNA and the amount of DI H2O.  The DI H2​O changed in order to make the whole solution equal 100(L.  The temperatures were always the same for the thermocycler.  (See Figure III.)  The thermocycler's interface was much like basic programming and had programs that could be run or edited.

Electrophoresis Gel:


This experiment had two types of agarose gel.  The first was the generic agarose, and the second was a 3:1 agarose (three parts low melting point agarose and one part regular for strength).  The 3:1 gel was used for the 
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Final extension period 72 10

10 =
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Figure III.

purification process.  For most gels in this procedure, a 3% concentration was used.  In order to make a 3% gel, three grams of agarose are added per 100 mL of solution.  In some of the later gels, 4% agarose was used.  This was easily calculated because it was four grams of agarose per 100 mL of solution.  The solution was made up of .5xTBE.  Unfortunately no .5xTBE was kept, so 10xTBE was converted by adding 5mL of TBE for every 95mL of DI H2O.  In most cases, 50mL solutions were made, so the ingredients were 1.5g agarose (for 3% gel), 47.5 mL DI H2O, and 2.5 mL 10xTBE.  After adding these together, a microwave process was used.  In the microwave process, the beaker was placed in a microwave and heated until the solution bubbled to near the top.  It was then taken out, shaken, and put back into the microwave for heating.  This process was repeated until it stopped bubbling up.  After the microwave process, the gel was set out to cool.  After cooling for approximately 15 minutes, it was poured into a gel box that had a comb set in it that made wells for the DNA to run in.  The combs varied in size throughout the experiment because the amount of PCR amplifications changed per gel.  After the gel dried, it was taken out and put into a running box that had 1.25 mg/mL ethidium bromide solution for staining.   The box was connected with a negative terminal at the top and a positive terminal at the bottom because DNA runs to positive (red).  It was run at 90 volts for approximately an hour.  After the gel finished running, it was taken to a UV box where a Kodak digital camera was set up.  The picture was taken through a computer program called 1D.  The picture was then printed for record keeping.

Process for Phenol-Chloroform extraction:

1. 0.5x of phenol was added and was vortexed for 30 


seconds.

2. The same amount of chloroform was added and was vortexed 

again for 30 seconds. 

3.  The solution was put into the microcentrifuge and spun 

for three minutes.

4.  The supernatant was taken and placed in a new tube.

5.  0.5x of 7.5M ammonium acetate was 

added and vortexed.

6.  2.5x 100% ethanol was added and vortexed.

7.  The tube(s) were frozen for 20 minutes for 


precipitation.

8.  It was spun for 20 minutes at 13,000rpm.

9.  The supernatant was removed again.

10.  0.8x (of original volume) of 70% ethanol was added.

11.  It was spun for 10 minutes at 13000rpm.

12.  The supernatant was carefully removed.

13.  The tube was spun in a vacuum centrifuge for 15 


minutes or until completely dry.

Gel Purification process:

1.  600 (L of QG buffer was added to the DNA gel slice.

2.  The tube was placed in a heat block at 50 degrees 
Celsius and vortexed every five minutes until the gel 
was completely dissolved.

3.  200 (L of isoproponal was added and mixed by inverting 
the tubes.

4.  The solution was put into a Qiagen quick spin column 
with two mL collection tube underneath.  It was 
centrifuged for one minute.  The flow-through was 
discarded.

5.  500 (L of QG buffer was added and centrifuged again for 

one minute.  The flow-through was discarded.

6.  750 (L of PE wash buffer was added and centrifuged again 

for one minute.  The flow-through was discarded.

7.  The solution was centrifuged again for one minute.  The 

flow-through was discarded.

8.  The solution was centrifuged again for one minute.  

9.  The quick-spin column was put in heat block at 37 
degrees for 10 minutes.

10.  Thirty (L of DI H2O was put in the middle of the quick-
spin column, allowed to sit for one minute, and then 
centrifuged for one minute into a new tube.

Enzyme procedure (for EcoRI):

Rules for proportions:

1.  Buffer should be 10% of total volume

2. Glycerol should not exceed 10% of volume (glycerol is 

50% of the buffer).

Procedure:

1.  5.5 (L of 10x EcoRI buffer was added to the 42.5(L DNA 
solution.

2.  2 (L of DI H20 was added to the solution.

3.  5 (L of RE EcoRI was added to the solution.

4.  The solution was left in a 37.5-degree heat block 

overnight for digestion.

OD (optical density) procedure:

1.  Both cuvettes were cleaned out with DI H2O.  Both were 

then filled with 500(L of DI H2O.

2.  The baseline was set based on the water.

3. The near cuvette was emptied and cleaned with DI H2O.  

It was then refilled with 495 (L of DI H2O and 5 (L of 

DNA solution.

4.  The reading was taken.

III. Results


The first days of this experiment were devoted to the amplification and running of all the objects.  In these amplifications the linkers were used as primers for all of the objects.  This use of the linkers was unintended and caused a slight change in the way the DNA combined.  Instead of the DNA from the original tubes being reproduced, they were lengthened by six base pairs.  This didn't affect the length of the DNA (the most important part), but it did affect the behavior of the DNA.  As a result, when the amplified products of the objects were used to fill the containers, they linked up in this manner:

(This is object 5 and 10 linking together)

Object 5's encoding (and compliment):

GGTGTGCCGGTTGGGGGTGTG

CCACACGGCCAACCCCCACAC

Object 10's encoding (and compliment):

GGTGTGGGATCCGCACGAAGCGCAGTTGGGGGTGTG

CCACACCCTAGGCGTGCTTCGCGTCAACCCCCACAC

combining of the two (object 10 and compliment 5):

