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Abstract 

The DNA fragmentation step is an important step in DNA library 

preparation for next generation sequencing platforms including SOLiD (Life 

Technologies, Foster City, CA), 454/Roche (Roche, Basel, Switzerland) and 

Illumina.   (San Diego, CA) Currently, there are four approaches commonly used to 

fragment DNA or RNA for sequencing libraries: enzymatic fragmentation, 

sonication, nebulization, and hydrodynamic shearing by force. Although all of these 

methods are efficient for fragmenting DNA, they are disadvantageous because they 

are not cost effective, and cannot be implemented for automation, limiting their 

presence in many labs.    Here, we describe a novel method for metal ion based 

fragmentation of genomic DNA, which not only is easily automatable, but 

inexpensive compared to the high price of the alternative. 

Introduction 

DNA sequencing has revolutionized biology and its use has been critical for a 

number of important medical discoveries. Sequencing technologies have greatly evolved 

over the past 30 years. After the human genome was first sequenced in 2003, a goal was 

set to have an individual’s genome sequenced for under $1000.  One of the initial 

technologies, the Sanger method, has provided a low throughput, long read length 
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technology utilized for almost three decades.  More recently, massively parallel DNA 

sequencing technologies such as SOLiD, 454/Roche and Illumina, offer an alternative to 

Sanger’s method for the sequencing of genomes and have become known as the “next 

generation” of genome sequencing.  The SOLiD platform uses ligation chemistry to 

generate libraries: four different fluorescently labeled oligonucleotides are used to 

determine base sequences.  In contrast, the 454/Roche platform is based on sequencing-

by-synthesis, and takes advantage of pyrophosphate generation by using a CCD camera 

to detect base addition and help determine sequences.  The Illumina platform, also a 

sequencing-by-synthesis platform, uses reversible terminator nucleotides labeled with 

different fluorescent dyes to determine base sequences [1]. 

These and other new sequencing technologies have gained the interest of many 

groups due to the diverse applications of data gained from these technologies.  One area 

of interest is whole genome sequencing for use in the comparison of different species’ 

genetic makeup.  Another area of interest is metagenomics, or studying genetic material 

recovered directly from samples in their environment, eliminating the need to cultivate 

colonial cultures in the laboratory.  There is also an interest among scientists in 

discovering new genes that are useful for biological/clinical applications.      

Next-generation sequencing technologies have also become a pillar of 

personalized medicine. Some researchers aim to use sequencing technologies to study 

disease, as well as for the development of targeted therapies. Others plan to use 

sequencing technologies to study mental and developmental disorders.  In addition, 

researchers hope to learn about relationships between genes and expressed phenotypes 

[2]. 
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As a result of such diverse applications, there has been increasing demand for a 

new generation of sequencing methods.   To meet this demand more effectively, a major 

focus has been to increase the throughput of DNA sequencing, as well as to improve cost 

effectiveness. One drawback of next generation DNA sequencing is the labor intensive 

and tedious sample preparation, leading to lower throughput.  During the sample 

preparation process, it is necessary to fragment genomic DNA in order to properly size 

select fragments, perform a variety of ligations, purifications, and amplifications, all of 

which require optimization.  Improvement of any of these techniques would greatly speed 

overall throughput.   

Currently there are four approaches commonly used to fragment DNA or RNA for 

sequencing libraries: sonication, nebulization, and hydrodynamic shearing by force.  The 

first method commonly used for random fragmentation of both DNA and RNA is 

sonication by use of an instrument such as the Covaris (Woburn, Massachusettes) [4, 8, 

9].  During sonication of DNA using a Covaris instrument, DNA is fragmented due to 

force transmitted from acoustic sound waves [7].  This process, while effective and 

accurate, is expensive, not able to fragment DNA into larger size ranges, and does not 

lend itself to automation 

A second method used to fragment DNA in library preparation protocol is 

nebulization [3, 5].  This method was adapted from a medical aid device, and works by 

forcing DNA through a very small hole at high pressures.  Using this process, the size 

and distribution of the fragments can be controlled by varying the amount of pressure, 

time of exposure, and buffer viscosity [10].  Although this method can be both cheap and 

ineffective, nebulization is disadvantageous because it causes loss of sample due to large 
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surface area and nucleic acid absorption to substrate, and also does not lend itself to 

automation.  

