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Abstract

Single nucleotide polymorphisms (SNP) are the most frequent form of DNA sequence
variation in the human genome and are becoming increasingly useful as genetic markers
for genome mapping studies, medical diagnostics, and human identity testing. The primer
extension reaction is a commonly employed molecular biology assay for probing a
known single nucleotide polymorphism site in genomic DNA. In the primer extension
assay a short (< 30 bases) DNA oligonucleotide or “primer” is extended by a single
nucleotide unit. The identity of the extended base allows the sample to be accurately
genotyped.

One method for SNP detection currently employed relies on the mass resolution
between a primer and its single base extension product(s) utilizing Matrix Assisted Laser
Desorption lonization Time-of-Flight Mass Spectrometry or MALDI-TOF MS. The
speed of data collection by this technique is on the order of 5 sec per sample and has the
potential for high throughput when interfaced with a robotic system and automated data
analysis. The primer extension assay and variations upon it are described here as well as

MALDI-TOF MS data collection and interpretation of primer extension reactions.

Keywords: single nucleotide polymorphism, DNA, mass spectrometry, time-of-flight,
matrix-assisted-laser-desorption-ionization, genetic markers, multiplex
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Background on SNPs

Single nucleotide polymorphisms (SNPs) or “snips” are the most commonly found DNA
sequence variation in the human genome. A SNP is simply a single base pair difference
in an otherwise conserved region of genomic DNA. SNPs are thought to be present in
approximately every 1000 bases in the human genome (/,2). Figure 1 depicts a simple
example of a SNP. The base identity at the highlighted position defines the genotype for
this genetic marker. In this example a G to A transition (purine to purine base change)
occurs between individual #1 and #2. The letter R can also be used to represent a G to A
transition. The International Union of Biochemistry and Molecular Biology (IUBMB)
has established symbols for describing base degeneracies. Table 1 shows a list of the

IUBMB degenerate base codes along with their meaning.

There are typically 3 SNP possibilities or genotypes for markers found on an autosomal
chromosome (a chromosome other than a sex chromosome). In the case of the G/A
polymorphism an individual’s DNA could contain G on both chromosomes, an A on
both, or G and A with one on each chromosome. A case where either a G or A is found
exclusively on both chromosomes is referred to as homozygous, and when G and A are
both found exclusively on separate chromosomes is referred to as heterozygous. The
possible gentotypes for this biallelic system would be homozygous G, homozygous A,

and heterozygous G/A.

Various methods exist for the discovery of SNPs. Some of these include single strand
conformation polymorphism (SSCP) and denaturing high performance liquid

chromatography (DHPLC) (3,4). These techniques are useful for inferring that a SNP
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may exist in the region of analyzed DNA. The concept of “scanning” for potential SNPs
is important but does NOT provide the exact location of the polymorphic site or the
sequence identity of the SNP itself. Direct sequencing can also be applied to SNP
discovery (5), which provides the exact location and sequence identity of the
polymorphism. SNP sequence and position are confirmed in a population by sequencing
a specific region of interest and comparing differences in multiple subjects confirming
the presence and frequency of SNP sites. The frequency of a SNP is considered
significant if it is found in greater than 1% of the human population (6). Access to public
databases that contain redundant sequence information and overlapping genomic clones
can also be compared providing an “in silico” means of discovering informative SNP
markers (7). This approach takes advantage of the large amounts of DNA sequence that

is already available.

It has been suggested that an appropriate set of SNP markers could be used to identify
genetic factors associated with complex disease traits (8,9). SNPs that vary across
differing populations will also be useful for the purpose of human identification (/0). As
the sequencing of the human genome continues, resulting SNPs are deposited into
databases as they are identified. Table 2 contains the Internet addresses for 5 sites

containing over 2.5 million human SNPs.

Considering the large number of SNPs present in the human genome the goal of
correlating specific sets of SNPs with a particular disease state is a daunting task.
Although SNPs are plentiful in the human genome they are not as informative (with only

2 alleles) as other types of less common genetic variations such as short tandem repeats
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that exhibit 5 or more alleles. It is therefore necessary to screen a greater number of
SNPs markers to discover meaningful differences between individuals (/0). This
genotyping effort will require high throughput screening of possible SNP candidates in
order to ascertain disease correlations. Once a set of SNPs is found to be useful for a
specific purpose the goal will be to probe healthy versus afflicted individuals for a
particular set of markers in a quick and cost effective manner. The focus here is on a
basic molecular biology based assay for detection of known SNP sites and how MALDI-

TOF MS can serve as quick and inexpensive way to genotype a sample (see also /7).

