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ABSTRACT

This research investigates the benefits of utilizing PCR/Ligase Detection Reaction 

multiplexing coupled with endonuclease V/AK16D ligase treatment in the detection of known 

and unknown point mutations within DNA. The research focused specifically on the K-ras gene, 

implicated in the development of certain cancers including colorectal cancer. Identification of 

point mutations within this gene could lead to early detection of cancer, as well as identify those 

with a predisposition to develop cancer. An LDR technique was utilized to identify specific, 

known mutations within the gene sequence, while the endonuclease/ligase treatment identified 

unknown mutations within the gene sequence. Capillary electrophoresis and slab gel 

electrophoresis were employed to distinguish the products of both EndoV/ligase and LDR, 

respectively, based on the fragments’ size differences. These methods have been found to be 

highly sensitive and have high throughput. Further research should explore the potential to 

transfer the gel electrophoresis separation to a microelectrophoretic device with the potential for 

clinical applications.
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INTRODUCTION

The K-ras gene (Genbank Accession Number AF285779) has been implicated in the 

development and progression of colorectal cancer (Matsuguchi and Kraft, 1998; Tokunaga et at, 

2000). The K-ras gene product is a membrane-bound protein with inherent GTPase activity, 

which is believed to be involved in the signal transduction pathway for cell growth and 

differentiation within mammalian cells (Capella et al., 1991). Capella et al. (1991) states that 

those mutations which result in single amino acid substitutions in critical domains of the protein 

structure produce diverse types of structural disruption, causing an increase in their active, GTP- 

bound state and increasing the oncogenic potential of the ras proteins.

Rak et al. (1995) demonstrated that mutations, which constitutively activated the K-ras 

gene, diminished the ability of the colon cancer to propagate and reduced angiogenesis. Tokunaga 

et al. (2000) investigated the effects of mutated K-ras mRNA in vitro and in vivo using a 

hammerhead-type ribozyme. This ribozyme functioned to cleave the mutated K-ras mRNA, after 

which the biological effects of the cleavage in the mRNA were analyzed. Upon analysis, the 

cleavage of the mutated mRNA resulted in a decrease in the growth of the colorectal cancer cell 

lines both in vivo and in vitro (Tokunaga et al., 2000). This research provides further evidence 

that mutations in the K-ras gene may lead to propagation and growth of cancer cells.

Capella et al. (1991) analyzed 300 colo-rectal tumor samples for the presence of 

mutations within the K-ras, with an emphasis on specifying within which codons those mutations 

occurred. The replacement of adenine for the second guanine of codon 13 (GGC->GAC) of the 

K-ras gene generated an HphI restriction site (GGTGA) within the gene, which would be 

destroyed by a mutation of either of the two guanines of codon 12 (Capella et al., 1991). Capella 

et al. (1991) used RFLP to determine the presence of mutations within codon 12 and 13 of the K- 

ras gene from the tumor samples. Based on this analysis, it was determined that mutations within
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codon 12 are the most frequent ras mutations found in human tumors (Capella et al., 1991). 

Further research indicates that a significant proportion of colorectal cancer and adenomas, 30- 

50%, have point mutations of the K-ras gene within codon 12, and to a lesser extent codons 13 

and 61 (Khanna et al., 1999). It is believed that the products resulting from oncogenes with 

mutational sites within codon 12, 13 and 61 interfere with the normal signal transduction 

pathways and change the neoplastic growth of the colon cell (Tokunaga et al., 2000).

Several techniques have been developed in order to scan the DNA for these specific point 

mutations within these various codons (codon 12, 13 and 61.) These techniques include direct 

DNA sequencing, allele-specific olgionucleotide hybridization, and restriction digest techniques 

(Khanna et al., 1999). These assays, however, demonstrate low sensitivity, low throughput 

potential, and are unable to detect the full spectrum of known and unknown K-ras mutations.

In order to combat these problems, a ligase detection reaction (LDR) was developed at 

Cornell Medical College. Using thermostable ligase cloned in the laboratory, LDR techniques 

were developed to scan the DNA for known mutations (Khanna et al., 1999). The premise of this 

procedure is the high fidelity of the thermostable ligase for only ligating DNA strands that 

perfectly match the complement or template strand. In this procedure (Fig. 1), two types of 

primers are employed. The first is an unlabeled 3’ phosphorylated common primer, typically 20 

nucleotides in size, complementary to the sequence immediately downstream from the point 

mutation. The second discriminating primer’s initial nucleotide (at the 5’ end) would overlay the 

site of potential point mutation on the complementary DNA strand, with the remainder of the 

primer being complementary to the sequence upstream from the site of the point mutation. Three 

variations of this discriminating primer are generated. Each variation of the primer has one of the 

three nucleotides that would complement the three possible single point mutations at the 5’ end 

and vary in length by one nucleotide. These discriminating primers are all dye-labeled at the 5’ 

end. Should a point mutation be present within the DNA strand of interest, the discriminating 

primer matching that mutation would anneal and be ligated to the annealed common primer,
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Figure 1. Schematic Depiction of Ligase Detection Reaction Procedure
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generating a ligation product that is equal in size to the sum of the nucleotides of those two 

primers.

This procedure, however, is only effective in detecting those specific known mutations 

within the K-ras gene and cannot account for unknown point mutations. Therefore, a second 

technique has been developed involving the use of endonuclease V, cloned from Thermotoga 

maritima (Tma), and AK16D ligase. Using gene-specific primers and fluorescent dye-labeled 

universal primers, both wild-type and mutant strains of DNA are amplified and labeled by PCR 

amplification (Fig. 2a). The products of this amplification are then mixed together, denatured and 

allowed to reanneal forming a dye-labeled heteroduplexed mutant/wild-type DNA structure (Fig. 

