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INNOVATION

Digital genotyping using molecular
affinity and mass spectrometry

Sobin Kim, Hameer D. Ruparel, T. Conrad Gilliam and Jingyue Ju

The goal of DNA sequencing and
genotyping is to efficiently generate
accurate high-throughput digital genetic
information that unambiguously identifies
sources of genetic variation and clearly
distinguishes heterozygous from
homozygous variants. Recent advances
in mass-spectrometry-based DNA
sequencing and genotyping bode well for
meeting these criteria. Pilot studies show
that these recently developed approaches
allow unambiguous multiplex detection
of heterozygous variants and the
identification of deletion and insertion
variants.

The completion of the Human Genome
Project has set the stage for screening
genetic mutations to identify disease genes
on a genome-wide scale'. Accurate high-
throughput methods for resequencing the
intron/exon regions of candidate genes are
needed to explore the complete human
genome sequence for disease-gene discov-
ery. State-of-the-art technology for high-
throughput DNA sequencing, such as that
used in the Human Genome Project, uses

capillary-array DNA sequencing with Laser-
INDUCED FLUORESCENCE DETECTION®°. Although
this technology meets the throughput and
read-length requirements of large-scale DNA
sequencing projects, the accuracy that is
required for mutation detection needs to be
improved for a wide range of applications,
ranging from disease-gene discovery to per-
sonalized medicine. For example, the unam-
biguous detection of heterozygotes is difficult
with electrophoresis-based DNA sequencing
methods. Problems also arise in GC rich
regions owing to compression®’, which leads to
poor resolution in sequencing DNA frag-
ments. Also, the first few bases downstream of
the priming site are often masked by high levels
of fluorescence from the excess dye-labelled
primers or dye-labelled terminators, and are
therefore difficult to identify.

Many recent advances in DNA sequenc-
ing technology address these limitations. In
particular, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry
(MALDI-TOF MS) has emerged as a rapid
and efficient analytical tool in DNA sequenc-
ing and genotyping. Here, we review these
advances and discuss new approaches that use
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molecular affinity for the accurate and simul-
taneous detection of genetic variations, which
have wide applications in PHARMACOGENOMICS
and clinical diagnostics.

DNA sequencing by MALDI-TOF MS
MALDI-TOF MS has been widely used
in DNA sequencing®'? (FIG. 1). SANGER DNA
SEQUENCING is generally used to produce DNA
sequencing fragments in MALDI-TOF MS".
Compared with gel electrophoresis-based
sequencing systems, MALDI-TOF MS pro-
duces high-resolution short DNA sequenc-
ing fragments of <100 base pairs (bp), rapid
fragment separation on microsecond time-
scales and the complete elimination of the
compressions that are associated with gel
electrophoresis.

An important challenge for DNA sequenc-
ing using mass spectrometry is the stringent
purity requirement for the sequencing frag-
ments that are introduced into the mass
detector. Because DNA sequences are deter-
mined by accurately measuring the mass of
the DNA fragments, DNA must be free from
alkaline earth salts and other contaminants.

Approaches for purifying DNA samples
that rely on the strong interaction of a small
molecule (biotin) and a protein (strepta-
vidin'*) on solid surfaces (such as magnetic
beads) are widely used'>'¢. In DNA sequencing
using MALDI-TOF MS, Monforte and Becker
obtained read lengths of 100 bp by purifying
DNA sequencing samples using a cleavable
biotinylated primer'!. In this method, the
primer-extension fragments are captured at
their 5" end on streptavidin-coated magnetic
beads, whereas the other components in the
sequencing reaction are washed away. Fu et al.
reported the sequencing of exons 5-8 of the
human tumour suppressor p53 gene (also
known as TP53) by MALDI-TOF MS using
a DNA template that was immobilized on a
solid phase for one cycle of extension. In
this study, extended DNA fragments were
hybridized on the immobilized templates,
whereas the other components in the sequenc-
ing reaction were removed. Neither method
eliminates falsely terminated DNA sequencing
fragments. Falsely terminated DNA fragments
(false stops) are generated in Sanger DNA
sequencing reactions when a DNA fragment is
terminated by the incorporation of a deoxynu-
cleotide (ANTP) rather than a dideoxynu-
cleotide (ddNTP). False stops and dimerized
primers can produce extra peaks in the mass
spectra that prevent accurate base identifica-
tion®. Also, four separate reactions are carried
out in both methods, one for each dideoxynu-
cleotide terminator, which is analogous to
dye-labelled primer sequencing.
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Figure 1 | Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry
(MALDI-TOF MS). This technique is widely

used for detecting the masses of high-molecular
weight molecules such as DNA and proteins.

