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Applications of mass spectrometry to the characterization of
oligonucleotides and nucleic acids
Pamela F Crain∗ and James A McCloskey†

Mass spectrometry-based techniques continue to undergo
active development for applications to nucleic acids, fueled
by methods based on electrospray and matrix-assisted laser
desorption ionization. In the past two years, notable advances
have occurred in multiple interrelated areas, including
sequencing techniques for oligonucleotides, approaches to
mixture analysis, microscale sample handling and targeted
DNA assays, and improvements in instrumentation for greater
sensitivity and mass resolution.
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Abbreviations
ESI electrospray ionization
MALDI matrix-assisted laser desorption ionization
MS mass spectrometry
TOF time-of-flight

Introduction
Mass spectrometry (MS) deals with the production and gas
phase measurement of molecular mass or of the masses of
gas phase dissociation products, either of which are then
related to structure of the intact molecule. The revolution
in applications of MS to biopolymers, such as nucleic
acids and proteins, is now in its second decade, having
been fueled by the parallel discoveries of electrospray
ionization (ESI) [1] and matrix-assisted laser desorption
ionization (MALDI) [2]. These techniques, now widely
available in a range of commercial instruments, have
dramatically moved the boundaries of routine applicability
of MS, in terms of the molecular size and polarity of the
molecules that can be studied, to include oligonucleotides,
small nucleic acids, and proteins [3].

As the most polar of the biopolymers, it may be argued
that nucleic acids have been the principal beneficiaries of
these new ionization methods [4], which permit efficient
transfer of solution-phase polynucleotide ions to the gas
phase, and allow accurate mass measurements at the
picomole level and below with errors typically in the range
0.01–0.1% (e.g. ±1–10 Da at 10 kDa). One consequence
of both the availability and relative ease with which
such data can be acquired has been a decided shift
in the location of ESI- and MALDI-based instruments

to biological laboratories rather than being exclusively
in specialized facilities. This has been accompanied
by wider applicability (sensitivity and mass range) to
biological problems and has led to increased development
of novel integrated protocols (such as enzymology plus
MS), directed toward the solution of specific types of
problems, as has been notable in the protein field [5].

This review focuses primarily on the recent literature,
1996–1997, and on developments associated specifically
with the use of ESI and MALDI for studies of nucleic
acids. Summaries of the earlier literature are available
through reviews covering multiple topics [4,6••], one book
devoted to ESI [7], as well as reviews concentrating
on sequencing [8,9••], MALDI [10] and ESI [11] of
nucleic acids, and very readable summaries of the ESI and
MALDI techniques [12,13]. It is unfortunate that the re-
cent literature in this field tends to be strongly segregated
by ionization method, often without recognition that either
method may suffice for application to a given problem.
Also, as a consequence of a rapidly growing field, some
papers represent only modest incremental steps forward,
some of which are largely redundant, and others quickly
superseded. We have, therefore, attempted to emphasize
the most recent reports rather than those in which initial
studies on a given topic were reported. The categories
selected are intended to give the reader the flavor of
(arguably) the most interesting or important aspects of
recent developments.

Sequence determination
Because the structural elements of sequence in DNA
and RNA are represented by differences in mass, mass
spectrometry is intrinsically attractive as a sequencing
method. Instrumentation cost and limited practical appli-
cability to chain lengths beyond ∼30–50 are detractions
compared with gel-based or other conventional methods;
however, a major advantage lies in applications involving
modified subunits where conventional methods may be
uninformative. Such circumstances may arise if modi-
fication is unexpected or structurally unknown, or in
the case of mobility-based methods (chromatographic or
electrophoretic) if the influence of the modification on
mobility is not known. Also, while prospects for large scale
genomic sequencing by MS have faded [14•], the potential
for high-throughput targeted sequencing in conjunction
with genotyping or similar assays has aroused recent
interest [15•] (also see the following section).

From the standpoint of methodology, MS-based ap-
proaches [9••] can be broadly divided into two categories
as sequence information can be derived either directly
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from gas phase fragmentation, or by mass measurement of
chain cleavage products formed in the condensed phase
(by chemical or enzymatic digestion). In either case, the
advent of ESI and MALDI, as well as of expanded
and refined designs of mass analyzers (e.g. [16•]), has
led to a number of proposed sequencing strategies [8]
that were not possible ten years ago. However, two
important distinctions must be kept in mind: first, many
reported protocols represent novel ideas but have not
passed the test of routine utilization in a problem-solving
setting; second, there is inherent ambiguity in the phrase
‘verification of sequence’, which often simply means that a
model of known sequence was studied as a putative test of
the method, without knowledge of how well the method
would work if an incorrect or truly unknown sequence
were encountered.