2b). This heteroduplexed DNA structure is then exposed to endonuclease V (Fig. 2c). The 

endonuclease V, a deoxyinosine 3’-endoculease, will cleave the DNA one base pair 3’ to the site 

of the mismatched base pair (Yao and Kow 1997). However, when the enzyme is in excess, 

primary nicked products will experience additional, secondary, non-specific cleavage. 

Additionally, further characterization of Endonuclease V has demonstrated that the enzyme 

preferentially cleaves sites involving a purine base pair mismatches (Huang et al., 2001). 

Therefore, the enzyme will typically show preference to adenine and guanine bases, while 

cleaving thymine and cytosine bases to a lesser degree (Huang et al., 2001). In order to reduce the 

background noise created by this secondary cleavage of DNA, AK16D ligase is employed to 

reseal the non-specific cleavage sites. This ligase, with extremely high fidelity, will only reseal 

perfectly matched regions of the DNA, therefore preventing a reseal of the mismatched cleavage 

site (Huang et al., 2002). In combining this endoV/AK16D ligase procedure with the ligase 

detection reaction assays, it is believed that more effective and efficient scanning of the DNA for 

known and unknown point mutations can occur. However, due to the recent development of this 

procedure, its far-reaching implications and effectiveness have yet to be determined.

The purpose of my research was to determine the efficiency, sensitivity, and effectiveness 

of the procedure while additionally determining the feasibility of applying this technique within a
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clinical setting. The assessment of the utility and efficiency of the technique is essential in 

determining its potential for clinical applications within the medical diagnostic field. In 

determining the utility of the procedure, the specific mutant cell strain SW620 with a known point 

mutation in codon 12 (G12V) of the K-ras gene was studied. This mutation confers constitutively 

active phenotype. The point mutation at codon 12 of the SW620 strain results in an alteration of 

the primary sequence. The wild-type codon sequence of GGT is altered to GTT in this cell line, 

causing the amino acid glycine to be replaced by valine resulting in the mutated, cancerous form 

of the K-ras protein being produced. Cell lines SW1116 and DLD1 were additionally analyzed 

with the LDR technique. These cell line contain point mutations outside of the codon of interest 

(codon 12), while being wild-type for codon 12. My hypothesis was that the procedure would be: 

1) effective in its scanning ability by displaying a high sensitivity with little background noise, 2) 

simple to perform, and 3) efficient with a high throughput potential. With further research, the 

potential for utility within a clinical setting is possible.

MATERIALS AND METHODS

Ligase Detection Reaction (LDR)

PCR Amplification Protocol

In order to amplify the gene region of interest, Exon 1 of the K-ras gene, the K-ras Exon 

1.3 forward primer: 5’AACCTTATGTGTGACATGTTCTAATATAGT 3’ (courtesy of F.

Barany lab, Cornell Medical College) and the K-ras Exon 1.4 reverse primer:

5’ AAAATGGTCAGA GAAACCTTTATCTGTATC 3’ (courtesy of F. Barany lab, Cornell 

Medical College) with concentrations of each primer being 12.1pM and 11.4|xM, respectively, 

were used. The reagents of the PCR Taq-Gold kit (Fisher Scientific) were combined with these 

gene-specific primers and 50ng of SW620 cellular DNA (extraction by LSU Biology 

Department). The reaction mixture was brought up to 49.5pL using ddH2O. After an initial
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denaturation of 95°C for one minute was completed, the Taq Gold DNA polymerase was added to 

the reaction tubes in the thermal cycler. Following this addition, thirty cycles of the following 

sequence were completed: 95°C for 30sec, 60°C for lmin, and 72°C for lmin. A final extension at 

72°C for 3min concluded the PCR amplification process. To determine the success of this 

procedure, the PCR product was run on a 3% agarose gel in lx TBS buffer.

Ligase Detection Reaction Protocol

A concentration of 2.5nM PCR product was combined with lOOnM of the 5’ near- 

infrared dye (IRD-800) labeled discriminating primer: 5’Fam-

ACAAAAACTTGTGGTAGTTGGAGCTGT 3’ (26 nucleotides in size; Li-cor Biosciences Inc.) 

and lOOnM of the 3’ phosphorylated common primer: 5’ BK-TGGCGTAGGCAAGAGTGCCT- 

P 3’ (20 nucleotides in size; Li-cor Biosciences Inc.) in lx ligase buffer. The reaction mixture was

brought up to 19.5pL with ddFFO. After an initial denaturation at 94°C for 1.5min, 0.02 units of 

the E. coli DNA ligase (Fisher Scientific) were added to the reaction tubes in the thermal cycler. 

Following this addition, 20 cycles of the following sequence were completed: 94°C for 15sec, 

65°C for 4min. The product of the LDR protocol was then analyzed through micro-slab gel 

electrophoresis with the Licor 4200 DNA Analysis System using 5.5% KBE polyacrylamide gel.

Endonuclease V/AK16D Ligase Reaction (EndoV/Ligase Reaction)

Polymerase Chain Reaction/Amplification of K-ras Gene

A series of PCR reactions were performed with the distinct labeling schemes for each

reaction being used (Table 1). In each reaction the cellular DNA of interest, in the amount of

150ng, was combined with IX PCR Buffer, 0.50pM of MgCl2, 0.5pM of dNTPs master mix, 

0.02pM of the gene-specific forward primer, 0.02pM of the gene-specific reverse primer and one 

unit of Taq Gold DNA polymerase. The universal primers that were used varied between the
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reactions schemes (Table 1); however, 0.2|iM of a dye-labeled universal primer and 0.2pM of an

unlabeled universal primer were used in each reaction.

Following the preparation of each reaction mixture, a PCR protocol, involving two

amplifications, was performed in a DNA thermal cycler with an initial hold at 95°C for 10 

minutes. Twenty cycles of the following sequence were then completed in the thermal cycler in 

order to accomplish the gene-specific primer amplification of the target gene sequence: 94°C for 

30sec, 65°C for lmin and 72°C for lmin. Thirty cycles of the following sequence followed the 

completion of the gene-specific amplification while the samples were maintained in the same

thermal cycler in order to complete labeled and unlabeled universal primer reamplification of the 

target sequence: 94°C for 30sec, 55°C for 1 min, and 72°C for 1 min with a final hold at 72°C for

7min.

