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Review

M ass spectrometry and tandem mass spectrometry, alone or after
liquid chromatography, for analysis of polymerase chain reaction

products in the detection of genomic variation
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Abstract

The availability of the sequences of entire bacterial and human genomes has opened up tremendous opportunities in
biomedical research. The next stage in genomics will include utilizing this information to obtain a clearer understanding of
molecular diversity among pathogens (helping improved identification and detection) and among normal and diseased people
(e.g. aiding cancer diagnosis). To delineate such differences it may sometimes be necessary to sequence multiple
representative genomes. However, often it may be adequate to delineate structural differences between genes among
individuals. This may be readily achieved by high-throughput mass spectrometry analysis of polymerase chain reaction
products.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction Changes in properties that indirectly reflect structural
changes are assessed. These approaches include (1)

There are numerous established molecular biology detection of mobility changes most commonly in-
techniques for detection of genomic variation. volving electrophoresis (e.g. agarose gel electropho-

resis, single strand conformation polymorphism or
capillary electrophoresis), (2) hybridization charac-*Corresponding author. Tel.:11-803-733-3288; fax:11-803-
teristics (e.g. DNA microarrays) or (3) enzymatic733-3192.
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enzymes [sequence changes] or cleavases [secondary desorption ionization time-of-flight (MALDI-TOF)
structure]). These techniques have been reviewed MS or electrospray ionization (ESI) in conjunction
numerous times by others [1–5] and are beyond the with mass analyzers of varying degrees of resolution.
scope of the current review. To discriminate SNPs or other changes in sequence

This review instead will focus on the use of mass by MS it is essential that double stranded (ds) PCR
spectrometry as a stand-alone technique or in con- products be denatured and the mass of the single
junction with on-line high-performance liquid chro- strands determined. Otherwise mass changes in one
matography (LC). Mass spectrometry directly detects strand (e.g. G to C) may be neutralized by mass
simple structural changes including single nucleotide changes on the complementary strand (e.g. C to G)
substitutions or deletions/ insertions (e.g. single [9,10]. It has been observed with some ESI sources
nucleotide polymorphisms, SNPs, in normal indi- that external heating of the sample is required to
viduals) whilst tandem mass spectrometry identifies denature the ds PCR products [10,11] whilst in other
more complex sequence changes (e.g. as may arise in instances ds PCR products are inherently denatured
cancer). The most widely used approach allowing into the two complementary strands [10]. In ESI-MS
focus on the genetic region of interest is the poly- analysis, resolution is often adequate to allow de-
merase chain reaction (PCR), which exponentially tection of multiple strands as would be observed for
amplifies a specific section of DNA from a genome. heterozygotes (four strands, two from each allele). In
Thus the work discussed here primarily involves MALDI-TOF MS analysis, ds PCR products are also
mass spectrometry analysis of PCR products. often dissociated into single strands, however MS

Some genes are present as a single copy, others resolution is usually inadequate to discriminate these
exist in multiple copies and may display sequence strands [12–15].
differences. For example, the ribosomal RNA In MALDI-TOF MS, spectra are simple since a
(rRNA) operon in bacteria is present in varying copy single mass peak is often generated with a charge of
number [6], e.g.B. subtilis sub-group 168 contains (61) for each molecular species present, which
10 operons, some of which lack a 3 bp, ‘‘TTA’’ allows complex nucleic acid mixtures to be analyzed
insert [7]. In higher order genomes (e.g. human) [16–19]. In contrast, ESI creates multiple charges for
there are generally two copies. These alleles can be each oligomer or polymer. Each charge state is
identical (homozygotes) or have sequence distinc- observed as a single peak in the mass spectrum. The
tions (heterozygotes) [8]. Thus, there must be charge state series created potentially makes mixture
adequate mass spectral resolution to detect the analysis difficult to interpret because of possible
presence of two operons [7] or both alleles [8] overlapping charge states [8,20]. For simple mix-
displaying minor sequence variation. tures, this can be overcome by the use of software