Background and Issues for MALDI-TOF MS of DNA

The emergence of matrix assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) for the rapid analysis of short DNA oligomers has
made it an attractive method for implementation in nucleic acid based technologies (72).
The desorption-ionization process utilizes a small organic matrix molecule that absorbs
photons of a given energy from a pulsed laser source (commonly a N, laser 8=337.1

nm) to eject DNA oligomers into the gas phase fully intact, primarily with a single charge
(12). 3-hydroxpicolinic acid (3HPA) is a commonly used matrix for ionizing nucleic acid

oligomers (13).

The use of MALDI-TOF MS for analyzing the products of primer extension assays has
become a focal point for assay development. Primer extension assay products typically
consist of a SNP primer and its corresponding extension product(s). The mass difference
between the primer and extension products is normally in the range of 273 to 313 Da

(Figure 2). However resolving the mass difference between multiple extension products
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(in heterozygous samples) usually in the range of 9 to 40 Da is a greater challenge. In
MALDI-TOF MS there is a decrease in resolution with increasing fragment mass that
results in difficulty when examining heterozygous samples. For example with an A/T
(IUBMB code W) heterozygote the mass difference between the 2 expected extension
products will be 9 Da. It is essential that these peaks are well resolved in order to make
an accurate determination of the genotype. For this reason the mass of SNP primers is
limited (usually < 30 bases) to allow for the resolution of extension products with low
mass differences. The exact mass limit of a SNP primer will vary with improvement in
sample preparation and MS instrumentation. A list of mass differences for

dideoxynucleotide analogs used in the primer extension assay is shown in Table 3.

Another challenge involves the removal of salts required in the primer extension reaction
prior to analysis by MS. Alkali salts such as Na" (22 Da) and K* (39 Da) bind to the
negative phosphodiester backbone of DNA resulting in multiple adduct peaks. The
presence of salts reduces the overall sensitivity of the MS technique and can also interfere
when examining multiple primer extension products (see /4). The removal of salts is
necessary to increase sensitivity and reduce salt adduct formation when detecting SNPs
by MALDI-TOF MS. However, salt removal steps add extra time and cost to performing
the primer extension assay. Two different common cases are when A/C (IUBMB M) or
G/T (IUBMB code K) polymorphisms are probed. The mass differences between A/C
and G/T heterozygotes are 24 and 25 Da respectively. However if the resolution of the
mass spectrometer is not adequate and a large amount of Na+ ions are present in the
sample it may be difficult to correctly distinguish between a true heterozygote and

sodium adduct (22 Da).
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Another MS based method of detecting SNPs involves specific hybridization of peptide
nucleic acid oligomers (PNAs) to a PCR amplicon (/5,7/6). PNAs contain a neutral
amide backbone that does not bind salt, which makes them attractive for analysis by
MALDI-TOF MS. Typically the assay consists of uniquely mass labeled PNAs that are
designed to perfectly hybridize to a biotinylated PCR target. Washing conditions are
controlled so that imperfectly matched PNAs are removed from the solution while the
perfect matched PNAs are retained. The retained PNAs are then dissociated from the
PCR template and analyzed by MALDI-TOF MS. Each uniquely mass-labeled PNA

detected represents a SNP allele.

Primer Extension Assay

The primer extension assay is often referred to as the single base extension, PinPoint (/7)
or minisequencing assay (/8). Variations upon this type of assay are popular for SNP
detection, especially in conjunction with analysis by MALDI-TOF MS. Here we will
describe the basics of the primer extension assay, examine the results of a primer
extension reaction and how MALDI-TOF MS fits as an analysis tool. An outline of the
steps required to go from template DNA to a genotype determination are described in
Figure 3. The primary molecular biology techniques can be broken down into (1) PCR

amplification, (2) phosphatase ddNTP digestion, and (3) SNP primer extension.

Components of the Primer Extension Assay
Prior to performing the primer extension reaction the region of DNA containing the SNP

site is usually copied using the polymerase chain reaction (PCR). PCR amplifies a region
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of the template (genomic) DNA bounded by the PCR primer set selected for a particular
system. The size of the PCR product or amplicon can range in size, but is usually around
100-200 base pairs. PCR is followed by a clean up step where excess deoxynucleotides
(dNTPs) and PCR primers are removed. The excess ANTPs and PCR primers will
interfere with the primer extension reaction and can be removed from the reaction using a
type of micro scale chromatography or enzymatic degradation with shrimp alkaline
phosphatase for the dNTPs and exonuclease I for the PCR primers). Enzymatic
degradation has the advantage of being performed in the same tube in essentially the

same buffer as the PCR reaction.