The third and final method used for fragmenting DNA for libraries is 

hydrodynamic shearing by force [6].  This method works using hydrodynamic shear 

stress to fragment DNA molecules when they are forced through a small orifice at high 

velocities [11].  The size of the fragments can be determined by the velocity of the 

solution and the diameter of the orifice. While this method is effective in creating larger 

DNA fragments, e.g. >1000 bp, it is not optimal due to clogging issues of the pore, the 

high cost, and the inability to automate the process. 

Although all these methods are efficient at fragmentation of DNA and RNA, they 

are disadvantageous because they do not lend themselves to automation and are 

expensive, limiting their presence in many labs.  We describe a method for metal ion-

based fragmentation of genomic DNA, which is easily automatable and inexpensive 

compared to the alternative. 

Methodology 

Optimizing Time and Concentration for Fragmentation 

A 100mM CuSO4 solution was prepared by mixing 0.795 grams of solid SO4 (Sigma-

Aldrich, Product#45165-7, Saint-Louis, Missouri, USA) with 50µL of milliQ water.  A 

100mM Sodium Ascorbate solution was prepared by mixing .994 grams of Sodium 

Ascorbate (Sigma-Aldrich, Product #A7631, Saint-Louis, Missouri, USA) with 50mL of 

milliQ water.  In an Eppindorf tube, 14.4µL of MilliQ water was added to 0.8µL of 

CuSO4 and 0.8µL of Sodium Ascorbate.  One microgram of DNA was added by adding 
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4uL of 196.26 ng/µL DNA.  The mixture was incubated at room temperature for 30 

minutes to allow fragmentation mechanism to take place. 

Purification of Fragmented DNA using Charge Switch 

Twenty microliters of Purifcation Buffer (N5) and 250µg of ChargeSwitch Magnetic 

Beads (pH 5.0, 10mM NaCl) from a ChargeSwitch PCR Clean-Up Kit (Invitrogen, 

Catalog #CS12000, Carlsbad, CA, USA) were added to the tube containing the 

fragmented DNA, and pipetted up and down to mixto a homogeneous solution.  Solution 

was incubated at room temperature for 1 minute to allow DNA to bind to beads.  A 

magnet was applied to separated the beads bound with DNA, and the supernatant was 

discarded.  One hundred fifty microliters of Washing Buffer (W12) was added to the 

beads, and pipetted up and down to mix.  A magnet was applied, and supernatant was 

discarded.  The washing was repeated.  Twenty microliters of Elution Buffer (E5, 10mM 

Tris-HCl, pH 8.5) was added, and pipetted up and down to mix.  The solution was 

incubated at room temperature for one minute.  A magnet was applied, and the 

supernatant was saved in a new tube. 

Testing Size of Fragmentation with Gel Electrophoresis 

A 0.8% Agarose Gel was made by mixing 1.2g of GenePure LE Quick Dissolve Agarose 

(ISC BioExpress, Catalog# E-3119-500, Kaysville, UT, USA) with 150mL of 0.5x TBE 

buffer (Tris base, Boric acid, 0.5M EDTA, pH = 8).  The gel mixture was microwaved 

for 2 minutes at 50% power to allow agarose to melt and solution to become 

homogeneous. The mixture was poured into a gel cast and allowed to polymerize.  Two 

micrograms of O'GeneRuler 50 base pair DNA ladder (Fermentas, Catalog #SM1133, 
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Burlington, Canada) was mixed with 4 µL of 6X DNA Loading Dye (Fermentas, Catalog 

#R0631, Burlington, Canada)  + SYBR Green and loaded into lane 1 of the gel.  Twenty 

microliters of the fragmented and purified DNA from the previous step was mixed with 4 

µL of 6X DNA Loading Dye + SYBR Green, and loaded into Lane 4 of the gel. The gel 

electrophoresis was performed by applying 100mV for 1 hour, separating the different 

fragment sizes.  Then, a photo of the gel was taken under UV light in the Gel Doc-It 

Imaging System (UVP, Upland, California, USA) (see figure 2). 