In some circumstances, there may be multiple such as MaxEnt (Micromass, Danvers, MA). This
differences among copies, creating a complex sample algorithm produces a transformed spectrum from
difficult to resolve by MS or MS–MS alone. Addi- multiply charged ESI raw spectra.M of the com-w

tionally, at an early stage of cancer development, ponents is plotted automatically without any prior
normal cells will greatly outnumber mutated cells. knowledge (see Fig. 1).
Thus any proposed technology must detect the In MS analysis of PCR products, the detection
mutant gene when it is present at low abundance limit, mass accuracy and resolution are adversely
relative to the corresponding normal gene. LC in affected with increasingM . In some cases, geneticw

these instances may be necessary prior to mass variations lead toM changes that are substantiallyw

spectral analysis. different for two PCR products selected for analysis
(e.g. insertions/deletions of several nucleotides); in
these instances, the demands for mass accuracy are

2 . MS analysis lowered, and estimating the length is sufficient.
Therefore, discrimination of higherM PCR prod-w

MS analysis of DNA may broadly be broken down ucts is simplified. In other cases variations are
into two types of techniques. Matrix assisted laser reflected by single nucleotide insertion/deletions, or
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genes (e.g. 60 and 57 mers) allowed determination of
the 3 bp deletion in CF patients [14,21]. In a second
study, the presence of normal polymorphic alleles of
the carbonic anhydrase gene were differentiated.
Homozygotes and heterozygotes were differentiated
by the presence of either a 133, or 152 mer, or both
[12]. In a third study, MALDI-TOF MS was used to
identify Legionella pneumophila, the causative agent
of Legionnaires disease. Identification was based on
detection of two PCR products, a 108 mer from the
5S rRNA gene and a 168 mer from the Mip gene
[22]. In all of these examples, high resolution was
not required, due to study design (i.e. large mass
differences between the products that need to be
discriminated).

Resolution at the level of a base pair insertion is
required for Sanger sequencing and the mode of
detection must be able to distinguish mixtures.
MALDI-TOF MS spectra of mixtures are readily
interpreted since each oligonucleotide in a sequenc-
ing ladder primarily produces one mass peak. MAL-
DI-TOF MS spectra can be directly compared to
sequencing ladders obtained by gel electrophoresis.
However, analysis takes seconds compared to hours
needed for electrophoresis [17,23]. Again, as the
sequencing products increase in length, the utility of
MALDI-TOF MS for this type of analysis is di-
minished. Due to the complexity of spectra, sequenc-

Fig. 1. Deconvoluted ESI quadrupole mass spectra of the three ing ladders are rarely analyzed by ESI-MS. Multiple
genotypes; 69 bp PCR products were amplified using human peaks are generated for each of the numerous DNA
genomic DNA. (A) Pro72 and (B) Arg72 are homozygotes whilst

species, many of which differ by only a single(C) Pro/Arg72 is a heterozygote. Thus (A) and (B) show two
nucleotide addition.peaks whilst (C) has four. The insert shows an expanded region of

MALDI-TOF MS has made significant progress ina mass spectrum. The sense and antisense strands are designated
as (1) and (2), respectively. the recent past with analysis of PCR products where

base additions and deletions have been detected [24].
substitutions. Insertion/deletions require discrimina- However, the limited resolution has precluded pre-
tion of losses or gains of the mass of a nucleotide cise characterization of PCR products for base
phosphate (289, 304, 313, or 329 Da, for C, T, A or substitutions, and is generally restricted to small
G, respectively). However, single nucleotide substi- stretches of DNA. As noted above, the two strands of
tutions result in a mass change between 9 and 40 Da. ds PCR products are dissociated but the two strands
This limits the size of PCR products that can be are not generally resolved on MALDI-TOF MS
selected for analysis since mass accuracy decreases analysis [15]. This makes it difficult to resolve the
with increasingM . four strands of DNA that would be present in aw