Table 1. PCR Labeling Scheme for Endonuclease V/AK16D Ligase Reaction. PCR reaction dye
labeling schemes using different dye-labeled primers for amplification, extension and labeling of the target sequence 
in both mutant and wild-type DNA. 
PCR Reaction Scheme DNA Source Unlabeled Universal Primer Labeled Universal Primer

PCR Reaction A+ HT-29 (wild-type) Uni-EV2R Reverse Primer (Crick Strand)* Vic-Uni-EVIF Forward Primer (Watson 
Strand)**

PCR Reaction A SW620 (mutant) Uni-EV2R Reverse Primer (Crick Strand)* Vic-Uni-EVIF Forward Primer (Watson 
Strand)**

PCR Reaction B+ HT-29 (wild-type) Uni-EVIF Forward Primer (Watson 
Strand)*

Ned-Uni-EV2R Reverse Primer (Crick 
Strand)**

PCR Reaction B SW620 (mutant) Uni-EVIF Forward Primer (Watson 
Strand)*

Ned-Uni-EV2R Reverse Primer (Crick 
Strand)**

* Top Strand of DNA (5' to 3'): Watson Strand 

** Bottom Strand of DNA (3’ to 5'): Crick Strand

Heteroduplex Formation

Upon the completion of the PCR amplification, three combinations of the PCR amplicons 

were created (Table 2). Reaction 1 contained 900ng of the amplicon from Reaction A+ (Vic- 

labeled wild-type) and 900ng of the amplicon from Reaction B+ (Ned-labeled wild-type). 

Reaction 2 contained 900ng of the amplicon from Reaction A+ (Vic-labeled wild-type) and 

900ng of the amplicon from Reaction B (Ned-labeled mutant). Reaction 3 contained 900ng of the 

amplicon from Reaction A (Vic-labeled mutant) and 900ng of the amplicon from Reaction B+

(Ned-labeled wild-type). Following these combinations, lpL of Proteinase K (20mg/mL) was
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added to each reaction mixture. The reaction mixtures were then incubated at 65°C for 30min, 

followed by incubation at 80°C for lOmin. To complete the heteroduplex process, the reaction 

mixtures then underwent the following denaturation/renaturation procedure in the thermal cycler 

of 95°C for 2min, 95°C for 15sec and 25°C for lOmin.

Table 2. Endonulcease V/AK16D Ligase 
Reaction Mixtures. PCR amplicons mixtures 
utilized to generate heteroduplex DNA 
structures.

PCR Amplicon 
Mixture Labeling Scheme

A+/B+
Vic labeled Wild-type and 

Ned labeled Wild-type

A/B+
Vic labeled Mutant and Ned- 

labeled Wild-type

A+/B Vic labeled Wild-type and 
Ned labeled Mutant

Endonuclease V/AK16D Ligase Reaction

The products of the heteroduplex procedure were combined with lOOmM of MgCl2,

lOOmM of NAD, lpL of DMSO, 5M of Betain in separate PCR tubes. The Endonuclease V was

diluted from lOOpM to 5pM using the lx storage buffer and the 2.2pM ligase was diluted to

60nM using the lx Endonuclease V buffer. Following these dilutions, the endonuclease V and 

AK16D ligase were both added to the reaction mixtures. The PCR reaction tubes were then 

incubated at 65°C for 2 hrs in the PCR thermal cycler. Upon completion of the incubation period, 

lpL of 200mM EDTA was added to each reaction tube in order to stop the action of the enzymes.

Finally, lpL of each reaction mixture was placed in a 96-well plate and combined with 9uL Hi-Di

formamide and 0.4pL of GeneScan-500 LIZ Size Standard. This plate was then incubated at 95°C 

for 2min followed by 2min at.4°C. The products of the EndoV/AK16D Ligase reaction were then 

analyzed by capillary gel electrophoresis using the ABI 3730 DNA analyzer in a POP7 polymer 

gel. Electrophoretograms of the data were then generated.
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Determining Sensitivity

To determine the sensitivity of the endonuclease V/AK16D ligase reaction, the relative 

concentrations of wild-type to mutant DNA were altered. For a 1:5 dilution factor of mutant to 

wild-type DNA, 180ng of mutant DNA (Vic-labeled SW620) was combined with 720ng of wild- 

type DNA (Vic-labeled HT-29) which was then heteroduplexed with 900ng of Ned-labeled wild- 

type DNA (HT-29). For a 1:10 dilution factor of mutant to wild-type DNA, 90ng of mutant DNA 

(Vic-labeled SW620) was combined with 810ng of wild-type DNA (Vic-labeled HT-29), which 

again was heteroduplexed with 900ng of Ned-labeled wild-type DNA (HT-29).

RESULTS

Ligase Detection Reaction (LDR)

PCR Amplification of K-ras Exon 1 for LDR

Exon 1 of the K-ras gene of the cell line SW620, containing a point mutation in the 

second nucleotide of codon 12, was amplified using the PCR protocol outlined in the materials 

and methods. Upon analysis of the products of the PCR protocol, it was confirmed that bands 

were present in the slab gel at locations that corresponded to approximately 250 base pairs 

(Figure 3). This indicated successful amplification of the target gene sequence.

Ligase Detection Reaction

The PCR amplicons obtained from the PCR amplification of Exon 1 of the K-ras gene 

from the DNA of SW620 cells were used in the ligation detection reaction. The K-ras gene of the

cell strains DLD1 and SW1116 were amplified using PCR as well. These cell strains are wild- 

type for the second nucleotide of codon 12 in Exon 1 of the K-ras gene. These amplicons were 

combined with the 3’ phosphorylated common primer, the 5’ near-infrared dye (IRD-800) labeled 

discriminating primers, and thermostable ligase. This reaction mixture then underwent the
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thermocycle reaction as outlined in the material and methods. A product was obtained for both 

the DLD1 and the SW620 cell lines (Figure 4). The DLD1 LDR product (Lane 1) was present at

approximately 51 base pairs in the gel, while the SW620 LDR product was present at 

approximately 46 base pairs. No other discernable products were observed for the SW1116 cell

line.