GGTGTGGGATCCGCACGAAGCGCAGTTGGGGGTGTG






    CCACACGGCCAACCCCCACAC

instead of:

object 5's encoding:

GGTGTGCCGGTTGGG

object 10's encoding:

GGTGTGGGATCCGCACGAAGCGCAGTTGGG

linker's encoding:

CAACCCCCACAC

combining of the two:

GGTGTGCCGGTTGGG|GGTGTGGGATCCGCACGAAGCGCAGTTGGG


    CAACCC CCACAC

In the later comparison between the Carolina Blu staining system and the ethidium bromide staining, the result of the Carolina Blu gel was not as sensitive as was needed for the 
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Figures IV and V.

experiment.  (See figures IV, V.)  In both gels however, the DNA (reactions 21-26) did not amplify as expected in order to make the containers.  In the next reactions (31-36), the DNA amplification was changed from 1 and 2 (L of DNA to 2 and 4 (L of DNA.  Also, the DNA used in reactions 31-36 was from the best reactions of the amplified objects rather than straight from the oligo tube as reactions 21-26 were.  The gel from reactions 31-36 turned out well and served for the bulk of the container DNA.  (See Figure VI.)  The next three attempts at reproduction of reactions 31-36 did not work.  In the fourth attempt (reactions 51-59), some of the DNA from reactions 31-36 was used for amplification.  This gel also turned out well and gave enough DNA to begin the purification processes.  (See Figure VII.)  Before running and cutting the gel, the DNA had to be phenol-chloroform extracted in order to remove everything but the DNA from the tube.  The DNA was resuspended in 0.5x TBE buffer and run on a 3:1 agarose gel.  (See Figure VIII for picture and cut-length.)  After excising, the DNA had to be gel purified in order to remove all of the 
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Figures VI and VII.
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(yellow indicates excision)

Figure VII.

gel.  It was then cut with RE EcoRI which cut object 12 from the DNA; however, after the digestion and phenol-chloroform extraction, the DNA was too faint to be excised and purified again.  (See Figure IX.)

IV. Discussion

The overall result of the model of computation returned negative.  The purification, phenol-chloroform extraction, and restriction enzyme digestions simply reduced the DNA to insufficient amounts too quickly.  Reasons for this precipitous reduction comes from different sources.  For one, during the gel loading, gel excising, gel purification, and phenol-chloroform extraction procedures, some of the DNA could be lost.  For example, in the electrophoresis gel procedures, some of the DNA could have floated away from the gel during loading; some of it could be missed during excising; and some of the DNA could have been caught in the Qiagen quick-spin tubes during gel-purification.  Also, DNA could have been lost during phenol-chloroform extraction when the supernatant was removed.
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Figure IX.

Another source came from design.  In the original, everything was theoretical because of the lack of experience of the experimenter.  When this experiment was 

first conceived, the implausibility of cutting DNA strands of exactly length ninety was unknown.  In addition, the use of linkers as primers during the amplification process caused a deviation from the proposed model of computation.

In the redesign of this project, many of these

problems will be avoided.  In order to avoid the problem of the "redesigned" DNA caused by the use of linkers as primers, actual primers will be made for the amplification steps.  With these primers, the reduction of DNA in purifications will cease to cause problems because each of the purifications will be followed by an amplification of that DNA.  In order to allow for more precise cutting of the container size (in this case ninety), the multiple of the object sizes should be increased until a difference of at least ten base pairs can be reached.  With differentiation, the "smear" of DNA will turn into bands, thereby facilitating excision.  In order to find the multiple with which to multiply, the smallest differential should be divided into ten.  For example, in this project, the smallest differential was between twelve and thirteen, a difference of one.  The number it should have been multiplied by was ten because that is the quotient of 10/1.  The DNA sizes needed for a multiple of that magnitude would be 50, 100, 120, 130, 150, and 180.  Unfortunately, the break-off point between synthesized DNA and genes is 100 base pairs.  Gene making can take anywhere from two weeks to six months, causing a time constraint for making the above-proposed oligo-lengths.  Because of this time constraint a new Subset Sum problem will be used.  In this sample, the problem will have a smallest differential of two, causing the multiple to become five instead of ten.  The proposed objects in the next design will be n (5, 7, 10, 13, 15, 17), C=30, and a multiplicity of five in the DNA strands.  The resulting strands will have lengths 25, 35, 50, 65, 75, and 85.  With these modifications, the reduction of DNA and the lack of precision in excising will be removed.


Applications of the Subset Sum problem involves economic loading and moving.  Companies that ship goods such as FedEx or UPS run into this computational problem in packing for shipments.  With this DNA computational method, these problems could be overcome.  However, the model of DNA computation will be the more valuable application.  The theoretical use of restriction enzymes instead of DNA hybridization techniques as proposed by Martyn Amos and Alan Gibbons has not been implemented in the DNA computation of NP-Complete problems in recent experiments.  With this model, further experimental techniques can be applied in the field of DNA computation.  In order to overcome the brute force methods of Adleman and other computations, this model for subset sum computation can be used for bin-packing by following the idea of dynamic programming.  Bin packing gives a set of objects S with values of greater than zero and less than one.  The object is to fit all of these objects in to the smallest amount of containers (size of one) as possible.  The subset sum can be implemented by progressively using the objects to fill containers to their maximum capability until all of the objects are gone.

I. Introduction Part II


In this part, a few modifications of the original plan were implemented.   

1. The subset sum problem was changed to:


n (amount of objects) = 6, C (Container size) = 30, 
n(s1, s2, s3, s4, s5, s6) = (5, 7, 10, 13, 15, 17)

The difference here lies in the change in spacing between each number.  For instance, in part one, the lowest spacing between numbers was one (between objects 12 and 13).  In this part, the lowest spacing was two (between 5 and 7, 13 and 15, and 15 and 17). 

