Karr 8

“From Bits to Bases”

“There are three great themes in science in the twentieth century--the atom, the computer, and the gene,” said Harold Varmus, the Director of the NIH (Kaku 3).  DNA computers have combined two of these great themes to create a possibility greater than them both.  Using the concept of genes and DNA as a method of computation and storing information, then integrating it with the concept of computers, has created the DNA computer, which is able to solve problems never before surmounted by an electronic computer.  “The idea of DNA computers probably goes back to 1972 when Liberman introduced a model of cells as an 'analog-digital molecular computer'“ (Kulic 46).  Then, in 1994, Leonard Adleman solved the Hamiltonian Path Problem by in vitro DNA oligonucleotide synthesis (46).  Adleman’s approach was considered to be the first creation of an actual DNA computer.  

Although one may think that DNA computers just use the concept of DNA base-pairing instead of actual DNA, DNA computers are not like a basic personal computer.  The calculations take place in test tubes and result in strands of DNA which are then translated into output from the input that was encoded into the DNA (“Scientific” 1).  “Using the techniques of molecular biology . . . Instead of a keyboard or disk drive, a biocomputing system could use an oligonucleotide synthesizer as an input device.  The central processor might be a series of wells in a microtiter plate rather than a chip of etched silicon (Dove 830).”  Electronic computers utilize silicon chips and currents for computations and memory, opposed to the DNA computer which uses deoxyribonucleic acids adenine, cytosine, guanine, and thymine (“Scientific” 1).  DNA “is the major information storage molecule in living cells, and billions of years have tested and refined both this wonderful molecule and highly specific enzymes that can either duplicate the information in DNA molecules or transmit this information to other DNA molecules” (1).  Since DNA computers are a relatively new discovery, one must examine their advantages, disadvantages, and how exactly they work to determine the future in DNA computer technology.

“Computer power doubles every eighteen months” according to Moore’s Law.  With this theory one can conclude that one day silicon based computers will be so efficient and practically costless that they will be part of everything from cars to chairs (Kaku 29).  Another effect of Moore's Law is that engineers and other scientists are apprehensive that within the next few decades, the silicon based computer will reach its maximum capacity as the world demands an even faster and more efficient computer (Dove 830).  This leaves room for the advancement of DNA computer technology.  The chart below outlines some of the possible advantages of DNA computers:

Size:
The information density could go up to 1 bit/nm^3

High parallelism:
Every molecule could act as a small processor on nano-scale and the number of such processors per volume would be enormous

Speed:
Although the elementary operations (electrophoretic separation, ligation, PCR-amplifications would be slow compared to electronic computers, their parallelism would strongly prevail, so that in certain models the number of operations per second could be at least 100,000 times faster than the fastest supercomputer

Energy efficient:
10^19 oper/J.  This is about a billion times more energy efficient than electronic computers.

Source:  (Kulic 46).


To expand on the advantages of DNA computers, one must realize that the speed of any computer, no matter if it is electronic or molecular, is defined by how many parallel processes it can perform and how long it takes to perform specific steps (Lipton 543).  Although DNA computers do poorly at the latter, their ability to perform parallel processes allows them to perform operations much more quickly.  “Enzymes in solution can manipulate trillions of individual pieces of DNA” concurrently, making advancement in computational problems that would shut down supercomputers.  What takes the most time is the polymerase amplification from the biochemical reaction (Dove 830).  The storage capacity of DNA is also amazing.  If one were to create a memory bank of about a pound of DNA suspended in 1,000 quarts of liquid, it would be capable of more memory than all computers ever produced (Kolata 1).  This is because DNA molecules comprise about only 0.3 percent of a cell's nucleus (Kaku 104).  “DNA memory is compact.  One cubic centimeter of DNA soup could store as much as 10^21 bits of information . . . conventional computers have a memory of at most 10^14 bits” (“Scientific” 1).


Yet, as all things have, DNA computers also have disadvantages compared to silicon computers. The DNA reactions are often erroneous, much like the chance of mutations during human transcription, and they are also very difficult to set up for the correct problem criteria.  “Rigorous tests of the accuracy of the operations and further technological development are needed in order to clarify the real potential of DNA computers” (1).  DNA computers, in addition, are not programmable or versatile as of the present.  By this, one means that each problem computed by the molecular means must be set up on an individual basis of uniquely ordered chemical reactions (Kaku 106).  Finally, DNA material does not last infinitely; therefore, information cannot be stored on DNA computers on a permanent basis (106).  DNA tends to dissolve, creating even more errors in computation.  “Other problems may stem from the inherent incongruity between error-prone biology and errorless computation” (Rozen 255).