In this method, ANALYTE molecules (such as DNA
sequencing fragments) and matrix molecules
(typically ultraviolet (UV) or infrared (IR)
light-absorbing small organic molecules) are mixed
in solution. They are then co-crystallized on a flat
sample plate, which is subsequently loaded into the
vacuum chamber of the mass spectrometer. DNA
molecules are gently desorbed and ionized along
with the matrix molecules by UV laser irradiation
and the resulting charged ions are accelerated
under a constant electric voltage, which causes
them to fly towards the ion detector. The charged
molecules arrive at the detector at different times
on the basis of their masses: lighter molecules fly
faster and therefore arrive at the detector sooner
than heavier molecules. The masses of the charged
ions are determined from their time of flight to the
detector. m/z, mass per charge ratio.

Ideally, for DNA sequencing with MALDI-
TOF MS, a procedure would be established
that allows sequencing reactions to be done in
one tube to simplify sample preparation, uses
cycle sequencing to increase the yield of the
DNA sequencing fragments and isolates
pure DNA sequencing fragments that are
free of false stops. To this end, we developed a
high fidelity DNA sequencing method using
dye-labelled primers and solid-phase-
capturable (SPC) biotinylated dideoxynu-
cleotide terminators (biotin—~ddNTPs)". After

capture/release of the DNA sequencing frag-
ments at the 3" end from the streptavidin-
coated solid phase, only the pure DNA
sequencing fragments are loaded and detected
on sequencing gels. The method is effective in
removing falsely stopped DNA fragments for
unambiguous genetic-mutation detection,
although GC compression still occurs because
the method uses gel electrophoresis. We there-
fore subsequently used biotin-ddNTPs to
develop an accurate DNA sequencing method
(SPC sequencing) using mass spectrometry®.
SPC sequencing takes advantage of the high
affinity between biotin and streptavidin to
isolate pure DNA sequencing fragments.

SPC sequencing

In this approach'®, biotin is attached to posi-
tion 5 of pyrimidines and position 7 of purines
through a linker arm to generate a library of
biotin—ddNTPs. It has been previously shown
that when these nucleotide positions were
modified with bulky organic dyes, DNA
polymerase could still incorporate the mod-
ified nucleotides into the growing DNA
strand”. The length of the linker arm was
chosen to optimize the balance between
capture efficiency by streptavidin and incor-
poration efficiency by the polymerase*'.

The scheme for isolating pure biotiny-
lated DNA products in the SPC-sequencing
approach is shown in FIG. 2a. DNA sequenc-
ing fragments that are terminated by
biotin—ddNTPs at the 3" end in a cycle-
sequencing reaction are bound to a strepta-
vidin-coated solid phase. All excess primers,
salts and falsely terminated DNA fragments
are washed away to provide pure DNA sam-
ples for MALDI-TOF MS detection, which
yields accurate sequencing data.

An example of a mass spectrum is shown
in FIG. 2b. The first peak in the spectrum cor-
responds to the extension of the primer by
the first nucleotide that is complementary to
the corresponding nucleotide in the DNA
template. The difference in mass between
each successive peak can be measured to
determine the identity of the nucleotide that
corresponds to that peak, as each nucleotide
has a unique molecular mass. No primer peak
is seen in the mass spectrum, as the primers
are not biotinylated and are removed after
SPC, which eliminates the possibility of false
peaks caused by primer dimers®. There are
also no peaks owing to false stops in the spec-
trum. When biotin—-ddNTPs with different
molecular masses are used, the smallest mass
difference between any two sequencing frag-
ments is 16 daltons, compared with 9 daltons
when standard terminators are used. It has
been shown that as DNA fragment size

increases so does the mass-spectral peak width,
which results in a diminished resolving capac-
ity of the mass spectrometer for larger DNA
fragments'". Therefore, using biotinylated ter-
minators with increased mass differences to
generate DNA sequencing products greatly
improves sequence identification by mass
spectrometry. This increase in mass resolu-
tion facilitates heterozygote detection. DNA
fragments with large masses are typically asso-
ciated with larger peak-widths in their mass
spectra, which makes heterozygote detection
difficult if standard ddNTP terminators are
used. FIGURE 3 shows that if biotinylated ter-
minators — biotin-11-dd(A, C, G)TPs and
biotin-16-ddUTP — are used, two distinct
peaks of nearly equal intensity are generated in
the mass-sequencing spectrum; in this case, the
method was applied to a synthetic template
that contains a polymorphic site.