MALDI-TOF MS has demonstrated utility for the heterozygote and limits the ability of MALDI-TOF
characterization of PCR products, which differ in MS to genotype single nucleotide substitutions in
nucleotide length. In one study, differentiation of increasingly large DNA.
PCR products generated from normal and mutated It has been reported that MALDI-TOF MS has the
cystic fibrosis transmembrane conductance regulator resolution to discriminate a C or T substitution (15.0
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Da) in an ss PCR product, 69 bases long [25]. products. In this case pairs of primers are used one
However, the size of the PCR products have been of which is biotin labeled. The resulting ds PCR
minimized because resolution decreases rapidly as product binds to streptavidin-labeled magnetic beads
the size increases. Indeed, above 65 mers the res- and after washing, ss or ds PCR products are
olution is poor [26]. Further, most recent analyses released by denaturation [24,25].
utilizing MALDI-TOF MS have successfully em- Monovalent and divalent cations bound to DNA
ployed primer extension reactions, restriction di- have been removed by washing with ammonium
gested DNA, labeled probes bound to captured ss acetate [39] and/or chelating agents (e.g. trans-1,2-

7 7PCR product, or other strategies to minimize theM diaminocyclohexane-N,N,N ,N -tetraacetic acid,w

of the DNA under analysis for the purpose of CDTA) [40]. Purification of higherM ds PCRw

genotyping [27–35]. In these instances, the sequence products from oligonucleotide primers and dNTPs is
must be known to allow design of the primers/ most simply performed with a simple ethanol pre-

1probes, limiting the technique to detection of known cipitation in the presence of [NH ] acetate [7–4

variations (e.g. SNPs). 10,37,41]. The poly-anionic phosphate backbone of
MALDI-TOF MS is likely to be important for DNA forms strong complexes with metal cations

diagnosis of known genetic alterations associated adversely affecting mass accuracy upon MS analysis.
with genetic disease. However, it will be more Adduction is reduced significantly by replacing the
difficult to apply to population studies designed to mono-valent and di-valent cations complexed to PCR

1determine genetic diversity where all potential se- products with [NH ] by washing with ammonium4

quence differences may not be known prior to acetate [39,41]. The adsorbed ammonium ions disso-
analysis. ciate from the PCR product on MS analysis [39].

The work of Potier et al. [36] was among the first After precipitation, there are still sufficient metal
analyses of larger DNA molecules. Using ESI-quad- ions present, which may require the sample be
rupole MS analysis of 40-, 72-, and 132-mer syn- subject to counter current microdialysis [10,11,42]
thetic oligonucleotides, resolution and mass accuracy and/or suspended in a basic solution of imidazole /
was decreased upon increasing molecular mass. The piperidine during analysis. This eliminates residual
measured and predictedM differed by,1, 3, and metal ion complexes [38,41,43].w

14 mass units, respectively. In regards to instrument configuration, the highest
Unfortunately, PCR products require more careful resolution analysis of nucleic acids is achieved using

sample handling than synthetic oligonucleotides prior magnetic sector and FTICR analyzers. These instru-
to MS analysis because of the complexity of the ments allow differentiation of single base substitu-
sample matrix. For adequate mass accuracy and tions [9,37,38,44]. PCR products as large as 500
sensitivity, clean-up of the PCR reactions is essential mers have been successfully analyzed, using FTICR
prior to mass spectral analysis. PCR reaction mix- MS [45]. However, at the current time, even using
tures are complex, containing amplification enzyme, FTICR, the mass accuracy to analyze single nucleo-
deoxynucleotide triphosphates (dNTPs), oligonucleo- tide substitutions has been limited to a 114 bp
tide primers and buffers (using metal ions including product [38].