Direct sequencing by gas phase fragmentation (for ex-
ample see [17,18•]) was shown to be simple from an
experimental standpoint but is limited to chain lengths
below ∼30 nucleotides as a consequence of the amount
and distribution of energy available to the dissociating
ion. In the case of MALDI, the identity of the matrix
(used both for absorption of laser energy and its transfer
to the analyte) plays a crucial role and can be chosen to
influence the extent of fragmentation [19,20]. The relative
complexity of mass spectra produced by dissociation of
ESI-generated polyanionic nucleotides can be used to ad-
vantage for de novo sequencing [18•], and can be extended
in certain cases to unresolved mixtures of oligonucleotides
[21]. Presence of a charged backbone was shown not to
be a prerequisite to fragmentation reactions in the mass
spectrometer, although proposed cleavage mechanisms
require a charge; thus, direct sequence information can
be obtained from methylphosphonate oligonucleotides
in which the backbone is not charged [22]. Contrary
to conventional logic (charge state in solution dictates
preferred charge state in the gas phase), the formation and
dissociation of polyprotonated (rather than deprotonated)
oligonucleotides produces informative mass spectra, re-
flecting the identities and sequence locations of the
heterocyclic bases, which differ in basicity and, hence,
extent of protonation during electrospray [23]. Positive
ions may also be effective for simultaneous sequencing
of peptides and oligonucleotides in covalently linked
conjugates. The potential of this interesting approach is
illustrated by the data in Figure 1 [24•].

On the other hand, indirect sequencing methods [9••],
although requiring pre-MS sample treatments of varying
complexity, are capable of reaching greater chain lengths.
Capitalizing on the advantages of the delayed ion extrac-
tion technique (see the instrumental techniques section)
MALDI sequencing of Sanger dideoxy [25] and cycle
sequencing reactions [26] has been applied to analysis of
40 and 50-base templates. Hahner et al. [27] have recently
proposed the use of various RNases (T1, U2, PhyM,
A, CL3, cusativin) and partial alkaline hydrolysis as a

Figure 1
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Positive ion fragmentation patterns observed in tandem mass
analysis of peptide–linker–dT6 (amidated at the carboxyl-terminus),
which permits sequencing of both the peptide and oligonucleotide
moieties. Nucleotide fragment ions are designated as an or wn and
peptide fragment ions are designated as bn or yn. The an∗ ions are
oligonucleotide-fragment ions with the peptide attached through
the C6-linker. The wn oligonucleotide-fragment ions each contain
the oligonucleotide 3′-terminus. The three bn peptide-fragment
ions and the four yn∗ ions, which are yn peptide-fragment ions
with the linker–dT6 attached, confirm the amino-terminal sequence
Ac–Gly–Phe–Phe–Gly–Ala–, while the three yn fragment ions
and the five bn∗ ions, which are bn peptide-fragment ions with
the linker–dT6 attached, confirm the carboxy-terminal sequence
–Arg–Phe–Val–Leu–Ala–NH2. The attachment of the aminolinker–dT6
to the Asp residue is readily deduced from the difference in mass
between y6∗ and y5. Reproduced with permission from [24•].

means of sequencing RNA using MALDI. The principle is
straightforward, but the results are confounded by lack of
enzyme cleavage specificity in some cases and mass errors
averaging ± 0.4–0.9 Da (of consequence in distinguishing
U versus C, 1 Da). Applications to determination of
modified nucleotides is suggested but the data presented
do not encourage applications to non-model (unknown)
RNA sequences at this time.