A single primer is designed and synthetically synthesized to probe the SNP site of interest
and is referred to as the SNP primer. A SNP extension primer should hybridize
specifically at specified temperature conditions to the region directly adjacent to the SNP
site. SNP primers should be designed to avoid overlap with positions previously
occupied by the PCR primers used in amplification. A preliminary check is performed
on the SNP primer sequence to predict the formation of potential inter- or intramolecular
structures that would prohibit hybridization to the site of interest. The SNP primer can be
designed to bind to either the “top” or “bottom” strand of the PCR ampliconina 5’ to 3’
direction. Either designation will work and the primer with lowest tendency to mis-
hybridize or form secondary structures is usually selected. The result of the extension
reaction (identity of the base added) will differ of course between a “top” versus a
“bottom” SNP primer (see Figure 1). This fact is taken into account during the

interpretation of the data in order to provide a consistent genotype.
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Reagents for the primer extension assay include the synthetically prepared SNP primer,
dideoxynucleotide triphosphate analogs (ddNTPs), and a thermostable polymerase
capable of efficient incorporation of ddNTPs (Thermosequenase or AmpliTaq FS) with
the supplied reaction buffer. The dideoxy terminators, which are incorporated into the
SNP primer, are shown in Figure 2. The basic structure of the 2°, 3’-dideoxynucleotide
analogs (ddC, ddT, ddA, ddG) with their corresponding masses are given. The absence
of a hydroxyl group at the 3’ position prevents additional bases from being incorporated
onto the primer. Thus, the reaction terminates after the first dideoxynucleotide analog is
added. The sequence identity at the SNP site dictates which dideoxynucleotide
terminators are incorporated onto the primer. The temperature cycling necessary for the
reaction can be performed in a standard PCR thermocycler. Temperature cycling allows
for the repeated hybridization and extension of the SNP primers until a significant

amount of extension product is produced (enough to be analyzed by MALDI-TOF MS).

A limitation to note for the primer extension assay is when closely spaced multiple SNP
sites are present. If a SNP site lies within the region where a SNP primer must bind then
a “mismatch” between the primer and template may occur prohibiting effective binding
of the primer and a failure to genotype the marker. We will illustrate the basic primer
extension assay using an unmodified oligonucleotide primer with unmodified ddNTPs

designed to measure a SNP site on the Y chromosome.
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Example with Y SNP M96

In Figure 4 shows a DNA sequence containing the M96 SNP marker found on the Y-
chromosome (/9) with the polymorphic site exhitibitng either a G or a C (IUBMB code
S). Given that the M96 marker is found on the single copy Y chromosome only two
genotypes should result, either homozygous G or homozygous C. In Figure 4, the 2
smaller outer arrows represent the PCR primers used to amplify this region of DNA prior
to the primer extension reaction. The SNP primer was designed to probe the polymorphic
site via the primer extension assay. The 17-mer DNA oligonucleotide matches the
sequence on the “top” strand and thus will hybridize to the complementary “bottom”
strand directly adjacent to the SNP site (G/C) as shown in Figure 4. The SNP primer
sequence with the expected primer extension products of the ddC and ddG terminator are
shown in the lower portion of Figure 4 with their expected masses. The sequence
specificity of the primer extension process is the basis for determination of a genotype.
The measurement of the mass difference between the SNP primer and the extension
products provide the information in order to determine a genotype for a given sample.
The experimental conditions for the primer extension assay and thermal cycling
conditions have been included for the M96 example. These conditions provide a general

guideline for performing the assay.

SNP Primer Extension Assay

Starting with a 10 uL. PCR reaction that has been treated with Shrimp Alkaline
Phosphatase (SAP) to remove excess ANTPs. A single strand nuclease may be added to
remove excess PCR primers. The SNP primer extension reaction can be run in the
“leftover” PCR buffer.