1Na ), non-ionic detergents and albumin. LowM Despite their high resolution, analysis with mag-w

species (e.g. dNTPs and primers) preferentially ion- netic sector instruments has involved lowM restric-w

ize over the higher molecular PCR products, tion digests. For example, a 91 bp PCR product was
dramatically dampening the signal and increasing the subjected to restriction enzyme digestion generating
complexity of spectra. a 49 bp final product for ESI MS analysis [37].

Purification of PCR products from oligonucleotide ESI-magnetic sector MS was also able to distinguish
primers and dNTPs for ESI-MS analysis has focused single base substitutions (G or C polymorphism)
on differential solubility during precipitation (usually between two 44 bp PCR products from a hetero-
with ethanol) [37] adsorption to ionic columns, or zygous patient for the collagen alpha 2 type I gene
retention on molecular sieves [38]. Affinity chroma- [44].
tography has also been used to prepare ss PCR As noted above,M changes may be substantiallyw
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different for two PCR products selected for analysis However, this 40.0 Da shift is the largest existing
(e.g. several nucleotides or greater); when the de- mass difference with regards to SNPs. The most
mands for mass accuracy are lowered discrimination common SNP is a C or T transition (results in a
of higherM PCR products is simplified. A 114- and predicted 15.0 Da difference) and accounts for aboutw

89-bp PCR product is generated from the interspace two-thirds of all SNPs. Homozygous C or T poly-
region of B. subtilis and B. cereus, respectively. morphisms have also been distinguished in intact
These products were readily discriminated using PCR products [8].
ESI-FTICR MS. More importantly, the PCR product
from B. subtilis W23 differed from the predicted
molecular mass (based upon published sequence3 . HPLC MS analysis
from B. subtilis strain 168) by|40.0 Da suggesting a
G to C switch [38]. This was subsequently confirmed In MALDI-TOF MS, the sample is embedded in a
by conventional Sanger sequencing [46]. Accurate solid matrix and ablated by a laser, and therefore is
characterization of the number of tandem repeats in a not readily amenable to on-line separation techniques
human allele including a nucleotide substitution [11] such as HPLC and CE. Conversely, in the ESI
has also been demonstrated. It is clear that ESI- source, sample enters as a liquid by a continuous
FTICR MS has superior resolution and mass accura- flow. As discussed, the analysis of nucleic acid
cy, and is the only configuration to distinguish single mixtures by direct ESI-MS is limited because com-
nucleotide substitutions in PCR products above 100 plex spectra are produced making interpretation
bp. difficult. Coupling ESI-MS to LC could offer on-line

ESI-quadrupole MS has also demonstrated the separation of the mixtures as well as provide sample
mass accuracy to allow differentiation of bacterial clean-up, automation, and the additional advantage
interspace region PCR products in the size range of of performing SIM or MRM. The use of SIM, or
89–130 bp that differ by one or more nucleotides MRM, results in an increase in specificity by moni-
[20]. A mixture of 111/114 PCR products was also toring only them /z values of interest.
detected by ESI MS for some strains ofB. subtilis. On-line HPLC–MS of nucleic acids requires a
Although, 114 bp products alone are generated from solvent system which allows both optimal chromato-
other strains. It was demonstrated that this reflected graphic separation and efficient ionization. As previ-
genomic diversity among strains ofBacillus subtilis ously mentioned, ESI-MS of nucleic acids is compli-
[7]. cated by the high affinity for metal cations for the

As mentioned, instrumental mass resolution is phosphate backbone resulting in highly adducted
more critical for genotyping small genetic changes in spectra complicating interpretation and limiting sen-
DNA. Additionally, human genomic DNA, as op- sitivity. The addition of organic bases [43] to the
posed to cloned genes, must be used as the template injection solvent has been most successful in achiev-
in genotyping. Human DNA with a bi-allelic SNP ing efficient ionization. Unfortunately, the most
would contain three potential genotypes; one homo- widely used organic bases (piperidine and imidazole)
zygote for each allele, and a heterozygote, which are relatively non-volatile, and may build up in the
would contain one copy of both alleles. Discriminat- MS lenses causing loss of sensitivity, and therefore
ing homozygotes from one another is primarily an are not amenable to a practical HPLC–MS method.
issue of mass accuracy. However, in a heterozygote, On-line cation-exchange chromatography has also
four strands (two from each allele) of similar mass been utilized in order to remove metal cations prior
must be discriminated within one acquired spectrum. to ESI MS analysis. After desalting, mass spectra of
This is an issue not only of mass accuracy, but also synthetic oligonucleotides revealed no significant
resolution. sodium adducted peaks [47].