How exactly does DNA computing work?  Well, before exploring specific cases, one must look at the basic concepts of computation.  A Turing machine is “the simplest programmable general model of computation” (256).  A Turing machine has three basic parts: “1)  an information tape 2)  a machine head that reads the tape 3)  a table that determines the action of the machine head according to its state and the information on the tape” (256).  The machine uses binary codes such as 100011101 and performs four steps to yield the answer.  The DNA code is digital along with the binary code used by electronic computers; All computers can basically be broken down to a simple Turing machine(Kaku 105).  No DNA Turing machine has yet been built, but the idea is theoretically possible and probable (Rozen 256).  “Text-dependent recognition, deletion, and insertion can be implemented by site-directed mutagenesis, and might be used to make a DNA molecule act as a Turing machine” (256).


DNA computers are most likely to be used in solving Nonpolynomial time (NP-complete) problems, problems whose solution sets expand exponentially (256).  A problem can be classified as NP-complete if all NP problems can be reduced to it and it can be considered a “search” problem.  Also, if the NP-complete problem has a successful solution, then all NP problems also can be solved in this similar way.  Evidence points more and more to the fact that there is no general straight forward method to solve any NP-complete problem (Lipton 542).  NP-complete problems are very difficult to perform on a regular electronic computer because they require “exponentially increasing computing time with a linear increase in complexity” (Dove 830).  Furthermore, because there are no algorithms, step-by-step solving procedures, for NP-complete problems, the easiest way to solve for a solution would be to test every possible combination of answers (831).  The process by which all possible solutions to a problem are tested is known as a “brute-force assessment” (Rozen 254).  This is why DNA computers are more efficient than supercomputers because they do not get bogged down by the testing of all possible results.


“It became fairly apparent to me that there was a method of storing information in DNA, and that there were various enzymes that could act on that DNA, and so it seemed like you had the components of a computer,” said Adleman (Dove 831).  Adleman experimented with the Hamiltonian Path Problem, also known as the Traveling Salesman Problem, which is an example of an NP-complete problem.  The traveling salesman problem asks the question:  How can you travel to n = number of cities on a certain number of one way and two way streets (830)?  The difficulty of the Hamiltonian Path Problem increases exponentially as the number of cities increases.  “For nodes of length 20 an 'n' node path would require approximately 20n(logn)^n base pairs of input, and  . . . would therefore require the total mass of nucleotides involved in the experiment to reach 1025 kilograms of DNA” (Rozen 255)!  Adleman's DNA computer was called TT-100,derived from “test tube filled with 100 microliters,” the amount of DNA that was needed to solve his HPP in seven days of lab work (Kolata 1).  

The cities that must be visited are designated as “nodes.”  Each node is represented by a different DNA sequence then coded according to if they are one-way or two-way from one node to another.  All possible paths are encoded, and the oligonucleotides are collected and allowed to bond (Dove 831).  “The nodes were each represented by a 20-base DNA oligonucleotide, and the routes between them by DNA oligonucleotides complementary to the 5' end of one node and the 3' ends of another” (Rozen 254).  The DNA strands produced from the biochemical bonding of the encoded oligonucleotides symbolize all possible paths used to fit the criteria.  Next, the vat of DNA is put through a process of polymerase chain reaction (PCR).  The PCR magnifies the solutions that begin in city one and end in city n (Dove 831).  Since each city must only be visited once, the length of the double-stranded DNA is known beforehand and can be identified through gel electrophoresis.  The actual PCR and electrophoresis processes were what slowed the DNA computer down, opposed to the actual computations and solutions provided by the DNA (831).

