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Digital Detection of Genetic Mutations

Using SPC-Sequencing

Hameer Ruparel,’? Michael E. Ulz," Sobin Kim,'-? and Jingyue Ju'-?3

"Laboratory of DNA Sequencing and Chemical Biology, Columbia Genome Center, Columbia University College of Physicians and
Surgeons, New York, New York 10032, USA; 2Department of Chemical Engineering, Columbia University,

New York, New York 10027, USA

Deletion or insertion mutations lead to a frameshift that causes misalignment between wild-type and mutated allele
sequences, making it difficult to identify such mutations unambiguously by using electrophoresis-based DNA
sequencing. We have previously established the feasibility of an accurate DNA sequencing method using solid-phase
capturable (SPC) dideoxynucleotides and MALDI-TOF mass spectrometry on synthetic templates, an approach we
refer to as SPC-sequencing. Here, we report the application of SPC-sequencing in characterizing frameshift mutations
by using the detection of the BRCAI gene mutations /85delAG and 5382insC as examples. In this method, Sanger DNA
sequencing fragments are generated in one tube by using biotinylated dideoxynucleotides. The sequencing fragments
carrying a biotin moiety at the 3’ end are captured on a streptavidin-coated solid phase to eliminate excess primer,
primer dimers, and false stops. Only correctly terminated DNA fragments are captured, subsequently released, and
analyzed by mass spectrometry to obtain digital DNA sequencing data. This method produces distinct doublet mass
peaks at each point in the mass spectrum beyond the mutation site, facilitating the accurate characterization of the
mutation. We have compared SPC-sequencing with electrophoresis-based sequencing in characterizing the above
BRCAI mutations, demonstrating the significant advantage offered by SPC-sequencing for the accurate identification

of frameshift mutations.

With the completion of the Human Genome Project, many re-
cent advances in genome technology have been focused on the
analysis and characterization of genetic variations. The study of
genetic mutations has applications in many areas of biological
and medical research, including pharmacogenomics (Roses 2000;
Pirmohamed and Park 2001), disease gene discovery and gene
function studies (Friedman et al. 1994; Stickney et al. 2002), fo-
rensic analysis (Reynolds et al. 1991), and evolution studies (Kyri-
acou 2002). Many techniques have therefore been investigated
for the robust and efficient analysis of mutations. Traditionally
used indirect methods such as single-strand conformation poly-
morphism, denaturing gradient gel electrophoresis, and hetero-
duplex analysis are simple, rapid, and efficient mutation-
screening tools (Tchernitchko et al. 1999; Kourkine et al. 2002;
Andersen et al. 2003) but cannot be used to accurately charac-
terize the nature of the mutation.

Common genetic mutations may be broadly classified as
point mutations such as substitutions or frameshift mutations
caused by insertions or deletions. Single base extension (SBE) has
been widely used to detect point mutations. This technique, in-
volving the extension of a primer by only one base using a single
dideoxynucleotide terminator, has been very effective in the suc-
cessful characterization of single nucleotide polymorphisms
(SNPs; Chen et al. 1997; Fei et al. 1998; Ross et al. 1998; Li et al.
1999; Kim et al. 2002). However, using this method, it might be
difficult to distinguish between point mutations and deletions or
insertions that occur frequently at various loci throughout the
genome.

Direct DNA sequencing, in theory, is the most accurate tech-
nique for mutation detection because it can successfully identify
and characterize most sequence variations. In this category,
Sanger DNA sequencing using capillary array electrophoresis
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with laser-induced fluorescence detection (Smith et al. 1986;
Prober et al. 1987; Huang et al. 1992; Ju et al. 1995) is the current
state-of-the-art sequencing technology that has been used to se-
quence the human genome. However, this technique faces diffi-
culties in detecting heterozygous nucleotide variations and in
accurately sequencing GC-rich regions due to the compression of
the DNA fragments during electrophoretic separation (Bowling et
al. 1991). Pyrosequencing is an alternative sequencing approach,
in which each nucleotide is identified as soon as it has been
incorporated by DNA polymerase in a growing DNA strand (Ron-
aghi et al. 1998). Over the past few years, this approach has been
successfully used to characterize short DNA sequences. Although
this approach is now widely used for detecting SNPs and other
DNA variations, it faces difficulties in accurately sequencing ho-
mopolymeric regions in DNA (Fakhrai-Rad et al. 2002). Further-
more, both of the above DNA sequencing methods have prob-
lems characterizing frameshift mutations, because a deletion or
insertion in any one allele will cause the sequencing reaction
between the two alleles to be out of phase, leading to difficulties
in interpreting the sequencing data.