The ‘‘low resolution’’ analyzers (i.e quadrupole Traditionally, HPLC of nucleic acids have focused
and quadrupole ion-trap) generally coupled to ESI on anionic exchange chromatography which utilizes
have demonstrated the resolution to distinguish a G a gradient of increasing salt concentration for elu-
or C polymorphism in a 69 bp PCR product [8,10]. tion. A rapid method (relative to gel electrophoresis)
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for efficient separation, quantification and purifica- ranging in size from 51 to 587 bp. ESI of the ds
tion of both DNA restriction fragments and PCR DNA is observed, without strand dissociation. Thus,
products has been described [48]. This method is this would not discriminate single base substitutions
successful for separation of nucleic acids when used in PCR products. Interestingly, 100 mM TEA acetate
in conjunction with non-specific detectors such as was utilized. In contrast to Apffel et al. who ob-
variable wavelength detectors. However, this does served ion suppression at concentrations above 10
not provide the structural information afforded by mM. The difference may reside in the flow-rates, low
MS, which is required for determining genetic ml /min flow-rates in the latter study [54].
variation. To screen for previously undetected polymor-

Ion-pair (IP) reverse phase (RP) HPLC has also phisms or mutations, total ion monitoring mass
been utilized for the efficient separation of nucleic spectrometry (MS) is required. As noted above, an
acids. This consists of a hydrophobic stationary IP-RP HPLC ESI-MS procedure for genotyping
phase and water–methanol mobile phase containing known polymorphisms has been described. However,
ion-pairing agents which form non-covalent cross- SIM proved essential for optimal sensitivity. How-
links between the nucleic acid and the stationary ever, (in unpublished work) using this solvent sys-
phase [47]. The nucleic acid is eluted by increasing tem, intact PCR products generated highly adducted
the organic concentration in the mobile phase. mass spectra with poor sensitivity. The solvent

Conventionally, triethylammonium (TEA) acetate system was optimized to improve the sensitivity of
has been used as an ion-pairing agent. However, it MS analysis while retaining the chromatographic
has been shown that as concentration of TEA acetate characteristics of the separation system. The primary
increases, chromatographic resolution improves, but change was increasing the TEA concentration to 368
ESI signal is dampened. This ion suppression is mM and neutralizing the solution to a pH of|10
presumably caused by the presence of acetate with HFIP. Silica-based C columns traditionally18

[49,50]. An ion pair reverse phase (IP-RP) HPLC– used for IP-RP-LC analysis of nucleic acids are
MS solvent system for analysis of synthetic oligo- unstable at pH above 7.0. Therefore, XTerra-MS, a
nucleotides replacing the acetate component with recently introduced C column with a usable pH18

1,1,1,3,3,3-hexafluoro-isopropanol (HFIP) was thus range from 2 to 12, was utilized instead.
developed [51]. TEA (|10 mM) in MeOH was Two polymorphisms of the p53 gene were geno-
shown to be optimal for chromatographic separation typed. (1) A cytosine (C) or guanine (G) transver-
and ESI MS analysis of oligonucleotides. sion, designated C↔G (G↔C on the opposite

Others have utilized this system to genotype strand), were each detected by a 40.0 Da change
known SNPs [52,53]. Small restriction enzyme di- upon ESI quadrupole MS analysis and (2) a cyto-
gested 15–20 mer DNA fragments were analyzed in sine/ thymine (T) transition, designated C↔T (G↔A
SIM mode, which was required for optimal sensitivi- on the opposite strand). This SNP is discriminated by
ty /specificity. However mutations may be found in a 15.0 Da change on one strand (C↔T) and a 16.0
different locations within genes or large regions of Da change on the other (G↔A). Mass spectra,
genes (e.g. cancer). In this case, total ion monitoring obtained by LC–MS were comparable to those
would be necessary, since the mass (orm /z) would observed with direct ESI-MS (compare Figs. 1 and
not be known prior to analysis. 2).