In previously reported mass-spectrometry
DNA sequencing methods, four reactions (one
for each dANTP) were carried out separately.
Using biotinylated terminators and capturing
the DNA sequencing fragments at the 3" end
of the fragments on a solid surface, we devel-
oped a one-tube mass-spectrometry cycle-
sequencing method. With improvement in
mass-spectrometer detector sensitivity, this
method will allow faster and more accurate
detection of larger DNA fragments.

SPC sequencing in mutation detection
Although single-base extension (SBE) has
been widely used to detect point mutations
such as single nucleotide polymorphisms
(SNPs; see below for further discussion) it
might be less suitable to distinguish between
point mutations and deletions or insertions
that occur frequently throughout the genome.
Direct DNA sequencing, in theory, is the most
accurate technique for mutation detection.
However, even the present state-of-the-art
sequencing technology — fluorescent Sanger
DNA sequencing — faces difficulties in
detecting heterozygous nucleotide variation
and accurately sequencing GC-rich regions
owing to the compression of the DNA frag-
ments®’. Pyrosequencing is an alternative
sequencing approach, in which each nucleotide
is identified as soon as it has been incorporated
into a growing DNA strand by DNA poly-
merase”. Over the past few years, this approach
has been successfully used to characterize short
DNA sequences. Although pyrosequencing is
now widely used to detect SNPs and other
DNA variations, it faces difficulties in accu-
rately sequencing single nucleotide-repeat
regions™. Furthermore, both of these sequenc-
ing methods have problems characterizing
frameshift mutations, because a deletion or
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Figure 2 | Solid-phase capture (SPC) sequencing. a | The SPC-sequencing approach to isolate pure DNA fragments for analysis by mass spectrometry. False
stops, excess primers and salts are eliminated from the reaction by capturing all correctly terminated DNA sequencing fragments with streptavidin-coated magnetic
beads. The purified fragments are then cleaved from the beads with formamide for analysis by mass spectrometry. b | A DNA sequencing mass spectrum generated
from biotinylated terminators: biotin-16-ddUTP and biotin-11-dd(A,G,C)TPs. The spectrum shows the sequence of a PCR template amplified from genomic DNA at
the 5382insC locus of the early-onset breast cancer 1 gene (BRCAT). The number assigned to each peak corresponds to the difference in mass between it and the
preceding peak, which is used to identify the base that the peak represents. ddNTP, dideoxynucleotide; dNTP, deoxynucleotide; m/z, mass per charge ratio.

insertion in any one allele will cause the
sequencing reactions for the two alleles to be
out of phase, making it difficult to interpret
the sequencing data.

SPC sequencing can be used to accu-
rately detect and characterize frameshift
mutations in PCR-amplified templates from
genomic DNA while avoiding many of the
limitations that are faced by the above men-
tioned mutation-detection techniques?.
The principal advantage of SPC sequencing
in mutation detection is the highly accurate
identification of the different bases that
might coexist at a single locus along the
DNA as a direct consequence of substitution
or frameshift mutations. MALDI-TOF MS
analysis displays the sequence data in the
form of distinct mass peaks, which facili-
tates a more accurate characterization of
frameshift mutations compared with other
sequencing methods that measure fluores-
cent or radioactive signals that are emitted
from the labelled DNA.

A schematic representation of the SPC-
sequencing method for the detection of
frameshift mutations is shown in FIG. 4. A mass
spectrum that is produced by sequencing
homozygous DNA, both copies of which have
identical bases at every position, will yield a
single peak at each position that identifies the
base. However, in mutant DNA with a dele-
tion or insertion in one of the copies, the two

alleles have a relative frameshift between them
downstream of the mutation site. Therefore,
each position in the DNA sequence following
the mutation site might be occupied by two
different bases. In SPC sequencing, every posi-
tion upstream of the mutation will appear as a

single peak, whereas every position down-
stream of the mutation will have two distinct
peaks that correspond to the masses of the
two nucleotides that are present at that posi-
tion. By calculating the differences in masses
between subsequent peaks, the sequences of
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Figure 3 | Mass-sequencing spectrum from a DNA template that contains a polymorphic site.