Add the following to the specified final concentration in 20uL total volume

SNP primer 1.25pM

ddNTPs 125uM

Thermosequenase 1 Unit

Volume adjustment to 20 pL.
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SNP Primer Extension Cycling Parameters

94 °C for 1 min
94 °C for 15 s
48 °C for 15 s:| 40 cycles
68 °C for 25 s

25 °C until completed

Prior to analyzing the primer extension assay products by MS the salt level of a sample is
reduced for optimal results. This sample purification may be performed with solid-phase
capture and release after washing (20) or by passing the sample over a ZipTip micro
chromatography column (27). In the example shown here (Figure 5), the salts were
simply diluted out. One microliter (from the total of 20 uL) of the primer extension
reaction was diluted in 9 pL of pure water containing NH;" cation exchange beads. The
diluted sample was vortexed for approximately one minute. One microliter of the diluted
sample was placed onto the MALDI plate along with 1pL of matrix and allowed to dry.
The stock matrix used consisted of 0.7 M 3-hydroxypicolinic acid (Aldrich Chemical,
Milwaukee, WI) and 0.07 M ammonium citrate (Sigma Chemical, St. Louis, MO) in 1:1
water and acetonitrile (22). Stock matrix solution was diluted 2.5 fold prior to usage.
The sample spots were allowed to air dry and the sample plate was placed into the

Instrument.

Mass spectra were collected on a Bruker BIFLEX III time-of-flight mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with a pulsed nitrogen laser (337.1 nm).
The following operating voltages were employed for signal collection, IS1 = 19.0 kV,

IS2 = 15.0 kV, reflector = 20.0 kV, detector 1.7 kV. Spectra were taken in positive ion
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mode with between 100 and 300 laser shots collected on each sample for signal averaging
purposes. Laser power attenuation was adjusted with each sample to obtain optimal
sensitivity and resolution. Prior to data collection the mass spectrometer was calibrated
with 15 and 36 base single strand DNA oligomers, with masses of 4577.1 and 11091.3

Da respectively.

The results shown in Figure 5 are for the detection of the M96 SNP site (S = G/C) for
two different DNA samples A and B (top and bottom panels respectively). In the top
panel the two main peaks with masses of 5154 and 5467 Da are the SNP extension primer
along with the extension product. The difference in mass between these two peaks is 313
Da, which corresponds to the incorporation of a ddG by the polymerase. The genotype of
“Individual A” is thus G for the Y chromosome M96 SNP marker. “Individual B”
(Figure 5, lower panel) exhibited a mass difference of 273 Da between the primer and

extension product and thus has a genotype of C for M96.

Variations Upon the Primer Extension Assay

The basic primer extension assay has been modified in various ways to improve
resolution, sensitivity, and multiplexing capabilities. In the following section we will
describe a few examples and discuss their similarities and differences. A hypothetical
example of a heterozygous individual containing a C/T polymorphism will be used to
illustrate each assay. The expected mass spectrum for each of the methods is depicted in

Figure 6. The details of each assay are further discussed in the given reference articles.

Primer Extension (PinPoint) Assay
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The basic primer extension assay discussed in detail previously is also referred to as the
PinPoint assay (/7). This is shown in Figure 6A. In the PinPoint assay a primer is
designed to hybridize directly adjacent to the SNP site. A mixture of unmodified
dideoxynucleotide terminators and polymerase extend the primer by a single base. The
resulting reaction products analyzed by MS are the extension primer and the singly
extended primers (+ddC and + ddT). The mass peak at 5828 Da represents the SNP
primer while peaks at 6101 and 6116 Da are the ddC and ddT extension products

respectively.

MassTag-labeled primers

The MS spectrum shown in Figure 6B is similar to the PinPoint assay except that the
SNP primer contains “n” (where n = 1 to 20) non-complementary bases attached to the
5’-end of the primer, usually poly T tails (23). The purpose of the tail is to alter the mass
range of the primer and extension products. Mass shifting can be useful when attempting
to analyze multiple primer extension products by MALDI-TOF MS, commonly referred
to as multiplexing. One can simply add a “tail” consisting of natural nucleotides to the
SNP primer instead of focusing on designing SNP primers with appropriate masses that
will hybridize under the same conditions (23). The MS schematic shows that the mass-
tagged primers are shifted up to higher mass values. This allows “room” for another SNP

primer to be used in the assay.

Mass-tagged ddNTPs
This assay is a variation upon the PinPoint that utilizes a mass-tagged ddNTP (24).