Recently, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) has been used as an
analytical tool for DNA sequencing (Roskey et al. 1996; Fu et al.
1998; Kirpekar et al. 1998; Taranenko et al. 1998; Kaetzke and
Eschrich 2002). We have developed a MALDI-TOF MS DNA se-
quencing method that generates Sanger sequencing fragments in
one tube using solid-phase capturable (SPC) biotinylated
dideoxynucleotides (Edwards et al. 2001), a method we refer to as
SPC-sequencing. The DNA sequencing fragments that carry a bio-
tin at the 3’ end are made free of salts and other components in
the sequencing reaction by capturing them with streptavidin-
coated magnetic beads. Only correctly terminated biotinylated
DNA fragments are subsequently released and analyzed by MS to
obtain accurate DNA sequencing data. We have previously
shown that this method produces clean accurate sequencing data
on synthetic DNA templates. Here, we report the use of SPC-
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sequencing to accurately detect and characterize frameshift mu-
tations in PCR-amplified templates from genomic DNA without
experiencing the limitations of all the above-mentioned muta-
tion-detection techniques. In particular, we characterized the
185delAG and 5382insC mutations in the BRCA1 gene commonly
occurring in members of the Ashkenazi population with a strong
family history of breast and ovarian cancer (Friedman et al.
1994). Comparison of SPC-sequencing with electrophoresis-
based fluorescent sequencing using the same DNA template in-
dicates that the SPC-sequencing method is superior for detecting
frameshift mutations with digital data output.

RESULTS AND DISCUSSION

The principal advantage of SPC-sequencing using biotinylated
dideoxynucleotide terminators and MALDI-TOF MS for mutation
detection is the highly accurate identification of different bases
coexisting at a single position in the DNA, which is a direct con-
sequence of the presence of substitution or frameshift mutations.
MALDI-TOF MS analysis displays the sequence data in the form
of distinct digital mass peaks. This facilitates a more accurate
characterization of frameshift mutations compared with that of
other sequencing methods that measure fluorescent or radioac-
tive signals emitted from the labeled DNA.

A schematic representation of the SPC-sequencing method
for the digital detection of DNA sequences is shown in Figure 1.
A wild-type DNA molecule has both copies bearing identical
bases at every position in the sequence. Therefore, a mass spec-
trum resulting from a sequencing reaction from such a template
will have a single peak at each position that will yield the identity
of the base at that position (Fig. 1, left). However, in the case of
a DNA molecule bearing a deletion or insertion in one of its
copies, the two alleles will have a relative frameshift between
them following the mutation site. Therefore, each position in the
DNA sequence after the mutation site may be occupied by two
different bases. With SPC-sequencing, every position before the

mutation site will show single peaks, as observed in the wild-type
data, whereas every position beyond the mutation site will have
two distinct peaks corresponding to the masses of the two
nucleotides present at that position (Fig. 1, right). By calculating
the differences in masses between subsequent peaks, the se-
quences of the two alleles can be read simultaneously and the
mutation site can be unambiguously identified.