Another group developed a capillary IP-RP
HPLC–MS method, which allows separation and
ionization of ss and ds DNA utilizing a custom 4 . MS–MS analysis
designed polymer based column [54]. Using styrene
and divinylbenzene as copolymers for packing a MALDI-TOF MS and ESI-MS analysis can detect
capillary column, chromatographic separation is known single nucleotide substitutions. ESI-MS might
efficient and single base resolution is achieved up to more readily detect previously unobserved point
synthetic 18 mers. Restriction digested plasmids mutations in larger stretches of DNA [8,10,
were also analyzed, successfully resolving fragments 24,32,55]. ESI-MS–MS has the potential to evaluate



J.J. Walters et al. / J. Chromatogr. B 782 (2002) 57–66 63

Fig. 3. Demonstration of MS–MS analysis of a 10 mer.M uponw

MS is identical making them indistinguishable. After CID, frag-
ments are created which separate the sequence differences and are

Fig. 2. IP-RP-LC analysis of a 69 bp PCR product amplified from detected in MS–MS. The 9.0 Da mass unit shift corresponds to an
the cloned human p53 proline variant of codon 72. (A) UV A or T substitution.
absorbance at 260 nM, (B) total ion chromatogram using ESI-MS
and, (C) the deconvoluted mass spectrum.

diester bridges from the 39 and 59 ends, respectively.
Ions a–d are numbered from the 59 end while the

more complex sequences (e.g. nucleotide substitu- corresponding ions w–z are numbered from the 39

tions at two or more sites). For example, two PCR end. Fig. 4 illustrates possible fragmentation patterns
products with the same base composition may still for higherM DNA that can be observed on MS–w

differ in sequence. These PCR products would have MS analysis. Secondary ions can be generated by an
the same mass and could not be discriminated with additional break in the primary fragment, also at a
MS alone, but would require MS–MS analysis. Fig. phosphodiester bridge, creating an internal fragment.
3 illustrates how two pieces of DNA (10 mers) with They also observed that the major ions in the spectra
the same nucleotide composition (and the sameM ) represent initial loss of a base (usually adenine)w

differing in sequence can produce fragments of followed by breakage at the immediate 39 C–O bond
differing M (after MS–MS). from which the base was lost.w

In MS–MS, intact DNA (with a known charge) is Since this work, it has been shown that sequence
fragmented by collision-induced dissociation (CID) can be inferred a priori from product ion spectra of
by reaction with a neutral collision gas (e.g. Ar or short oligonucleotides (e.g. 15 mers) [58]. Using a
He) creating a spectra of detectable product ions. In triple quadrupole mass spectrometer with nozzle-
the early 1990s McLuckey and co-workers were able skimmer fragmentation produced di-nucleotides.
to obtain the sequence of small oligonucleotides This was followed by CID and MS–MS analysis,
using ESI-MS–MS [56,57]. This work defined two which allowed determination of the two adjacent
series of ions representing breakages in the phospho- nucleotides. The position of modified nucleotides
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uses of MS and MS–MS in genomics. In studying a
group of unknowns it would be required that the
sequence of the region of interest first be known for
one ‘‘standard human genomic DNA’’. Primers
would then be designed against this known sequence.
The masses of each PCR product (which would not
have been previously sequenced) would be deter-
mined using MS. If the masses fall into two clear
groups a polymorphism would have been identified.
The use of MS–MS would then be used as a
complementary technique, to determine the presence
of genetic differences other than an SNP. Some of
these changes might result in regions with the same
nucleotide composition and mass but different se-
quence. Such changes would be missed on MS
analysis. Most product ion spectra would fall into
two patterns representing the SNP. The purpose
would be to identify aberrant PCR products that did
not fall into these two fragmentation patterns. In
most instances, these PCR products would represent
only a small portion of samples. Only PCR products
with aberrant MS–MS fingerprints would then be

