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Introduction 

DNA typing has become widely accepted for the characterization of forensic biological evidence. 

The current genetic markers used, i.e., predominately short tandem repeat (STR) loci and to a lesser extent 

mitochondrial DNA (mtDNA), offer high levels of discrimination. In addition, the polymerase chain 

reaction (PCR) (1), the cornerstone of forensic DNA typing, provides a sensitivity of detection such that 

exceedingly small samples can be analyzed. Even with the successes encountered using the PCR and 

forensically validated genetic markers, there are samples that do not contain sufficient DNA or are too 

degraded to undergo DNA analysis.  

Strategies are being sought to type samples containing very minute amounts of DNA. The 

approach most widely used which typifies the strategy for attempting to analyze very limited amounts of 

DNA template is known as low copy number (LCN) typing (2-9).  LCN typing, usually carried out with 

STR loci, is the analysis of any results below the stochastic threshold for normal interpretation. Typing can 

be achieved by increasing the number of PCR cycles, for example from 28 to 34; by reducing the PCR 

volume; by reducing salt concentration in the sample before capillary electrophoresis; by use of a 

formamide with a lower conductivity; by adding more amplified product to the denaturant formamide; 

and/or by increasing injection time (10). However, at these low levels of template DNA (usually less than 

100 pg), stochastic effects can and do occur, resulting in either a substantial imbalance of two alleles at a 

given heterozygous locus or allelic dropout. Even though the assay may not always be reproducible and 

suffers from allele drop out, as well as allele drop in, LCN has been used for analysis of forensic evidence 

and for providing investigative leads (2-4, 7-9). 

 A more robust approach than LCN typing is the interrogation of smaller DNA target regions. To 

improve success with STR typing of limited and/or degraded DNA, the PCR primers for the STR loci can 

be repositioned so they reside closer to the repeat region (11-14). Thus, the PCR amplicon(s) is reduced in 

length. If the amplicon to be generated is smaller than some of the fragmented DNA template molecules, 
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STR analysis of the degraded sample may then be possible. This approach has been successful for typing 

telogen hairs (12) and for typing some of the remains from the World Trade Center disaster (15). 

To reduce the amplicon size further another class of genetic markers, known as single nucleotide 

polymorphisms (SNPs), is being pursued. SNPs are single base pair positions in the DNA that are variable 

within a population(s). For example, the fourth position in the two sequences in Figure 1 might qualify as a 

SNP. There has been a substitution of a G with an A in the comparison of sequence 1 to sequence 2. Most 

SNPs are bi-allelic and are more often the result of transitions, either the polymorphism is a G/A or a C/T. 

Transversions also occur and include C/A, G/T, C/G, and T/A substitutions. Single base insertions and 

deletions also can be considered SNPs (Figure 2). About 85% of human variation is due to the presence of 

SNPs, occurring about 1 in every 100 to 300 bases in the population wide human genome (16-19). The 

SNP Consortium and the National Center for Biotechnology Information maintain databases of several 

million potential SNPs in the human genome (20-22). There likely are several million SNPs that can differ 

between any two unrelated individuals; thus there is an abundant supply of SNPs for forensic analyses. 

However, to be consistent with traditional definitions of genetic polymorphism, to qualify as a legitimate 

SNP the least common allele should occur at a frequency of at least 1%. The primary criterion that makes 

SNPs desirable for forensic analyses is that the amplicon size, in theory, can be reduced to 50-80 base pairs 

in length. Thus, DNA degraded even beyond the limits required for reduced size STR amplicon typing may 

become typeable. 

 SNPs are not likely to replace STRs as the primary method for forensic identification testing. They 

do not have the power of discrimination of STR loci on a locus-by-locus level. To achieve the resolution of 

identification of the standard CODIS thirteen STR loci substantially more SNPs will be needed (23). It 

currently is technologically very demanding to develop a robust multiplex assay containing 50 or more 

SNP loci. Regardless, SNPs will have a niche in forensic analyses for screening samples for mtDNA 

sequencing or possibly replacing sequencing, for typing degraded or small quantity human remains from 

missing persons and mass disasters, for determining the geographical origin of the donor of a sample, for 

lineage-based studies, and for typing physical attributes (24, 25).  