2.  The ratio between the objects' size to DNA strand was increased to five.  For example, object 5 was a 25-mer.  With modifications one and two, the difference between available container sizes were increased to ten base-pairs. For a container size of 150 base-pairs, the next possible container size on either side would be 140 and 160 because the objects were two units apart, and the ratio was 5:1 giving a ten base-pair difference away from the container.  This allowed for a more precise excisement of only the target container size.

3.  The ability to amplify after each process was added.  In order to gain this, a series of extenders and primers were designed (See Methods) for amplification.  This modification allows the model of Part II to avoid all problems associated with Part I's loss of DNA.

4.  Instead using PCR amplification for the formation of the container sizes, a ligation reaction was used.  This is similar to the process that Adleman used in his original DNA computational experiment.

II. Methods


This experiment was completed in the Genosys Biotechnologies Inc. labs.  Dr. Simon Simms provided all of the necessary equipment, supplies, and help needed.  Because of some of the safety hazards involved in this experiment, a lab coat, goggles, and gloves were worn at all times under strict supervision.  In fact, one of the safety stipulations of the Safety Review Committee was that the supervising scientist handle the ethidium bromide in order to provide the most safety for the experimenter and competitor.  The supplies used were:

General Purpose:


gloves




DI H2O


lab coat




1xTE Buffer


goggles

20, 200, and 1000 (L pipettes



paper towels



vortex


microcentrifuge


50, 200 mL graduated cylinders


0.5, 1.5, 2 mL tubes

for electrophoresis gel:


agarose




gel box



microwave




oligonucleotides

glass plates



5, 10, 15 combs

1xTAE 




Kodak 1d Software

Kodak digital camera

2x orange loading dye
Kodak picture printer

ethidium bromide


UV light box

for Phenol-Chloroform extraction:


thermometer



phenol


heat block



chloroform


vacuum-centrifuge


100% ethanol








70% ethanol








ammonium acetate

for Gel Purification:

QG quick spin columns

QG(Qiagen) Buffer

QG collection tubes


isoproponal

gel slice




PE wash Buffer

razor blade

UV light box

for Enzymes:

Restriction Enzymes


10x Buffer (according to RE instructions)


heat block

for ligations:


10x Ligase Buffer


PCR thermocycler

The safety precautions were especially needed when dealing with ethidium bromide (TAE running buffer) because it is a highly toxic carcinogen.  In the phenol-chloroform extraction, special care is needed because phenol is an anaesthetic that is harmful, and chloroform is a very dangerous chemical when inhaled.

General Procedure:

1. (All objects were multiplied by a magnitude of five to provide enough length for the "linkers" to connect the strands together.)

encode object 5 in DNA 25-mer with RE site EcoRI

CAC G|AATT C GCACGAAGCGCACGAA


    C TTAA|G CGTGCTTCGCGTGCTT GTG

(RE sites indicate cuts with |.)

encode object 7 in 35-mer with RE site BamHI

CAC G|GATC C GCACGAAGCGCACGAAGCGCACGAAG

    C CTAG|G CGTGCTTCGCGTGCTTCGCGTGCTTC GTG

encode object 10 in 50-mer with RE site HindIII

CAC A|AGCT T GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACG

    T TCGA|A  GTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGC GTG

encode object 13 in 65-mer with RE site SalI

CAC G|TCGA C GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACG 

    C AGCT|G CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGC


AAGCGCCGAAGCGC


TTCGCGGCTTCGCG GTG

encode object 15 in 75-mer with RE site XbaI

CAC T|CTAG A GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCG 

    A GATC|T CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGC

CACGAAGCGCACGAAGCGCA

GTGCTTCGCGTGCTTCGCGT GTG

encode object 17 in 85-mer with RE site XhoI

CAC C|TGCA G GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCC 

    G ACGT|C CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGG

GAAGCCGAGCACGAAGCGCACGAAGCGCACGAAGCGCAC

CTTCGGCTCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTG GTG

encode left extender generic (20 bp):


GTG ATCTACCTAATCTACCT

encode left primer generic (17 bp):


AGGTAGATTAGGTAGAT

encode right extender generic (20 bp):


CAC GACAGACAGACAGACAG

encode right primer generic (17 bp):


CTGTCTGTCTGTCTGTC

encode enzyme primer (16 bp):


AGTGAGTGAGTGAGTG

EcoRI extender (20 bp):


AATTC CACTCACTCACTCACT

BamHI extender (20 bp):


GATCC CACTCACTCACTCACT

HindIII extender (20 bp):


AGCTT CACTCACTCACTCACT

SalI extender (20 bp):


TCGAC CACTCACTCACTCACT

XbaI extender (20 bp):


CTAGA CACTCACTCACTCACT

XhoI extender (20bp):


TGCAG CACTCACTCACTCACT

Genosys Biotechnologies Inc provided all of these strands.  

2. In order to show the feasibility of this model, strands 17 and 13 were used.  (This is one solution to the subset sum.)  The left primers, left extenders, right extenders, right primers, and objects 17 and 13 were suspended in 25 pmol/(L ratios.  

3.  An annealing process was used for the right extenders and primers, the left extenders and primers, the two sides of object 17, and the two sides of objects 13.  This made the double-stranded oligonucleotides ready for ligation.

4.  A ligation reaction was used with all of the annealed solutions from step three.  This formed all possible results.  

5.  The ligation reaction was run on a three percent agarose gel.

6.  The gel was excised at 183 base pairs.  This is the container size with extenders added on to each side of the oligonucleotide.