Genotyping and other targeted DNA assays
Genotyping and similar assays are broadly considered
as measurement of the molecular masses of DNA
oligonucleotides whose sequence(s) are defined by the
enzyme substrates and primers used for their synthesis.
Both ESI [28–30] and MALDI [31–33,34•,35•,36,37] have
been used for these measurements. The merits of one
ionization method over the other are those inherent to
the type of mass spectrometric measurement performed
[6••], with greater mass accuracy accruing to ESI-based
methods, and greater simplicity and potentially higher
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throughput with MALDI-based methods. In particular,
the technologies that will enhance application of MALDI
include chip-based strategies (for example, see [38,39])
and miniaturized sample application devices [40•], which
can lead to significant improvement in detection limits
(as shown in Figure 2). It should be noted from recent
work [41], however, that chip-based approaches can be
adapted to ESI, although they are at a much earlier stage
of development.

Owing to the poorer mass resolution and decreased
ion abundance observed for large DNA oligonucleotides
with MALDI time-of-light (TOF) [6••], generation of
relatively short (versus full length) PCR products can
improve detection of the products. Thus, MALDI can
be used for analysis of the products of ligase chain
reactions [32], and of PROBE [35•,42] and PinPoint [34•]
assays, via measurement of molecular masses of products.
Multiplexing is possible if individual PCR probes are
tagged with oligo-dT segments of unique masses [43].

At present, these developments to a large extent consist
of highly innovative [44••] (see this issue, Graber et al.

pp 14–18) building blocks designed to ultimately produce
practical devices and protocols that can compete with
existing methods of targeted DNA assay. Individually
they may well find application in numerous less routine
research-oriented applications. In any event, time and
further development in this fascinating area will need
to pass before judgement, measured by acceptance and
usage, can be rendered.

Measurements of non-covalent associations
Increasing attention has been given in the past several
years to the potential use of ESI mass spectrometry to
study the stoichiometry, and in some cases kinetics (e.g.
[45]), of non-covalent associations [11,46•]. Due to the
gentle nature of the ESI process, it was determined in
earlier studies (see [4]) that some associations formed in
solution, such as complementary oligonucleotide duplexes,
can be transferred with fidelity to the gas phase. Mass
measurement of the complexes formed, which are highly
accurate, then provides compelling evidence for the
identities and stoichiometries of the constituent subunits.
The key question is whether such results do, in every case,
reflect true solution structures. The number of apparently

Figure 2

MALDI-TOF mass spectrum from 12 femtomoles of a mixed base synthetic DNA 66-mer, Mr 20,243 (theoretical), dispensed in a 6 nL volume
with a piezoelectric pipet into the well of a silicon chip containing 6 nL of matrix solvent. Reproduced with permission from [40•].



Analytical biotechnology28

successful measurements of this type is quite impressive
[46•], but cautionary reports [47] are reminders that
such experiments are highly dependent on experimental
conditions [11]; negative results are usually not reported.
Thus, it is essential that in previously unstudied systems
control experiments be included, such as gel shift assays,
spectroscopic data or ion abundance changes as a function
of solution concentrations [46•,47]. Furthermore, it should
be recognized that experimentally measured mass often
infers, but does not directly determine, structure. Thus,
in the case of gas phase oligonucleotide duplexes there
is no direct evidence, to date, that the geometries closely
resemble solution phase structures even though they may
be (loosely) described as Watson-Crick base pairs.

In notable recent work, Smith and co-workers [48]
demonstrate the use of the ESI method for stoichiometric
measurement of protein–oligodeoxynucleotide complexes
made with gene V protein (Mr 9,688) from bacterio-
phage f1. The first such protein–oligonucleotide meas-
urements had been reported several months earlier using
bovine serum albumin (Mr 66,497) and phosphorothioate
20-mer [45]. Selective interactions between RNA and
protein can also be measured, as shown by a careful
study of gas phase complexes of HIV-1 tat peptide and
tat proteins with TAR RNA [49]. Competitive binding
experiments between tat peptide and TAR RNA and
also several mutants in which a structurally important
CUC bulge was modified or deleted, demonstrated greater
affinity for the bulge-containing RNA, consistent with
previous solution phase studies. Analogous applications
used to probe the effects of conformational variations on
drug–DNA binding also warrant continued exploration.
A successful example, which had been well studied
in solution using fluorescence measurements, was the
binding of post-activated neocarzinostatin to a bulged
DNA hairpin [50]. The experiments outlined above entail
the measurement of mass and abundances of gas phase
complexes. By contrast, two novel approaches of note have
been reported in which the products of collision-induced
dissociation of gas phase complexes were used as a
site-selective probe of structure, one involving metal ion
binding [51•], and the other stability consequences of base
pair mismatches in duplexes [52•]. Further experiments
along these lines are likely in the future as knowledge of
the properties and differences between solution-phase and
solventless gas-phase non-covalent interactions increases.