A number of issues need to be considered when developing a SNP assay. These include 

discrimination power, the target sequence (i.e., the flanking area sequence where the primer binds), the 
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analytical platform, the ability to quantify components of a mixed sample, the capacity for multiplexing, 

robustness, ease of assay, cost, and existing expertise. All SNP typing methods include amplification, 

typically by the PCR, of the region containing the SNP of interest. Then, an analytical method is used to 

detect the SNP site and allelic state (an exception is real-time PCR (26, 27) where the amplification and 

typing are performed simultaneously). The analytical portion of many SNP assays is typically based on 

either hybridization of a probe to amplified product, primer extension chemistry, or primer ligation (24, 28-

30). Multiplexing is possible, although some technologies may offer a greater capacity for multiplexing 

than others. In this paper, issues to consider in developing SNP assays are discussed with a focus on 

mtDNA because of the greater demands on design. In addition, the value of mass spectrometry as a robust 

platform for SNP analysis is presented. 

 

SNP Assay Limitations 

The high copy number in a cell compared with nuclear DNA and its circular nature enable mtDNA 

to persist longer than nuclear DNA. Thus, a mtDNA typing result may be obtained when no result is 

possible by analyzing nuclear DNA. This approach has been very successful for typing bones, teeth and 

single hair shafts (31-39). However, because of its mode of inheritance, lack of recombination, and genetic 

diversity, mtDNA will never provide the power of discrimination enjoyed by multiplex STR typing. Yet, 

typing mtDNA SNPs and other variants may provide the greatest level of sensitivity of detection.  

Typing mtDNA in forensics is carried out using the Sanger sequencing method followed by 

electrophoresis and real-time fluorescent detection (38, 40, 41). Sequencing is the ultimate method in SNP 

analysis, because all SNPs contained within the sequenced fragment are detected. Although the entire 

mtDNA genome (16,569 bases in length) exhibits substantial variation, the two hypervariable regions (HV1 

and HV2) within the mtDNA control region are often sequenced, because of a high density of SNPs and 

other variants. However, sequencing is a labor intensive process for most crime laboratories. SNP analysis 

of mtDNA has been demonstrated using a number of alternative formats. These include a reverse dot blot 

system of immobilized probes on a nylon support (42,43l), mini-sequencing using primer extension 

chemistry (44) or SNaP Shot (24), pyrosequencing (45), and microarray chips (46).  
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Unlike sequencing, typing specific SNPs with these methods (excluding pyrosequencing) requires 

a priori knowledge of the SNP position so a probe or primer can be designed to detect the specified SNP. 

The use of probes and/or primers for post PCR mtDNA SNP analysis has three major limitations. First, the 

majority of the variation for identification purposes does not reside at �signature� SNP sites within the 

genome. Even with efficient probe and primer design, most of the variants will not be observed. Therefore, 

the power of mtDNA SNP-based assays cannot approach the levels of discrimination power afforded by 

sequencing. Second, with mtDNA and particularly so for regions HV1 and HV2, some variant sites cluster 

and reside close to one another. Thus, SNPs of interest reside proximal to other polymorphic sites. The 

proximity of variants (and other SNPs) to the SNP of interest will destabilize hybridization of primers and 

probes with the amplicon template, because of incomplete complementarity (Figure 3a, 3b). One might 

consider avoiding such regions and instead search for SNPs residing in highly conserved genomic regions. 

However, that option is very limited with mtDNA because of the limited size of the genome. Alternatively, 

primer hybridization can be facilitated by use of redundant primers/probes (Figure 3c) or the 

primers/probes can be chemically modified to effect hybridization (47-49). The third limitation is that 

hybridization and the primer extension assay with fluorescently-labeled ddNTPs are not effective 

methodologies for quantitation. Therefore, resolving the components of a forensic mixture sample or 

quantifying the contribution of the components of a mtDNA heteroplasmic sample can not be performed 

reliably.  