Richard Lipton, Princeton University computer scientist, backed up Adleman's approach by stating that a DNA computer ideally can solve any NP-complete problem (831).  Lipton suggests that one should encipher binary codes into the oligonucleotides to satisfy this function.  By doing this, Lipton improved upon Adleman's DNA computer by encoding the Satisfaction problem (SAT), another NP-complete problem, directly instead of assigning arbitrary oligomers to each node (Rozen 255).  The Satisfaction problem is called such because usually to satisfy the statement, one must make it true (Lipton 543).  One must find the values of x and y which satisfy the function, which is usually set equal to one.  The Watson-Crick method of base pairing is used along with the 3' and 5' ends of the DNA strands (Lipton 543).  “In a scheme devised by Lipton, the logical command 'and' is performed by separating DNA strands according to their sequences, and the command 'or' is done by pouring together DNA solutions containing specific sequences” (Kolata 2).  Lipton formulated the limitations of what can be performed with DNA:

1)  possible to synthesize large numbers of copies of any short single strand

2)  possible to create a double strand of DNA from a complementary single strand by annealing them

3)  can extract those sequences that contain some consecutive pattern of length l.

4)  assume that test tube can perform a “detect” operation

Source:  (Lipton 543)

“The aim of a SAT problem is to find a resolution to equations of AND and OR functions” (Rozen 255). “SAT require testing 2^n possible solutions, where n is the number of variables” (256).  Lipton uses the example:  F=(x(y) ((x’ ( y’), where x and y are Boolean (0 = false or 1 = true), x’ and y’ are the negation of x and y, and ( is a union and ( is an intersection (Lipton 543). Lipton forecasts that a SAT problem with 1,000 AND/OR functions and 70 variables could take only 11 days to complete with a DNA computer and with only 425 grams of DNA, comparable to a human body which consists of 300 grams (Kolata 3).  The function is set equal to one and values of x and y must be found to satisfy the problem.  The following table summarizes the steps Lipton took:

1) Construct a series of test tubes, the first to, is the test tube of all two-bit sequences

2) Let t1 be the test tube that corresponds to E(to, 1,1).  Let the remainder be t’1 and let t2 be E(t’1,2,1).  Pour t1 and t2 together to form t3.

3) Let t4 be the test tube that corresponds to E(t3,1,0).  Pour t4 and t6 together.

4) Check to see if there is any DNA in the last test tube, t6.  The satisfying assignments are exactly those in the final test tube.

Source:  (Lipton 544).


“The excitement of studying computation by molecular self-assembly is that everything goes on in a single biochemical reaction,” said Winfree (Dove 831). One other technique used for a DNA computer deals with DNA made into “Smart tiles.”  Winfree has discovered this approach to using DNA for its computational power.  He formed “tiles” out of the DNA “with exposed complementary sequences that can fit together in defined patterns, assembling themselves into two-dimensional lattices” (831).  Each tile would act much like the nodes used by Adleman;  the tiles would bond much like sticky ends to create possible solutions to NP-complete problems.  Then, standard “rule tiles” would react much like a jigsaw puzzle to verify the validity of each possible solution by creating “the completed molecular jigsaw puzzle” for only the right answer, which then could be subjected to the PCR for amplification (831).


Finally, the most useful technological advance with DNA computers is the creation of reversible gates.  “Researchers at the University of Rochester, in New York, have taken a first step at incorporating organic components into computers by creating DNA logic gates . . . The DNA logic gates detect specific fragments of genetic blueprint as input and splice these together to form output” (“Sizzling” 3).  In conventional computers, once operations are performed, data is lost.  For example, one may add the numbers 2 and 6 and result in the sum of 8.  However, once the result is produced, the computer loses the information that led up to the result.  Therefore, one could not be sure if he were adding 2 and 6 or possibly 3 and 5 (Dove 831).  Because of the DNA property to unzip or retroligate, DNA computers offer reversible gates, where the result can be stored, and the computation leading up to that result can also be stored.  This benefit is virtually impossible using silicon chips of today's electronic computers (831).


Many other theories have been conjectured as to the methods of using DNA computers and to their application.  “It may be possible to encode simple logical elements, such as binary counters or limited transition tables, in plasmids or other vectors.  These vectors would then make decisions about whether to turn genes on or off based on the environments they had seen and how those environments modified encoded logical elements” (Rozen 257).  Such technology will make the line between biology and computing even more obscure.  DNA computers will probably not replace PCs or laptops because of the liquid storage space needed for the DNA biochemical reactions.  However, they might very well replace the large mainframe computers (Kaku 107).  A possible solution for the future would be to combine the silicon and the DNA to produce DNA computations read by the silicon chip instead of the gel electrophoresis (Dove 832).   Scientists predict that DNA will enhance the electronic computer by the creation of some sort of a hybrid between the two (Kolata 2), creating the great theme of genes and computers for the twenty-first century.
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