7.  The excisement was then gel purified using a QIAquick protocol.

8.  The DNA was phenol-chloroform extracted.

9.  The DNA was enzymed with SalI, the RE for object 13.

10.  After examining the gel, results could be determined for this solution to the subset sum.  (See Appendix II for the modeling of this design.)


The theoretical plan involved progressively cutting and purifying with all of the objects.  First, the 5s would be cut using EcoRI.  Then, in the gel purification, those strands that remained at 183 bp would be "without 5s" and those shortened by approximately 25 would be "with 5s."  These products would both be cut with 7s RE, BamHI, and the strands shortened by 35 would be put into "with 5s and 7s," "with 7s," or without either, depending on the location of the DNA on the gel.  This procedure would progress all the way through object 17 until all solution sequences were known.  Of course, after "5s and 10s" are found, no more cutting is necessary because the remaining strand length is 75, the length of object 15.  All "solutions" containing three 10s or other repeats of single objects would be cut by too much when object 10 is cut with BamHI because they would run off the gel.  (See Appendix I for complete theoretical plan.)

Suspension process:


The calculations needed for this process involved finding out how much water to add in order to have a 25 pmol/(L.  The amount of nmols listed on the oligonucleotide order was converted to pmols by multiplying by 1000.  The pmols were then divided by 25 to find out how much water was needed.  The actual suspension process involved adding the amount of DI H2O required, vortexing the heterogeneous solution, and micro-centrifuging the homogenous solution.

Annealing:


The annealing procedure used in this experiment consisted of two oligos in a 10x ligation buffer.  The mixtures made consisted of:


10x Ligase Buffer


10 (L


Oligo 1




45 (L


Oligo 2




45 (L

The program used on the thermocycler heated the oligos to 95 degrees for two minutes and let the solution sit for thirty minutes followed by an indefinite four degree temperature.

Ligation Process:


After the annealing process, the oligos solutions were mixed together at 20 (L/oligo.  The amount of ligase added was five percent of the total solution.

Electrophoresis Gel:


This experiment used generic agarose for gels.  For most gels in this procedure, a 3% concentration was used.  In order to make a 3% gel, three grams of agarose are added per 100 mL of solution.   The solution was made up of 1xTAE.  In most cases 50mL solutions were made, so the ingredients were 1.5g agarose (for 3% gel) 50 mL 1xTAE.  After adding these together a microwave process was done.  In the microwave process, the beaker was placed in a microwave and heated until the solution bubbled to near the top.  It was then taken out, shaken, and put back into the microwave for heating.  This process was repeated until it stopped bubbling up.  After the microwave process, the gel was set out to cool.  After cooling for approximately 15 minutes, it was poured into a gel box that had a comb set in it that made wells for the DNA to run in.  The combs varied in size throughout the experiment because the amount of PCR amplifications changed per gel.  After the gel dried, it was taken out and put into a running box that had 1.25 mg/mL ethidium bromide solution for staining. Because DNA runs to positive (red), the box was connected with a negative terminal at the top and a positive terminal at the bottom.  It was run at 60 volts for approximately two hours.  After the gel finished running, it was taken to a UV box where a Kodak camera was set up.  The picture was taken through a computer program called 1D.  The picture was then printed for record keeping.

Process for Phenol-Chloroform extraction:

1. 0.5x of phenol was added and was vortexed for 30 


seconds.

2. The same amount of chloroform was added and was vortexed 

again for 30 seconds. 

3.  The solution was put into the microcentrifuge and spun 

for three minutes.

4.  The supernatant was taken and placed in a new tube.

5.  0.5x of 7.5M ammonium acetate was 

added and vortexed.

6.  2.5x 100% ethanol was added and vortexed.

7.  The tube(s) were frozen for 20 minutes for 


precipitation.

8.  It was spun for 20 minutes at 13,000rpm.

9.  The supernatant was removed again.

10.  0.8x (of original volume) of 70% ethanol was added.

11.  It was spun for 10 minutes at 13000rpm.

12.  The supernatant was carefully removed.

13.  The tube was spun in a vacuum centrifuge for 15 


minutes or until completely dry.

Gel Purification process:

1.  600 (L of QG buffer was added to the DNA gel slice.

2.  The tube was placed in a heat block at 50 degrees 
Celsius and vortexed every five minutes until the gel 
was completely dissolved.

3.  200 (L of isoproponal was added and mixed by inverting 
the tubes.

4.  The solution was put into a Qiagen quick spin column 
with two mL collection tube underneath.  It was 
centrifuged for one minute.  The flow-through was 
discarded.

5.  500 (L of QG buffer was added and centrifuged again for 

one minute.  The flow-through was discarded.

6.  750 (L of PE wash buffer was added and centrifuged again 

for one minute.  The flow-through was discarded.

7.  The solution was centrifuged again for one minute.  The 

flow-through was discarded.

8.  The solution was centrifuged again for one minute.  

9.  The quick-spin column was put in heat block at 37 
degrees for 10 minutes.

10.  Thirty (L of DI H2O was put in the middle of the quick-
spin column, allowed to sit for one minute, and then 
centrifuged for one minute into a new tube.

Enzyme procedure (for SalI):

Rules for proportions:

1.  Buffer should be 10% of total volume

4. Glycerol should not exceed 10% of volume (glycerol is 

50% of the buffer).

Procedure:

1.  3 (L of 10x SalI buffer was added to the 20 (L DNA 
solution.

2.  5 (L of DI H20 was added to the solution.

3.  2 (L of RE SalI was added to the solution.