Each peak is labelled with the absolute mass value

(m/z, mass per charge ratio). The mass difference

(in parenthesis) between a peak and the previous one is used to determine the identity of the nucleotide.
At the polymorphic site, double peaks are detected each corresponding to a mutant (A) or wild type (G)
allele. The downstream peaks also appear as a doublet, owing to the mass shift (16 daltons for A/G) that
occurs at the polymorphic site. The inset shows a magnified view of the heterozygote peaks. The signal of

each DNA fragment is distinct and the heterozygot

e (A/G) can be easily recognized.
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Figure 4 | Schematic representation of
mutation detection using solid-phase
capture (SPC) sequencing. A locus with an
insertion or deletion (an insertion is shown here as
an example) in one of its alleles can have two
different bases coexisting at the same position.
This leads to the formation of two distinct mass
peaks at each position in the spectrum
downstream of the mutation. By calculating the
corresponding mass differences, the sequences
of both alleles can be simultaneously read and the
mutation site can be accurately characterized.
ddNTPR, dideoxynucleotide; dNTP, deoxynucleotide;
MALDI-TOF MS, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry;

m/z, mass per charge ratio.

the two alleles can be read simultaneously and
the mutation site can be unambiguously
identified.

SPC sequencing was used to characterize
the 185delAG and 5382insC mutations in the
early-onset breast cancer 1 gene (BRCAI) that

commonly occur among the Ashkenazi popu-
lation with a strong family history of breast
and ovarian cancer®. A comparison of the
results obtained from SPC sequencing and
from electrophoresis-based DNA sequenc-
ing for 185delAG is presented in BOX 1. These
results show that SPC sequencing is highly
accurate in characterizing frameshift muta-
tions. The data acquisition is rapid and the
sequencing results are clear and easily inter-
preted.

In electrophoresis-based sequencing that
uses fluorescence detection, the first few bases
are often masked by the high-intensity fluores-
cence signals from the labelled primers or ter-
minators. Sequencing primers must therefore
be designed a few bases away from the muta-
tion site of interest to obtain coherent sequenc-
ing data for that region. SPC sequencing does
not face this limitation because the data is
obtained as a mass spectrum and false peaks
are eliminated owing to molecular affinity-
based purification of the sequencing frag-
ments. Consequently, the sequencing primers
can be designed close to the mutation site and
few bases need to be sequenced to characterize
the mutation. With electrophoresis-based flu-
orescent DNA sequencing, the identification
of deletions and insertions requires manual
analysis of the sequence data. But SPC-
sequencing data analysis can be automated
owing to the distinct peaks from the mass
spectrum. The use of biotin-16-ddUTP,
which has a longer linker between biotin and
ddUTP than the other three biotinylated ter-
minators (biotin-11-ddATP, biotin-11-ddCTP
and biotin-11-ddGTP), ensures that all com-
binations of nucleotides produce mass differ-
ences that are significantly different from each
other. Furthermore, as the data are in the
form of distinct mass peaks, bases can be
assigned to each peak by simply calculating
the mass values. By contrast, the analysis of
data from fluorescence-based DNA sequenc-
ing requires lengthy base-calling algorithms,
because of the broad emission spectra from
the fluorophores.

The Ashkenazi BRCA1 mutations that are
described in BOX 1 are just one example of
many frameshift mutations that contribute to
disease development. For example, mutations
in the p53 gene have an important role in the
development of many types of cancer®. With
further developments in automation and sam-
ple processing, SPC sequencing can be an
accurate tool for screening known mutations,
with potential applications in clinical diagnos-
tics. Mutations that are as yet uncharacterized
can also be identified using the SPC sequenc-
ing in combination with the fluorescent Sanger
DNA sequencing.