Commercially available fluorescently labeled ddNTPs commonly used for DNA
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sequencing can serve as the mass-tagged ddNTP. Mass-tagging is useful when detecting
heterozygous SNPs in which the masses of the extension products may be difficult to
resolve from one another. In the case shown in Figure 6C the mass difference between
the two extension products is greater due to the mass tagging of ddT. This variation on
the assay would be especially useful for distinguishing A/T heterozygotes whose
extended primer masses will differ by only 9 Da without a mass-tag. The MS plot shows
how the masses of the +ddC and mass-tagged +ddT extension products are further

separated from each other.

PROBE Assay

In the PRimer Oligo-Base Extension (PROBE) assay a mixture of dideoxy- and
deoxynucleotides are used in the primer extension reaction (25). In Figure 6D
dideoxycytosine along with the other three deoxynucleotides are incorporated by the
polymerase. The result of this mixture of triphosphates is a SNP primer that is extended
by one base (+ddC) for the C allele and 4 bases for the T allele. On the T allele top
strand, the extension occurs until the next ddC is present in the template (in our
hypothetical example four bases +dTdGdAddC). The MS example shown in Figure 6D
depicts how the T SNP allele is shifted in mass by the incorporation of dT-dG-dA-ddC.
The PROBE assay is similar to mass-tagging of ddNTPs in that it allows better resolution
of heterozygous alleles from one another. The length of the extension products will vary
depending on the sequence following the SNP site and which ddNTPs are present in the
reaction, which may add complexity when designing multiplex SNP assays. The SNP
primer and SNP sites in a multiplex system will have to be carefully selected for optimal

performance.  Another variation on the PROBE assay called VSET for Very Short
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ExTension has been described in which 3 ddNTPs and one dNTP are used in the

extension reaction (26).

Cleavable Base Assay

The cleavable base assay is a variation on the primer extension assay that results in
extension fragments of a lower mass (20,27). This allows for improved resolution and
sensitivity. Changing the position of the cleavable base within the SNP primer simplifies
multiplex assay design due to the ability to control the mass of the DNA fragments (20).
The cleavable primer extension assay utilizes a SNP primer containing a biotin moiety at
the 5’-end and a chemically cleavable nucleotide near the 3’-end. The biotin group
allows solid-phase capture by magnetic beads coated with streptavidin. The SNP primer
is bound to the bead while the unwanted components of the PCR and extension assay
(salt, ddNTPs, enzyme) are washed off. A 3’ portion of the SNP primer is then released
from the solid-phase via chemical cleavage at the cleavable base. The shortened
fragments of DNA are then spotted in matrix and analyzed in the mass spectrometer.
Figure 6E illustrates the reduction in mass with a chemically cleaved SNP primer. The
use of cleavable primers benefits multiplexing and leads to increased sensitivity due to

the analysis of lower mass DNA products.

GOOD Assay

The GOOD assay is similar to the cleavage assay in the respect that it analyzes shorter
length DNA products (28,29). The GOOD assay also benefits from the use of a charge
tagged primer (30) and an alkylation step that improves sensitivity for MS analysis (37).

Replacing 3HPA in the GOOD assay is a peptide matrix (o.-cyano-4-hydroxy-cinnamic
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acid methyl ester) that promotes homogeneous crystallization and elimination of
sweetspots. The use of the peptide matrix in conjunction with alkylated DNA products
provides an increase in sensitivity for MALDI-TOF MS detection. The reagents for the
GOOD assay differ somewhat from those common to other primer extension assays. The
SNP primer contains a modified base with a linker for coupling a positive charge tag to
the primer. There are also phosphorothioate linkages near the 3’-end of the primer.
These backbone linkages are relatively resistant to phosphodiesterase (PDE) degradation.
PDE digestion shortens the length of the primer by degrading the 5’-end of the primer
until the first phosphorothioate linkage is reached. Standard ddNTPs are replaced with
thio derivative a-S-ddNTPs, which can be alkylated. The MS spectrum in Figure 6F
depicts a PDE digested SNP primer with a mass of 885 Da and the corresponding
extension products. By shifting the assay to a lower mass, heterozygous alleles are more
easily resolved and assay sensitivity is improved. Some limited multiplexes have also

been performed with the GOOD assay (29).