We used the SPC-sequencing method to characterize the
185delAG and 5382insC loci in DNA from donors that were
known to have the two characteristic BRCAI mutations, and we
compared the results to those obtained by using electrophoresis-
based DNA sequencing. The capillary electrophoresis sequencing
results for the 185delAG locus are shown in Figure 2A. It can be
seen that the sequencing data is clean and well-resolved up to the
“T” at position 217, after which the sequencing data become
noisy and the sequences assigned by the basecaller are no longer
accurate. This phenomenon can be explained by the fact that the
existence of a frameshift mutation in one of the two DNA copies
in that region causes misalignment between the sequences of the
two alleles. Therefore, beyond the mutation site, there are two
different sequences superimposed on each other, causing the
fluorescence signals to be unresolvable. It might be possible to
confirm the presence of a mutation by recognizing this distinct
pattern in the sequencing data for a mutant in a combination
with sequencing data from the reverse direction, but an accurate
characterization of the mutation from these data might still
prove difficult and tedious. Figure 2B 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 corresponding to a “T” in both alleles. This is followed by a
doublet peak at the second position in the spectrum, which iden-
tifies 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 identities of
the two peaks at the next position are confirmed as T and A, and
in this manner, the identities of the nucleotides at all subsequent
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Figure 1

Schematic representation of mutation detection using solid-phase capturable dideoxynucleotide terminators and MALDI-TOF MS. Wild-type

DNA has the same sequence for both copies, from which a single peak is produced at every position in the mass spectrum that corresponds to the
nucleotide existing at that position in the DNA template (left). However, mutant DNA with an insertion or deletion (insertion shown here as an example)
in one copy can have two different bases coexisting at the same sequence position in the two alleles. This leads to the formation of two distinct mass
peaks at each position in the mass spectrum (right). By calculating the corresponding mass differences, the sequences of both alleles can be simulta-

neously read and the mutation site can be accurately characterized.
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Figure 2 (A) Sequence electropherogram for the 785de/AG mutant.
Peaks are clear before the mutation site and ambiguous beyond the
mutation site (after “T” at position 217). (B) Mass spectrum showing the
sequencing data for a 185delAG mutant. The first single peak corresponds
to a “T” in both alleles, showing there is no mutation up to that point.
The deletion of a C and T in one of the two copies (A and G in the forward
sequence) in the subsequent two positions causes the appearance of a
series of double peaks starting from the second position. The reverse
wild-type DNA sequence is 3'- . .. TCTAAGA . . . 5', whereas the mutant
DNA sequence is 3'- ... TAAGATT ... -5".

positions in the mass spectrum can be established. Conse-
quently, the two sequences identified from the spectrum are 3'-
TCTAAGA . ..-5" and 3'-TAAGATT ... -5'. The wild-type se-
quence in thisregion isknowntobe 3'- . . . TCTAAGATTT ... -5'.
Thus, after comparing the two parallel sequences obtained in the
mass spectrum to the known wild-type sequence, it can be un-
equivocally confirmed that there is a deletion of a C and a T after
the first “T” in one of the alleles. These data therefore confirm
that the SPC-sequencing method identifies deletions accurately.

The data in Figure 3 demonstrate the efficacy of the SPC-

298 Genome Research
www.genome.org

sequencing method in characterizing insertion mutations. The
capillary electrophoresis sequencing results for the 5382insC lo-
cus are shown in Figure 3A. As observed similarly in Figure 2A,
the data are unintelligible beyond a particular position (“C” at
118) in the fluorescence electropherogram. This phenomenon is
again explained by the presence of a frameshift mutation (inser-
tion of a “C”), which causes the sequences of the two alleles to go
out of phase with each other, rendering the sequence unreadable
beyond the mutation site. Figure 3B shows the SPC-sequencing
results for the same region around the 5382insC mutation site.
After performing a similar analysis as for the 185delAG locus de-
scribed above, the sequences of the two alleles in this region were
identified as 5'’-...CCAGGA...-3' and 5'-...CCCAGG...-3".
The wild-type sequence is known to be 5’- ... CCAGGA .. .-3".
Thus, comparing the two sequences to the known wild-type se-
quence, it is straightforward to conclude that there is an insertion
of a “C” in one of the two alleles.