4.  The solution was left in 25º C overnight for digestion.

III. Results


As stated in the methods, the basis of this experimental part was to test the feasibility of the computational model using one solution to the subset sum—objects 17 and 13.  In order to do this, the oligos required (17, 13, and right and left extenders) were annealed and ligated.  This was run on a gel giving a picture of all the possible results (See Figure X).  The target container length, 183 bp, was a secondary band on the gel.  After viewing the gel, an excisement of this secondary band was made (See Figure XI).  These fragments were then gel-purified, enzymed with SalI, and phenol-chloroform extracted.  After these procedures, the products were run on a three percent agarose gel to find the results.  Unfortunately this procedure had to be reproduced three times in order to get definite results.  The main problem came from the last gel.  In order to make sure the enzyme was working, a test plasmid was used.  The plasmid PT7Blu was cut with the enzyme, SalI, and run on a gel.  After finding that the enzyme worked, the procedure continued.  After the enzyming, the uncut DNA from the gel showed out greatly while the cut DNA (short of object 13) 
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Figure X.
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Figure XI.

appeared faintly.  In order to increase the visibility of the second band, the concentration of the DNA was increased until finally, all of the extraction products was run on one gel (See Figure XII).  In this gel, three bands appear, one band with the uncut DNA (183 bp), one band with the cut products (85 bp), and the last band with the cut off DNA (below 80 bp).  With this band at 85 bp, only object 17 was left in the container's DNA strand.  After this third gel, the process did not need to be repeated any more for this solution of the subset sum.

IV. Discussion

The overall result of the model of computation returned positive.  After testing the feasibility of the model with a sample solution (objects 17 and 13), the solution could be determined using the proposed steps as specified in the theoretical plan (See appendix I.).  An inherent source of error in this design, as in all other biotechnological experiments, is loss of DNA.  For one, during the gel loading, gel excising, gel purification, and phenol-chloroform extraction procedures, some of the DNA could be lost.  For example, in the electrophoresis gel 
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Figure XII.

procedures, some of the DNA could have floated away from the gel during loading; some of it could be missed during excising; and some of the DNA could have been caught in the Qiagen quick-spin tubes during gel-purification.  Also, DNA could have been lost during phenol-chloroform extraction when the supernatant was removed. A way of amplifying after each step can overcome this problem.  Thus, the next step of this experiment is a more complete testing of the model itself.  The other solutions 5, 10, and 15, and 13, 10 and 7 must be tested.  In testing these solutions, an amplifying step is necessary which will in turn provide further support for this DNA computational model of a subset sum. 


Applications of the subset sum problem involve economic loading and moving. However, the model of DNA computation will be the more valuable application.  The theoretical use of restriction enzymes instead of DNA hybridization techniques as proposed by Martyn Amos and Alan Gibbons has not been implemented in the DNA computation of NP-Complete problems in recent experiments.  With this model, further experimental techniques can be applied in the field of DNA computation.  In order to overcome the brute force methods of Adleman and other computations, this model for subset sum computation can be used for bin packing by following the idea of dynamic programming.  Bin packing gives a set of objects S with values of greater than zero and less than one.  The object is to fit all of these objects in to the smallest amount of containers (size of one) as possible.  The subset sum can be implemented by progressively using the objects to fill containers to their maximum capability until all of the objects are gone.

I. Introduction Part III


Because of the successful implementation of the computational model in part II, a new problem was addressed.  This new problem, bin packing, has a magnitude of O(nn)—the most complex order that can be found in the NP-complete class.  The mathematical statement of the problem is:

Bin packing

given:


-unlimited number of bins with size one


-n objects with sizes s1,…,sn, where 0 < sI < 1


-optimization problem—determine the smallest number of 

bins the n objects can fit inside.


-decision problem: given an integer k, do objects fit 


in k bins?


-order of O(nn)


-applies to RAM packing, economic planning and loading


-example problem:

n = 6; 

(s1, s2, s3, s4, s5, s6) = (0.2, 0.3, 0.4, 0.5, 0.6, 0.9)

In order to solve this problem, the computer science technique of dynamic programming was applied to bin packing.  Each bin was solved as a subset sum—after a complete bin is filled up, the subset solution was removed from the set and another subset solution was found.  In order to create the proper strands, a multiplyer of 100 was applied in order to get the DNA strands into the right olgionucletide size (15 < x < 90).  The PCR ability added in part II was also applied to this part.

II. Procedure


The same materials and specific procedures outlined in part II apply here.  The only difference lies in the general procedure.

General Procedure:

1.  DNA encodings:

Object 0.2 encoded as 20-mer with RE site EcoRI

(| indicates cutting lines.)

CAC G|AATT C GCACGAAGCCG

    C TTAA|G CGTGCTTCGGC GTG

Object 0.3: BamHI, 30 bp

CAC G|GATC C GCACGAAGCGCACGAAGCGCA

    C CTAG|C CGTGCTTCGCGTGCTTCGCGT GTG

Object 0.4: HindIII, 40 bp

CAC A|AGCT T GCACGAAGCGCACGAAGCGCACGAAGCGCAC

    T TCGA|A CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTG GTG

Object 0.5: SalI, 50 bp

CAC G|TCGA C GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACG

    C AGCT|G CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGC GTG

Object 0.6: XbaI, 60 bp

CAC T|CTAG A GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACGA

    A GATC|T CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCT GTG

Object 0.9: XhoI, 90 bp

CAC C|TGCA G GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCAGCAA

    G ACGT|C CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTT

GCGCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGC

CGCGTGCTTCGCGTGCTTCGTGTGCTTCGCGTGCTTCG GTG

For PCR:

Left primer/extender:

GTG ATCTACCTAATCTACCT

    TAGATGGATTAGATGGA

Right primer/extender:

GACAGACAGACAGACAG CAC

CTGTCTGTCTGTCTGTC

EcoRI extender:

AATTC GACAGACAGACAGACAG

BamHI extender:

GATCC GACAGACAGACAGACAG

HindIII extender:

AGCTT GACAGACAGACAGACAG

SalI extender:

TCGAC GACAGACAGACAGACAG

XbaI extender:

CTAGA GACAGACAGACAGACAG

XhoI extender:

TGCAG GACAGACAGACAGACAG

Genosys Biotechnologies Inc provided all of these strands.