Issues for Multiplex SNP analysis by MALDI-TOF MS

Due to the large number of SNPs present in the human genome it is evident that there
exists a need to quickly genotype many samples at multiple marker locations. The
examples described here so far have been for a single marker or singleplex reaction.
Analyzing multiple SNP markers in the same assay increases genotyping throughput.
One could reasonably imagine probing 2, 3, 4 or more SNP sites by the primer extension
assay and then analyzing the products by MS. However there are many issues inherent
with primer extension assays and analysis by MALDI-TOF MS that make multiplexing

SNP assays more challenging than singleplex reactions.
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For example, imagine that 5 SNP markers were to be probed in a single reaction. A 5-
plex PCR reaction must first be performed if the SNPs are not all within the same region.
This is not trivial. PCR can be difficult and time consuming in order to optimize the
amplification of 5 separate PCR products in a single tube reaction. Careful selection of
PCR primer pairs is essential and multiplex PCR assays need to be optimized often
through labor-intensive efforts. Prior to performing the primer extension reaction 5
compatible SNP primers need to be designed. These 5 primers should be able to
hybridize efficiently at the same annealing temperature and primer extension conditions.
Primers must not be involved in secondary binding reactions with each other or other
regions of the DNA templates. The masses of the primer and extension product(s) cannot
overlap. Overlapping or degenerate masses will complicate genotyping and in certain
cases may even make it impossible. The presence of doubly and even triply charged ions
of the higher mass SNP primers and extension product(s) must also be taken into account
for interference with the expected masses of smaller primers. In Figure 7 the peaks at
2577 and 2734 Da are the doubly charged species of the primer and extension product
respectively. In the case of the singleplex reaction the doubly charged ions do not add to
the complexity of interpreting the spectrum. However, if other primer sets were being
extended and analyzed simultaneously multiple charged species can complicate
interpretation of the data. There is only a limited amount of mass “space” available for
multiplexing. It is difficult to optimize MALDI-TOF MS operating voltages and laser
power so that ions of low and high mass are detected with similar efficiencies. A
problematic characteristic of the DNA matrix 3HPA is a tendency to form “sweet spots”

during crystal formation. Non-homogeneous crystal formation results in various
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localized areas in the crystal where the DNA resides. Localization of the DNA in the
crystal can cause difficulties for automated data collection schemes because “searching”
for the optimal DNA signal in the crystal increase the time involved in data collections.
The optimization of all experimental variables for a robust multiplex SNP assay can be
aided by computer software and predictive algorithms but empirical tuning of the assays
is invariably required. Even with all of these challenges successful multiplexes have

been demonstrated such as a 12-plex (21), al0-plex (32), and a 17-plex (33).

Methods for SNP analysis

While this article focuses on SNP detection by means of mass spectrometry, there are
other methods and assays for the detection of known polymorphisms. Table 4
summarizes various assays and technologies for SNP genotyping. The primer extension
assay, described in this article, is effectively used with other technologies other than mass

spectrometry including capillary electrophoresis and fluorescence polarization.

One obstacle in terms of widespread acceptance of mass spectrometry is that is not a
traditional tool in the average molecular biology laboratory. Gel and capillary
electrophoresis techniques are very well established in molecular biology labs so it is a
natural progression to couple assays with these detection techniques. Plus there is a
considerable cost associated with the average MALDI-TOF system and an experienced
operator is usually required for a high throughput undertaking. The use of MALDI-TOF
MS as a technique for the analysis of SNPs can be addressed in detail by considering the

possibilities for high-throughput SNP genotyping.
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High-throughput SNP genotyping

At this time primer extension coupled with MALDI-TOF MS is primarily useful for
many samples, but only a few markers per run. This is in contrast to DNA chip
technologies that are useful for many markers but fewer samples. MALDI-TOF MS has
the ability to detect signal from primer extension products in a matter of seconds,
enabling a high volume of sample processing. However, the limitation lies in the number
of samples that can be analyzed in a parallel fashion. It may take a technique such as
capillary electrophoresis 20-30 minutes to make a similar measurement, but with the use
of different dyes and efficient primer design multiple measurements can be made per run.
Such high throughput issues are discussed in greater detail in another chapter of this
volume entitled “High-throughput genotyping of short tandem repeat DNA markers with
time-of-flight mass spectrometry” by John M. Butler. The use of MALDI-TOF MS for
SNP detection has inherent advantages such as rapid signal detection, amenability to
automation, and the robust nature of the measurement. Continuing improvement in
multiplexing capabilities for the primer extension/MALDI-TOF MS system will be

essential to allow increasing numbers of SNP samples typed per instrument run.
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Table 1. The International Union of Biochemists and Molecular Biologists (IUBMB) has
designated single letter codes to represent the multiple nucleotide combinations listed
here. The biallelic SNPs are highlighted in bold.