Analysis of oligonucleotide mixtures by liquid
chromatography/mass spectrometry
The direct combination of chromatography (gas or liquid)
with mass spectrometry has historically proven to be a
method of immense analytical power. Because ESI is
effected from a flowing liquid, HPLC is intrinsically
compatible with the electrospray ion source, and potential
benefits of a routine LC/MS procedure are considerable,
with applications to areas such as oligonucleotide chem-
istry and synthesis, characterization of metabolic products,

and molecular biology. It is somewhat surprising, therefore,
that until recently the development of LC/ESI-mass
spectrometry in this area was relatively limited (reviewed
in [11]); however, this is largely attributed to the incom-
patible demands of the two methods. Anion exchange
and reversed-phase HPLC operate on ion pair princi-
ples, utilizing salt-containing mobile phases for efficient
separation, which are deleterious to ESI, and reduce
sensitivity and mass spectral peak quality due to gas phase
cation adduction by the nucleotide backbone. A significant
solution to this problem has been the recent development
by Apffel et al. [53••], of a reversed-phase HPLC
system employing 1,1,1,3,3,3-hexafluoro-2-propanol as a
mobile phase additive, adjusted to pH 7.0 with tri-
ethylamine. The advantages demonstrated for this new
system [53••,54•] include high ESI sensitivity, suppressed
cation adduction levels, and excellent chromatographic
peak dispersion both between chain lengths and for
mixed base compositions at the same chain length.
Applicability was demonstrated to phosphorothioate and
phosphodiester oligodeoxynucleotides, up to the 20-mer
level, and with mass measurement errors of around ± 0.2%
using a quadrupole ion trap mass spectrometer [54•]. The
solvent system is equally applicable to RNA (PF Crain,
unpublished results), further suggesting utility in a range
of oligonucleotide analysis problems.

Sample preparation for ESI and MALDI mass
spectrometry
It is well accepted that both ESI and MALDI re-
quire relatively salt-free samples for best results, with
MALDI being somewhat more tolerant to their presence
[6••,11]. Sample preparation and clean-up is critical to
success of either method, regardless of which nucleic
acid is being analyzed. Sample pre-treatments utilizing
streptavidin–biotin affinity methods are proving useful,
especially for MALDI-based applications (for example, see
[27,44••]). To a certain degree, however, the deleterious
influence of residual salt can be negated by sample
manipulation at the point of sample introduction into the
mass spectrometer.

In an important study, it was shown that suppression of
cationization can be effected by addition of volatile organic
bases such as piperidine, imidazole or tetraethylammo-
nium, alone or in combination with the solvent used for
sample infusion with ESI-MS [55]. Mg2+ presents a special
problem in that nucleic acids have high affinity for this
cation, which may not be removed by simple desalting pro-
cedures. 1,2-Diaminocyclohexane-N, N, N′, N′-tetraacetic
acid has a greater affinity for Mg2+ than EDTA does,
is compatible with ESI and its use in combination with
tetraethylammonium in the infusion solvent permitted Mr
measurements of a set of natural tRNAs and 5S rRNA
to within 0.008% or better [56] (1,2-diaminocyclohexone-
N,N,N′,N′-tetraacetic acid is also effective as an additive
to the matrix used for MALDI-MS of tRNA [57]).
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Sample introduction through a liquid chromatograph pro-
vides desalting in situ during LC/MS of oligonucleotides,
independent of whether or not full chromatographic
fractionation of the components is effected [53••,58•].
A microdialysis probe has been described that produces
an impressive degree of desalting; useful oligonucleotide
mass spectra could be obtained from solutions in which the
NaCl concentration was 2 M [59]. A relatively high flow
rate requirement (2 µl/min) limits on-line applicability for
analysis of trace amounts of material.