SPC-SBE multiplex SNP analysis

SNPs, which are the most common genetic
variations in the human genome, are impor-
tant markers for identifying disease genes
and for pharmacogenetic studies?”**. SNPs
appear in the human genome with an aver-
age density of 1 per 1,000 bp¥. A rapid, precise
and cost-effective method is required for large-
scale SNP genotyping. MALDI-TOF MS*
allows rapid and accurate sample measure-
ments, and has been used in a range of SNP-
detection methods including hybridization®,
INVASIVE CLEAVAGE™** and SBE**’, Recently,
MALDI-TOF MS coupled with base extension
has been successfully used to develop new
approaches for measuring gene expression and
single-copy DNA haplotyping**'.

In SBE, which is widely used for multiplex
SNP analysis, primers that are designed to
anneal immediately next to a polymorphic site
are extended by a single ddN'TP that is com-
plementary to the nucleotide at the variable
site. A particular SNP can be identified by
measuring the mass of the resulting extension
product. Present SBE methods for multiplex
SNP analysis using MALDI-TOF MS require
the unambiguous simultaneous detection of a
library of primers and their extension prod-
ucts. However, limitations in the resolution
and sensitivity of MALDI-TOF MS for longer
DNA molecules make it difficult to simulta-
neously measure DNA fragments over a large
range of masses. The requirement to measure
both primers and their extension products in
this range limits the scope of multiplexing.

We recently used the SPC biotin—ddNTPs
in SBE for multiplex genotyping by MALDI-
TOF MS*#. In the SPC-SBE method, primers
that have different molecular masses and are
specific to the polymorphic sites in the DNA
template are extended with biotin—-ddNTPs to
generate 3’-biotinylated DNA extension prod-
ucts. The 3’-biotinylated DNAs are then cap-
tured by streptavidin-coated magnetic beads,
whereas the unextended primers and other
components in the reaction are washed away.
The pure DNA-extension products are subse-
quently released from the magnetic beads by
denaturing the biotin—streptavidin interac-
tion with formamide and are analysed with
MALDI-TOF MS. The nucleotide at the
polymorphic site is identified by measuring
the mass of the primer-extension product. As
the primer-extension products are isolated
before MS analysis, the resulting mass spec-
trum is free of non-extended primer peaks
and their associated dimers, which increases
the accuracy and scope of multiplexing in
SNP analysis. The solid phase-purification
system facilitates the de-salting of the cap-
tured DNA products and therefore enhances
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Box 1 | Solid-phase capture sequencing of BRCA1 frameshift mutations

Solid-phase capture (SPC) sequencing was used to characterize the 185delAG and 5382insC
mutations in the early-onset breast cancer 1 gene (BRCA1I) that commonly occur among the
Ashkenazi population with a strong family history of breast and ovarian cancer?’. The figure
compares electrophoresis-based sequencing (a) with SPC sequencing (b) for characterizing
the 185delAG locus. The electrophoresis sequencing data are high quality and well resolved up
to the T at position 217, after which the data become noisy and the sequence assignation is no
longer accurate (a). This is caused by a frameshift mutation in one of the two alleles, which
leads to misalignment between the sequences of the two alleles such that, beyond the
mutation site, two different sequences are superimposed on each other, making the
fluorescence signals unresolvable. It might be possible to confirm the presence of a mutation
by recognizing this distinct pattern in the sequencing data in combination with sequencing
data from the reverse direction, but an accurate characterization of the mutation from these
data might still prove difficult and tedious.

Panel b shows the SPC sequencing results for the same region around the 185delAG mutation
site. The first position in the spectrum is occupied by a single large peak that corresponds to a
T in both alleles. This is followed by a doublet peak at the second position in the spectrum,
which identifies this position as the mutation site. The subtraction of the mass of the previous
T-peak from the masses of these two peaks establishes their identities as C and A. Similarly, the

3’-TAAGATT.

the accuracy and clarity of data. Also, four
biotin—ddNTPs with distinct molecular masses
were used to generate DNA extension products
with significantly different masses to improve
resolution and accuracy in detecting peaks
from DNA fragments in the mass spectrum.

The method is schematically shown in
FIG.5. Genomic DNA is used to generate mul-
tiplex PCR products that serve as templates
for SBE reactions in which a library of SNP
primers with different masses, DNA poly-
merase and biotin—-ddNTPs are used. After
SPC of the 3’-biotinylated DNA extension
fragments and elimination of all unex-
tended primers and other components in
the extension reaction, MALDI-TOF MS is
used to analyse these DNA products to identify
nucleotide variation.