ITUBMB Bases
Code

AC,GT
G,AC
G,T,C
AT,C
GAT

G,T
G,C
AT
AC
CT
AG

T ZENRUT W< Z
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Table 2. Internet-accessible public databases containing SNP information.

Database Web Address

NCBI SNP Database http://www.ncbi.nlm.nih.gov/SNP/
The SNP Consortium http://snp.cshl.org/

NCI CGAP-GAI http://Ipg.nci.nih.gov/GAI/

HGBASE http://hgvbase.cgb.ki.se/

Whitehead Institute http://www.broad.mit.edu/snp/human/
Human SNP Database
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Table 3. Tabulation of mass differences between dideoxynucleotide analogs (ddC, ddT,
ddA, ddG). The differences listed are due to the mass difference between the nitrogenous
bases (AGCT). These mass differences provide a guideline for the required resolution in
order to detect heterozygous samples unambiguously.

A mass | 273 ddC | 288 ddT | 297 ddA | 313 ddG

ddC +15 +24 +40
ddT -15 +9 +25
ddA -24 -9 +16
ddG -40 -25 -16
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Table 4. Various methods used for SNP genotyping. The methods can be grouped into
primer extension, hybridization, allele-specific, and enzymatic digestion assays.

Method Description References
[ Mass spectrometry Primer extension across the SNP site with ddNTPs; mass (17)
difference between the primer and extension product is
measured to reveal nucleotide(s) present
Direct sequencing PCR products are sequenced and compared to reveal SNP )
sites
Genetic Bit Analysis ~ Primer extension with ddNTPs is detected with a (34)
colorimetric assay in a 96-well format
Minisequencing Primer extension with fluorescent ddNTPs followed by (18)
electrophoretic separation; primer size variation permits
multiplex detection
Fluorescence Primer extension across the SNP site with dye-labeled (35)
polarization ddNTPs; monltorlqg changes in ﬂuo.rescence polarization
reveals which dye is bound to the primer
Pyrosequencing Primer extension with luminometric detection of (36)
\ pyrophosphate released upon nucleotide incorporation
[ High density arrays Thousands of oligonucleotide probes are represented at (6,37)
(Affymetrix chip) specific locations on a microchip array; fluorescently-
labeled PCR products hybridize to complementary probes
to reveal SNPs
Electronic dot blot Potential SNP alleles are placed at discrete locations on a (38)
(Nanogen chip) microchip array; an electric field at each point in the array
is used to control hybridization stringency
TagMan 5’ nuclease A fluorescent probe consisting of reporter and quencher (39,40)
assay dyes is added to a PCR reaction; amplification of a probe-
specific product causes cleavage of the probe and
generates an increase in fluorescence
Molecular beacons Hairpin stem on oligonucleotide probe keeps fluorophore (41)
and its quencher in contact until hybridization to DNA
target, which results in fluorescence
Dynamic allele Oligonucleotide probe is added along with a double-strand (42)
specific hybridization specific intercalating dye; sample is heated above probe
\ denaturing temperature while monitoring fluorescence
e Oligonucleotide Colorimetric assay in microtiter 96-well format involving (43)
ligation assay (OLA) ligation of two probes if the complementary base is
present
Tw-shift genotyping Allelic-specific PCR is performed with a GC-tail attached (44)
to one of the forward allele-specific primers; amplified
allele with GC-tailed primer will exhibit a melting curve at
- a higher temperature
4 PCR-RFLP with CE Variation in restriction sites result in different sized DNA (45,46)
fragments that can be distinguished when separated by
capillary electrophoresis or microchip CE
Enzyme mismatch Two DNA samples are mixed; a mismatch repair enzyme 47)
cleavage cuts heteroduplex at SNP site; size-based separation used
Invader assay Flap endonuclease cleaves overlapping oligonucleotide (48,49)

probes that either fully match or contain a single mismatch
at the SNP site
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Figure 1. Example of a single nucleotide polymorphism (SNP) occurring in two different
individuals in an otherwise conserved region of DNA. This particular SNP, shown in red,
is a G-to-A transition. Note that the complementary strands, shown in blue, also exhibit a
transition (C-to-T).