 The aforementioned limitations make it difficult to design robust mtDNA SNP detection assays. 

To be effective, a methodology should approach the power of discrimination of sequencing by scanning a 

substantial amount of the variation contained within the amplified fragment, not be hampered by SNP and 

variant clustering, not require a priori knowledge of the potentially forensically informative sites within a 

sample, be quantitative, be amenable to automation, and, if possible, provide the relevant information 

without the burden of extensive manual data interpretation (as encumbered with sequencing).  

  

Mass Spectrometry 

 The mass spectrometer is well-suited as an analytical platform for SNP analysis. It is a highly 

automatable, highly accurate (over several orders of magnitude) instrument that does not require DNA to 
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be fluorescently labeled for detection (50-70).  To be analyzed in a mass spectrometer compounds must 

first be converted into gas phase ions. Then, the ions are sorted based on their mass-to-charge ratios (m/z), 

which are directly correlated with the compounds� molecular weight.  Mass spectrometers are composed of 

three basic parts which are: a sample inlet and ionization source; a mass analyzer; and an ion detector 

(Figure 4). There are numerous permutations for incorporating these components in a mass spectrometer. 

The sample, whether in solid, liquid, or gaseous form, is first introduced into the vacuum chamber of the 

ionization region through a sample inlet. Typical sample inlets include the use of a heated capillary inlet or 

a sample probe which can be inserted into a vacuum lock in the ionization region of the mass spectrometer 

(71).  The sample, if not already in the gas phase, must then be desorbed, and subsequently ionized, prior to 

mass analysis.  The desorption and ionization step can be coupled together and occur simultaneously or 

they can be performed separately.  A beam of electrons, atoms, ions, or photons from a laser can be used 

for desorption and/or ionization.  Ionization is achieved either by inducing a loss or gain of a charge which 

typically results from the loss or gain of a proton or electron. The gas phase ions are directed through the 

use of electrostatic lenses into the mass analyzer, where they are sorted based on their m/z ratio.  The ions 

are detected using an electron multiplier, array detection, or ion imaging, and their m/z spectra are recorded 

(71). 

 For DNA analysis, the desorption and ionization process must occur without significantly 

fragmenting the DNA molecules. Therefore, the two ionization sources that are commonly used are matrix 

assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI).  In MALDI, the analyte 

(i.e., DNA) is allowed to co-crystallize with a matrix compound, usually an organic acid that absorbs well 

in the UV range. The crystallized sample is then irradiated with a laser which induces the desorption and 

ionization of both the matrix and analyte.  The matrix facilitates the conversion of the DNA to a singly-

charged gas phase ion without fragmentation.  (71, 72) (Figure 5).  With ESI, the analyte is introduced as 

an aqueous solution through a capillary.  The application of high voltage to the capillary causes a Taylor 

cone to form at the tip. The result is the generation of a fine spray of multiply-charged intact DNA ions in 

the gas phase which can then be desolvated and analyzed (71, 73) (Figure 6).  

 The main purpose of a mass analyzer is to separate, or resolve, the ions according to their m/z. To 

date, the most suitable analyzers for analysis of DNA are time-of-flight (TOF) or Fourier Transform ion 
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cyclotron resonance mass spectrometer (FT-ICR) mass analyzers.  A TOF analyzer functions by measuring 

the time required for an ion to travel to the detector which is located 1-2m from the source.  All ions in the 

source are accelerated through the same potential difference and thus have the same kinetic energy.  Ions 

then separate as they travel to the detector based on their velocity, Page: 6 

with smaller ions traveling faster than larger ions and reaching the detector first. Thus, the analyzer is 

known as time-of-flight because the mass of the ion is directly proportional to the time it takes the ion to 

reach the detector (71).  The resolution and mass accuracy achievable by current benchtop TOF instruments 

are 10,000 at m/z 1,000 and 5-10 ppm, respectively. The TOF systems are well-suited for rapid scanning of 

samples.  An FT-ICR mass spectrometer operates based on the fact that an ion will precess in a magnetic 

field at a frequency, which is inversely proportional to its m/z (71).  In an FT-ICR mass spectrometer ions 

are trapped electrostatically within a cell, which is housed in a constant magnetic field.  Cyclotron motion 

is induced through the use of a radio frequency signal to excite the ions.  The different frequencies of the 

ions in the trap are detected as a time-dependent image current. This is Fourier-transformed to derive the 

component frequencies of the various ions, which enables determination of the m/z of the ion (71).  