Unextended primers occupy the mass
range in the mass spectrum, which decreases
the scope of multiplexing, and excess primers
can dimerize to form false peaks in the mass
spectrum’. The excess primers and their asso-
ciated dimers also compete for the ion cur-
rent, which reduces the detection sensitivity of
MALDI-TOF MS for the desired DNA frag-
ments. These complications are completely
removed by using biotin—-ddNTPs and SPC.
Extension products for all four biotin—~ddNTPs
are clearly detected with well-resolved mass
values. The masses of the primer-extension

identities of the two peaks at the next position are confirmed as T and A, and so on.
Consequently, the two sequences identified from the spectrum are 3’~TCTAAGA...-5" and
..=5’. The wild-type sequence in this region is 3'—... TCTAAGATTT... -5". Having
compared the two parallel sequences obtained in the mass spectrum with the known wild-type
sequence, the presence of a deletion of a C and a T after the first T in one of the alleles can be
confirmed. Note that the spectrum shown in panel b actually indicates a deletion of 5'~-CT-3’,
because a reverse primer was used to sequence this region and, therefore, the complementary
sequence of the 185delAGlocus was obtained. SPC sequencing is equally efficient at
characterizing insertion mutations. m/z, mass per charge ratio.

products in comparison to the masses of the
corresponding primers reveal the identity of
each nucleotide at the polymorphic site. In the
case of heterozygous genotypes, two peaks —
one corresponding to each allele — are clearly
distinguishable in the mass spectrum.

One advantage of MALDI-TOF MS com-
pared with other detection techniques is its
ability to simultaneously measure the mass of
DNA fragments over a certain range. This is
only possible if the masses of all primers and
their extension products are sufficiently dif-
ferent to yield peaks that can be adequately
resolved in the mass spectrum. Ross et al.
simultaneously detected 12 SNPs by carefully
tuning the masses of all primers and exten-
sion products so that they would lie in the
range of 4.5-7.6 kDa without overlapping™.
As the unextended primers occupy the mass
range in the mass spectrum, by eliminating
them, the SPC-SBE approach should increase
the scope of multiplexing in SNP analysis.

SPC-SBE in multiplex genotyping

Human hereditary haemochromatosis gene.
Human hereditary haemochromatosis is a
genetic condition that occurs in ~1 in every
400 Caucasians. The underlying C282Y muta-
tion leads to iron overload and potentially
to liver failure, diabetes and depression®.
A subset of individuals who are compound
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heterozygotes for the C282Y and H63D muta-
tions also accumulate excess iron in the body
tissue. Because of the high prevalence of these
mutations and the ability to prevent disease
symptoms by pHLEBOTOMY, accurate methods
for genotyping these two SNPs will foster
genetic screening for this condition.

We used the SPC-SBE method to geno-
type the C282Y and H63D polymorphic
sites from genomic DNA*. The result shows
that both homozygous and heterozygous
genotypes are clearly determined by the dis-
tinct mass difference in the mass spectra.
Homozygotes are detected as single peaks
with a distinct mass, whereas heterozygotes
appear as two peaks that are separated by a
specific mass difference (16 daltons for A/G
and 39 daltons for C/G). All 14 genotypes
from the 7 individuals tested, including het-
erozygotes, were accurately determined by this
method. For this small-scale study, the geno-
types were determined by eye from the dis-
tinct mass difference in the mass spectra with
100% accuracy.

Tumour-suppressor gene p53. p53 is one
of the most frequently mutated tumour-
suppressor genes in human cancer**6. As
most of the p53 mutation hot spots are clus-
tered in exons 5-8, we selected 30 polymor-
phic sites, including the most frequently
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Figure 5 | The SPC-SBE approach for multiplex SNP analysis using biotinylated ddNTPs and
MALDI-TOF MS. Genomic DNA is used to generate multiplex PCR products, which serve as templates
for single-base extension (SBE) reactions using a library of single nucleotide polymorphism (SNP) primers
with different masses, DNA polymerase and biotinylated dideoxynucleotides (ddNTPs). After solid-phase
capture (SPC) of the 3’-biotinylated DNA extension fragments, and elimination of all unextended primers
and other components in the extension reaction, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) is used to analyse the DNA products, which results in identification
of the nucleotide variations. m/z, mass per charge ratio.

mutated p53 codons in exons 5,7 and 8, to test
the high multiplexing scope of the SPC-SBE
method”. Thirty primers specific to each
polymorphic site were designed to yield SBE
products with sufficient mass differences. To
optimize mass differences between SBE prod-
ucts, we tuned the mass of some primers
using methyl-dC and dU to replace dC and
dT, respectively. So, without increasing the
primer length to the point at which primer
dimers or primer interaction can be a prob-
lem, a large library of primers with different
molecular masses can be constructed for the
SPC-SBE approach.