2. In order to show the feasibility of this model, each bin solution was solved.  (0.2, 0.3, and 0.5; 0.6 and 0.4; and 0.9)  The left primers, left extenders, right extenders, right primers, and objects were suspended in 50 pmol/(L ratios.  

3.  An annealing process was used for the right extenders and primers, the left extenders and primers, and the two sides of the objects.  This made the double-stranded oligonucleotides ready for ligation.

4.  A ligation reaction was used with all of the annealed solutions from step three.  This formed all possible results.  

5.  The ligation reaction was run on a three percent agarose gel.

6.  The gel was excised at 134 base pairs.  This is the container size with extenders added on to each side of the oligonucleotide.

7.  The excisement was then gel purified using a QIAquick protocol.

8.  The DNA was phenol-chloroform extracted.

9.  The DNA was digested with its respective enzyme.  This will cut off each of the smallest objects from the container size: (0.4 from the 0.6, 0.4 combination, and 0.2 from the 0.2, 0.3, and 0.5 combination—See Appendix II for the modeling of this design.)

10.  After examining the gel, results could be determined for this solution to the subset sum.  (See Appendix II for the modeling of this design.)


The theoretical plan involved progressively cutting and purifying with all of the objects.  First, the 0.2s would be cut using EcoRI.  Then, in the gel purification, those strands that remained at 134 bp would be "without 0.2s" and those shortened by approximately 20 would be "with 0.2s."  These products would both be cut with 0.3s RE, BamHI, and the strands shortened by 30 would be put into "with 0.2s and 0.3s," "with 0.3s," or without either, depending on the location of the DNA on the gel.  This procedure would progress all the way through object 0.9 until all solution sequences were known.  Of course, after "0.2s and 0.3s" are found, no more cutting is necessary because the remaining strand length is 67, the length of object 0.5 with the extender/primer.  All "solutions" containing repeats of single objects would be cut by too much when object digested with its respective enzyme because they would run off the gel.  (See Appendix I for complete theoretical plan.)

III. Results


The basis of this experimental part was to further test the computational model that was developed in part II and apply the concept of dynamic programming.  In order to do this, each of the bin-packing subsets were combined and put through the computational model.  The container length in this problem was 134 bp (this is the container size (100bp) and the two extender/primers (17 bp each)).  So, each of the objects and the primer/extenders were annealed together in order to form double-stranded DNA.  After this, each of the subset components were added together separately (0.4, 0.6, left extender/primer, right extender/primer; 0.2, 0.3, 0.5, left extender/primer, right extender/primer; and 0.9).  Each of these ligations resulted in a running band pattern. (See Figure XIII for the 0.4, 0.6, and left/right primer/extender example.)  The next step in the process involved the excisement of the target band located at 134 bp. (See Figure XIV for the 0.4, 0.6, and left/right primer/extender excisement example.)  These bands were then gel-purified and digested with their smallest respective restrictive-enzyme.  For the 0.4 and 0.6 subset, HindIII was used because it removes object 0.4 from the subset.  For the 0.2, 0.3, and 0.5 subset, EcoRI was used because it removes object 0.2.  When the 0.2 object was removed, BamHI was used because it removes object 0.3.  After these digestions, each of the products were phenol-chloroform extracted.  These products were run on a gel.  The 0.2, 0.3, and 0.5 subset required several repitions in order to achieve a successful result because of a synthesization error—no phosphates were attached to these strands.  Thus, new strands were required, and after these were gotten, the end result could be seen.  Each of the gels revealed the final answers to the solution.  In the 0.4 and 0.6 solution, the HindIII digestion left three bands—one located at the container length (134 bp), one at 77 bp (the remainder after the digestion), and one at 57 bp 
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Figure XIII.
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Figure XIV.

(the 0.4 object that was digested).  (See Figure XV.)  Thus, the answer could be found—because the object 0.4 was cut off, and the remainder was 77 bp, the two objects added together were a subset.  This is because the remaining 77 bp minus the 17 bp extender/primer equals the last object, 0.6 (60 bp).  For the 0.2, 0.3, and 0.5 subset digestion, the first gel, which showed the digestion of the 0.2 object, revelaed several bands.  The first was located at the container size (134 bp), the second was 20 bp shorter than that, the third was 37 bp shorter, and the last was located at 37 bp.  (See FIgure XVI.)  The first band was the DNA strands that were not digested.  The second band was a false solution because the oligos that made up this subset was too long—when the 0.2 object was cut off, the right extender should have been cut off also (which is where the third band is).  This means, that, without the right primer/extender, the subset was greater than 1, resulting in a false solution.  The third band is the result of the digestion of the 0.2 object and the right primer/extender—this is a part of the true subset solution.  The fourth band was just the digested 0.2 and left primer/extender run-off. In the 0.5 and 0.3 digestion, 
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Figure XV.
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Figure XVI.

several bands appear—the first is located at the container length, the second is 30 bp short of that, and the third is 47 bp short of that.  (See Figure XVII.)  This shows a similar pattern to that of the EcoRI digestion picture.  The second band was another false solution as described earlier, and the third band is the result of the true solution losing its 0.3 object.  Thus, with this band, the solution of 0.2, 0.3, and 0.5 is revealed because the 0.2 and 0.3 were cut off and the 0.5 object is all that is left.  The final gel taken was the 0.9 object.  This was the remaining object after the other two solutions were found.  Thus, the bin-packing problem has been solved; the least amount of bins is three—one filled with objects 0.4 and 0.6, one filled with objects 0.2, 0.3, and 0.5, and one filled partially with object 0.9.

