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Abstract


As biotechnology grows ever more important and prominent in medicine and society, demand has correspondingly risen for the manufacture of cheap and efficient tools in the field.  One particular desire is for a faster and more accurate means of sequencing DNA.  The DNA chip is one such technology that is faster and more cost-effective than the traditional method of relying on gel electrophoresis.  Unfortunately, like all technologies, it is not perfect and there exists substantial room for improvement.  The BioMEMS Laboratory at the Whitehead Institute is concerned with researching new ideas to improve both the speed and accuracy of DNA chips.  Hence, my M.Eng project in the lab will involve designing and implementing algorithms to improve the accuracy of the DNA chip technology.

Project Info

Umbrella Projects: DNA Sequencer and DNA Fingerprint Analyzer

Institution: Whitehead Institute, MIT Center for Biomedical Engineering

Lab: Matsudaira Laboratory, BioMEMS Laboratory

Advisor: Daniel J. Ehrlich, Director of BioMEMS Lab

Background Technology


Although the new DNA chips rely on a different process than the traditional method, many of the steps are similar.  Hence, we’ll first describe the traditional DNA sequencing process and then describe the differences between it and the DNA chips.  Traditional DNA sequencing takes the following sequence:

1. The sample DNA first undergoes Polymerase Chain Reaction in preparation for sequencing.  PCR creates multiple copies of the sample DNA that are needed for sequencing.

2. The copies of the sample DNA (henceforth referred to only as sample DNA) are separated into their two complementary strands via heating to 100 degrees Celsius.  At this temperature, the hydrogen bonds holding the two strands together break allowing for separation.

3. A short oligonucleotide sequence, designed to be complementary to one of the strands is added to the mixture and allowed to anneal to the strand.  The oligonucleotide sequence is necessary for DNA polymerase, added in the next step, to start the reaction.

4. DNA polymerase is added, along with deoxyATP (dATP), deoxyGTP (dGTP), deoxyCTP (dCTP), and deoxyTTP (dTTP).  The dXTPs are needed as part of the polymerase reaction.

5. The mixture is divided into four parts.

6. Dideoxynucleotides, ddATP, ddGTP, ddCTP and ddTTP are added to one of the four mixtures, respectively.  Unlike dATP, dGTP, dCTP, and dTTP, the dideoxynucleotides will stop the polymerase reaction once paired into the single strand DNA.

7. Additionally, dyes with affinity to ddATP, ddGTP, ddCTP, and ddTTP are added to the four mixtures and used as a nucleotide label.  Hence, for every strand, there is a chance that a ddXTP, rather than a dXTP will be used.  In that case, the polymerase reaction stops, and the complementary strand is left incomplete.

8. The polymerase reaction is allowed to run and the results are then melted and loaded into a gel electrophoresis device.  Gel electrophoresis works by inducing the samples to go through a gel, (a molecular sieve), which sorts them by size.  Larger molecules move slower through the gel than smaller ones and are therefore nearer to the top of the gel when the electrophoresis ends.  Inducing sample motion is done through applying a potential difference between the two ends of the device.

9. After electrophoresis, the nucleotide sequence of the original DNA sequence can be read by observing the positions of the labeled nucleotide sequences.

For example, the following gel electrophoresis result would imply that the original DNA has the sequence: 5’ GGATCCTATC 3’
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The DNA chip technology is identical to the traditional process except is steps 8 and 9.  Rather than using gel electrophoresis, DNA chips use capillary electrophoresis, which replaces gel with glass capillaries.  Doing so has the advantage that DNA chips can be much more compact than an equivalent gel electrophoresis device; hence, they can run many more reactions at the same time.  

The second difference between the old and new technology is, where the traditional method manually reconstructs the DNA sequence by looking at the gel for the labeled nucleotides, the new method automates the process by using a rotary laser to fluoresce the nucleotide-specific dyes and then using a photodetector to detect the fluorescence.  The detected wavelengths are then fed into a computer, which matches them to the most likely dye source, and hence, to the most likely nucleotide.

The chips themselves are constructed in-house at the Whitehead Institute.  The body of the chip is primarily glass with etched capillaries, while the ends are interfaces to the rest of the sequencing machine.

M.Eng. Task


As mentioned previously, DNA chips rely on accurate detection and analysis of fluorescent light to determine the nucleotide sequence of the sample.  Unfortunately, both processes are less than ideal.