Multiplex PCR was used to amplify
three p53 exons from human genomic

DNA. The 30 primers were mixed with the
PCR products and biotin—-ddNTPs to gener-
ate 3’-biotinylated extension DNA products
that were then captured by streptavidin-
coated solid-phase magnetic beads. The pure
DNA products were released from the solid
phase and analysed by MALDI-TOF MS. The
nucleotide at the polymorphic site was accu-
rately identified by the mass of the DNA
extension product in the mass spectrum.

We recently used the SPC-SBE genotyp-
ing approach to analyse nucleotide varia-
tions in p53 from 30 Wilms tumours, 19 head
and neck squamous carcinomas and 3 colo-
rectal carcinomas — an experiment that rep-
resents the highest level of multiplexing

reported so far using mass spectrometry for
SNP analysis*’. None of the 30 Wilms tumour
samples had somatic mutations at the 30
polymorphic sites that were tested, yielding
30 distinct peaks that correspond to the
wild-type p53 sequences. By contrast, 2 of
the 19 head and neck tumour samples con-
tained a genetic variation: one at codon 157
(G/T heterozygous configuration; FIG.6) and
the other at codon 151 (C to T homozy-
gous). In the 3 colorectal tumour cell lines
that were evaluated, the first had 30 wild-
type p53 sequences for the 30 sites tested,
whereas the others had a G to A homozygous
mutation in codon 273. Both heterozygous
and homozygous genotypes were clearly
detected in the 30 codons with great accu-
racy. These data, which were confirmed by
direct DNA sequencing, are consistent with
the known paucity of the p53 mutations in
Wilms tumour** and the known occur-
rence of such mutations in squamous® and
colorectal carcinomas®*2.

Other approaches to SNP analysis
Many alternative methods that use mass
spectrometry and fluorescence detection
have been developed for multiplex SNP
analysis. For example, the MassARRAY
assay> is widely used for SNP genotyping. In
this automated high-throughput approach,
the primer is extended in the presence of
three ddNTPs and one dNTP that corre-
sponds to one of the two alleles. So, unex-
tended primers, SBE primers and primers
extended with two or more bases are detected
together in the mass spectrum. This method
is simple and does not require labelling of
any reaction components, although it does
present limitations in the simultaneous
analysis of many SNPs.

Other SNP genotyping methods involve
fluorescence-based detection. The fluorescence
polarization (FP)—template-directed dye-
terminator-incorporation (TDI) assay> uses
SBE with allele-specific dye terminators. The
extension products are monitored for FP to
determine genotypes. The FP-TDI approach
is simple but might be limited with respect to
multiplex analysis. In the molecular inversion
probe (MIP) approach®, locus-specific probes
form a circular shape by the successive exten-
sion and ligation at polymorphic sites. After
degrading linear probes, only circular probes
that carry allelic information are amplified
and detected using a microarray. Using this
method, Hardenbol et al. were able to geno-
type more than 1,000 SNPs per assay. Although
this method offers a high level of multiplexing,
it requires many enzymatic reaction steps and a
complicated probe design.

1006 | DECEMBER 2003 | VOLUME 4

www.nature.com/reviews/genetics



PERSPECTIVES

G A
A 5,580 6,074
4,958 (704) (688)
(688)
G
6,342
(704)
c}
A 5,699 G
4,834 (704) 6,190 @ G
(688) (704) 6,469 7,874
(704) (704)
T ©
= 4,684/4,734 @ 6,706
2 704)/(754 )
I (oazsn 5812 6,045 (659
S C A (704)  f704)
4,522
’ 5,424
(665) °e8)
G
G
6,601 8,321
(704) G
6,886
(704)
T T T T
5,000 6,000 7,000 8,000
m/z

Figure 6 | Simultaneous detection of nucleotide variations in 30 codons of the p53 gene using SPC-SBE. Shown here is a mass spectrum from a head
and neck tumour, which contains a heterozygous genotype G/T (4,684/4,734 daltons) in codon 157. Each peak represents a different polymorphism, which is
labelled with its nucleotide identity and absolute mass value. The values in parentheses, which denote the mass difference between each DNA extension product
and its corresponding primer, are used to determine the nucleotide identity. m/z, mass per charge ratio.