IV. Discussion

After testing the feasibility of this model with the subset sum in part II and applying this model to a bin-packing problem, one of the most complicated problems in the NP-Complete field, the overall result of the model of computation returned positive.
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Figure XVII.

An inherent source of error in this design, as in many other biotechnological experiments, is loss of DNA.  DNA can be lost during the gel loading, gel excising, gel purification, and phenol-chloroform extraction procedures.  For example, in the electrophoresis gel procedures, some of the DNA could have floated away from the gel during loading; some of it could be missed during excising; and some of the DNA could be caught in the Qiagen quick-spin tubes during gel-purification.  Also, DNA could have been lost during phenol-chloroform extraction when the supernatant was removed.


The final step in this project will show the complete follow-through of the proposed model.  Instead of solving for the solutions, a problem that has not been addressed and one that is scaled up to the size of the problems that businessmen face each day must be used.  When this step has been taken, the full extent and ability of this model can be shown.


Applications of the subset sum problem involve economic loading and moving. However, the model of DNA computation will be the more valuable application.  The theoretical use of restriction enzymes instead of DNA hybridization techniques as proposed by Martyn Amos and Alan Gibbons has not been implemented in the DNA computation of NP-Complete problems in recent experiments.  With this model, these techniques have been integrally involved and the idea of dynamic programming has been applied.  Moreover, with the application of these efficient techniques and the specific approach of dynamic programming used in this computational model, a new perspective may evolve in the subject of DNA computation.
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 Appendix I.

Theoretical Plan


This plan involves the specifics of the processes for the second part of this DNA computational experiment.  However, the general routines for cutting applies to all three parts.

Given:


a positive integer C


n objects whose sizes are positive integers s1,…,sn
Optimization Problem:


Among subsets of the objects with a sum of at most C, 

what is the largest sum?

Decision Problem:


Is there a subset sum that adds up to exactly C?

Applications:


economic planning and loading problems

Problem:

n=6, C=30

Set of objects n(5, 7, 10, 13, 15, 17)

Methods:

encode object 5 in DNA 25-mer with RE site EcoRI

CAC G|AATT C GCACGAAGCGCACGAA


    C TTAA|G CGTGCTTCGCGTGCTT GTG

(RE sites indicate cuts with |.)

encode object 7 in 35-mer with RE site BamHI

CAC G|GATC C GCACGAAGCGCACGAAGCGCACGAAG

    C CTAG|G CGTGCTTCGCGTGCTTCGCGTGCTTC GTG

encode object 10 in 50-mer with RE site HindIII

CAC A|AGCT T GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACG

    T TCGA|A  GTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGC GTG

encode object 13 in 65-mer with RE site SalI

CAC G|TCGA C GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACG 

    C AGCT|G CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGC


AAGCGCCGAAGCGC


TTCGCGGCTTCGCG GTG

encode object 15 in 75-mer with RE site XbaI

CAC T|CTAG A GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCG 

    A GATC|T CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGC

CACGAAGCGCACGAAGCGCA

GTGCTTCGCGTGCTTCGCGT GTG

encode object 17 in 85-mer with RE site XhoI

CAC C|TGCA G GCACGAAGCGCACGAAGCGCACGAAGCGCACGAAGCC 

    G ACGT|C CGTGCTTCGCGTGCTTCGCGTGCTTCGCGTGCTTCGG

GAAGCCGAGCACGAAGCGCACGAAGCGCACGAAGCGCAC

CTTCGGCTCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTG GTG

encode left extender generic (20 bp):


GTG ATCTACCTAATCTACCT

encode left primer generic (17 bp):


AGGTAGATTAGGTAGAT

encode right extender generic (20 bp):


CAC GACAGACAGACAGACAG

encode right primer generic (17 bp):


CTGTCTGTCTGTCTGTC

encode enzyme primer (16 bp):


AGTGAGTGAGTGAGTG

EcoRI extender (20 bp):


AATTC CACTCACTCACTCACT

BamHI extender (20 bp):


GATCC CACTCACTCACTCACT

HindIII extender (20 bp):


AGCTT CACTCACTCACTCACT

SalI extender (20 bp):


TCGAC CACTCACTCACTCACT

XbaI extender (20 bp):


CTAGA CACTCACTCACTCACT

XhoI extender (20bp):


TGCAG CACTCACTCACTCACT

Steps:

A.  Amplification of strands is needed because all possible 

answers must be represented many times.

B.  Let strands form in a ligation reaction in order to 

form all possible answers.

C.  Separate by length using electrophoresis gel.

D.  Remove all of length 183 (5C + extenders)

E.  Subject all strands of length 183 to enzyme EcoRI

Sub-Routine:

1.  Run strands through gel.

2.  Separate the strands that are shortened by 25.


(Put into tube labeled "with 5s")


(After each of these steps amplification must 
occur—See Appendix II.)