These results show that SPC-sequencing using biotinylated
dideoxynucleotides and MALDI-TOF MS is highly accurate in
characterizing frameshift mutations. The data acquisition is very
rapid, and the sequencing results are clear and easily interpreted.
The electrophoresis-based sequencing method, which uses fluo-
rescence detection, often experiences masking of the first few
bases by the high-intensity fluorescence signals from the labeled
primers or terminators. Thus, the sequencing primers must be
designed a few bases away from the mutation site of interest in
order to obtain coherent sequencing data for that region. How-
ever, the SPC-sequencing method does not face this limitation,
because the data are obtained in the form of a mass spectrum
with no false signals. Consequently, the sequencing primers can
be designed very close to the mutation site, and thus, very few
bases need to be sequenced to successfully characterize the mu-
tation. This makes the SPC-sequencing method desirable for mu-
tation analysis, despite the read length being currently limited to
<100 bp. With electrophoresis-based fluorescent DNA sequenc-
ing methods, the identification of deletions and insertions re-
quires that the sequence data be manually analyzed. In this re-
gard, a significant advantage offered by SPC-sequencing is the
potential automation of data analysis facilitated by the digital
data output. When using conventional ddNTPs, the smallest
mass difference between any two ddNTPs is 9 Da (between A and
T), which is difficult to resolve by MALDI-TOF MS (Fei et al.
1998). In the SPC-sequencing method using biotinylated
ddNTPs, the difference between A and T is increased to 66 Da,
whereas the smallest mass difference among the possible DNA
sequencing products is 16 Da (between biotin-11-ddATP and bio-
tin-11-ddGTP), which is large enough to be well-resolved in the
mass spectrum. Furthermore, because the data are in the form of
distinct mass peaks, one can assign bases to each peak by doing
simple mathematical calculations. This eliminates the require-
ment of lengthy base-calling algorithms, which are a necessity in
fluorescence-based DNA sequencing methods due to the broad
emission spectra from the fluorophores.

The Ashkenazi BRCA1 mutations described here are but one
example of a multitude of frameshift mutations that exist ge-
nomewide and can have a significant contribution to the devel-
opment of diseases. For example, mutations in the p53 gene play
a major role in the development of many cancers (Steele et al.
1998). Therefore, with further development in automation and
sample processing, the SPC-sequencing mutation-detection
method can serve as a robust, efficient, and accurate tool for
screening known mutations, with vast applications in clinical
diagnostics. Furthermore, mutations that are as yet uncharacter-
ized can also be accurately identified by using the SPC-
sequencing method in combination with the fluorescent Sanger
DNA sequencing method. Thus, our future efforts are directed
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Figure 3 (A) Fluorescence electropherogram for a 5382insC mutant.
Peaks are clear before the mutation site and unintelligible beyond the
mutation site (after “C” at position 118). (B) Mass spectrum showing the
sequencing data for a 5382insC mutant. The appearance of a succession
of clear double peaks at and after the third position confirms the presence
of the insertion of a “C”. The wild-type DNA sequence is 5'- . . . CCAGGA-
... 3', whereas the mutant DNA sequence is 5’ -. .. CCCAGG. .. -3".

toward developing this method into an automated, high-
throughput mutation-detection technology.

METHODS

Primers for PCR and DNA sequencing were obtained from Mid-
land, Inc. The PCR primers were designed by using the Primer3
oligonucleotide design software (Whitehead Institute) to pro-
duce DNA amplicons ranging in size from 300-500 bp. The same
software was used to design DNA sequencing primers, about one

to two basepairs away from the mutation site on the genomic
DNA. Jumpstart Red Accutaq LA DNA polymerase, 3-hydroxy-
picolinic acid, and ammonium citrate were obtained from Sigma-
Aldrich. Thermo Sequenase DNA polymerase and all four de-
oxyribonucleoside triphosphates (ANTPs) were obtained from
Amersham Biosciences. Biotinylated dideoxyadenosine-5'-
triphosphate (biotin-11-ddATP), biotinylated dideoxycytidine-
5'-triphosphate (biotin-11-ddCTP), and biotinylated dideoxy-
guanidine-5'-triphosphate (biotin-11-ddGTP) were obtained
from Perkin Elmer. Biotinylated dideoxyuridine-5'-triphosphate
(biotin-16-ddUTP) was obtained from Enzo Life Sciences. Strep-
tavidin-coated magnetic beads were obtained from Seradyn, Inc.