The BEAMing approach®, named on the
basis of its principal components (beads,
emulsion, amplification and magnetics), was
recently developed for detecting genetic vari-
ations. In this method, each DNA template is
separately amplified by a large number of
primers that are immobilized on a magnetic
bead in emulsion. Alleles are distinguished
by fluorescent dye-labelled probes and
analysed using FLow cyToMETRY. Apart from
allowing the identification of allelic varia-
tions, this approach also offers the ability to
quantify these variations. Furthermore, the
DNA sample can be recovered from the flow

cytometer for subsequent analysis. However,
the many steps of manipulation and difficul-
ties in the accurate determination of allele
frequency are important challenges for this
technique.

Conclusions

SPC sequencing and SPC-SBE multiplex SNP
analysis are two complementary approaches
that can be used to determine and characterize
the nature of genetic variations. In cases in
which the design of the primer immediately
upstream of the variable site is not possible
owing to nonspecific hybridization, SPC

sequencing can be used to determine the
variation by designing a primer several bases
away from the variable site. In some cases, the
determination of only a single nucleotide
using the SPC-SBE method might not suffice
to distinguish the variation as a point muta-
tion, insertion or deletion. In such cases, the
SPC sequencing could be used to determine
the sequence beyond the SBE site, providing
unambiguous verification of the nature of the
genetic mutation.

It has been reported that MALDI-TOF MS
can detect DNA sequencing fragments of up
to 100 bp with sufficient resolution if cleavable

Glossary

ANALYTE
A molecule that is of interest for analysis in a particular
study.

COMPRESSION

A phenomenon in gel electrophoresis that occurs as a
result of the thermodynamic stability of hairpin
formations in DNA sequences that terminate in a
string of G and C nucleotides.

FLOW CYTOMETRY

The analysis of single cells or subcellular

particles by the detection of their light

absorption, scattering and/or fluorescence properties
as they pass through a laser beam in a directed fluid
stream.

INVASIVE CLEAVAGE

The excision of redundant portions of DNA by DNA
repair enzymes such as 5 to 3” exonuclease or 5
nuclease. These redundancies are caused when two
oligonucleotides, which are hybridized to the same
DNA template, overlap along some of their terminal
bases. The cleavage of the overlapped portion causes the
formation of a nick at the position of redundancy that
can later be repaired by ligation.

LASER-INDUCED FLUORESCENCE DETECTION
The measurement of emitted fluorescence signals from
molecules that are excited by laser radiation.

PHARMACOGENOMICS
The study of the influence of genetic differences on the
variability in the response of individuals to drugs.

PHLEBOTOMY
The removal of blood from a vein for diagnostic
therapeutic purposes.

SANGER DNA SEQUENCING

A sequencing method that involves the
enzymatic synthesis of DNA chains of different
length using dideoxynucleotides, the separation
of the DNA fragments by size and the
identification of the fragments to reveal the
sequences.

TAG SNPS

A small subset of SNPs that is needed to
uniquely identify a complete
haplotype.
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primers are used'’. The mass difference
between each adjacent DNA sequencing
fragment is ~300 daltons. So, by designing
each primer to have a mass difference of
~100 daltons, the SPC-SBE method can
offer, in principle, the simultaneous analysis
of up to 300 SNPs in a single spot of an MS
sample plate. Each MS sample plate with 384
spots can identify more than 100,000 SNPs —
roughly the number of TaG sxes that are
required to identify all of the haplotypes in the
human genome. This level of multiplexing
should be achievable by tuning the primer
masses with nucleotide analogues that con-
tain stable chemical groups. A master data-
base of primers and the resulting masses of all
four possible extension products could be con-
structed for all SNPs of interest. The experi-
mental data from the MALDI-TOF MS
spectra could then be compared with this
database to precisely and automatically iden-
tify a library of SNPs. The SPC-SBE high-
throughput SNP detection approach might
therefore be applicable to screening a reper-
toire of genotypes in candidate genes as
potential disease markers.
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