Figure 3. PCR Amplification of LDR 
Target Gene Sequence.
Lane 2 contains PCR amplicons 

of Exon 1 of K-ras gene from the 
HT-29 cell line (wild-type). Lane 
3 and 4 contain PCR amplicons of 
Exon 1 of the K-ras gene from the 
SW620 cell line (mutant). Lane 1 
and 5 contain the MMR.

CORETTE LIBRARY CARROLL COLLEGt
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Figure 4. LDR products. Lane 1 contains the DLD1 LDR reaction mixture. Lane 2 
contains the SW1116 LDR reaction mixture. Lane 3 contains the SW620 LDR reaction 
mixture. Lane 4 through 6 contains the same LDR reaction mixtures, however significantly 
less DNA was used in PCR amplification. The final lane contains the MMR.

Endonuclease V/AK16DLigase Reaction

PCR Amplification of the K-ras Exon for Endonuclease V/AK16D Ligase

Exon 1 of the K-ras gene of the cell lines SW620 and HT-29 was amplified using the

PCR protocol and the dye-labeling schemes (Table 1). The cell line HT-29 is wild-type for Exon 

1 codon 12 of the K-ras gene and is therefore utilized as a control in this procedure. Lanes 2 and 3 

contain PCR A+ reaction product and PCR A reaction product, respectively. Lanes 4 and 5 

contain PCR B+ reaction product and PCR B reaction product, respectively. A product was 

observed at 300 base pairs in all lanes corresponding to the amplification of K-ras Exon 1 in 

SW620 and HT-29, indicating successful amplification (Figure 5). Lanes 6 though 9 contain PCR

amplified DNA not utilized in this experiment.
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Figure 5. PCR amplification of EndoV/AK16D Ligase
Target Gene Sequences. Lane 1 contains the MMR used to determine 
molecular size. Lane 2 contains the PCR A+ reaction product. Lane 3 contains the 
PCR A reaction product. Lane 4 contains the PCR B+ reaction product. Lane 5 
contains the PCR B reaction product. Lanes 6 through 9 contain PCR amplified 
DNA not utilized in this experiment.

Endonuclease V/AK16D Ligase Reaction

Following the amplification and dye-labeling procedures (Figure 2a), the amplicons of 

these reactions were mixed, denatured and allowed to reanneal generating the heteroduplexed 

DNA structures (Figure 2b and Table 2). The reaction mixtures were then exposed to the 

enzymatic actions of Endonuclease V and AK16D ligase, resulting in fragments of DNA (Figure 

2c). Following the denaturation of these products, the resulting DNA fragments were analyzed 

using an ABI3730 DNA analyzer in a POP7 polymer gel.

1:1 (wild-type to mutant) Dilution Factor. Lanes 1-3 in Figure 6, contained mixtures of 

wild-type/wild-type, Vic-labeled wild-type/Ned-labeled mutant, and Vic-labeled mutant/Ned- 

labeled wild-type, respectively, with no endonuclease V or AK16D Ligase added to the reaction
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mixture. No observable fragments were present in these lanes. Lane 4 contained Vic-labeled 

wild-type/Ned-labeled wild-type mixture with endonuclease V and AK16D ligase added. The 

non-cleaved PCR product was observed at 300 nucleotides. Additionally faint fragments, 

constituting background noise due to non-specific cleavage by Endonuclease V and failed ligation 

by AK16D ligase, were present at various size locations in the gel image. No product resulting 

from the specific cleavage-at codon 12 of HT-29 was observed in the gel image.

Lane 5 contained Vic-labeled wild-type/Ned-labeled mutant mixture with enzymes 

added. Distinct fragments were observed at 174nt and 133nt. Graphs generated based on the 

relative intensity of the bands in the gel image demonstrate the slight difference in band intensity 

(Fig. 7). The band corresponding to the Vic-labeled wild-type top strand at 174nt had a higher 

intensity relative to the band at 133nt, which corresponded to the Ned-labeled mutant bottom 

strand. Lane 6 contained Vic-labeled mutant/Ned-labeled wild-type mixture with enzymes added. 

Distinct bands were again observed at 174nt and 133nt. Different band intensities were observed 

through graphical analysis (Figure 8).
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2 3 4 5 6

Figure 6. Products of 1:1 Dilution EndoV/Ligase 
of Wild-type (HT-29) to Mutant (SW620). Lanes 1 
through 3 contain the reaction mixtures without the 
endonuclease V/AK16D ligase added. Heteroduplexed A+- 
PCR product/B+-PCR product is present in Lane 4. Lane 5 
contains heteroduplexed A+-PCR product/B PCR product. 
Lane 6 contains heteroduplexed A-PCR product/B+-PCR 
product.

17





Further analysis determined the efficiency and effectiveness of the endonuclease 

V/AK16D Ligase reaction. Merged graphs of the relative band intensities of control reactions 

(wild-type/wild-type heteroduplex) and the Vic-labeled wild-type/Ned-labeled mutant mixture 

(Figure 9), as well as the Vic-labeled mutant/Ned-labeled wild-type mixture (Figure 10), depicted 

the difference in appearance of specific cleavage products. Additionally, the similarity in the 

amount of background noise can be observed through graphical analysis. Further analysis 

determined that the signal to background noise ratio for the 174nt product was 5.89 and 3.26 for 

the 133nt product in the Vic-labeled mutant/Ned-labeled wild-type heteroduplexed DNA. The 

signal to noise ratio determined for the Vic-labeled wild-type /Ned-labeled mutant 

heteroduplexed DNA was 5.83 for the 174nt product and 5.16 for the 133nt product. These results

are presented in Table 4.