Because of the accuracy with which frequency can be measured, FT-ICR MS has the highest mass accuracy 

(<1ppm) of any mass analyzer available and also has superior resolving power (100,000 at m/z 1000). Both 

analyzers have detection limits with sensitivities of less than a femtomole of material being routinely 

possible.  

 

SNP Analyses 

MALDI-TOF mass spectrometer SNP detection is exemplified by the MassARRAY Homogenous 

MassEXTEND� (hME) assay developed by Sequenom (San Diego, CA) (74-76). The assay is based on 

primer extension and incorporation of ddNTPs (Figure 7). The primer extension allele products, which 

typically differ by one nucleotide (but could be no more than the mass differences between two primer 

extension products with the same number of nucleotides), can be readily distinguished by direct mass 

analysis with the MALD-TOF mass spectrometer. While highly accurate and automatable, the primer 

extension system is still susceptible to the hybridization issue of clustered SNPs. Thus, this SNP assay is 

not likely to be used routinely for mtDNA analysis. 
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The homogeneous MassCLEAVE
TM

 (hMC) assay (Sequenom, San Diego, CA) may be an 

attractive alternative. The approach has been used for discovery of SNPs (77), mutations (78) and 

identification of mycobacteria (79). It has been applied recently to mtDNA analysis (80). With this 

approach two amplicons (ranging 300-700 bp in length) are generated. One amplicon has a T7-promoter 

tag incorporated into its forward strand; while the other generated amplicon differs only in that the T7-

promoter tag is incorporated into the reverse strand. After the PCR, the products are transcribed into RNA. 

Because modified nucleotides are incorporated into the RNA during transcription, base-specific cleavage 

can occur during incubation with RNase A (Figure 8). The RNA products are divided into two cleavage 

reactions (one for cleavage at U (for T) residues and one for cleavage at C residues). Thus, four total 

reactions are carried out. The masses of the resulting cleavage products are measured by MALDI-TOF 

mass spectrometry, and a profile is generated. The four cleavage reaction patterns are analyzed using 

combinatorial algorithms and polymorphisms are identified. The clustering of SNPs has no impact on the 

assay. Also, with this assay almost all variants can be identified, not just signature SNPs.  

 

Base Composition Analysis 

 Recently, an ESI-MS method called TIGER (Triangulation Identification for Genetic Evaluation 

of Risks) was developed by Ibis Therapeutics (Carlsbad, CA) to rapidly identify a broad range of 

microorganisms and monitor in real time the spread of the etiologic agent of a disease (81-83). The basis of 

TIGER is similar to that of Multi-Locus Sequence Typing (MLST). MLST analyzes, by sequencing, 

fragments of five to seven house-keeping genes (although more can be typed if desired) common to many 

bacteria (84, 85). With proper design, many strains within species are distinguishable. However, TIGER 

does not sequence the fragments as is done with MLST. Instead, the base composition of each fragment is 

calculated. Using the known exact masses of the four bases that comprise DNA and the accurately 

measured mass of a strand of DNA from the mass spectrometry analysis, the base compositions of each 

strand can be calculated unequivocally within certain limitations (i.e., mass accuracy requirement of 1-25 

ppm and a DNA fragment length less than 140 bases) (54, 60). A combination of base composition 

signatures from several loci yields a strain-specific profile.  
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The same technology also could prove extremely useful for mtDNA SNP and variant analysis and 

has been demonstrated (86). Consider a mtDNA fragment that is 100 bases in length that contains a number 

of population wide variant sites. In lieu of sequencing (which reads all variants in the fragment), the base 

composition of an amplicon is determined. The result will be that the amplified fragment contains a certain 

number of A, G, C and T residues. For example in Figure 9, two samples have been typed by ESI-MS and 

the resultant base composition displayed. The only difference between the samples is that at one and only 

one position in sample 1 an A has been substituted with a G in sample 2. Thus, the transition results in a 

difference in base composition at A and G, while the number of C and T residues remains the same. 