The effects on MALDI analysis of impurities that may
be encountered in the products of enzymatic DNA
sequencing reactions have been evaluated and classified
into two categories, type I or type II [60]. The former
category includes salts and buffer constituents that form
adducts in a concentration-dependent manner, while the
latter adversely affect signal stability and sample-matrix
co-crystallization. As a supplement to the usual methods
for nucleic acid desalting for MALDI-MS [6••], organic
base can be added to the matrix to suppress residual
cations [61]. The homogeneity of the sample plus matrix
on the sample target also influences ion intensity and
spectral reproducibility. Use of isopropanol/water in place
of the commonly used acetonitrile/water for preparation
of the matrix solution was found to improve the MALDI
behavior of oligonucleotides [62]. DNA desorbed from a
target coated with nitrocellulose shows lower levels of salt
adduction than samples desorbed from an untreated metal
target [33].

A novel alternative matrix system has been described
that utilizes frozen thin films of substituted phenols [63].
High quality spectra are produced as a consequence
of several factors, including homogeneity of the matrix
relative to the usual crystal matrices, and lessened extent
of fragmentation.

Modification of PCR products has been shown to enhance
their detectability by MALDI-TOF. Base- or sugar-mod-
ified deoxycytidine derivatives were incorporated into
model oligonucleotides [64] and shown to suppress
fragmentation, thus extending the accessible mass range
as well as sensitivity of detection. Quaternary ammonium
derivatives were added to the 5′ end of oligonucleotides,
which were then alkylated on the backbone [65]; this
combination of procedures improved detectability more
than 100-fold.

Instrumental techniques
During the period before about 1990, centre stage in
biological MS was occupied by the development of
ionization methods, such as fast atom bombardment
and thermospray, which held promise for extending the
polarity or mass range of compounds amendable to mass
spectrometry. At that time interest in the development
of new mass analyzers was modest, but changed rapidly
with the advent of ESI [1] and MALDI [2], and the

necessity (or opportunity) to mass-measure and dissociate
multiply-charged and/or large ions. As a consequence,
considerable contemporary interest has been devoted to
improved instrumental techniques for analysis of ESI- and
MALDI-generated ions.

A major advance in the performance of MALDI-TOF
instruments has been the result of development and
commercialization of the delayed ion extraction tech-
nique [66,67]. Following the laser pulse leading to the
ionization/desorption event, a delay period of typically
100–300 nsec is employed before the ion extraction pulse,
allowing dissipation of higher energy ions, and resulting
in narrowing of the energy distribution of the extracted
ions. This results in significantly increased MS resolution
as shown in Figure 3 [68••], and also higher mass
measurement accuracy. This modification is now becoming
available on most commercial MALDI-TOF systems,
and is reflected in improved data published from such
instruments acquired after about mid-1996.

The return in recent years of the TOF mass analyzer as
a widely used instrument is attributable to its twofold
complementarity to MALDI: both operate in a pulsed
mode; and the TOF analyzer has unlimited mass range,
of importance for measurement of large m/z value ions
because (unlike ions from electrospray) z is typically 1.
A number of hybrid mass analyzers incorporating the
TOF analyzer have been described [16•], but one of
the most impressive in terms of performance is the
quadrupole/orthogonal-acceleration TOF tandem mass
spectrometer [69•] which takes advantage of the high
efficiency of the TOF analyzer as MS-2 (the second mass
analyzer, which follows the collision cell).

Of practical importance has been greater understanding
and availability of the nanospray [70•] or microspray
(see [4]) ESI device in which nL/min rather than
µL/min range flow rates are employed. The needle tip
is positioned very close to the entry orifice to the mass
spectrometer, resulting in transmission of a much larger
fraction of ions into the vacuum system compared with
conventional ESI sources. This leads to femtomole level
[70•] (and below [71]) sensitivity levels; however, sample
solution consumed during initial sample preparation and
transfer must also be taken into account when interpreting
such reports in terms of routine applications.

The difficult experimental problem of detecting and
mass-measuring very large ions (>1 MDa) of DNA has
been approached using two different techniques, but
both employ ESI. Using Fourier transform ion cyclotron
resonance mass spectrometry, individual plasmid DNA
ions of mass 1.95 MDa were detected and measured
with an accuracy of ± 0.2% [72]. One of the problems
surrounding such an extraordinary measurement, however,
is heterogeneity in the DNA, which is not easily
recognized because ion populations are not sampled. A
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Figure 3

Comparison of continuous and delayed ion extraction MALDI mass spectra of a phosphorothioate oligonucleotide 26-mer (Mr 8,081
[theoretical]), showing increased resolution and decreased peak tailing on the high mass side. The minus 16 Da peak is assigned as a
phosphorothioate oxidation impurity (C=SC=O). Adapted with permission from [68••].

novel electrostatic ion trap in which a population of
pBR322 DNA was measured as 2.88 MDa (Na form)
was recently reported and the instrument described in
detail [73]. In both cases, the techniques used are less
accurate and less practical (as was recognized) than Mr
measurements by conventional means; however, they
represent significant stepping stones in types of gas phase
measurements thought impossible a few years ago.