Fragmentation with Covaris for Comparison 

5µg of DNA was loaded into a 6mm x 32mm Covaris tube.  Settings were adjusted for a 

5% Duty Cycle, intensity level was set to 3, and was run at 200 cycles/burst for 60 

seconds.   

Testing for Overhangs Using Pyrosequencing 

In one well of a 96 well plate, 5µg of metal based fragmented and ChargeSwitch purified 

DNA was mixed with 5µL of Enzyme mixture (Klenow Polymerase, ATP Sulferase, 

Luciferase, Apyrase) and 5µL of Substrate mixture.  1x Annealing buffer was added to 

bring volume up to 50µL. In another well of the 96 well plate, 5µg of DNA fragmented 

by Covaris and purified by ChargeSwitch was mixed with 5µL of enzyme and 5µL of 

substrate.  1x annealing buffer was added to bring volume up to 50µL.  In the 

Pyrosequencing cartridge 50µL of dATP, dCTP, and dGTP were loaded into first second 

and third sections respectively.  In the fourth section of the cartridge, 13µL of each 

dATP, dCTP, and dGTP were mixed and loaded.  Using the (5X ACGT) Entry, 

Pyrosequencing was run on the Biotage PSQ 96MA Pyrosequencer. 
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Sequencing of E. coli, Mouse, and Human Genomes using Illumina Genome 

Analyzer 

E. coli, Mouse, and Human DNA libraries were prepared by post doctoral researcher 

Akram Tariq using the metal ion based fragmentation method along with the standard 

protocol for producing libraries at the UCSC Genome Sequencing Center.  Libraries were 

also prepared using Covaris for fragmentation for comparison.  All 6 libraries were 

sequenced using the Illumina Genome Analyzer and the SOLiD Platform.      

Results and Discussion 

Optimization of Protocol for DNA Fragmentation 

Varying concentrations of both Copper (II) Sulfate reduced by Sodium ascorbate 

was tested against varying concentrations of only Copper (II) Sulfate. One microgram of 

human genomic DNA was incubated in either only CuSO4 or equimolar concentration of 

CuSO4and Sodium ascorbate at room temperature for 30 minutes.  A 0.8% agarose gel 

was run for 1 hour at 100mV and visualized in SYBR Gold to show the results of the 

testing (Figure1).  From the figure, it can be concluded that Copper (II) Sulfate alone is 

not responsible for the fragmentation of the DNA.  Degradation is not seen in the DNA 

treated only with Copper (II) Sulfate, while the DNA treated with both Copper (II) 

Sulfate and Sodium Ascorbate shows degradation.  

Varying concentrations of both Copper (II) Sulfate reduced by Sodium ascorbate 

was tested against varying concentrations of only Sodium ascorbate. One microgram of 
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genomic DNA was incubated in either only Sodium ascorbate, or equimolar 

concentration of CuSO4and Sodium ascorbate at room temperature for 30 minutes.  A 

0.8% agarose gel was run for 1 hour at 100mV and visualized in SYBR Gold to show the 

results of the testing (Figure 2). From the figure, it can be concluded that Sodium 

Ascorbate alone is not responsible for the fragmentation of the DNA.  Degradation is not 

seen in the DNA treated with only Sodium ascorbate, while the DNA treated with both 

Copper (II) Sulfate and Sodium ascorbate shows degradation.   

Varying concentrations of Copper (II) Sulfate reduced by Sodium ascorbate were 

tested ranging from 2mM to 10mM. One microgram of human genomic DNA was mixed, 

incubated at room temperature for 30 minutes in different equimolar concentarations of 

CuSO4 and Sodium ascorbate.  The fragmented DNA was purified with charge switch 

beads and a 0.8% agarose gel was run for 1 hour at 100mV and visualized in SYBR Gold 

to show the results of the testing (Figure 3).  From this figure it can be determined that 

4mM of Copper (II) Sulfate reduced by Sodium ascorbate is the optimum concentration 

for fragmentation human genomic DNA in the appropriate size range (200-400bps) for 

Illumia libraries.   

