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The overall goal of this program was to develop capillary electrophoresis as the tool to be used to 

sequence for the first time the Human Genome. Our program was part of the Human Genome Project.  

In this work, we were highly successful and the replaceable polymer we developed, linear 

polyacrylamide, was used by the DOE sequencing lab in California to sequence a significant portion of 

the human genome using the MegaBase multiple capillary array electrophoresis instrument.  In this final 

report, we summarize our efforts and success. Reference numbers in the text in bold refer to the list of 

publications from this work listed at the end of the report. 

 

We began our work by separating by capillary electrophoresis double strand oligonucleotides using 

cross-linked polyacrylamide gels in fused silica capillaries (1).  This work showed the potential of the 

methodology.  However, preparation of such cross-linked gel capillaries was difficult with poor 

reproducibility, and even more important, the columns were not very stable.  We improved stability by 

using non-cross linked linear polyacrylamide.  Here, the entangled linear chains could move when 

osmotic pressure (e.g. sample injection) was imposed on the polymer matrix.  This relaxation of the 

polymer dissipated the stress in the column.  Our next advance was to use significantly lower 

concentrations of the linear polyacrylamide that the polymer could be automatically blown out after 

each run and replaced with fresh linear polymer solution.  In this way, a new column was available for 

each analytical run.  Finally, while testing many linear polymers, we selected linear polyacrylamide as 

the best matrix as it was the most hydrophilic polymer available.  Under our DOE program, we 

demonstrated initially the success of the linear polyacrylamide to separate double strand DNA (2, 3, 7).  

We note that the method is used even today to assay purity of double stranded DNA fragments. 

 

Our focus, of course, was on the separation of single stranded DNA for sequencing purposes.  In one 

paper, we demonstrated the success of our approach in sequencing up to 500 bases (4). Other 

application papers of sequencing up to this level were also published in the mid 1990’s. (5, 9). 



 

A major interest of the sequencing community has always been read length.  The longer the sequence 

read per run the more efficient the process as well as the ability to read repeat sequences.  We 

therefore devoted a great deal of time to studying the factors influencing read length in capillary 

electrophoresis, including polymer type and molecule weight, capillary column temperature, applied 

electric field, etc.  In our initial optimization, we were able to demonstrate, for the first time, the 

sequencing of over 1000 bases with 90% accuracy (6).  The run required 80 minutes for separation.  

Sequencing of 1000 bases per column was next demonstrated on a multiple capillary instrument (10). 

 

Our studies revealed that linear polyacrylamide produced the longest read lengths because the 

hydrophilic single strand DNA had minimal interaction with the very hydrophilic linear polyacrylamide.  

Any interaction of the DNA with the polymer would lead to broader peaks and lower read length. 

Another important parameter was the molecular weight of the linear chains.   High molecular weight     

(> 1 MDA) was important to allow the long single strand DNA to reptate through the entangled polymer 

matrix.  In an important paper (11), we showed an inverse emulsion method to prepare reproducibility 

linear polyacrylamide polymer with an average MWT of 9MDa.  This approach was used in the polymer 

for sequencing the human genome. 

 

Another critical factor in the successful use of capillary electrophoresis for sequencing was the sample 

preparation method. In the Sanger sequencing reaction, high concentration of salts and 

dideoxynucleotide remained.  Since the sample was introduced to the capillary column by electrokinetic 

injection, these salt ions would be favorably injected into the column over the sequencing fragments, 

thus reducing the signal for longer fragments and hence reading read length.  In two papers (12, 13), we 

examined the role of individual components from the sequencing reaction and then developed a 

protocol to reduce the deleterious salts.  We demonstrated a robust method for achieving long read 

length DNA sequencing. 

 

Continuing our advances, we next demonstrated the achievement of over 1000 bases in less than one 

hour with a base calling accuracy of between 98 and 99% (14).  In this work, we implemented energy 

transfer dyes which allowed for cleaner differentiation of the 4 dye labeled terminal nucleotides.  In 

addition, we developed improved base calling software to help read sequencing when the separation 

was only minimal as occurs at long read lengths.  



 

Another critical parameter we studied was column temperature.  We demonstrated that read lengths 

improved as the column temperature was increased from room temperature to 60ᵒC or 70ᵒC (8).  The 

higher temperature relaxed the DNA chains under the influence of the high electric field.  The increased 

thermal motion allowed chains to display slight size differences as the DNA rotated through the 

entangled polymer chains.  At room temperature, the long DNA fragments would align axially with the 

applied electric field, significantly decreasing read length. 

 

As a final outcome of all this work, we showed under optimized conditions, the achievements of 1300 

bases read length in 2 hours (15). To this day, this has been the longest read length achieved.  

Alternatively, we showed 1000 bases separated in under 40 minutes when DSMO was used as the 

denaturant in the capillary over area (16). 

 

As noted in the beginning of this report, our studies played an important role in the development of 

DNA sequencing. Many factors affected sequencing and read length.  We elucidated the most important 

factors which could be used for optimum read length or speed sequencing.  The research was clearly 

successful.  Of course, today new approaches to sequencing are being developed, leading to a second 

(even third) generation systems that are faster and less expensive.  Nevertheless, these new 

developments would never have been possible without the research on the Human Genome Project.  

We are proud to have been part of that effort. 
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