1:5 (wild-type to mutant) Dilution Factor. In order to determine the sensitivity of the 

Endonuclease V/AK16D ligase reaction, the same procedure was followed as stated above. 

However, the amount of mutant DNA was increased, resulting in a 1:5 dilution of wild-type DNA 

(HT-29) to mutant DNA (SW620).

Cleavage products of the endonuclease V/AK16D ligase reaction were observed in lanes 

9 and 10 of the gel (Figure 11) at 174nt and 133nt for both the Vic-labeled wild-type/Ned-labeled 

mutant and the Ned-labeled wild-type/Vic-labeled mutant heteroduplexed DNA. The relative 

intensity of the bands in the 1:5 dilutions as compared to that of the 1:1 dilution was established 

through graphical analysis (Figures 12, 13 and Table 3). No difference in relative intensity was 

observed in the cleavage, resulting in the 174nt fragment for the Vic-wild-type/Ned-mutant 

heteroduplexed DNA. There was a distinct decrease in the relative intensity of the 133nt fragment 

for the 1:5 dilution as compared to the 1:1 dilution.
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Figure 7. Relative Intensities of Bands Present in Gel Image for Wild-type/Mutant 
(A+/B) heteroduplexed DNA. A graphical depiction of the relative intensities of the 
fragments generated by the EndoV/AK16D ligase treatment applied to the wild- 
type/mutant (A+/B) heteroduplexed DNA. Four standards represent the MMR size 
standards used for fragment size analysis.
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Figure 8. Relative Band Intensities of Mutant/Wild-type (A/B+) Heteroduplexed 
DNA Cleavage Products.
A graphical depiction of the relative intensities of the fragments generated during EndoV/AK16D 
ligase treatment of the mutant/wild-type heteroduplexed DNA (A/B+). Four standards represent the 
MMR size standards used for fragment size analysis.
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Figure 9. Presence and Intensities of Bands in both Wild-type/Wild-type (A+/B+)
heteroduplexed DNA (Red) and Wild-type/Mutant (A+/B) heteroduplexed DNA (Blue).
Comparison of the fragments generated through EndoV/AK16D ligase digestion of wild-type/wild- 
typc heteroduplexed DNA (A+/B+) and wild-type/mutant heteroduplexed DNA (A+/B). The four 
standards indicate the relative intensities of the MMR fragments used in fragment size analysis.
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Pixel Number
Figure 10. Presence and Intensities of Bands in both Wild-type/Wild-type (A+/B+) 
heteroduplexed DNA (Red) and Mutant/Wild-type (A/B+) heteroduplexed DNA (Blue)
Comparison of the fragments generated through EndoV/AK16D ligase digestion of wild- 
type/wild-type heteroduplexed DNA (A+/B+) and mutant/wild-type heteroduplexed DNA 
(A/B+). The four standards indicate the relative intensities of the MMR fragments used in 
fragment size analysis.
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Figure 11. EndoV/Ligase Products 
For 1:1,1:5 and 1:10 Dilution 
Factors of Mutant to Wild-type DNA.
Lanes 1 through 3 contain the reaction mixtures 
without EndoV/AK16D added. No visible products 
observed. Lanes 4 through 6 contain 1:1 dilution 
mixtures as present in Figure 4. Lane 9 contains 1:5 
dilution of A+/B heteroduplexed DNA. Lane 10 
contains 1:5 dilution of A/B+ heteroduplexed DNA. 
Lane 13 contains the 1:10 dilution of A+/B 
heteroduplexed DNA and lane 14 contains the 1:10 
dilution of A/B+ heteroduplexed DNA.
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Quantitatively, the 133nt fragment for the 1:1 dilution had a relative intensity of 219.3, 

while the 1:5 dilution presented only a relative intensity of only 78.3. The results for the Vic- 

labeled mutant/Ned-labeled wild-type heteroduplexed DNA showed an even more significant 

decrease in intensity for both products. For the 174nt cleavage product, a relative intensity of 248 

was obtained for the 1:1 dilution, while only a relative intensity of 110.3 was observed for the 1:5 

dilution. The 133nt cleavage product of the 1:1 dilution had a relative intensity of 138 in 

comparison to the relative intensity of 84.3 for the 1:5 dilution.

Table 3. Relative Intensities of EndoV/AK16D Ligase Cleavage Products 
of Dilution Schemes. The relative intensities observed in the gel for the 
Endonuclease V/AK16D ligase reaction products. Relative intensities were generated 
through graphical analysis of the band intensities.

Dilution Factor Amplicon Mixture Relative Intensity 
for 174 nt product

Relative Intensity 
for 133 nt product

1 to 1 A/B+ 248 138
1 to 1 A+/B 247.9 219.3

1 to 5 A/B+ 110.3 84.3
1 to 5 A+/B 247.9 78.3

1 to 10 A/B+ 53 58.3
1 to 10 A+/B 121.9 38

A reduction was also observed in the degree of background noise present in the gel, due 

to non-specific and failed ligation (Figures 12, 13 and Table 4), as compared to that of the 1:1 

dilution. However, further analysis determined that the signal to background noise ratio had 

decreased for the 1:5 dilution as compared to that of the 1:1 dilution for the Ned-labeled wild-

type/Vic-labeled mutant heteroduplexed DNA. The signal to noise ratio for the 174nt product of 

the Ned-labeled wild-type/Vic-labeled mutant heteroduplexed DNA was 4.23 and 3.22 for the 