The effect of concentration of Copper (II) Sulfate on metal based DNA 

fragmentation was tested.  One microgram of human genomic DNA was exposed to 

CuSO4 and Sodium ascorbate for 30minutes at room temperature in which concentration 

of sodium ascorbate (C6H7NaO6) was constant (4mM) but CuSO4 was reduced from 

4mM to 0.1mM.  The fragmented DNA was purified with charge switch beads, and 0.8% 

agarose gel was run for 1 hour at 100mV and visualized in SYBR Gold to show the 

results of the testing (Figure 4a). The effect of concentration of Sodium ascorbate on 
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metal ion based DNA fragmentation was also tested. One microgram of human genomic 

DNA was exposed to CuSO4 and Sodium ascorbate for 30minutes at room temperature in 

which concentration of CuSO4 was constant (4mM) but sodium ascorbate (C6H7NaO6) 

was reduced from 4mM to 0.1mM.  The fragmented DNA was purified with charge 

switch beads, and a 0.8% agarose gel was run for 1 hour at 100mV and visualized in 

SYBR Gold to show the results of the testing (Figure 4b). From the figure it can be 

concluded that the copper itself is not responsible for the DNA damage, but the DNA is 

damaged by oxidation with an ascorbyl radical.   

Different incubation times using equimolar concentration of CuSO4 and Sodium 

ascorbate were tested for effectiveness on DNA fragmentation.  Human genomic DNA 

was exposed to equimolar concentration of CuSO4 and Sodium ascorbate (4mM) for 

different time intervals ranging from 5 minutes to 60 minutes. The fragmented DNA was 

purified with charge switch beads, and a 0.8% agarose gel was run and visualized in 

SYBR Gold to show the results of the testing (Figure 5).  From the figure, it can be 

concluded that the amount of incubation time is inversely related to the size of the DNA 

fragments. 

Fragmentation of 5µg of DNA incubated at different temperatures was tested for 

efficiency (Figure 6).  Human genomic DNA was exposed to equimolar concentration of 

CuSO4 and Sodium ascorbate for 30minutes at temperature ranging from 25oC to 60oC. 

The fragmented DNA was purified with charge switch beads, and a 0.8% agarose gel was 

run and visualized in SYBR Gold to show the results of the testing.  From the figure, it 

can be concluded that a change in incubation temperature does affect fragmentation.  

Although it is shown that a higher temperature results in smaller fragment sizes, the 
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effect of increased temperature on fragmentation is not significant compared to 

fragmentation of DNA incubated at room temperature.  Many fragmentation methods 

currently require different incubation temperatures, and it is shown that our method is 

able to fragment DNA without the need for varying incubation temperature. 

Comparison of DNA fragmentation between Iron (Fe2+) and Copper (Cu1+) were 

tested for effectiveness in fragmentation.   Human genomic DNA was treated with 

different concentration of FeCl3 and Sodium ascorbate to compare to our previous 

method using equimolar concentration of CuSO4 and Sodium ascorbate (4mM) for 

30minutes (Figure 7).  The fragmented DNA was purified with charge switch beads, and 

a 0.8% agarose gel was run and visualized in SYBR Gold to show the results of the 

testing.  From the figure it can be determined that the use of the divalent cation Iron was 

not able to effectively fragment DNA to the level that the divalent cation Copper was. 

Efficiency of Copper based DNA fragmentation with continuous degassing to 

remove oxygen from the reaction at different incubation times was tested.  Human 

genomic DNA was exposed to equimolar concentration of CuSO4 and Sodium ascorbate 

(4mM)and with continuous degassing using N2 and with degassing for different time 

intervals(Figure 8). The fragmented DNA was purified with charge switch beads, and a 

0.8% agarose gel was run and visualized in SYBR Gold to show the results of the testing.  

From the figure, it can be concluded that Oxygen aids in fragmentation of DNA.  This 

suggests that the oxygen is used in the reaction with the ascorbyl radical and further 

confirms that oxidative damage is the mechanism for fragmentation of DNA.    

Different amounts of DNA were tested for fragmentation up to 50µg (Figure 9).  