Because of the base composition differences, it can be readily determined that the two samples are 

different. The caveats with this method are that the position of the SNP (or variant) in the sequence is 

unknown and that in some cases multiple substitutions can possibly cancel out differences. For example, if 

in sample 1 above there had been a transition from A to G at the 17th position of the sequence and at 

position 29 a G to A transition also occurred, then the overall base composition would remain unaltered. 

Thus, while the ESI-MS method of base composition can identify tremendous variation, it cannot always 

achieve that of sequencing.   

The above limitation of base composition analysis would apply to sequences with clustered SNPs 

and variants, such as occurs with mtDNA, but not to SNPs residing in population wide invariant regions 

(which may be found within the nuclear genome). Moreover, in theory and with chemically modified 

primers, some amplicons could be generated during PCR that consist of only the primers and the SNP site. 

So if each primer were 25 bases in length and both abut the SNP site of interest, the total amplicon size 

could be as little as 51 base pairs (Figure 10). Even if another variant exists in the primer binding site (and 

it does not destabilize primer annealing), that variant is not incorporated into the exponentially increasing 

amplicons and will not impact base composition analysis. 

Base composition analysis with ESI-MS simplifies the assay because no post PCR analytical 

design is required. No probes or primers are needed to detect the variant; only mass differences are needed 

to obtain typing results. However, there may be situations where the amplicon size is beyond the current 

computational limits of 140 bases in length. In such cases, restriction digestion of the amplified fragment to 

sizes lengths less than 140 nucleotides overcomes the limitation. Moreover, a difference of restriction 
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fragment patterns between two samples is indicative of the presence of a variant (s) as well.  Thus, it would 

seem that ESI-MS is particularly suited for the analysis of the SNPs and variants contained within the 

mtDNA. 

Indeed, Hall et al (86) have demonstrated that ESI-MS and based composition analysis can be 

used for assessing variation contained within the mtDNA HV1 and HV2 regions from as little as a single 

hair shaft. The method enables quantitative analysis of a number of clustered SNPs and other variants 

contained within a mtDNA amplicon without a priori knowledge of specific SNP positions. Of the 2754 

different mtDNA sequences in the SWGDAM database (87), about 90% could be resolved by base 

composition alone. The power of haplotype resolution afforded is more than five-fold that of the currently 

available allele-specific hybridization SNP assays (43).  To overcome the limitation of a fragment needing 

to be less than 140 nucleotides in length, Hall et al (86) developed a restriction enzyme panel (comprised of 

RsaI, EaeI, HpaII, HpyCH4IV and PacI) to digest HV1 and HV2 amplicons. So it is feasible to amplify 

relatively large amplicons and still exploit mass spectrometry and base composition analysis.  

 While the methodology overcomes the aforementioned limitations of other SNP-based assays, 

there are additional features worth noting. The typical samples analyzed by mtDNA typing are hair, bone, 

and teeth. These samples can be cleansed of exogenous DNA, and thus the mtDNA extracted can be 

considered as arising from a single source. However, mtDNA fragments of similar length and base 

composition have very similar ionization efficiencies; therefore, the relative signal intensities measured 

from a mixture of fragments can accurately quantify the relative amounts of the contribution of the 

components in the sample. This quantitative capability holds promise for deconvolving mtDNA mixtures 

arising from two different individuals (something not reliably performed when using Sanger sequencing). 