Individual #1

5’ —-TCTCATAAT ATAAAACAC- 3’
3’ —-AGAGTATTA TATTTTGTG- 5’

Individual #2

5’ —TCTCATAATAAGATAAAACAC- 3’
3’ —-AGAGTATTATITCTATTTTGTG- 5’

Consensus Sequence

39
5,

59
39

< R
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Figure 2. Structure of a 2°,3’—dideoxynucleotide. The substitution of a hydrogen atom in
place of a hydroxyl group at the 3’ position (boxed region) of the ribose ring prohibits the
addition of subsequent nucleotides and thus the termination of a primer extension
reaction. The corresponding masses for the four dideoxynucleotide monophosphates are
also listed.

O Base
55 (A, T, C,or G)
HO P O

ddC: 273.19 Da
ddT: 288.20 Da
ddA: 297.21 Da
ddG: 313.21 Da
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Figure 3. Summary of steps involved in a generic primer extension assay.

Select SNP site of interest
and obtain DNA sequence

! ]

Design PCR primers and
SNP extension primer

-

Perform \ Taq Gold polymerase, dNTPs, MgCl.,
PCR PCR primers, DNA template, buffer

-

Digest dNTPs and Shrimp alkaline phosphatase (SAP)
remaining PCR primers Exo | or phosphodiesterase (PDE)

v

-

PCR product, SNP primer, ddNTPs,
Add SNP reagents and perform Y Thermosequenase DNA polymerase,

single base extension buffer

-

[ Purification (salt reduction) ]

-

Spot sample and
perform MS analysis

! ]

Genotype sample based on
mass difference measurement
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Figure 4. Schematic of the M96 SNP marker and SNP primer. Shown is a section of the
PCR amplicon for the region of DNA containing the M96 SNP (S). A primer for the

primer extension assay is shown which is designed to hybridize to the “bottom” strand of
the amplicon. The possible products of the primer extension assay are shown below with
their corresponding masses. SNP primer was designed to have an annealing temperature

of 58.6 °C
. SNP primer
PCR forward primer >
5 (G/C) 3’
3’ (C/G) 5’
PCR reverse primer
Possible extension products 5154 + 273

5’ -ACAGGTCTCTCATAATAdJC-3’
5’ -ACAGGTCTCTCATAATAddG-3’ 5154+ 313
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Figure 5. Single base extension mass spectra from two different individuals exhibiting
different genotypes at the M96 marker. The SNP detection primer used in this assay has
the sequence 5~ ACAGGTCTCTCATAATA-3’ with an expected mass of 5154 Da (see
Figure 4). The individual in the top panel has a G at the SNP site based on a mass
difference of 313 Da between the primer and extension product. The sample in the lower
panel exhibited a genotype of C at the same site because the primer and extension
product differ by 273 Da. These results were collected on a Bruker BIFLEX III time-of-
flight mass spectrometer using experimental conditions described in the text. Mass
spectra were smoothed and enhanced by the application of matrix convolution filters
contained in the XMASS 5.0 analysis software package (Bruker Daltonics, Germany).
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Figure 6. Mass spectra illustrating the results from variations on the primer extension assay. A hypothetical
example of a C/T SNP marker from a heterozygous individual is used to demonstrate the effect on mass spectral
data obtain from different assays. Modifications upon the basic primer extension assay enable improved resolution
of heterozygotes, increased multiplexing potential, and greater sensitivity.

(A) Regular primer extension (PinPoint assay)

5828 Da
+ddT
+ddC 6116
6101
_ mfz
(B) Mass tagged primers
e 7349 Da
+ddT
+ddC 7637
7622
miz
(C) Mass tagged ddNTPs
5828 Da
+ddT-mass-tageed 736 Da
+ddC 6563
6101
m/z
(D) PROBE (dANTP + ddANTP mix)
5828 Da
— TG AddC
+ddC | 7064
6101
(E) Cleavable primer m/z
1790 Da
+ddc g rddT

2063 2078

(F) GOOD assay m/z
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Figure 7. lons impacting multiplex SNP assay design. Doubly-charged and triply-charged
ions from higher mass primers and extension products can interfere with singly-charged
ions of smaller mass primers if the multiplex primer set is not well designed. Primer
synthesis impurities, shown with arrow, also impact how closely together primers can be
spaced. In the plot below doubly-charged ions at 2577 and 2734 Da do not interfere with
determining the correct genotype in this singleplex example. However, if additional
markers of a higher mass range (around 10,300 Da or so) were to be detected using
primers then doubly-charged ions from the higher mass primer could obscure the signal
at 5154 — 5467.
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