Human genomic DNA was treated with equimolar conc. of CuSO4 and Sodium ascorbate 
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(4mM) and incubated for 30minutes at room temperature. The fragmented DNA was 

purified with charge switch beads, and a 0.8% agarose gel was run and visualized in 

SYBR Gold to show the results.  From the figure it can be concluded that the metal based 

fragmentation has a capacity to fragment up to 50 µg of DNA.  The Gel visualization 

shows that the 5µg,  25µg, and 50µg inputs have the same amount of DNA.  This could 

be due to the capacity of the charge switch beads to capture DNA.   

Genomes of Human, Mouse, Banana Slug, and E. Coli were sequenced using 

tested for bias at sites of fragmentation using the metal-based method. Libraries were 

prepared using the metal ion based method and Covaris methods for fragmentation and 

compared.  Sequencing was preformed using the Illumina and SOLiD Sequencing 

Platforms.  Statistical analysis of was done by Graduate Researcher John Kim on 

frequency of bases occurring within 20bp flanking of the break site for human (Figure 

10A) and mouse (Figure 10B) samples.  From the figures it can be concluded that the 

metal based method of fragmentation shows that there is no more bias in bases at the 

breakage site then that of libraries prepared with the Covaris method of fragmentation.  In 

both genomes, the copper and Covaris Illumina samples, show a slight spike in frequency 

of A and T bases.  This is seen due to the AT tailing method required for adaptor ligation 

during the Illumina Library Preparation Protocol.  In addition a slight GC biased in the 

SOLiD Human Copper sample first base compared to the Covaris.  This is due to 

sequencing done on different versions of the SOLiD platforms for the two samples.  The 

copper sequencing was done on an older SOLiD 2.0 platform that has known GC biased.  

This biased was corrected in the newer SOLiD 3, which was used to sequence the Human 

Covaris samples. 



Robles 12 
 

 

 

Accomplishments and Future Works 

We have demonstrated that we are able to fragment DNA in size ranges suitable for 

Illumina, and SOLiD paired-end libraries as well as mate paired libraries with size ranges 

of 2K bp, 5K bp, and 10K bp.  We have also shown that this method is not bias, in 3 

genomes.  We hope to implement this newly optimized method into a liquid handling 

robot which would allow for a fully automated library preparation process for Next 

Generation Sequencing. 
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Fig 1.  Comparison of DNA fragmentation by Cu2+ and Cu1+  

L1 – 1mM Cu2+  
L2 – 1mM Cu1+ 
L3 – 2mM Cu2+ 
L4 – 2mM Cu1+ 
L5 – 4mM Cu2+ 
L6 – 4mM Cu1+ 
L7 – 6mM Cu2+ 

L8 – 6mM Cu1+ 
L9 – 8mM Cu2+ 
L10 – 8mM Cu1+ 
L11 – 10mM Cu2+ 
L12 – 10mM Cu1+ 
L13 – 1kb Ladder 
L14 – Negative Control  

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 L14 
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Fig 2.  Comparision of DNA incubated with Sodium Ascorbate Only (C6H7NaO6) and DNA incubated 
in Copper Reduced by Sodium Ascorbate (Cu1+) 
 
L1 - 50bp Ladder 
L2 – 4mM C6H7NaO6 
L3 – 4mM Cu1+ 

L4 – 6mM C6H7NaO6 
L5 – 6mM Cu1+ 

L6 – 7mM C6H7NaO6 
L7 – 7mM Cu1+ 

L8 – 8mM C6H7NaO6 
L9 – 8mM Cu1+ 

L10 – 9mM C6H7NaO6 
L11 – 9mM Cu1+ 

L12 – 10mM C6H7NaO6 
L13 – 10mM Cu1+ 

L14 – 1kb Ladder 

L1     L2    L3      L4      L5      L6     L7     L8      L9     L10   L11   L12   L13   L14 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Fig 3.  Testing for Optimum Concentration of Copper Reduced by Sodium Ascorbate (Cu1+).   