Consider a scenario in which a sample (for example, from a cigarette butt) is composed of DNA from two 

individuals. The individuals differ at two SNPs, one residing in HV1 and the other in HV2. If the two 

contributed DNAs are at different concentrations, for instance 70% and 30%, using mass spectrometry the 

HV1 and HV2 multiple fragments can be assigned unequivocally to different sources. Thus, mixture 

analysis, similar to the process for STR mixture deconvolution, can be applied to mtDNA and possibly 

enable routine analysis of forensic evidence beyond single source samples. 
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 The phenomenon heteroplasmy, i.e., the presence of two or more closely-related mtDNA types 

within an individual, can occur. Heteroplasmy can manifest itself at single positions or as length variation 

at homopolymeric cytosine stretches that occur in the HV1 and HV2 regions in a notable portion of the 

population. Length heteroplasmy creates an out of register electropherogram downstream from the 

homopolymeric region. Thus, a sequence electropherogram is often uninterpretable beyond the 

homopolymeric region. However, the ESI-MS was able to characterize HV1 and HV2 heteroplasmic length 

variants. The different mtDNA length variant ions have different m/z ratios and thus are detected 

independently.  In addition, as stated above for mixture deconvolution, the contributions of amplicons 

containing heteroplasmic length variants in a sample can be quantified accurately relative to one another.  

 A major bottleneck with sequence analysis occurs during the interpretation phase, which entails a 

lengthy manual review process by two scientists. Because of the mass accuracy afforded with the mass 

spectrometer and accompanying software, most profiles can be interpreted automatically within a few 

seconds.  Thus, in addition to the obvious automation MS technology offers for sample processing, 

throughput is improved by decreasing data analysis time on the back end.  Lastly, cost of analysis can be 

reduced at least an order of magnitude compared with mtDNA sequence analysis. 

 

Conclusion 

 Over the past twenty years, there have been remarkable improvements in the capabilities to 

genetically characterize forensic biological evidence. The use of mass spectrometry to analyze SNPs and 

less frequent variants in small-sized amplicons is another application to facilitate forensic analyses. 

Compared with more widely employed SNP analysis methods, mass spectrometry has several potential 

advantages including: high mass accuracy, quantitation, and automation. There have been attempts to 

investigate mtDNA SNPs outside HV1 and HV2 (in the coding region) to better resolve the most common 

haplotypes (for example, in Caucasians - 263G, 315.1C) (88, 89). Yet, these still suffer from requiring a 

priori knowledge of the SNP position and cannot identify the majority of forensically-important variation 

contained within the coding region. The coding region is much larger than that of the control region making 

it more demanding to sequence the region(s) of interest. The mass spectrometry approach can readily 

capture such variation with a more simplified design (86). However, because of spectral overlap, only a few 
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amplicons may be typed simultaneously. The degree of multiplexing amplicons from various regions of the 

mtDNA genome still needs to be determined.  

There are other technologies that may prove as useful, overcome limitations of multiplexing, or 

serve in concert with the mass spectrometer. These include: the highly parallel processing DNA 

hybridization microarray format or DNA chip (46, 90-92) in which a resequencing chip for the entire 

mtDNA genome has been developed (personal communication P.S. Walsh, Affymetrix, Santa Clara, CA); 

and pyrosequencing (93-95), a sequencing by synthesis reaction that does not require electrophoresis and 

does not require a SNP primer that must reside on highly polymorphic regions. Andreasson et al (45) have 

demonstrated the use of pyrosequencing to type polymorphic sites residing within the mitochondrial control 

region and the coding region from mock and actual casework samples.  

Such tools of the molecular biologist will likely provide robust platforms to expand capabilities 

for analyzing more challenging samples. In addition, they hold promise for automating the processes and 

reducing costs.  

 

Disclaimer 

 This is publication number 05-13 of the Laboratory Division of the Federal Bureau of 
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Figure 1. Two sequences that differ at one SNP site. The allele (residing at the fourth position of the 
sequence is biallelic for A/G transition. 
 