133nt product. The signal to noise ratio for the Vic-labeled wild-type /Ned-labeled mutant
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Figure 12. Relative Band Intensity for 1:1 Dilution (Blue) of Mutant to Wild- 
type DNA Heteroduplexed DNA (A+/B) and 1:5 Dilution (Red) of Mutant to 
Wild-type DNA Heteroduplexed DNA (A+/B)
A comparison of the relative intensities of the EndoV/AK16D ligase products from the 1:1 
dilution reaction and the 1:5 dilution reaction, used to determine sensitivity. The three standards 
indiratp thp relative intpncitipe nf*fbp K/fK/fR Handc need tn rlpfprminp mnlpmlar ci'zp
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Figure 13. Relative Intensity of Bands for 1:1 Dilution (Blue) of Mutant to 
Wild-type Heteroduplex DNA (A/B+) and 1:5 Dilution (Red) of Mutant to 
Wild-type Heteroduplex DNA (A/B+)

A comparison of the relative intensities of the EndoV/AK16D ligase products from the 1:1 
dilution reaction and the 1:5 dilution reaction, used to determine sensitivity. The three standards 
indicate the relative intensities of the MMR bands used to determine molecular size.
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heteroduplexed DNA experienced a significant increase for the 174nt product and a significant 

decrease for the 133nt product. The ratio calculated for the 174nt product was 8.74, while a ratio 

of 2.77 was determined for the 133nt product (Table 4).

Table 4. Signal to Noise Ratios of the Cleavage Products for EndoV/AK16D 
Ligase Amplicon Mixtures. The measurement of the band intensity of the expected 
product in relation to the band intensities of the non-specific cleavage products generated 
by Endonuclease V cleavage and failed AK16D ligation. Signal-to-noise ratio provides a 
quantitative analysis of procedure sensitivity.

Dilution Factor Amplicon Mixture Signal to Noise Ratio 
for 174 nt product

Signal to Noise Ratio 
for 133 nt product

1 to 1 A+/B+ No observable product No observable product
1 to 1 A/B+ 5.89 3.26
1 to 1 A+/B 5.83 5.16

1 to 5 A/B+ 4.23 3.22
1 to 5 A+/B 8.74 2.77

1 to 10 A/B+ 2.29 2.54
1 to 10 A+/B 4.59 1.43

1:10 (wild-type to mutant) Dilution Factor. Further analysis of the sensitivity of the 

reaction involved increasing the concentration of mutant DNA so as to generate a 1:10 dilution of 

wild-type DNA (HT-29) to mutant DNA (SW620). The same procedures were then followed as 

previously stated.

Cleavage products of the endonuclease V/AK16D ligase reaction were observed in lanes 

13 and 14 of the gel (Figure 11) at 174nt and 133nt for both the Vic-labeled wild-type/Ned- 

labeled mutant and the Ned-labeled wild-type/Vic-labeled mutant heteroduplexed DNA. 

Graphical analysis (Figure 14 and 15) of the Vic and Ned labeled fragments determined the 

relative intensities of the band for the 1:10 dilution of mutant to wild-type DNA as compared to 

the intensities of the 1:1 dilution. A slight decrease (126) in the intensity level in the intensity of 

the band was observed for the 174nt cleavage product of the 1:10 diluted Vic-labeled wild-type/
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Ned-labeled mutant heteroduplexed DNA as compared to the 1:1 dilution. A more significant 

decrease (181.3) in the intensity level was observed for the 133nt cleavage product for the 1:10 

dilution in the same labeling scheme.
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Figure 14. Relative Band Intensity for 1:1 Dilution (Blue) of Mutant to Wild-
type DNA (A+/B) and 1:10 Dilution (Red) of Mutant to Wild-type DNA (A+/B)
A comparison of the relative intensities of the EndoV/AK16D ligase products from the 1:1 
dilution reaction and the 1:10 dilution reaction, used to determine sensitivity. The three standards 
indicate the relative intensities of the MMR bands used to determine molecular size.
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Figure 15. Relative Band Intensity for 1:1 Dilution (Blue) of Mutant to Wild-type 
DNA Heteroduplexed DNA (A/B+) and 1:10 Dilution (Red) of Mutant to Wild-type 
DNA Heteroduplexed DNA (A/B+).
A comparison of the relative intensities of the EndoV/AKl 6D ligase products from the 1:1 dilution 
reaction and the 1:10 dilution reaction, used to determine sensitivity. The three standards indicate 
the relative intensities of the MMR bands used to determine molecular size.
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The relative intensities of the bands exhibited an even further decrease in the Vic-labeled

mutant/Ned-labeled wild-type scheme. Quantitatively, a relative intensity of 53 was observed for 

the 174nt cleavage product of the 1:10 dilution factor, while a relative intensity of 248 was 

observed for the 1:1 dilution factor. However, for the 133nt cleavage product, there was not as 

significant a decrease in the intensity of the band for the 1:10 as compared to the 1:1 dilution. The 

1:10 dilution had a relative intensity of 58.3, while the 1:1 dilution had a relative intensity of 138, 

for a difference in relative intensities of only 79.7.

Further analysis determined that a decrease in the signal to noise ratio had been observed 

for the 174nt and 133nt products of both DNA labeling schemes. The signal to noise ratio for the 

174 product of the Vic-labeled wild-type/ Ned-labeled mutant heteroduplexed DNA was 4.59, 

while a ratio of 1.43 was determined for the 133nt product. For the Vic-labeled mutant/Ned- 

labeled wild-type heteroduplexed DNA a ratio of 2.29 was determined for the 174nt product and 

a ratio of 2.54 was determined for the 133nt product. These results are presented for comparison

in Table 4.

DISCUSSION

The objective of this research was to analyze two specific procedures developed to 

identify point mutations within gene sequences that have a high propensity for the development 

of colorectal cancer. In analyzing these techniques, the effectiveness, efficiency and sensitivity of 

the two procedures were determined. Additionally, this research also sought to determine the 

feasibility of employing these procedures within the context of a clinical laboratory setting.