Applications to problem solving
In areas of rapidly developing technology, a careful
distinction should be drawn between demonstrations of
applicability to model systems (solution to the problem
known in advance or obvious from earlier work), and
actual applications to problem solving (answer not known
in advance). The number of methodological proposals,
often having minor or questionable advantages, usually
greatly outnumber true applications that allow a more
realistic assessment of the advantages and problems likely
to be encountered. Compared with our earlier review in
1995 [4], a sharply increased number of applications of
MALDI and ESI methods to nucleic acids have recently
appeared, to some of which the above caveat can be
applied. Some of those which constitute good examples
of the range of potential applications one may expect
to see over the near future include the characterization
of incorrect or unexpected products of oligonucleotide
solid phase synthesis [74], characterization of products
of oligonucleotide platination reactions [75•,76] (or other

modified oligonucleotide synthesis products), studies of
structure and distribution (by tissue type) of in vivo
metabolic products of antisense oligonucleotides [54•,58•],
use of the ESI method for study of the stoichiometry or
kinetics of non-covalent associations [45,49], determina-
tion of post-transcriptional modifications in RNA [77•], and
characterization of the structures of RNA (or DNA) protein
crosslinks [78•,79].

In particular, two of these approaches will be of unusual
value in future studies in their respective fields. The first is
in the extension of LC/MS analysis methods [53••,54•,58•]
(see earlier section of this review) to a wide range of
problems involving mixtures of oligonucleotides. Because
of the relative high accuracy of mass measurement
afforded by ESI mass spectrometry, a number of problems
can be solved simply by measurement of individual
molecular masses (typically ± 0.2–0.3 Da for a 15-mer)
in multicomponent mixtures in a single LC/MS run
without conventional isolation of individual components.
Such measurements can be made using relatively simple
LC/MS instruments, such as the quadrupole ion trap
[54•]. The second area is in the structural characterization
of protein–nucleic acid cross-linked products [4,24•,78•],
an area fraught with experimental difficulty using more
conventional methods. Here also, accurate measurement
of mass is a highly effective parameter, because the
amino acid and nucleotide compositions and sequences
of linked fragments are constrained by the starting
(unlinked) structures. Interestingly, in some cases the
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exact structure, and therefore the mass, of the cross-linked
moiety may not be known. This then constitutes an initial
hindrance to the interpretation of mass measurement
data, although in principle the measurements may be
sufficiently accurate to distinguish candidate possibilities.
An interesting example (of perhaps more to come) was
the conclusion that the ε-amino group of lysine in
methionyl-tRNA formyltransferase was bound to AMP
(following oxidation) from the tRNA 3′-terminus, by a
morpholino, but not hydroxymorpholino or Schiffs base,
linkage [79].

Conclusions
The number of publications dealing with mass spec-
trometry of nucleic acids has risen sharply over the
past 23 years. In terms of methodology reported, we
view the development and availability of the MALDI
delayed ion extraction technique to be the single most
important advance with regard to immediate impact.
On the other hand LC/MS using ESI is, in general,
under utilized in respect to the number of potential
applications involving analysis of oligonucleotide mixtures.
Sequencing techniques, of which a number have been
proposed, have (judging by the published literature) been
slow to find their way into routine applications. This
will probably change and acceptance will increase with
greater awareness of the utility of the technique. The
use of MS in targeted DNA assays (genotyping, DNA
diagnostics) is one of the most fascinating areas of current
interest, but the jury may be out for several more years
before the impact of these novel technologies still under
development can be fairly assessed. To a large extent,
while MS methodologies as such will continue to develop,
a relatively greater fraction of effort in the future will be
devoted to sample preparation and manipulation, a trend
which is already in place.
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