 

CAAGCTTAGG -- Sequence 1 

CAAACTTAGG -- Sequence 2 
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Figure 2. Compared with the Reference sequence, the three types of SNPs are displayed: substitution, 
deletion, and insertion. 

C T G T C A C T C G G G T
G A C A G T G A G C C C A

REFERENCE

C T G T C A C G C G G G T
G A C A G T G C G C C C A

SUBSTITUTION

C T G T C A  T C G G G T
G A C A G T A G C C C A

DELETION

C
G

C T G T C A T C T C G G G T

INSERTION

G A C A G T A GA G C C C A

T
A
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Figure 3a. Two amplicons carrying different forms of a SNP have been generated. Only the amplicon with 
the A allele (#2) can hybridize with the tethered Probe 2. A Probe 1 is also employed to detect the allele 
contained within amplicon #1. 

TTTTT AAGCTAGGTACTT

Support

Probe 2

1 - GATCCGTGAA
1 - GATCCGTGAA

1 - GATCCGTGAA1 - GATCCGTGAA

2 - GATCCATGAA

2 - GATCCATGAA

 
Figure 3b. The amplicon with the A allele (#2) can hybridize with the tethered Probe 2. However, amplicon 
2* contains an additional SNP (a T allele). The amplicon 2* can no longer hybridize efficiently with Probe 
2. 
 

TTTTT AAGCTAGGTACTT

Support

Probe 2

1- GATCCGTGAA
1- GATCCGTGAA

1- GATCCGTGAA
1- GATCCGTGAA

2* - GATTCATGAA

2* - GATTCATGAA

2 - GATCCATGAA
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Figure 3c. For amplicon 2* to be detected an additional probe must be used. The number of probes needed 
is related to the number of SNP sites and alleles per site contained within the amplicon region in the 
population. 
 
 
  

TTTTT AAGCTAGGTACTT

Support

Probe 2

TTTTT AAGCTAAGTACTT

Support

Probe 2*

1 - GATCCGTGAA
1 - GATCCGTGAA

1 - GATCCGTGAA
1 - GATCCGTGAA

2* - GATTCATGAA

2* - GATTCATGAA

2 - GATCCATGAA
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Figure 4. Basic design of a mass spectrometer. 
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Figure 5. A schematic representation of the ESI process.  In ESI, the analyte is introduced as a liquid 
through a capillary needle.  A Taylor cone is formed at the tip of the needle due to the application of a high 
voltage.  The result is a fine mist of tiny, highly charged particles being sprayed into the mass spectrometer. 
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Figure 6. A schematic representation of the MALDI process.  In MALDI, analyte molecules (in red) are 
allowed to co-crystallize with an organic acid matrix (in blue).  The irradiation of the matrix using a UV 
laser allows for the desorption and ionization of the analyte without significant fragmentation. 
 

To MS

Matrix

Analyte
N2 Laser 337nm

Matrix Assisted Laser Desorption Ionization (MALDI)
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Figure 7. Primer extension assay (or minisequencing).  

TTGTAATCGGCTGC
AGCCTAACATTAGCCGACGG AGTTCGCCAATCG

ddATP
ddUTP

ddCTP

ddGTP

Template strand

SNP extension primer

SNP site

Dideoxy terminators

polymerase

ddGTP
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Figure 8. Diagram of protocol for homogeneous MassCLEAVE

TM
assay. The steps in the process are 

amplification by PCR (incorporation of T7 promoters), transcription (incorporation of modified bases), 
cleavage of RNA, and mass spectrometry analysis of cleavage fragments. The spectrum kindly provided by 
Sequenom, Inc. (San Diego, CA). 
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Figure 9. Display of base composition of one strand of DNA duplex for two samples. While the SNP 
position is unknown, the presence of the SNP and its character state between the two samples are evident. 
 

Sample 1  ---  A-24, G-30, C-18, T-28 

Sample 2  ---  A-23, G-31, C-18, T-28 
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Figure 10. In theory, an amplicon size could be as short as the length of the primers plus the SNP site.  In 
this case 51 base pairs. 
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