The first, the ligase detection reaction, LDR, was developed to screen genomes for 

specific, known point mutations within genes that are highly correlated with the development of 

certain types of cancer. The second technique, EndoV/AK16D ligase, was employed to identify 

point mutations at unknown locations within those genes that are involved in the development
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and progression of cancer. The specific mutant cell strain SW620 with a known point mutation in

codon 12 (G12V) of the K-ras oncogene was used for study in both procedures.

Ligase Detection Reaction

This procedure involved the use of a discriminating primer, which is 26 nucleotides in 

size and contains a 5’ near-infrared dye label (IRD-800), as well as a 3’ phosphorylated, 

unlabeled common primer 20 nucleotides in size. The final nucleotide base at the 3’ end of the 

discriminating primer is complementary to the known point mutation within codon 12 of the K- 

ras gene. It is essential for the 26 nucleotides, including the final nucleotide complementary to the 

mutant strain of the discriminating primer, to anneal as a perfect match for ligation of the 

discriminating primer and the common primer to occur. The product of this ligation, indicating 

the presence of a point mutation within the DNA, will then be a single-stranded fragment of DNA

46 nucleotides in size.

The results of LDR (Fig. 2) indicate the presence of a band in lane 3 at approximately 46 

nucleotides, based on the ladder used to determine the size of the fragments. However, the band is 

not well differentiated from the remaining discriminating primers, as indicated by the streaking 

seen below the band position. This may indicate that the dilutions made when combining the 

product solution with the loading dye prior to injecting the mixture into the Licor 4200 DNA 

Analysis System needed to be increased, so as to limit the amount of product observed resulting in 

more defined bands (Hashimoto, pers. comm.). The presence of the band at 46 nucleotides, 

however, indicates that the specific point mutation within codon 12 of the K-ras gene was 

present. Additionally, as ligation of the discriminating primer and common primer occurred, as 

indicated by the size of the fragment, it can be discerned that the final nucleotide at the 3’ end of 

the discriminating primer was complementary to the nucleotide where the point mutation had 

occurred. Therefore, it can be concluded that a point mutation did exist within codon 12 of the K-

ras gene.
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While results were obtained through this procedure, the ability to employ this technique 

in an effective and efficient manner was not realized. The results were not reproducible and were 

sporadic at best, requiring several runs of the procedure with variations in concentrations of the 

primer and DNA. Several explanations can be proposed for the fallibility of this procedure. The 

most probable explanation for the difficulty in establishing results was the state of the ligase used 

throughout the course of the research. The ligase employed was two years old and had not been 

divided into aliquots, but rather frozen and thawed repeatedly over the course of its use. This 

constant change in the temperature of the ligase could greatly affect its utility and efficiency. It 

was only after replacement with fresh ligase that more consistent and defined results were 

obtained by others (Sinville, unpublished data). Another explanation for the poor yield of results 

would be the state of the DNA upon the conclusion of PCR amplification and prior to use in the 

ligation detection reaction. While it was established that successful amplification of the target 

gene had occurred, artifacts did exist within the PCR product as indicated through gel 

electrophoresis of the PCR reaction mixture (Figure 1), which may have either lowered the 

concentration of the target gene within the PCR product or interfered during LDR. The Taq 

polymerase used during the PCR amplification may still have been minimally active during LDR, 

resulting in interference. In order to prevent or reduce this interference, Proteinase K could have 

been added prior to LDR to inactivate the Taq polymerase. Additionally, specific DNA cleaning 

procedures (Maniatis, 1982) could have been employed to decrease the unwanted artifacts 

existing within the PCR product solution resulting in a more accurate amplified target gene

concentration.

In summary, it can be concluded that while results were obtained and the technique was 

successful in identifying a specific point mutation within the K-ras gene, the procedure needs to 

be altered for optimal conditions to be achieved and more consistent results to be obtained. This 

optimization would require that fresh ligase be employed throughout the reaction, with aliquots
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being made to prevent multiple freezing-thawing events. Additionally, the use of Proteinase K 

prior to commencement of LDR could be beneficial, as well as cleaning of the PCR product.

Endonuclease V/AK16D Ligase

The PCR product resulting from the amplification of the K-ras target gene region of the 

SW620 cell line was 307 base pairs in length. The point mutation with the K-ras target gene 

sequence is 132 nucleotides from the 5’ end of the sequence. Therefore, the anticipated cleavage 

products would be 133 nucleotides and 174 nucleotides in size, respectively. In order to 

determine the effectiveness and ease of this procedure, a 1:1 dilution ratio of mutant to wild-type 

heteroduplexed DNA was treated. Cleavage products were observed in the gel image at 133 and 

174 nucleotides (Fig. 4). This indicates that the endonuclease V recognized the point mutation 

within the heteroduplexed region of the DNA and cut the double stranded DNA one base pair to 

the 3’ end of the mismatch. Upon analysis, the signal to noise ratio was determined to be 5.89 for 

the 174nt product and 3.26 for the 133nt product in the Vic-labeled mutant/Ned-labeled wild-type 

heteroduplexed DNA and 5.83 for the 174nt product and 5.16 for the 133nt product of the Vic- 

labeled wild-type /Ned-labeled mutant heteroduplexed DNA scheme. Adopting the standard 

signal to noise ratio of three as acceptable (Soper, pers. comm.), it can be concluded that the 

AK16D ligase resealed those indiscriminate non-specific cleavages, which were created by the 

endoV. However, the ligase did not reseal the specific cleavage at the site of the mutation to a 

significant degree. This resulted in a low level of background noise due to non-specific cleaving 

as compared to the high level of the desired signal as a result of the specific cleavage at the site of 

the point mutation by endonuclease V.