Fig. 4. Interpretation of fragmentation patterns of nucleic acids subject to conventional Sanger sequencing. Prior MS
using MS–MS analysis.

and MS–MS analysis, used as a screening technique,
could drastically reduce the amount of sequencing in

present in tRNA (76 mer) have also been determined genomic population studies. Assignment of peaks in
by this approach [59]. With the quadrupole ion trap, product ion spectra of PCR products demonstrate
MS–MS fingerprints of restriction digested PCR that fragmentation patterns are interpretable based on
products are also readily obtained [10,52]. Oligo- known sequence [10]. However, in a population
nucleotides up to 100 bases have been sequenced study it might not be necessary to identify all, or
using MS–MS without resorting to sequencing lad- indeed any peaks, in product ion spectra.
ders [60,61]. Ion traps and triple quadrupoles are both well

However, complete sequencing from fragmenta- suited for high-throughput analysis. These instru-
tion patterns of large pieces of DNA is not some- ments work exquisitely in MS analysis forMw

thing readily achieved at present. This is primarily determination of PCR products [41]. It is well-recog-
due to the numerous fragments created, each of nized due to the differences on configuration of the
which have multiple potential charge states. Only, two instruments (‘‘separation in time’’ vs. ‘‘sepa-
high resolution MS–MS with isotopic resolution has ration in space’’) that ion traps display much greater
the ability to assign charge states in product ion sensitivity for obtaining product ion spectra [63,64].
spectra [62]. Alternatively MS–MS can be used as a The difference in sensitivity for the two instruments
fingerprinting tool to recognize mass shifts in prod- becomes exaggerated as oligonucleotides or PCR
uct ion spectra of different PCR products [10]. These products of increasing mass are analyzed. An addi-
mass shifts should correspond to identifiable se- tional advantage of the ion trap is the capability to

nquence variations. In some instances, it may be perform MS . This allows the sequential fragmenting
adequate to use MS–MS to recognize a sequence of ions of interest providing additional information
change without defining the exact nature of the on the sequence differences between PCR products.
sequence. ESI-MS and MS–MS have been used for the

It might be useful to consider possible respective analysis of SNPs and more complex genetic varia-
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13 15tions. Double stranded (ds) PCR products were triphosphates with C/ N isotopes in a PCR re-
studied. A 69 bp arginine mutant PCR product [59- action would increase the mass difference between a
x(C )x(G ) x-39] with a negating switch has the C to T transition from 15.0 to 27.0 Da. Such labeling17 38

same mass as the proline variant [59-x(G )x(C )x- does not change the length or sequence or other17 38

39] but are readily distinguishable on ion trap MS– properties of the DNA, and theM of PCR productsw

MS analysis. MS and MS–MS are powerful and only increases slightly.
complementary techniques for analysis of DNA [10]. The groundwork has been laid for increasingly
In summary, MS can readily distinguish SNPs but cost effective, time efficient, accurate, sensitive DNA
MS–MS is required to identify nucleotide substitu- analysis using mass spectrometry. Modifications in
tions at two or more sites. sample preparation may eventually allow integration

of PCR, clean-up and mass spectral analysis into a
single user-friendly instrument.

5 . Concluding statements

ESI-MS and MS–MS are complementary tech- A cknowledgements
niques. MS analysis allows discrimination of single
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combination of MS and MS–MS have great potential
for use in the study of diversity of bacterial and
human genomes. LC–MS (and LC–MS–MS) will
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