Detection of fluorescent light is accomplished through a photodetector.  However, due to the minute dimensions of the glass capillaries on the DNA chip, detection is susceptible to contamination.  For example, dust particles landing on the chip can obscure results and lead to erroneous results.  Furthermore, the photodetector must be well synchronized with the rotary laser used to fluoresce the dyes, otherwise it is possible for the laser to fluoresce the dyes but not have the photodetector notice the fluorescence until much later.  Both scenarios lead to inaccurate results.


Analysis of the detected light is likewise problematic.  Because of the chemical composition of the dyes used to label the dATPs, dGTPs, dCTPs, and dTTPs, the wavelength of the different dyes may overlap.  Hence, it is possible to misidentify one nucleotide for another when reconstructing the original DNA sample sequence.  Unfortunately, although the error percentage is relatively low, given the long sequences of DNA, errors in identification becomes quite significant.  


Clearly then, there is a need to improve the performance of the nucleotide identification process in both the wavelength detection (what I’ll like to call the data acquisition phase) and in correlating the sampled wavelength with the correct nucleotide (what I’ll call the signal processing phase).


My proposed project would thus involve both data acquisition and signal processing.  

One can improve data acquisition via improving the speed of the rotary laser.  The rotary laser is controlled by software to synchronize it with the photodetector such that one pass of the laser correlates with acquisition by the photodetector.  Improving the speed of the laser then, is more than a simple mechanical issue—new machine control schemes are needed to factor in the improved laser speed during synchronization.  The goal is then to design and implement a new control scheme for the laser and to streamline the interface between the laser and the photodetector.

In signal processing, it is desirable to improve existing algorithms for correlating sample wavelengths with nucleotide identification.  Although algorithms exist to improve the existing system, they have not yet been implemented nor tested.  Part of my objective thus involves implementing such algorithms as well as researching new methods to even further improve nucleotide identification.

Cost/Risk Assessment


The cost of the project to the lab should consist only of support for my UROP standing next semester and for partial research assistant funding during my M.Eng year.  There is no additional cost as the project primarily consists of improving existing software.


The project’s risk is similarly low.  Given the demand at the Human Genome Center for the as-soon-as-possible availability of the DNA sequencer, there is no shortage of funding.  It is unlikely that the project will die from lack of money.  Furthermore, both approaches—improving laser acquisition speed and signal processing algorithms—are grounded in established theory and should work.  Thus, the chance that the project will yield no significant improvement is likewise low.

Project Timeline

Unfortunately, as of this writing, my project timeline is not yet finalized.  Hence, I have two versions—one ideal and one more realistic.  The reason for the dichotomy is because my cousin may hold her wedding sometime during the summer of 2002.  Given that we would need to travel abroad to attend the wedding, my family will most likely extend travel plans to include not only the wedding, but also to visit relatives in Hong Kong and China.  In addition, there is a strong possibility that while in China, we would visit my parents’ ancestral village as well as tour Shanghai and diverse provinces of China.  On the other hand, if my cousin decides to postpone her wedding until the fall, my parents will most likely not embark on any additional traveling besides attending the wedding.  

Therefore, my schedule is dependent on how my cousin makes up her mind.  Ideally, my schedule would be as follows:

	Familiarize myself with lab and take any required subjects.  Wrap up graduation requirements for S.B.degree. 
	Research and develop preliminary algorithms for machine control and signal processing. 
	Finish research and final implementation of algorithms for machine control and signal processing.
	Debug any lingering issues.  Sketch draft of M.Eng thesis and defense.
	Present M.Eng. thesis and defense.

	Spring 2002
	Summer 2002
	Fall 2002
	Spring 2003
	Summer 2003



The alternate version, which takes impromptu summer traveling plans into account, is as follows:

	Familiarize myself with lab and take any required subjects.  Wrap up graduation requirements for S.B.degree. 
	Attend my cousin’s wedding, tour Australia, visit Hong Kong and China proper, and see sights.
	Research and develop preliminary algorithms for machine control and signal processing
	Finish research and final implementation of algorithms for machine control and signal processing.
	Debug any lingering issues.  Sketch draft of M.Eng thesis and defense.
	Present M.Eng. thesis and defense.

	Spring 2002
	Summer 2002
	Fall 2002
	Spring 2003
	Summer 2003
	Fall 2003