In determining the sensitivity of the technique, both a one to five dilution mixture and a 

one to ten dilution mixture of mutant to wild-type DNA were combined during the 

heteroduplexing procedure. The presence of the two product fragments at 133nt and 174nt within 

the gel image for both dilutions indicates that the endonuclease V recognized and cleaved the
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heteroduplexed DNA at the site of the point mutation. While observation of the gel image would 

indicate a reduction in the background noise or non-specific cuts by the endonuclease V as 

compared to the intensity of the signal, further analysis demonstrated a decrease in the signal to 

noise ratio of both the 1:5 and 1:10 dilutions. In assessing the sensitivity of the procedure, the 

relative intensities of the product fragment and background resulting from random cleaving by 

endoV and non-ligation by AK16D ligase were determined in order to generate a signal to noise 

ratio. The signal to noise ratios of the 1:5 and 1:10 dilutions could then be compared to that of the

1:1 dilution.

A decrease of 1.66 was observed in the signal to noise ratio of the 1:5 dilution for the 

174ntps product of the Ned-labeled wild-type/Vic-labeled mutant heteroduplexed DNA as 

compared to the 1:1 dilution, while a decrease of only 0.04 was observed for the 133nt product 

for the same labeling scheme. A significant increase of 2.91 was observed in the signal to noise 

ratio for the 174nt product of the Ned-labeled mutant/Vic-labeled wild-type heteroduplexed 

DNA, while a significant decrease of 2.39 was observed for the 133nt product of the same 

labeling scheme. Adopting the standard signal to noise ratio of three as acceptable, the signal to 

noise ratio of the 133nt product for the Ned-labeled mutant/Vic-labeled wild-type heteroduplexed 

DNA would be recognized as unacceptable by these standards.

The signal to noise ratios for the 1:10 dilutions were significantly reduced as compared to 

the 1:1 ratios. All but one of the ratios was accepted based on the standard acceptable ratio. Only 

the 174nt product of the Vic-labeled wild-type/ Ned-labeled mutant heteroduplexed DNA showed 

a significant signal to noise ratio of 4.59. While observation of the gel image for the 1:10 dilution 

indicated an increase in the signal to noise ratio and a significant decrease in background noise, 

the analysis of the data for the relative intensities of each band, as compared to the background 

noise, confirms that the procedure is not sensitive to conditions in which the wild-type DNA is in

excess of ten or more times the mutant DNA.

The discrepancy between the relative intensities of the 174nt product and the 133nt
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product for each labeling scheme may be explained through analysis of the gene sequence and the 

enzymatic activity and preference of the endonuclease V. As the bottom strand of the DNA was 

consistently labeled with Ned and the top stand was consistently labeled with Vic, for both the 

mutant and the wild-type DNA, the cleavage products produced would always be 133nt for the 

Vic-labeled strand and 174nt for the Ned labeled strand. Additionally, the site of cleavage for the 

133nt, being one base pair downstream from the heteroduplexed region, was always involved a 

cytosine (prymidine nucleotide), while the cleavage site for the 174nt product always involved an 

adenine (purine nucleotide). In characterizing the enzymatic activity of endonuclease V, Huang et 

al. (2001) concluded that the enzyme exhibits a marked preference for cleavage sites involving 

purines as opposed to those involving prymidines. Therefore, it may be concluded that due to the 

presence of the prymidine at the 174nt product cleavage site, a higher affinity of the enzyme for 

that cleavage site as opposed to the 133nt product cleavage site resulted in a lower abundance of 

the 133nt product or a higher abundance in the 174nt product.

The reduction in the sensitivity of the procedure for subsequent dilutions of the mutant 

DNA may be the result of: 1) the endonuclease V failing to recognize the heteroduplexed region 

of the DNA, 2) failure by the ligase to reseal those non-specific nicks generated by the 

endonuclease V activity, or 3) failed heteroduplexing between the mutant and wild-type DNA. 

Analysis of the relative intensities of the products indicated that a decrease in the relative 

intensities of the bands did occur, which may be the result of endonuclease V failing to recognize 

the heteroduplexed region.

Alternatively, the reduction in the signal to noise ratios for the 1:5 and 1:10 dilutions may 

be the result of overly active endonuclease V resulting in a greater number of non-specific nicks 

within the DNA. Failure by AK16D ligase to reseal these non-specific cleavage sites would result 

in a low signal to noise ratio. It is possible that the reduction of heteroduplexed regions within the 

DNA resulted in the endonuclease V becoming hyperactive and cleaving the DNA at multiple 

non-specific cleavage sites. The AK16D ligase active sites may become saturated with non
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specific cleavage products, effectively limiting its ability to reseal the non-specific nicks.

Finally, as fewer amounts of mutant DNA were available for heteroduplexing with the

wild-type DNA in the dilutions, it is possible that heteroduplexing may not have occurred as 

effectively as in the 1:1 dilution. This reduction in the amount of heteroduplexed DNA may result 

in less specific cleavage product being generated and therefore a lower relative intensity of the 

bands corresponding to the product.

Based on the research presented, it can be concluded that the combination of the ligase 

detection reaction and the endonuclease V/AK16D ligase is an effective means for identifying 

known and unknown mutations within genes implicated in the development of specific types of 

cancer. The problems experienced in the LDR protocol, as outlined, were the result of faulty 

laboratory practices and not necessarily the result of the protocol itself. In terms of the sensitivity 

of the endonuclease V/AK16D ligase procedure, it can be concluded that the procedure is 

sensitive to samples in which the dilution of mutant to wild-type DNA is less than 1:10. Finally, 

the efficiency of the procedure is demonstrated in the time the procedures demanded and the 

experience level necessary to be successful with the procedures. Both procedures were completed 

in the span of approximately six days in total. With additional experience with the protocols, it is 

estimated that the total time necessary to complete both procedures could be limited to four days. 

Additionally, the procedures have the potential for multiplexing samples, which would 

significantly increase the efficiency. Therefore, the hypothesis of the research, that a 

harmonization of the ligase detection reaction technique with the endonuclease V/AK16D ligase 

procedure would be effective in identifying both known and unknown single point base mutations 

with high sensitivity and efficiency, is accepted. Further research should focus on optimizing the 

protocols and potentially transferring the reactions to microfluidic devices, so that the procedures 

can be performed within clinical settings.
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