PCR Amplification

Human genomic DNA from anonymous donors with informed
consent was used as a template for the PCR amplification of the
regions of interest. We amplified the regions around exons 2
and 20 of the human BRCA1 gene, containing the frameshift
Ashkenazi mutations 185delAG and 5382insC, respectively.
The 20-uL PCR reaction mixture contained 0.5 unit of Jumpstart
Red Accutaq LA DNA polymerase, 1X Accutaq buffer (Sigma-
Aldrich), 5 pmole each of forward and reverse primers (5'-GGAC
GTTGTCATTAGTTCTTTGG-3’, exon 2 forward; 5'-CGGACCA
CAGGATTTGTGT-3’, exon 2 reverse; 5'-ATATGACGTGTCTGC
TCCAC-3’, exon 20 forward; 5'-GGGAATCCAAATTACACAGC-
3', exon 20 reverse), S00 pmole dNTPs, and 100 ng DNA tem-
plate. The reaction consisted of incubating the reaction mixture
for 5 min at 96°C, followed by 30 cycles for 30 sec at 94°C, 30 sec
at 54°C, and 2 min at 72°C. The reaction mixture was then in-
cubated for 15 min at 72°C to completely extend all partially
extended or unextended fragments. The PCR product was puri-
fied from excess dNTPs and unextended primers by using an
enzymatic digestion method as described previously (Kim et al.
2002).

DNA Sequencing Using SPC Biotinylated
Dideoxynucleotides and MALDI-TOF MS

A 70-pL reaction mixture contained 10 units of Thermo Se-
quenase DNA polymerase, 1X Thermo Sequenase reaction
buffer, 60 pmole biotin-11-ddATP, 160 pmole biotin-11-ddCTP,
100 pmole biotin-11-ddGTP, 160 pmole biotin-16-ddUTP,
8 nmole dNTPs, 80 pmole sequencing primer (5'-ACTT
ACCAGATGGGACAC-3', 185delAG primer; 5'-CAAAGCGAG
CAAGAG-AATC-3’, 5382insC primer), and 2 pg of the PCR-
amplified DNA template. The reaction consisted of 40 cycles for
20 sec at 94°C, for 30 sec at 50°C, and for 90 sec at 60°C. The
above sequencing reaction products were purified from impuri-
ties such as unextended primer and false stops by streptavidin-
coated solid phase capture, desalted by using Zip Tipc,s (Milli-
pore Corporation), and analyzed by MALDI-TOF MS as described
previously (Edwards et al. 2001; Kim et al. 2002).

DNA Sequencing Using a Fluorescent Capillary-Array
DNA Sequencer

A 20-pL reaction mixture contained 100 ng of the DNA template,
5 pmole of the sequencing primer (5'-CGGACCACAGGATTT
GTGT-3', exon 2; 5’-ATATGACGTGTCTGCTCC-AC-3’, exon 20),
and 8 pL of an ET Terminator mixture (Amersham Biosciences)
containing DNA polymerase, fluorescence energy transfer dye-
labeled ddNTPs, dNTPs, and reaction buffer. The reaction con-
sisted of 30 cycles for 20 sec at 94°C, for 30 sec at 54°C, and for
1 min at 60°C. The sequencing product was purified by isopro-
panol precipitation, washed with 70% ethanol, and then dried
under vacuum. The dried sequencing product was resuspended
in 8 uL of MegaBACE loading solution (Amersham Biosciences) in
a standard 96-well plate. The plate was loaded into a MegaBACE
1000 DNA sequencer (Amersham Biosciences), in which the DNA
fragments were separated on the basis of their size by linear poly-
acrylamide gel electrophoresis and detected by using laser-
induced fluorescence to produce a sequence electropherogram.
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