L1 - 50bp Ladder 
L2 – 2mM Cu1+ 
L3 – 3mM Cu1+ 
L4 – 4mM Cu1+ 
L5 – 6mM Cu1+ 

L6 – 7mM Cu1+ 
L7 – 8mM Cu1+ 
L8 – 9mM Cu2+ 
L9 – 10mM Cu1+ 

L1 L2 L3 L4 L5 L6 L7 L8 L9 
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Fig 4.  Determining the Mechanism of DNA Damage   

A) Testing Copper 
L1 - 50bp Ladder 
L2 – 4mM CuSO4 
L3 – 2mM CuSO4 
L4 – 1mM CuSO4 
L5 – 0.5mM CuSO4 
L6 – 0.1mM CuSO4  

B) Testing Sodium Ascorbate  
L1 - 50bp Ladder 
L2 – 4mM C6H7NaO6, 
L3 – 2mM C6H7NaO6 
L4 – 1mM C6H7NaO6 
L5 – 0.5mM C6H7NaO6 
L6 – 0.1mM C6H7NaO6 

 

 

L1    L2    L3   L4    L5   L6      

A 

B 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Figure 5.  Effect of different incubation time using equimolar concentration of CuSO4 and Sodium 
Ascorbate on DNA fragmentation 

L1 – 50bp Ladder 
L2 – Negative Control Untreated DNA 
L3 – 60 minutes 
L4 – 30 minutes 
L5 – 15 minutes 
L6 – 10 minutes 
L7 – 5 minutes 
L8 – 1kb ladder 

L1 L2 L3 L4 L5 L6 L7 L8 
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Figure 6.  Efficiency of metal based DNA  
fragmentation system on different 
temperatures 
 
L1 - 50bp Ladder 
L2 – 25oC 
L3 – 37oC 
L4 – 45oC 
L5 – 60oC 

 

Figure 7. Comparison of DNA fragmentation 
between Iron (Fe2+) and Copper (Cu1+)  
 
L1 – 1mM FeCl2 
L2 – 4mM FeCl2 
L3 – 10mM FeCl2 
L4 – 4mM Cu1+ 
L5 – 50bp Ladder 

 

L1 L2 L3 L4 L5 L1 L2 L3 L4 L5 
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Figure 8.  Efficiency of copper based DNA fragmentation with continuous degassing 

L1 – 50bp Ladder 
L2 – 60 minutes N2 
L3 – 60 minutes O2 
L4 – 45 minutes N2 
L5 – 45 minutes O2 
L6 – 30 minutes N2 

L7 – 30 minutes O2 
L8 – 15 minutes N2 
L9 – 15 minutes O2 
L10 – 5 minutes N2 
L11 – 5 minutes O2 
L12 – 1kb Ladder 

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 
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Figure 9.  Metal ion based DNA fragmentation with high input DNA (0.5µg-50µg) 
 
L1 – 50bp Ladder 
L2 – 0.5µg DNA 
L3 – 01µg DNA 
L4 – 5µg DNA 
L5 – 25µg DNA 
L6 – 50µg DNA 
L7 – 50bp Ladder 

L1 L2 L3 L4 L5 L6 L7 L8 
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Figure 10 A 

Frequency of each nucleotide in 20 bp region flanking fragmentation start site in Human. Dashed red 
line represents the fragmentation site. Bases to the right of the dashed red line represent sequenced 
bases. Illumina with Covaris fragmentation (a) and Illumina with Copper fragmentation (b) show 
similar biases in the first base of sequencing concordant with known biases in a-tailing. Copper 
fragmented samples show a much higher first base bias. Solid with Covaris Fragmentation (c) and 
Solid with Copper fragmentation (d) show a GC bias in first bases while Solid Copper sample shows 
a GC bias in sequenced bases.  
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Supplementary Figure 10 B 

Frequency of each nucleotide in 20 bp region flanking fragmentation start site in Mouse. Dashed red 
line represents the fragmentation site. Bases to the right of the dashed red line represent sequenced 
bases. Illumina with Covaris fragmentation (a) and Illumina with Copper fragmentation (b) show 
similar biases in the first base of sequencing concordant with known biases in a-tailing. Solid with 
Covaris Fragmentation (c) and Solid with Copper fragmentation (d) show a GC bias in first bases 
while Solid Copper sample shows a GC bias in sequenced bases.  
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