3.  Subject these strands to BamHI.

4.  Separate all strands that are shortened by 35


(put these strands into tube "with 5 and 7s")


(put remaining original length strands into "with 5s")

5.  Subject "5s" to HindIII.

6.  Separate all strands that are shortened by 50.


(put these strands into tube "with 5, 7, and 10s")

7.  Subject "5 and 7s" to HindIII

8.  Separate all strands shortened by 29.


(put these strands into tube "with 5, 7, and 10s")

9.  Subject "5s" to SalI.

10.  Separate all strands shortened by 65.


(put these strands into tube "with 5 and 13s")

11.  Subject "5 and 7s" to SalI.

12.  Separate all strands shortened by 65.


(put these strands into tube "with 5, 7, and 13s")

13.  Subject "5s" to XbaI.

14.  Separate all strands shortened by 75.


(put these strands into tube "with 5 and 15s")

15.  Subject "5 and 7s" to XbaI.

16.  Separate all strands shortened by 75.


(put these strands into tube "with 5, 7, and 15s")

17.  Subject "5 and 10s" to XbaI.

18.  Separate all strands shortened by 75.


(put these strands into tube "with 5, 10, and 15s")

19.  Subject "5s" to XhoI.

20.  Separate all strands shortened by 85.


(put these strands into tube "with 5 and 18s")

21.  Subject "5 and 10s" to XhoI.

22.  Separate all strands shortened by 85.


(put these strands into tube "with 5, 12, and 18s")

F.  Subject 183s to BamHI

Sub-Routine:

1.  Separate strands shortened by 35.


(put these strands into tube "with 7s")

2.  Subject "with 7s" to HindIII

3.  Separate strands shortened by 50


(put these strands into tube "with 7 and 10s")

4.  Subject "with 7s and 10s" to SalI.

5.  Separate strands shortened by 65


(put these strands into tube "with 7, 10, and 13s")

6.  Subject "with 7s" to SalI

7.  Separate strands shortened by 65


(put these strands into tube "with 7, and 13s")

8.  Subject "with 7s" to XbaI

9.  Separate strands shortened by 75


(put these strands into tube "with 7 and 15s")

10.  Subject "with 7s to XhoI.

11.  Separate strands shortened by 85.


(put these strands into tube "with 7 and 17s")

G.  Subject 183s to HindIII

Sub-Routine:

1.  Separate strands shortened by 50.


(put these strands into tube "with 10s")

2.  Subject "with 10s" to SalI.

3.  Separate strands shortened by 65.


(put these strands into tube "with 10 and 13s")

4.  Subject "with 10s" to XbaI.

5.  Separate strands shortened by 75.


(put these strands into tube "with 10 and 15s")

6.  Subject "with 10s" to XhoI.

7.  Separate strands shortened by 85


(put these strands into tube "with 10 and 18s")

H.  Subject 183s to SalI

Sub-Routine:

1.  Separate strands shortened by 65.


(put these strands into tube "with 13s")

2. Subject "with 13s" to XbaI

3.  Separate strands shortened by 75


(put these strands into tube "with 13 and 15s")

4.  Subject "with 13s" to XhoI

5.  Separate strands shortened by 85


(put these strands into tube "with 13 and 17s")

10.  Record results.


Note that a great many of these steps can be done at once and that some steps were left out because they had already exceeded the container size (30 or in length 150). The decision problem is afterwards easily decided and the optimization problem can be found simply by looking at the greatest length not exceeding C.

Appendix II.

Modeling for DNA Computational design

combining of objects 5 and 7 (ligation)—60:

CAC GAATTC GCACGAAGCGCACGAA CAC GGATCC GCACGAAGCGCACGAAGCGCACGAAG

    CTTAAG CGTGCTTCGCGTGCTT GTG CCTAGG CGTGCTTCGCGTGCTTCGCGTGCTTC GTG

ligation of generic extenders (green)--94:

                 






     
         
 
           CACGAATTCGCACGAAGCGCACGAACACGGATCGCACGAAGCGCACGAAGCGGA

TCCATCTAATCCATCTAGTGCTTAAGCGTGCTTCGCGTGCTTGTGCCTAGCGTGCTTCGCGTGCTTCGCCT

CGAAGCACGACAGACAGACAGACA
GCTTCGTG
prime extensions (red)—94:

AGGTAGATTAGGTAGATCACGAATTCGCACGAAGCGCACGAACACGGATCGCACGAAGCGCACGAAGCGGA

TCCATCTAATCCATCTAGTGCTTAAGCGTGCTTCGCGTGCTTGTGCCTAGCGTGCTTCGCGTGCTTCGCCT

CGAAGCACGACAGACAGACAGACA
GCTTCGTGCTGTCTGTCTGTCTGT

separation, priming, PCR extension—94:

(top)

AGGTAGATTAGGTAGATCACGAATTCGCACGAAGCGCACGAACACGGATCGCACGAAGCGCACGAAGCGGA

TCCATCTAATCCATCTAGTGCTTAAGCGTGCTTCGCGTGCTTGTGCCTAGCGTGCTTCGCGTGCTTCGCCT
CGAAGCACGACAGACAGACAGACA

GCTTCGTGCTGTCTGTCTGTCTGT

(bottom)

AGGTAGATTAGGTAGATCACGAATTCGCACGAAGCGCACGAACACGGATCGCACGAAGCGCACGAAGCGGA

TCCATCTAATCCATCTAGTGCTTAAGCGTGCTTCGCGTGCTTGTGCCTAGCGTGCTTCGCGTGCTTCGCCT

CGAAGCACGACAGACAGACAGACA

GCTTCGTGCTGTCTGTCTGTCTGT 

enzyme(BamHI) extension, priming—70:

AGTGAGTGAGTGAGTGGGATCCGCACGAAGCGCACGAAGCGCACGAAGCGCAAGCACAGACAGACAGAC

TCACTCACTCACTCACCCTAGGCGTGCTTCGCGTGCTTCGCGTGCTTCGCGTTCGTGTCTGTCTGTCTG

Amplify, etc.








- 84 -

_980961581.doc
[image: image1.png]






